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Abstract

Short-chain Dehydrogenase/Reductase enzymes tha* . e active on nucleotide sugars (abbreviated as
NS-SDR) are of paramount importance in the biosvr.*".es 5 of rare sugars and glycosides. Some family
members have already been extensively chararte, *7ed due to their direct implication in metabolic
disorders or in the biosynthesis of virulence .act/rs. In this review, we combine the knowledge
gathered from studies that typically focused . ‘v on one NS-SDR activity with an in-depth analysis
and overview of all of the different NS-SCR families (169,076 enzyme sequences). Through this
structure-based multiple sequence aligr.~en. of NS-SDRs retrieved from public databases, we could
identify clear patterns in conservation ar d correlation of crucial residues. Supported by this analysis,
we suggest updating and extending che '|DP-galactose 4-epimerase “hexagonal box model” to an
“heptagonal box model” for all N7-SL ?® enzymes. This specificity model consists of seven conserved
regions surrounding the NDP-stea: ~ubstrate that serve as fingerprint for each specificity. The
specificity fingerprints highlig-ted .1 this review will be beneficial for functional annotation of the
large group of NS-SDR enzv.ii. < and form a guide for future enzyme engineering efforts focused on
the biosynthesis of rar’. an.' sp’.cialty carbohydrates.

Keywords: NDP-sugars, Specificity fingerprints, Epimerase, Dehydratase, Reductase, Decarboxylase,
Structure-function relationship, Short-chain Dehydrogenase/Reductase, SDR superfamily.
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1. Introduction

Carbohydrates are the most abundant biomolecules in nature and found in every domain of life
(Varki, et al., 2015). No less than 344 distinct appended carbohydrates have been found in
glycosylated bacterial secondary metabolites (such as antibiotics, antivirals, anticancer molecules,
etc.) and more than 100 sugar moieties have been encountered in bacterial polysaccharides
(Elshahawi et al., 2015; Thibodeaux et al., 2007). Glycan profiles have the ability to greatly influence
the physicochemical and biological properties of protein therapeutics and both natural and man-
made organic compounds (e.g. solubility, stability, binding to receptor, activity and/or
pharmacokinetics) (Thorson et al., 2005). Leveraging this extraordinary pool of bacterial
carbohydrates could undoubtedly lead to a unique opportunity for 3" codiversification intentions
(Elshahawi et al., 2015). Nonetheless, these carbohydrates are not ~~urn.'ant in nature, which
renders their large-scale production challenging (Beerens et al., 2( 12).

The modifications of common sugars to their rare counterparts o1.~n happen at the level of the
nucleotide sugar, mostly represented by nucleotide-diphospha.~ (M.DP) sugars, before being used
alone or built into glycosides or polysaccharides (Thibodeaux . * al., 2008, 2007). A close examination
of the biochemical reactions catalyzed by NDP-sugar actir e er.'ymes suggests that the majority of
these enzymes belong to one of the largest known protein 1. milies: the Short-chain
Dehydrogenase/Reductase (SDR) superfamily (Thibe 2. 2ux et al., 2007). The subgroup of SDRs active
on NDP-sugars (NS-SDRs) has been found to exect'te i vr.ry diverse range of chemical catalysis,
including epimerization (EC 5), dehydration and a. ~arboxylation (both EC 4) and oxidoreduction (EC
1) (Fig. 1.A) (Borg et al., 2021). This functior il di' ersity is noteworthy knowing that they share the
same protein fold and that the core catalytic 1..~chanism is driven by two highly conserved residues:
a tyrosine serving as Brgnsted acid/base [~r reduction/oxidation and four amino acids distanced to
that, a conserved lysine essential for bir..'ng ‘he nicotinamide ribose and lowering the tyrosine’s
hydroxyl pKa (Fig. 1.A&B). This catalytic r yad Yxs;K is basically conserved among all SDRs family
members, although some variations ha.= been reported (e.g. MxzK in Pglf (Riegert et al., 2017). It
has been demonstrated that a co.ise: ‘ad serine or threonine plays an essential role in the
mechanism by facilitating the p-ntc ~ abstraction and its transfer back to the oxygen since the
tyrosine is often positioned tc 1 far away (4.9 A) to directly abstract the proton (Liu et al., 1997),
hence these authors refer *.0 « cacalytic triad ([ST]x,YxsK). Not less important, the [ST] also stabilizes
and polarizes the carbr ~vl .'1b< crate group generated after oxidation.

Figure 1. Functional divei ..ty in NDP-sugar active SDR enzymes. A. The epimerases, dehydratases and
decarboxylases introduce the 4-keto-functionality in their first step, which is catalysed by the conserved Yx3K diad and NAD cofactor
(black box). The dehydratase reaction product already contains the 4-keto functionality that is necessary for the reductase reactions
(green box). B. CDP-paratose 2-epimerase (CPa2E) is an exception as it starts with oxidation at C2 (dark blue box). The functional groups
on C2 (-OH or -NHAc) and C3 (-OH) are not shown in the first steps (black and grey) for simplicity reasons. R = -CH20H for UDP-Glc, UDP-
Gal, UDP-GIcNAc, GDP-Man and R = -CO2- for UDP-GIcA and UDP-GalA.

Engineering of these SDR members towards alternative substrates and/or reactions would be highly
valuable to create new pathways for the production of rare sugars and glycosides. However, our
knowledge about their structure-function relationships is currently too limited to enable efficient
rational design. Another impediment is the constant increase of uncharacterized enzymes in public
databases that makes their functional assignments challenging (Jacobson et al., 2014). Most
prediction tools for genome functional annotations rely on sequence and/or structural homology-
based algorithms. For well-studied enzyme families, in which annotation has been experimentally
confirmed by biochemical and/or mutagenesis studies, a homology-based approach is often
accurate and leads to correct annotation (Schnoes et al., 2009). However, in other cases, this



method might be hampered by the lack of information within an enzyme superfamily leading to
annotation errors (Loewenstein et al., 2009; Schnoes et al., 2009). Recently, the UDP-glucuronic acid
5-epimerase specificity description present in public sequence database was debunked and the
enzymes were shown to be actually UDP-glucuronic acid 4-epimerase (Gevaert et al., 2020).

One solution to this problem is to make use of sequence fingerprints that are specific for an enzyme
subfamily and associate them with functionally related proteins (Dudek et al., 2017). Recently, Graff
et co. established an SDR database that allowed the classification of enzyme sequences based on
superfamily and cofactor-specific motifs (Graff et al., 2019). This approach allowed them to refine
the cofactor-binding motif, previously referred to as Glycine motif (Gx,.3Gx;.,G) into
[LVI[VIITG[AGIX,GIIL]G or L[VI]ITG[GA]IXxGX[IVL]G specific to classical or extended SDRs, respectively,
and identified a novel signature motif (i.e. NNAG or HxAA, respectively).

To the best of our knowledge, detailed analysis of the specificity fingerprints of the group of NS-SDR
enzymes has never been reported. It would be highly relevant and could define distinct
characteristics of the different reactions for functional assignments f new sequences added to the
subfamily or in light of engineering for rare carbohydrate synthesis anc. ~ould perhaps even reveal
novel activities and/or specificities. In the sequence and literature revi.'w hereunder, we intend to
provide in-depth information regarding the sequence-function r=~'av.z.iships among the NS-SDR
enzymes by taking advantage of an SDR superfamily wide structure alignment and known
experimental studies.

2. Methodology

In order to review published enzyme sequence-/s. ictures and facilitate the comparison between
structurally equivalent positions, the sequer ce r umbering of NS-SDR enzymes had to be
standardized. To do so, we used 3DM (https:/, *dm.bio-prodict.com), which is a protein
(super)family analysis platform (Kuipers e * al., 2010). At the base of each 3DM system lies a highly
accurate structure-based multiple sequ i.~e aiignment (MSA) that leverages known three-
dimensional crystalized structures to aig n sequentially distinct regions of a protein family. Detailed
explanation on how data are collected, . nd how the database is generated can be found in the
review by Kuipers et al. (2010), St »ffe. -Munsberg et al. (2015) and Van den Bergh et al., (2017).In a
nutshell, all structures of a supe -fai. ily, sharing the same fold, are superposed and an alignment of
the common structurally equ. "aler « positions, called core positions, is determined. This structural
alignment serves as a start'ng ~oint to generate the structure-based MSA. A 3D numbering scheme
is then applied to all re_'du. = t'i1at belong to the structurally conserved core to allow for easy data
transfer between core posi.‘ons of different proteins in the alignment. Once generated, the 3DM
database provides a myriau of protein-related information (e.g. amino acid conservation,
hydrophobicity, ligand contacts, mutations extracted from literature and patents, correlated
mutation data extracted from the alignments, etc.), which has proven beneficial for enzyme
engineering and discovery projects (Junker et al., 2018; Kourist et al., 2010; Lanfranchi et al., 2017;
Steffen-Munsberg et al., 2015).

With this in mind, a database comprising all currently known SDR enzymes was constructed and
included remotely related proteins. Because this selection of SDR enzymes comprised crystal
structures that are very diverse (3165 structures in the PDB), only a relatively small structural core
corresponding to the Rossmann-fold could be generated. Therefore, we refined the alignment by
selecting only crystal structures of enzymes active on NDP-sugars (173 structures in the PDB), giving
rise to 28 subfamilies (Table 1). In light of our long-standing interest in carbohydrate epimerases
(Beerens et al., 2017; Gevaert et al., 2019; Van Overtveldt et al., 2015) and more specifically in
epimerases active on the second asymmetric carbon (Rapp et al., 2020; Van Overtveldt et al., 2020),
which still hold unraveled potential, we targeted the CDP-paratose 2-epimerase from Salmonella



typhi, stTyvE (PDB: 10RR) as template for the new alignment, leading to a core composed of every
position of the stTyvE protein sequence (Fig. 2). Consequently, from now on, the sequence positions
mentioned in this review will be the ones of stTyvE, and if not, it will be specified in between

brackets.

Figure 2. Protein topology of CDP-paratose 2-epimerase (PDB: 10RR) used as template for 3DM

alignment. Topology edited from PDBSum: http://www.ebi.ac.uk/pdbsum/.

We manually clustered the enzymes in subsets, which can be considered to be ‘mini’ 3DM systems
within the database, based on each NS-SDR subfamily provided by the general alignment. All
alignment statistics are regenerated and can be separately analyzed. Subset data can also be
compared against other subsets or against the full set of sequences, thus giving information
regarding subset specific conservation and correlated positions. We therefore created several
subsets by sorting the 28 subfamilies based on acknowledged specifici.*2s highlighted in literature
(Table 1). In epimerases, we sorted the four different stereocente’ spe ificities (i.e. C2-, C6-, C4- and

C3,5-epimerization). Despite catalyzing nearly identical reactior~, N>T-sugar 4,6-dehydratases

comprise different nucleotide specificities and sometimes exhi it a ;ide 5-epimerase activity. This
led us to splitting this subgroup in four distinct subsets and <~ additional one for the 5,6-
dehydratase activity. Reductases were split in three subse ¢s . ased on the product formed, whereas

decarboxylases were differentiated by their ability to synti.~<ize either only UDP-xylose or both UDP-

apiose and UDP-xylose.

In order to have a more accurate view on which pasitiun could be important for influencing
specificity and/or reactivity, we also created i st bse. for each reactivity (I-1V) on top of the above-
mentioned specificities (A-O). The alighment "= oublicly available (https://3dm.bio-prodict.nl).

Table 1. Subsets created in this stur.y.

NDP-sugar epimera.es

UDP-galactose 4-epimerase - GalE — EC 5.1.3.2
UDP-glucuronic acid 4-epimerase — UGAE — EC5.1.3.6

GDP-mannose 3,5-epimerase — GME (GM35E) — EC 5.1.3.18

CDP-paratose 2-epimerase — CPa2E—-EC5.1.3.10

ADP-L-glycero-D-manno-heptose-6-epimerase — AGMH6E — EC 5.1.3.20

NDP-sugar 4,6-dehydratases
CDP-glucose 4,6-dehydratase — CGD —EC 4.2.1.45

dTDP-glucose 4,6-dehydratase — dTGD —EC 4.2.1.46

Subfamily
(PDB)

47RN
6KVC

2C5A
10RR
1EQ2
3SXP
1RKX

2HUN
10C2

Proteins

Sequences structures

16918
10566

1959

2391

5750

1823

5367

1810
4001

Crystal

65
3

N



6Bl4 3017 1
1KEW 16294 4
IN7H 7283 9
GDP-mannose 4,6-dehydratase - GMD - EC 4.2.1.47 271M 2336 3
1DB3 7433 2
3pPVZ 1888 1
. . 4G5H 11179 11

UDP-GIcNAc 4,6-dehydratase (5-inverting) — UGNacD — EC 4.2.1.115 4TQG 338
2GN4 9157 5
UDP-GIcNac 5,6-dehydratase — UGNac56D —EC 4.2.1.x 3VPS 3157 1

NDP-keto-sugar reductases
1VLO 9446 10
dTDP-b-rhamnose synthase (4-reduct.)—RMD —EC 1.1.1.133 1N2S 7511 4
35C6 2117 1
GDP-L-f thase (3,5-epim. 4-reduct.) - GMER - EC 1.1.1.271 4e5Y 1232 !
ucose synthase (3,5-epim. 4-reduct. 1.1, 1E6U 11906 3
GDP-4-keto-6-deoxy-D-mannose reductase — EC 1.1.1.281 IPK3 4493 )
NDP-sugar acid decarboxylase

2B69 15388 4
UDP-glucuronate decarboxylase — UGADC (UXS) —EC4.1.1 35 2BLL 5803 11
UDP-apiose/xylose synthase — UGADC (UAXS) —ECA 1.1 6HON 561 2

3. Distinctive characteristics or NDP-sugar active SDR enzymes

3.1. Conserved structii ! signatures in NDP-sugar active SDR enzymes.

All SDR enzymes share a cc... “rved fold domain despite their low sequence identity (often around
15-30%) (Kallberg et al . 2C"2). The Rossmann-fold is a widely distributed tertiary structure that is
structurally characterized ./ its two sets of B/a motifs with a crossover between the third and fourth
strand shaping a cavity fc. cofactor binding (Kavanagh et al., 2008) (Fig. 2). Sequence-wise, a
Rossmann-fold can be detected by the abovementioned conserved glycine-rich motif signature,
which was exploited to further classify SDR enzymes into classical SDRs and extended SDRs
(Kavanagh et al., 2008). Although the Rossman-fold is known to accommodate dinucleotide
cofactors such as FAD and NAD(P), only the latter is observed in SDRs (Medvedevid et al., 2019).

Nonetheless, the Rossmann-fold is not the sole structural signature identified in the general three-
dimensional structure of NS-SDR. A distinct structurally conserved a -helix emerges after aligning the
representative structures of both NS-SDRs and other SDR enzymes (Fig. 3.A). Notwithstanding the
fact that NS-SDR and other SDR enzymes share this helix downstream of the Rossmann 8-strand
(stTyvE), both helices show a different orientation (Yellow and Red helices in Fig. 3.A). This
difference of direction could serve as anchoring region for the NDP-sugar binding, as the a8-helix of
the human UDP-glucose 4-epimerase (hGalE, PDB: 1EK6) is located next to the UDP-glucose (Fig.
3.B). Whereas the residue R236 (R239 in hGalE) located in the loop facing the a-helix (Fig.3.C) has
been shown to be important for the binding of the NDP moiety (Sun et al., 2020), no residue from



the aforementioned helix has yet been proven experimentally to be important for NDP binding.
Nonetheless, molecular dynamics studies performed in GalE have revealed the movement of the
loop downstream to this helix when scrutinizing the atomistic motions in both the apo and holo
states, suggesting an important role of this region for NDP-sugar binding (Friedman et al., 2012).

Figure 3. A structurally conserved a-helix in NDP-sugar active SDR-enzymes. A. Structural overlay of ten
SDR representatives. In red, the a8-helix of NS-SDR enzymes and in yellow, the a8-helix of non NDP-sugar active. NS-SDR enzymes: PDB:
1N7H (GDP-mannose 4,6 dehydratase), 1N2S (dTDP-glucose 4,6 dehydratase), 1GY8 (UDP-galactose 4-epimerase), 1VLOC (dTDP-4
rhamnose reductase), 2B69 (UDP-glucuronic acid decarboxylase. Non-NDP-sugar active: 1X1T (3-hydroxybutyrate dehydrogenase), 2PH3
(3-oxoacyl reductase), 2RH8 (anthocyanidin reductase), 2R6J (eugenol synthase), 3A28 (2,3-butanediol dehydrogenase). B. UDP-Glucose in
close proximity to the a8-helix (red) in the human UDP-glucose 4-epimerase (PDB:1EK6). C. Close-up view of hGalE binding pocket.

3.2. Activity and specificity determinants of NDP-s 1ga' enzymes share common
positions in 3D structure: the heptagonal box.

3.2.1. Association of conserved regions a2ud cu rrelated mutations

Throughout their enzyme sequences, the four NDP-suga’ reactivities (epimerase, dehydratase,
reductase and decarboxylase) exhibit 8 regions that show a higher degree of conservation compared
to others (Fig. 4. A). Fingerprints of (extended) SD 3s . _*=h as the glycine-rich motif for cofactor
binding (alighment position 4-15), the catalyt’c . 2siu"tes (Y164 and K168) and also the HXxAA motif
(alignment position 73-81) are clearly noticc ~bl". and are part of a conserved region.

Considering the common fold and basic mc~hanism of the four reactivities, it has been postulated
that these enzymes have evolved from orc another, with UDP-galactose 4-epimerase (GalE) as
ancestor (Martinez Cuesta et al., 2011 \'=' tinez Cuesta et al., 2015). In large protein superfamily
alignments, co-evolving residues 0. ~orreiated mutations are almost always functionally related
(Franceus et al., 2017; Kuipers et ~l., 2009). This means that a mutation leading to a new function is
often accompanied by a mutatio.” at another position in order to structurally compensate for it.
Broadly speaking, this natural . ~c! rrence is also true at the level of proteins in metabolic pathways
or between species and is ‘hou tht to be the driving force towards biological diversity (Ehrlich and
Raven, 1964). In NS-SLk, *he. amino acids are located in the conserved regions indicating their
potential role in specificity | ~ig. 4. B).

Figure 4. Amino acid conservation and correlation in NDP-sugar active enzyme subfamily. a.
Conservation. Conservation percentage for each alignment core position is depicted with a color gradient. Blue= 0 %, Red=100%. Positions
involved in the hexagonal box model in eGalE are also represented. The number in asterisk represents the conserved Arg231 (eGalE) part
of the “grey wall” of the heptagonal-box model. B. Correlated position network. Nodes represent the alignment positions with the node
sizes indicating the number of edges. Edge colours indicate the strength of the pair-wise correlation from yellow to red.

3.2.2. From a hexagonal to a heptagonal box specificity model
Interestingly, 6 out of 8 of these conserved regions are located closely around the NDP-sugar
substrate (Fig. 4. A). Surprisingly, it is reminiscent of a substrate specificity model in UDP-hexose 4-
epimerase. Indeed, some of these residues are part of a model known as “the hexagonal box”, which
explains GalE’s promiscuity towards different sugars. The hexagonal box model suggests that the
substrate sugar is surrounded by six walls of amino acids in the active site (Ishiyama et al., 2004). As
illustrated in Fig. 5.A depicting the hexagonal box of Escherichia coli GalE (eGalE), the yellow wall



contains the conserved proton-shuttle S124 (eGalE), whereas the catalytic Y149 (eGalE) makes the
cyan wall directly next to the yellow wall. K84 (eGalE) as part of the red wall flanks the C2-C3 site of
the sugar guarding the diphosphate of the NAD" moiety, while N199 (eGalE) in the purple wall points
towards the B-phosphorus and C1 of UDP-Glc (Beerens et al., 2015). Interestingly, the substrate
spectrum of eGalE was altered only by mutating the so-called ‘gatekeeper’ Y299 composing the
green wall into the smaller cysteine, found at this position in the human protein, introducing activity
on UDP-GIcNAc (Beerens et al., 2015) or, vice versa, removing UDP-GIcNAc activity by introducing a
large residue (Beerens et al., 2013). It is worth noting that the hexagonal box is not the sole
specificity model in UDP-hexose 4-epimerases since the “297-308 belt” model (Bhatt et al., 2011)
and the more recent ‘two-pockets’ model (Nam et al., 2019) also exist, albeit having in common
most of the hexagonal box model. Indeed, these “297-308 belt”, C5- and C2-pockets correspond to
the (extended) walls of the hexagonal box model, more specifically to the Green, Green+Yellow and
Purple walls, respectively. The hexagonal box model has recently also been used to evaluate the
possible molecular evolution and functional divergence of UDP-hexr se 4-epimerases, as reviewed by
Fushinobu (2021).

Similarly, with the evolutionary analysis of NS-SDRs performed F* L. z,ta et al. (2014) in mind, which
highlighted GalE as the common ancestor, this triggered us t» ev: luate whether to hexagonal box
model had ‘survived evolution’ and could perhaps be ap,'lied or extended to all NS-SDRs. Our
literature review of different NS-SDR quickly confirmed t'iav “he important residues for each activity
were indeed found in the structurally corresponding regic. < (see next sections), namely the walls of
the hexagonal box model. The hexagonal box model hy shiyama et al. (2004) could thus be applied
to other NS-SDRs. In order to further substantiate th's lypothesis and to define the hexagonal box
motifs for each specificity, we reviewed sequenc-s fruin 3DM as described above. This allowed us to
not only confirm that a similar hexagonal bo'. m »de: applies to all NS-SDRs but also to extend it. The
extensions include going from walls consistii.~ *.f a single residue to walls of multiple residues as well
as the addition of a seventh wall (Fig. = B). However, a close-up view of the catalytic sites plainly
exposed that the conserved regions in the sequence give rather rise to a heptagonal-shaped box
with stretches of residues in close proyy.n..ly to the NDP-sugar substrate (Fig.5.B and Fig. 4.A). In
order to aid readers to easily loce’c the mentioned residues in a structure and to facilitate the
comparison between the differert _necificities/reactivities, we will use the concept of “Heptagonal
box” and keep the colors used v’ Ishiyama et al. (2004) to label each wall of the box. The new
seventh wall containing the consc “ved Arg residue involved in NDP-sugar binding is assigned as the
“grey” wall.

Figure 5. Specificity mode - A. Hexagonal box. Residues shaping the hexagonal box in the Y299C
eGalE mutant (PDB: 1LRK! ',. Heptagonal box in our study. Each wall contains a range of conserved
residues.

In the following sections, we will further discuss the conserved motifs for each specificity by linking

them to literature, while also keeping an eye open for potentially new sequential and/or structural
differences between specificities.

4. Functional fingerprints

4.1. NDP-sugar active epimerases

The inversion of an hydroxyl group at a specific carbon atom to generate its epimer is, in nature,
catalysed by carbohydrate epimerases (CEPs) (Van Overtveldt et al., 2015). CEPs exhibit diverse



substrate specificities and interconvert the orientation of a hydroxyl group at different stereocenters
of their substrate using one of the five known epimerization mechanisms. Due to these varieties in
CEPs, they have been classified in 14 families based on both their structural and mechanistic
conservation (Van Overtveldt et al., 2015). Carbohydrate epimerase family 1 (CEP1) represents the
largest epimerase collection with more than 10 sugar specificities, all being NDP-sugars and covering
5 stereocenter specificities.

In order to perform the epimerization, CEP1 family members use a transient keto intermediate
mechanism (Van Overtveldt et al., 2015). The tyrosine base first abstracts a proton from the
hydroxyl group at the stereocenter, which is to be epimerized. The nicotinamide ring from NAD+ is
positioned in a productive distance to the stereocenter (3.0-3.7 A) (Allard et al., 2001; Nam et al.,
2019; Thoden et al., 1996) and serves as a hydride acceptor generating a keto group at the
epimerization site (Allard et al., 2001; Van Overtveldt et al., 2015). Thereby, a non-chiral, more or
less trigonal-planar carbon is created. Then, the keto intermediate r tates in the active site and the
hydride from the NADH is retransferred to the carbon, but on the site « nposite of the sugar plane.
The proton from the initial deprotonation step now on the tyrosin 2 ac. 1is re-donated to the oxygen
resulting in a hydroxyl group and regenerating the catalytic base ‘Vi...x Overtveldt et al., 2015).
Moreover, it is recognized that the NDP moiety induces a confi rma .ional change in GalE together
with the rotation of the sugar which triggers the reduction (,.\llard et al., 2001). Consequently, in the
case of C2- and C6-epimerases, the NDP-sugar will be orie nte 1 aifferently in order to allow the redox
reaction and undergo the correct rotation. Although it is s.'! ».ot known why, the choice of NDP
moiety is conserved for each stereospecificity, raising atastions about different mechanisms.
However, it has recently been shown that GalE or T v'". fi om Thermus thermophilus (ttGalE) and
Thermodesulfatator atlanticus (taTyvE) respectiv-ly, cuuld still perform the epimerization reaction
on different NDP-moieties, albeit with differr.nt 'egi ce of affinity (Rapp et al., 2020; Van Overtveldt
et al., 2020). Regarding C3,5-epimerisation, .. C4 is oxidized but other extra catalytic residues are
needed such as C145 and K217 in Arabic'apsis thuliana GM35E.

A particularity of epimerases compare(' to ...e three other reactivities in the NS-SDR subfamily
presented herein, is that it comprise. Yific.ences not only in NDP-sugar specificity but also in
stereocenter specificity. Consequefn.'v, nucleotide and asymmetric carbon specificities are
intertwined in correlated mutatio. <. hence exhibiting different networks of correlated mutations
(Fig.6.A).

Figure 6. Correlated mut.“ion in NDP-sugar active epimerases. A. Correlated mutation analysis resulted in four
networks. Positions that are part of th : box are highlighted with a specific wall color. In dark blue, positions outside the heptagonal box.
Nodes represent the alignment positions with the node sizes indicating the number of edges. Edge colours indicate the strength of the
pair-wise correlation from yellow to red. B. Network hypothesized to be involved in immediate reduction in eGalE. Sequence numbering
from the GALE of Escherichia coli.

As detailed in Fig. 6.A, the majority of the correlated mutations in the epimerase subfamily are part
of the heptagonal box surrounding the substrate emphasizing the importance of each wall for the
reactivity and/or specificity. The largest correlated network contains residues from each wall of the
heptagonal box and the smaller networks contain at least one residue from these walls, as it is the
case for the position 243, 80 and 177 in eGalE. Interestingly, some residues of this network were also
mentioned in a study from Tiwari et al. where H243, Y177 and S122 (eGalE) have been postulated to
potentially promote immediate re-oxidation of NADH in order to prevent abortive complexes (Fig.
6.B) (Tiwari et al., 2014). Also, correlated residues that are found outside the heptagonal box are
often located near these walls and thus one might wonder whether these positions could assist in
the correct orientation of the walls and their key residues.

It is clear that the glycine motif (L[VI]TG[GA]xGx[IVL]G) and catalytic triad [ST]x,YxsK is conserved in
all epimerases, corresponding well with the fact that these are extended SDR. High conservation can



also be observed for Phe in the glycine motif (F11 in stTyvE) and the Arg in the grey wall (R236 in
stTyvE), of which the latter has been shown to make an important interaction with the substrate’s
di-phosphate backbone.

(landscape table)
Table 2 Heptagonal box motifs in NDP-sugar active Epimerases. The logos were generated using
Weblogo.

Furthermore, high conservation of residues and motif can also be observed in the different walls of
the heptagonal box (Table 2). Each asymmetric carbon specificity has a distinct conserved motif per
wall, sometimes even differing in length, as is the case for the red and purple walls. It is also worth
noting that the yellow wall is one of the most conserved parts of the hox per specificity, showing
TNK, SAA, SAC and SAA/SSS motifs for the C2-, C6-, C3,5- and C4-epirnc -ases, respectively. This wall
includes the additional catalytic Cys present in the GM35E, where s its additional catalytic Lys
(position 206) can be found in the purple wall. The Arg residue t-~t .- yointed towards the catalytic
Cys and potentially assists by changing the cysteine’s pKa is als » hig 1\ly conserved but only in the
GM35E (green wall, position 305). A peculiarity of this positi. 1 is that it corresponds to the so-called
gatekeeper residue of the 4-epimerases and that high cor.se: ‘auon of a large (Tyr/Phe) and small
(Thr) residue can be observed for the CPa2E and AGMHG6LE, -e.pectively. Similar to GalE’s gatekeeper,
a small residue is necessary for the larger heptose subst: ate, but a large residue is possible for the
smaller dideoxy substrates (i.e. paratose/tyvelose). ¢ ga ding the two C4-epimerase specificities,
GalE and UGAE, the main differences are found ir the urange wall at the position 193 where an Asn
is replaced by a Thr in UGAE and in the short :r L. arpic wall in UGAE. The latter specificity has been
proofed recently (Gevaert et al., 2020) and h. v _e its specificity determinants still has to be
determined. However, Sun et al. pointec' out the importance of the positively charged R192 and the
adjacent D194 (Streptomyces viridosporus ©<AE), both located in the purple wall, which might
interact and stabilize the negatively ch 'rr,e.. carboxylate moiety of the substrate (Sun et al., 2020).
Recently, Borg et al. (2020) characte...~a . novel UGAE from Bacillus cereus and demonstrated the
importance of an hydrogen bond ne*work composed of four residues, namely T126, S127, 5128 (all
yellow wall) and T178 (193 in the . range wall), in the coordination of the carboxylate substrate
(Borg et al., 2020; lacovino et al., 2120).

In the CPa2E, the yellow wa'"' ~o. *4ins the catalytically important Asn and Lys (personal
communication). In additic n, al :hough the only two confirmed CPa2Es have a HSSM motif in the
orange wall, it is the MISC, mortif that is predominant. Interestingly, a Phe residue instead of the
catalytic Tyr residue is als» sresent, but only in a minor number of CPa2E subfamily representatives
and their activity has never been experimentally proven. Interestingly, the newly discovered
member of the CPa2E subfamily, taTyvE was shown to have a promiscuous activity towards NDP-
glucose (Rapp et al., 2020). Mutational analysis will have to be performed to associate any residue of
the different wall’s fragments to glucose accommodation.

Secondary structural elements can also influence internal motions or induce conformational changes
important for an enzyme activity (Boehr et al., 2018). Although it has never been demonstrated to
explain the difference in asymmetric carbon preference, each group of enzymes exhibit variations in
the structure (Fig. 7). While every template shows a similar overall fold, some differences stand out,
such as the size of the terminal a-helix in GM35E that was longer than in the other subfamilies.
Similarly, GM35E possesses an extra loop downstream of this helix that goes up to the NAD domain.
Also, the “red” wall of the heptagonal box in GM35E exhibits extra residues. Therefore, it elongates
the loop and significantly diminishes the active site cavity and thus the torsional mobility of the
sugar moiety could be restricted. Both C6-epimerase subfamilies have an a-helix within the “purple”



wall in contrast to the other enzymes that only have a loop. Interestingly, CPa2E also has a
conserved extra B-sheet (B6 and B7) that might interact with the green wall (R303) and grey wall
(V235).

Figure 7. Structural differences in epimerases. Structural differences (variable regions in GM35E and
AGMHG6E and conserved B-sheet in 10RR not present in other epimerase structures) are depicted in
green.

4.2. NDP-sugar active dehydratases

Deoxysugars (CsH1,05), dideoxysugars (CsH1,04) and their deriv ative 5 are functionally important
carbohydrates that are found in a myriad of virulence factor: (Islam et al., 2019). Their biosynthesis
necessitates a 4,6- or 5,6-dehydration of a hexose nucleo’.ac nrecursor, a step that has been
extensively scrutinized in the past decades as it could pavc th7: way for targeted drugs development
(Allard et al., 2002).

Similarly, to many other NS-SDR representatives, th 2 r2ation is initiated with an oxidation at the 4-
hydroxyl group of the sugar and subsequent hydride v unsfer to the NAD(P)* cofactor. This step is
followed by the elimination of water from C5 an 1 Cuv generating a 4-keto-5,6-glycosene
intermediate. Eventually, the removed protu ~ 7 ¢ C5 will be transferred back to its original position
(retaining activity) or at the opposite location (i erting activity) with hydride transfer from NAD(P)H
to the C6 forming the NDP-4-keto 6-deoxyi. ~xose (Ishiyama et al., 2006; Li et al., 2015; Webb, 2004).
Enzymes known to employ a retaining icin *y with the above catalytic mechanism are GDP-
mannose 4,6-dehydratase, dTDP-glv_>se ?,6-dehydratase, CDP-glucose 4,6-dehydratases and UDP-
GIcNAc 4,6-dehydratase. However, .r the latter, the majority of enzymes from this subfamily are
known to possess an inverting ac.ity. We talk about 5,6-dehydratase activity when the proton and
hydride are transferred back to ti.~ C4 generating an NDP-6-deoxy-5,6-glycosene, which were
discovered much more recertly ‘V//yszynski et al., 2012).

The dehydratase’s heptag “nai box also contains distinct motifs for each nucleotide specificity (Table
3). The “purple” wall has a auch shorter loop compared to NDP-sugar epimerases with only the
positions 206 and 207 (e.g. 174 and 175 in UGNacD from Helicobacter pylori) alignable with the
epimerase loop. However, within the dehydratases, this loop is structurally similar, but with
different motifs from each specificity. Despite variability in the motifs, the last position is mainly a
short aliphatic residue (Val or Leu). The same characteristics are found in the purple wall’s last
position in GalE, GM35E and AGMHG6E. The three latter enzymes have in common with dehydratase,
the positioning of the 4’-hydroxyl of the sugar at a productive distance to the catalytic Tyr. Given
that the only enzyme known to potentially have its 2-hydroxyl oxidized is CPa2E, bearing a
conserved bulky aromatic Trp at the position 207. One might wonder the importance of this position
for the productive positioning of the substrate.

Equivalently to epimerases, the dehydratase’s yellow walls are also conserved per specificity, which
is expected given the presence of the catalytic residues.

It is also worth noting that the catalytic cysteine in GDP-mannose 3,5-epimerase is located at the
same position in the structure (126 in stTyvE) as the catalytic Glu and Lys, downstream the Ser/Thr
from the catalytic triad, in the yellow wall of the heptagonal box. The yellow wall in epimerases



could serve as benchmark to predict enzyme function since each specificity had a distinct motif.
Indeed, on top of the [ST] signature, the two following residues dictates the epimerase specificity. In
dehydratases, however, one needs to consider this wall but additionally look beyond it. Indeed, the
orange wall shows highly conserved and distinct motifs per specificity and might thus be an
additional motif to consider for specificity predictions.

Like in the epimerases, also in the dehydratase there are other representative residues than the
established catalytic Tyr in the catalytic dyad (Yxs;K). Indeed, there is rather high conservation of
methionine (MxzK), however, this Mx;K is mostly present in the UDP-GIcNAc 4,6-dehydratase, with
the methionine clearly showing up in the fingerprints (Table 3). An alternative residue that is found
at this position is a leucine, albeit in a much lower amount. Recently, the mechanism behind the
long-discussed MxzK dyad (Creuzenet et al., 2002; Miyafusa et al., 2013b, 2013a) present in the NDP-
GIcNAc 4,6-dehydratase was confirmed (Riegert et al., 2017). Structural and biochemical
investigation of the Campylobacter jejuni UDP-GIcNAc 4,6-dehydrat se (PglF) revealed a new
catalytic mechanism for this SDR superfamily member that excludes «.> need of the otherwise
conserved/catalytic Tyr. In PgIF, the combination of T395 and D39 rei.»oves the proton from the C-4
hydroxyl group (C4-oxidation) and the neighboring K397 is invol'~a 'Znydration and reprotonation
(Riegert et al., 2017). Once more, the three involved residues ( "DK) are located in the yellow wall
and clearly pop out in the fingerprints, showing very high co. <ervation for the TDK (Table 3).

In the group clustered with the NDP-hexosamine 5,6-dehy.'*2.ase (TunA , PDB code 3VPS), the
catalytically important Cys-Glu residues of TunA (Wyszvr.ski et al., 2012) seem to be absent,
however, a closer look shows it is present but only i1 . si1aller quantity (Table 3). It thus probably
got outweighed by the overrepresented 4,6-dehy!ratase that clustered together with the 5,6-
dehydratase. Based on the residues present ’ser Glu and Asp-Glu), these could be GDP-mannose
4,6-dehydratase (GMD) and/or dTDP-glucose 1 o-dehydratase (dTGD), respectively. This might hint
towards a closer evolutionary connectic~ of the .{DP-hexosamine 5,6-dehydratase with GMD and
dTGD than with the 4,6-dehydratase active on NDP-hexosamine (and CDP-GIc) but remains to be
scrutinized before making definitive st tr.n.Cats.

(landscape table)
Table 3. Heptagonal box motifs n. NDP-sugar active Dehydratases. The logos were generated using
Weblogo.

4.3. NDP- keto sugar active reductases

In the palette of enzymatic reactions leading to the formation of deoxysugars, reduction is a crucial
step allowing the generation of hydroxyl groups from an NDP-4-keto-sugar intermediate (Martinez
et al., 2012). Therefore, considerable attention has been devoted to NDP-sugar reductases linked
with the biosynthesis of pathogenicity factors. The most extensively studied pathway are the ones
producing the key intermediates dTDP-L-rhamnose, GDP-D-rhamnose and GDP-L-fucose, dTDP-D-
fucose. These deoxysugars are obtained after a stereoselective reduction of an NDP-4-keto-6-deoxy
sugar precursor. In order to switch from bD- to L-conformation, a 3,5-epimerization is required and is
often catalyzed by a bifunctional 3,5-epimerase/reductase enzyme. The major difference between a
strict NDP-sugar 3,5-epimerase and a bifunctional 3,5-epimerase/reductase is that the latter
requires a keto-functionality at C4 on a deoxy sugar (product of the abovementioned dehydratases),
whereas the former acts on a fully hydroxylated substrate and performs the initial oxidation at C4 by
itself. However, the catalytic mechanism for epimerization is shared between both enzymes. Three
subfamilies are part of NDP-keto sugar active reductases, one that forms GDP-D-rhamnose by



ketoreduction, one that has bifunctional 3,5-epimerase/reductase activity leading to GDP-L-fucose
and dTDP-L-rhamnose and the last one forming dTDP-D-fucose and dTDP-L-rhamnose (after prior 3,5-
epimerization by another enzyme (Dong et al., 2003)).

The three specificities in reductases display a highly conserved heptagonal-box wall motif (Table
4.A). Strikingly, the acidic/basic residues involved in 3,5-epimerization in bifunctional enzymes are
located at the same positions as in the NDP-sugar 3,5-epimerase, i.e. 206 and 126, respectively. Both
enzymes share a common Cys in the yellow wall (core position 126), whereas the acid located in the
purple wall has been replaced by a His (Lys in GM35E). This confirms the importance of both
positions and residues for the 3,5-epimerization as much as the catalytic Yx3K dyad located in the
cyan wall.

As with the other reactivities, the majority of conserved residues are part of the heptagonal box
emphasizing once more the validity of this specificity and activity model in NS-SDRs, including the
reductases. Position 206 is a His (e.g., H158 in RfbD from Clostridiur  acetobutylum) when the
enzyme exhibits a bifunctional activity but a Phe in the GDP-4-keto-6-u ~oxy-D-mannose reductase
subfamily and Asn in the dTDP-D-rhamnose synthase subfamily wt en ¢ 1ly showing a reductase
activity. Similarly, the position 305, which corresponds to the ge*~kc zer residue in GalE and the
highly important Arg in GM35E, is a Lys/Arg in the bifunctional ~edu :tases. Similar as in GM35E, this
highly conserved Lys most likely assists the change of the ca. lytic cysteine’s pKa. In the reductases
without epimerase activity this position is occupied by a t g1 conserved Ser in the dTDP-D-
rhamnose synthase (4-reduct) subfamily and a Leu in GDF- *-V.cto-6-deoxy-D-mannose reductase
subfamily, incapable of altering the pKa of neighborine r :sidues.

Although in the full NS-SDR enzymes, the third amir o acid of the orange wall (position 193 in stTyvE)
is mostly an Asn, it is a conserved Trp residue for *he ui1 DP-bD-rhamnose synthase (4-reduct)
subfamily. This Trp was shown to interact wi*n t. e equatorial O3’ of the sugar substrate (W153 in
Salmonella enterica RmID) and abolished the ~r.zyme activity when mutated to an Ala (Blankenfeldt
et al., 2002).

(landscape table)

Table 4. Heptagonal box motifs. A. . 'eptagonal box motifs in NDP-keto sugar active reductases. B.
Heptagonal box motifs in NDP-sug, ~r active decarboxylases. The logos were generated using
Weblogo.

4.4. NDP-sugor o tiv e decarboxylases

The mechanistic complexiwy and diversity of NS-SDR enzymes becomes even more evident when
including NDP-sugar active decarboxylases. Indeed, starting from the same substrate (UDP-
glucuronic acid, UDP-GIcA), no less than three products are obtained, namely UDP-xylose, UDP-4-
keto-xylose and UDP-apiose (Savino et al., 2019). An important sidenote here is that a fourth
product (i.e. UDP-GalA) is obtained with the abovementioned UDP-GIcA 4-epimerases. The former
decarboxylase product is a sugar donor of xylose, a major constituent of plant xylan polymers, and
obtained by UDP-xylose synthase (UXS) (Bar-Peled et al., 2001). In humans, UDP-xylose initiates the
glycosaminoglycan synthesis of proteoglycans, critical for cell signaling (Eixelsberger et al., 2012).
UDP-4-keto-xylose is produced through oxidation of UDP-glucuronic by a bifunctional UDP-
glucuronic acid decarboxylase/formyltransferase (ArnA). The latter from which only the C-terminal
domain belongs to the SDR family, will catalyze another reaction step in the pathway forming a 4-
amino-4-deoxy-L-arabinose (L-Ara4N), essential for the resistance of the antibiotic polymyxin
(Williams et al., 2005). Given the fact that their homologous domain allows a similar catalytic
reaction, they have been clustered together. On the other hand, UDP-apiose, a branched-chain
pentose involved in the cell wall integrity of plants, is synthesized via a UDP-apiose/UDP-xylose



synthase (UAXS), which unprecedently catalyzes the decarboxylation of the UDP-glucuronic acid
coupled with pyranosyl-to-furanosyl sugar ring contraction (Savino et al., 2019).

The SDR catalytic triad (S/Tx,YxsK) located in the yellow and cyan walls is logically conserved (Table
4.B). The amino acids known to be characteristics of decarboxylases activity (Savino et al., 2019) are
also highly conserved in the entire decarboxylase subfamily such as Y105, E141 and R341
(numbering of UAXS from Arabidopsis thaliana). It is worth noting that these residues are located
near the red wall and in the yellow and green wall, respectively. The differences that distinguish the
UDP-apiose-synthesizing enzyme UAXS from the other decarboxylases are the presence of C100 and
C140 (UAXS from Arabidopsis thaliana) corresponding to the positions 86 and 126 of the red and
yellow wall, respectively. These residues were shown to be involved in the sugar ring contraction
(Savino et al., 2019).

Interestingly, a structural variable region elongating the a-helix ups’ ream the cyan wall is only visible
in decarboxylases and bears the trademark position; the R182 (UAXS 1. ~m Arabidopsis thaliana) (Fig.
8.A). Similarly, the purple wall loop before the positions 206 and 2 J7 i longer in UAXS and ArnA, and
shorter in UXS compared to stTyvE (Fig. 8. B).

Figure 8. Variable structural region in UAXS. A. Additional loop uj. *ream the cyan wall. The region specific for
decarboxylases (variable region in our alignment) is depicted in deepteal cyan. '.i 1. 1, u.e catalytic tyrosine and lysine of UAXS (PDB:
6HOP). B. Purple wall in decarboxylases and C2-epimerase. The purple wall of . TyvE | depicted in green, of UAXS in red, UXS in orange
and ArnA in blue.

Concluding remarks

Fingerprints for the majority of specificitias and 1 eactivities within the NS-SDR enzyme subfamily
were exposed in our sequence review. Seve.” regions surrounding the substrate nucleotide-sugar in
a heptagonal-shaped manner are highl ! <cr ._turally and sequentially conserved. These heptagonal-
box motifs contain important knowr. «~ta.tic residues and substrate specificity determinants, but
few studies have made the link betv. ~en them. While the “cyan wall” of the box possessed the
characteristic signature of the SDi. ~atalytic dyad (Yx;K), the other fragments around the substrate
are not less important. The highly ~onserved Ser/Thr in the “yellow wall” supports the choice of
talking about a catalytic trie~ (1.7 x,Yx3K) for the NS-SDR enzymes. In contrast to UDP-galactose 4-
epimerase (GalE) and dTD.-D-r :.amnose synthase (RMD), that perform only oxidation/reduction,
some NS-SDRs excecute n.~re complex catalysis and the extra catalytic residues needed for this
were almost always locate in the “yellow wall” at the position 125 and/or 126 or at the position
206 in the “purple wall”. The gatekeeper residue located in the “green wall” — known to influence
the sugar specificity of GalE — is structurally at the same position as the conserved Arg involved in
the GDP-mannose 3,5-epimerase (GM35E) and important for decarboxylation or the Lys for GDP-L-
fucose synthase (GMER). Furthermore, it shows high conservation in most other specificities too,
hinting to also have an important role there. Although little is known about the red, orange and grey
walls, the conserved motifs highlight their importance in the different subfamilies and pinpoint
highly conserved — and thus potentially important — residues that could now be investigated via
mutagenesis. On top of the heptagonal box, conserved structural differences for the enzymes of
each reactivity can also be observed. Since catalysis depends on three important factors; (i) NDP-
moiety, (ii) the correct orientation of the sugar and (iii) the positioning of the NAD cofactor; a static
analysis of structures might not be enough to identify the determinants behind the four reactivities.
Complementary information could be obtained through more motion analysis using molecular
dynamic (MD) simulations.



Nonetheless, the data collected and our insights into the catalytic mechanism of NS-SDR enzymes
have allowed us to identify fingerprint motifs that bring us a step closer to the (more) complete
understanding of the structure-function relationships in NS-SDR enzymes. Furthermore, by
leveraging these sequence and structural information, it could serve as the foundation for future
enzyme engineering projects aiming to switch specificities and/or reactivities in these SDRs. As
engineering strategies, one might explore the possibilities of introducing the most conserved
residues from each wall, swapping heptagonal box motifs and/or inserting conserved structural
elements in those NS-SDRs. An ultimate challenge lies in the design of new-to-nature NS-SDR
biocatalysts that can be applied for the enzymatic production of novel “designer” carbohydrates
and/or glycosides. For instance, the multiple stereocenters present in carbohydrates generate a
huge structural diversity that is often linked with divergent biological properties. The identification
of specificity fingerprints in the epimerase subfamily could pave the way for future engineering
effort towards stereocenter specificity switches making conceivably possible the synthesis of
virtually all rare sugars and derivatives thereof.
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Subfamily  Proteins  Crystal
(PDB) Sequences structures

V. NDP-sugar epimerases

P- UDP-galactose 4-epimerase — GalE — EC 5.1.3.2 4ZRN 16918 65
Q- UDP-glucuronic acid 4-epimerase — UGAE — EC 5.1.3.6 6KVC 10566 3
R- GDP-mannose 3,5-epimerase — GME (GM35E) — EC5.1.3.18 2C5A 1959 4
S- CDP-paratose 2-epimerase — CPa2E—-EC5.1.3.10 10RR 2391 1

1EQ2 5750 4
T- ADP-L-glycero-bD-manno-heptose-6-epimerase — AGMH6E — EC 5.1.3.20 Q
3SXP 1823 1
VI. NDP-sugar 4,6-dehydratases
U- CDP-glucose 4,6-dehydratase — CGD — EC 4.2.1.45 1RKX 5367 2
2HUN 1810 2
10C2 4001 4
V- dTDP-glucose 4,6-dehydratase — dTGD — EC 4.2.1.46 6BI4 3017 1
1KEW 16294 4
IN7H 7283 9
W- GDP-mannose 4,6-dehydratase - GMD —EC 4.2.1.4™ 2Z1M 2336 3
1DB3 7433 2
3PVZ 1888 1
4G5H 11179 11
X- UDP-GIcNAc 4,6-deh -i i —'GNacD—-EC4.2.1.11
UDP-GIcNAc 4,6-dehydratase (5-inverting) — .'GNac C 5 4TQG 838 1
2GN4 9157 5
Y- UDP-GlcNac 5,6-dehydratase — UGNacsb6> —EC 4.2.1.x 3VPS 3157 1
VII. NDP-keto-sugar reductases
1VLO 9446 10
Z- dTDP-bD-rhamnose synthase (7 .~auct.)—RMD-EC1.1.1.133 1N2S 7511 4
35C6 2117 1
AA- GDP-L-f th (3,5-er im. 4-reduct.)—GMER-EC 1.1.1.271 4E5Y 1232 !
- -L-fucose synthase (3,5-er im. 4-reduct. 1.1, 1E6U 11906 3
BB- GDP-4-keto-6-deoxy-D-mannose reductase —EC 1.1.1.281 2PK3 4493 ’
VIIl.  NDP-sugar acid decarboxylase
2B69 15388 4
CC- UDP-glucuronate decarboxylase — UGADC (UXS) —EC 4.1.1.35 2BLL 5803 1
DD-UDP-apiose/xylose synthase — UGADC (UAXS) —EC 4.1.1 6HON 561 2

Table 1. Subsets created in this study




