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ABSTRACT

UDP-galactose 4-epimerases (Gal4Es) catalyze the inversion of the 4-hydroxyl configuration of a sugar moiety
from an NDP-sugar through a three-step process: oxidation, rotation and reduction. Despite extensive
biochemical and structural studies, the role of protein dynamics on substrate specificity remains poorly under-
stood. The recently identified subgroup of GDP-sugar 4-epimerases, notable for its exceptional substrate pro-
miscuity, provides an intriguing model to investigate the role of dynamics in the Gal4E catalytic mechanism and
the unique promiscuity of the subgroup. In this study, we used a multidisciplinary approach to examine the
dynamic-function relationships in the Pyrococcus horikoshii representative (PhGal4E_1). First, we determined
several crystal structures (WT: 1.9-2.4 A and Y145F: 3.1 A), providing structural insights of the PhGal4E_1
structure bound to GDP-L-fucose in a catalytic conformation. To further explore the enzyme’s promiscuity, in
silico docking studies were conducted with three substrates, namely GDP-L-Fuc, GDP-Glc and UDP-Glc. Molecular
dynamics simulations identified a dynamic hydrogen bond network surrounding the sugar moiety and phosphate
groups, revealing four key residues: P80, H182, R83 and N174. These residues interact with either the substrate’s
sugar moiety (H182 and P80 with C2-OH and C3-OH, resp.) or diphosphate backbone (N174 and R83 with f-/a-
and a-phosphate, resp.), which facilitates sugar ring positioning. Protein flexibility then initiates disruption of the
hydrogen bonds enabling the required rotation of the intermediate. Site directed mutagenesis of these residues
was performed to disrupt the interaction network followed by enzyme activity assays on the three substrates,
validating their critical role in the epimerization reaction. These results highlight the pivotal role of protein
flexibility in PhGal4E_1 promiscuity and establish a framework for dynamic studies across other Gal4E
representatives.

1. Introduction

Through a single reaction, these CEPs can alter the orientation of a
specific hydroxyl group within a sugar ring [4]. This process primarily

The diversity of carbohydrates results from their various arrange-
ments occurring at different levels, including the number of carbon
atoms of the saccharide ring, stereochemistry of the ring substituents,
functional groups (e.g. absence of hydroxyl, as observed in deoxy sugars,
or presence of specific substituents such as amino or sulfo groups) and
polymerization. Carbohydrate epimerases (CEP) [1] are undoubtedly
among the main architects in sugar stereochemistry as they allow the
interconversion of abundant sugars (e.g. glucose, mannose) into their
rare counterparts (e.g. L-sugars) [2,3], which find a myriad of applica-
tions in food, cosmetic, pharmaceutical and nutraceutical industries [2].
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involves nucleoside diphosphate sugars (NDP-sugars) [5], essential
precursors for biosynthesis of polysaccharides [6,7], glycoproteins [8,
9], glycolipids [10], vitamins [11] and antibiotics [12].

The CEP1 family belongs to the well-known Short-chain Dehydro-
genase/Reductase (SDR) enzyme superfamily [1,13], specifically the
group that acts on nucleotide sugars (NS). Within this family,
UDP-galactose 4-epimerase (Gal4E, EC 5.1.3.2) is by far the most stud-
ied group, regarding biochemical characterization and structural anal-
ysis [1,14]. Like all CEP1 and NS-SDR members, Gal4Es consist of a
Rossmann-fold domain for binding of the NAD™ cofactor and contains
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the catalytic triad [S/T]x,Yx3K [15,16].

Gal4Es employ a transient keto intermediate mechanism resulting in
an epimerization reaction through three steps: oxidation, rotation and
reduction (Fig. 1A). Initially, in the oxidation phase, the catalytic tyro-
sine acts as a base in the form of a tyrosinate anion [17] and abstracts a
proton from the hydroxyl group located at the C4 stereocenter of the
sugar moiety. Simultaneously, the NAD" cofactor’s nicotinamide ring
acts as a hydride acceptor, producing a keto group at the
C4-epimerization site [18,19]. Secondly, the keto intermediate un-
dergoes a 180° rotation within the active site, hereby facing the opposite
side of the keto-intermediate towards the tyrosine and NADH [20,21].
Thirdly, in the reduction step, the hydride from NADH is transferred
back to the C4 carbon on the opposite side of the sugar plane due to
previous rotation. The tyrosine proton, initially removed during oxida-
tion, is simultaneously returned to the oxygen atom, forming a hydroxyl
group. This completes the epimerization and regenerates the catalytic
base [16]. While the oxidation and reduction steps are extensively
documented in the literature [20,22], the rotation step remains insuf-
ficiently understood.

Crystallographic analyses of UDP-galactose and UDP-glucose in
Escherichia coli Gal4E revealed distinct torsional angles at the glycosidic
bond and p-phosphate [23]. This observation was crucial to support the
rotation mechanism. Subsequent structural analyses reported confor-
mational changes at the NDP-binding site upon substrate binding, [17,
24] yet these changes were not linked to rotation. Dynamic studies on
certain Gal4E representatives, principally in human and E. coli Gal4E,
have provided insights into the flexibility of the binding pocket [25-27],
but these endeavors remain insufficient to understand its possible
impact on substrate specificity. Recent investigations of the
UDP-glucuronic acid (UDP-GlcA) 4-epimerases (a CEP1 subgroup very
similar to Gal4E) have underscored the significant role of protein dy-
namics in facilitating sugar ring rotation, as demonstrated through
structural analyses, metadynamics and QM/MM simulations. [28,29]
Despite these efforts, the role of protein dynamics in shaping Gal4E
specificity and sugar rotation remains uncovered.

Research on Gal4Es and related NDP-sugar 4-epimerases has pre-
dominantly focused on their substrate specificity, as they can be active
in a broad range of substrates [30-34]. A recent and extensive model for
specificity is the “heptagonal box model” (HBM) of NS-SDR enzymes
[16]. This model describes the substrate binding pocket of the NS-SDR
enzymes (which includes the CEP1 members like Gal4E) and concep-
tualizes it as seven color-coded "walls", each containing conserved
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amino acid motifs surrounding the substrate’s sugar moiety in the active
site (Fig. 1B). Developed through sequence conservation analyses within
the NS-SDR superfamily, this model facilitated the identification of a
novel Gal4E subgroup in Pyrococcus horikoshii (PhGal4E_1, Uniprot:
073960), notable for its preference for GDP-sugars and pronounced
promiscuity towards rare NDP-sugars such as GDP-L-fucose and
GDP-L-galactose [35]. Yet, despite HBM’s role in pinpointing
PhGal4E_1, the specific contributions of residues within these "walls" to
catalysis remain elusive, especially given the low sequence similarity
among Gal4Es (as low as 20-30 %) [16]. Residues in these walls could
play a catalytic role attributed to their structure and dynamics rather
than only their sequence. In that account, a thorough structural and
dynamic analysis of PhGal4E_1 can elucidate the importance of under-
explored residues in the Gal4E mechanism, such as sugar rotation, while
also revealing how dynamic residue interactions drive its promiscuous
substrate specificity.

In our present study, we set out to gain a deeper understanding of the
substrate specificity and the influence of protein flexibility in the
mechanism of the promiscuous PhGal4E_1. We determined PhGal4E _1’s
X-ray crystal structure in the holoenzyme state (with NAD" cofactor)
and as a Michaelis complex (MC) with NAD" cofactor and GDP-L-Fuc
substrate. Subsequently, the obtained crystal structures were analyzed
with molecular dynamics (MD) simulations to identify flexible regions
corresponding to HBM motifs. Through extensive MD simulations, we
were able to evaluate the influence of local flexibility on the sugar ring’s
rotation. Finally, site-directed mutagenesis studies and biochemical
characterization of the created mutants were performed to confirm our
in silico (MD) analyses. Based on this combined approach it was revealed
that PhGal4E_1’s dynamics play a crucial role in substrate promiscuity
and modulates sugar rotation through a hydrogen bond network that
influences the phosphates and sugar moiety.

2. Materials and methods
2.1. Experimental procedures

2.1.1. Materials and chemicals

Nucleotides and nucleotide-sugars were obtained from Biosynth
(Compton, Berkshire, UK) and BOC Sciences (New York, USA). E. coli
BL21(DE3) competent cells were prepared in-house. HPAEC-PAD stan-
dards such as galactose, r-glucose and quinovose (6-deoxy-p-glucose)
were all purchased from Sigma-Aldrich (St. Louis, MO) and Biosynth
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Fig. 1. Overview of the general keto intermediate mechanism for an NDP-sugar in Gal4Es and heptagonal box model (HBM) of PhGal4E_1. A) The epimerization
reaction at the C4 stereocenter results in an equilibrium between the NDP-sugar and its C4 epimer. Hydride transfer to and from the NAD " cofactor is illustrated in
yellow. Proton transfer to and from the catalytic tyrosinate is depicted in blue. Hydroxyl groups at other positions are omitted for the sake of clarity. B) The
heptagonal box model (HBM) is sketched in the catalytic pocket of PhGal4E_1. The HBM is composed of seven conserved amino acid motifs, also called “walls”. The
catalytic triad ([S/T1x,Yx3K) contains residues from the yellow ([S/T]) and the cyan wall (Yx3K). Besides the yellow and cyan motifs being important for catalysis,
additional “HBM walls” could play a significant role in catalysis, such us the required ring rotation.
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(Compton, Berkshire, UK), stocks were prepared at 100 mM in ultra-
pure water. All other chemicals and reagents were of the highest
available purity, unless stated otherwise.

2.1.2. Gene cloning, site-directed mutagenesis and transformation

The Gal4E_1 gene of P. horikoshii was codon optimized for E.coli,
synthesized and subcloned into the pET21 vector at Ndel and Xhol re-
striction sites, providing a C-terminal His6-tag, by GeneArt Gene Syn-
thesis (Thermo Fisher Scientific, Waltham, MA, USA) [35]. Mutants of
PhGal4E_1 were constructed in the pET21 vector using the Q5
Site-Directed Mutagenesis Kit (NEB) according to manufacturer’s in-
structions. The primers used for mutagenesis are listed in Table S1.
E. coli BL21 (DE3) electrocompetent cells were transformed with the
resulting constructs (WT and mutants) for protein expression.

2.1.3. Protein production

An overnight preculture of E. coli transformed with the respective
expression plasmid was used to inoculate the Lysogeny Broth (LB)
growth medium (250 mL) containing ampicillin (100 pg~mL_l) inalL
shake flask at 37°C. The culture was grown until an optical density
ODgpo of 0.6 was reached. Subsequently, 0.1 mM isopropyl-f-D-thio-
galactopyranoside (IPTG) was added and the culture was incubated for
16 h at 200 rpm and 20°C (New Brunswick™ Innova ® 40 - Benchtop
Orbital Shaker). Cells were harvested by centrifuging for 20 min at
9000 rpm and 4°C (Thermo Scientific™ Sorvall™ RC 6 Plus Centrifuge).
The obtained pellets were frozen and stored at —20°C for at least one
day.

2.1.4. Protein purification

For enzyme extraction and purification, each pellet of a 250 mL
culture was resuspended in 8 mL of lysis buffer (300 mM NaCl, 10 mM
imidazole, 100 uM phenylmethane sulfonyl fluoride (PMSF) and
1 mg-mL~"! lysozyme in 50 mM sodium phosphate buffer pH 7.5) and
cooled on ice for 30 min. Next, the cells were subjected to homogeni-
zation with glass beads (Sigma-Aldrich 150 — 212 ym) in 7 cycles of
15 sec each (FastPrep-24™high-speed benchtop homogenizer). Finally,
cell debris was removed by centrifugation at 9000 rpm for 1 h.

Subsequently, the supernatant was purified by Ni-NTA chromatog-
raphy, with small variations to the supplier’s description (Thermo Fisher
Scientific, Waltham, MA, USA). The resulting supernatant was incubated
with 1.5 mL of equilibrated HisPur™ Ni-NTA Resin (Thermo Fisher
Scientific, Waltham, MA, USA) in a 10 mL gravity chromatography
column at 4 °C for 1 h. The flowthrough was discarded, and the resin
washed four times with 8 mL Ni-NTA wash buffer (300 mM NacCl,
30 mM imidazole in 50 mM sodium phosphate buffer pH 7.4). Protein
was eluted with 8 times 1 mL elution buffer (500 mM NacCl, 250 mM
imidazole in 50 mM sodium phosphate buffer pH 7.5). As a final step,
buffer was exchanged with 100 mM of 2-morpholinoethanesulfonic acid
(MES, pH 6.5) by using Amicon Ultra-15 centrifugal filter units with
30 kDa cut-off (Merck Millipore Darmstadt, Germany).

To decrease the size heterogeneity, the protein solutions were further
purified by means of size exclusion chromatography (SEC, Superdex 200
increase 10/300 GL), using an Akta pure system. Fractions were
collected in a 96-well plate before pooling. For both protein WT and
mutant Y145F, fractions were pooled according to their purity. The
running buffer was PBS (pH=7.5, 50 mM disodium phosphate with
300 mM NaCl), being the buffer in which the protein samples 1, 3 and 4
were delivered (Figure S1).

The protein concentration was determined by measuring the absor-
bance at 280 nm with a NanoDrop2000 Spectrophotometer (Thermo
Scientific) using extinction coefficient (e230=38120) which was calcu-
lated with ProteinCalculator v.3.4 tool (https://protcalc.sourceforge.
net/). Molecular weight and purity of the protein were verified by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
12 % gel) (Figure S2). The enzyme’s electrophoretic behavior corre-
sponded well with its predicted molecular mass of about 37 kDa.
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2.1.5. Protein crystallography

Aliquots of purified wild-type PhGal4E_1 and variant Y145F were
concentrated to 10 mg-mL™! in 20 mM MOPS, 100 mM NaCl and
0.2 mM TCEP (Tris(2-carboxyethyl)phosphine). Crystallization condi-
tions were identified using the sitting drop vapor diffusion technique,
with the help of a Mosquito dispensing robot (SPTLabTech) and
employing the PACT Premier, JCSG+ (Molecular Dimensions) and
Index (Hampton Research) high-throughput crystallization screens.
Drops of 200 nL were dispensed at two protein:reservoir volume ratios
(1.25:0.75 and 0.75:1.25) and the plates were incubated at 21°C.
Crystals grew within a few days and were used for X-ray data collection
without further optimization. Successful crystallization solutions for
wild-type PhGal4E_1 contained 25 % PEG 1500 in 0.1 M PCTP (sodium
propionate, sodium cacodylate, Bis-Tris propane) buffer, pH 7.0 (PACT
condition C4) or 20 % (w/v) PEG 3350, 0.2 M KSCN in 0.1 M Bis-Tris
propane buffer, pH 7.5 (PACT condition G4). Crystals of variant
Y145F were obtained with 50 % PEG500, 0.2 M NaCl and 0.1 M Na/K
phosphate buffer, pH 6.2 (JCSG+ condition D3). To obtain a substrate-
bound complex, wild-type and Y145F crystals were soaked for
1-3 minutes in crystallization solutions supplemented with 10 mM GDP-
L-Fuc and flash cooled in liquid nitrogen. As a cryoprotectant, 25 %
glycerol was added to the wild-type PhGal4E_1 crystals grown with PEG
3350.

X-ray diffraction data were collected at 100 K at the ID30A-1
(MASSIF-1) beamline of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. Initial data processing was performed using
the automatic XDSAPP data processing pipeline [53] implemented at the
synchrotron. Starting from the unmerged data, merging and reduction to
unique structure factors was carried out using the AIMLESS [54] task
from the CCP4 software suite (version 8.0). [55] Initial phases and
structures were determined by molecular replacement with PHASER
[56] using a structure generated by AlphaFold2 [57] as a search model.
The structures were subsequently improved via rounds of manual model
building using Coot [58], alternated with restrained refinement using
Phenix.refine. [59] Waters and bound GDP-1-Fuc and/or NAD" were
added at the final stages of model building and refinement. Geometry
restraints for the co-factor and substrate were copied from the internal
monomer library of the Phenix software suite (version 1.20.1-4487).
[60] The geometries of the final structures were validated with Mol-
Probity [61] and with the online wwPDB Validation System (https://
validate.wwpdb.org). Crystal structures of substrate-free and
substrate-bound wild-type PhGal4E_1 were determined at 1.9 A and
2.4 A resolution, respectively, obtained with crystals grown at different
conditions (PACT-C4 for substrate-free, PACT-G4 for substrate-bound).
Both crystal structures contain a dimer in the asymmetric unit. The
electron density maps are well defined and allowed an unambiguous
characterization of the substrate binding mode, including the sugar
moiety. The substrate-bound crystal structure of variant Y145F was
determined at 3.1 A resolution and contains 2 dimers in the asymmetric
unit. Relatively high atomic B-factors hamper the quality of this struc-
ture and the binding of GDP-1-Fuc is less well defined by the electron
density than in the wild-type structure. A summary of the data collection
and refinement statistics is available in Table S2. Coordinates and
structure factors have been deposited in the Protein Data Bank.

2.1.6. WT and mutants’ specific activity

Specific activities for nucleotide activated sugars (UDP-Glc, GDP-Glc
and GDP-L-Fuc) were determined in 50 pL reaction volume containing
100 mM MES buffer (pH 6.5), 2 mM of substrate and the purified
PhGal4E_1 WT or mutants (in a range of 0.005-1 mg-mL™! to keep
measurements within the linear range of the analysis). The reaction was
performed at 60°C. and samples of 5 pL were taken every 2 min for
10 min. Subsequently, the enzyme was acid/heat inactivated and the
NDP-sugars were hydrolyzed at the same time. The enzyme acid/heat
inactivation together with the NDP-sugar hydrolysis step involved a 20-
fold dilution of the sample in 100 mM acetic acid and incubation at 95°C
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for 1 h. The released sugar moieties were analyzed by HPAEC-PAD. One
enzyme unit (U) equals the production on 1 pmol NDP-sugar per minute
under the conditions used.

2.1.7. Kinetic parameters of PhGal4E_1

Enzyme specific activity incubated with various GDP-Glc, UDP-Glc
and GDP-L-Fuc (0.5 — 2 mM) concentrations was evaluated in 100 mM
MES pH 6.5 and 5 pg-mL~! (for GDP-Glc), 50 pg-mL~! (for GDP-L-Fuc)
and 20 pg-mL~! (for UDP-Glc) of PhGal4E_1 at 60°C. The kinetic pa-
rameters, including the Michaelis-Menten constant (Ky;) and turnover
number (kc,), were determined using a Michaelis-Menten plot created
in SigmaPlot (Systat Software, San Jose, CA, USA).

2.1.8. HPAEC-PAD

Conversion of substrate to product was evaluated by high-
performance anion exchange chromatography-pulsed amperometric
detection (HPAEC-PAD) using the Dionex ICS-6000 system (Thermo
Fischer Scientific) (CarboPac PA20 column-3 x 150 mm) (Figure S3).
An isocratic flow (0.5 mL-min~! for 15 min) of 10 mM NaOH (10 %)
was used for PhGal4E_1 and mutants specific activity determination and
kinetic characterization. The NDP-sugar conversion was quantified
using standards of the respective monosaccharides and recalculated
based on peak areas.

2.2. In silico procedures

2.2.1. Docking and protein visualization

The strategy consisted in using one subunit of the Michaelis complex
crystal of PhGal4E_1 (PDB ID: 8RDH), removing the substrate GDP-L-
fucose and perform the docking calculations in presence of GDP-L-Fuc,
GDP-Glc and UDP-Glc. The structure of the ligand GDP-L-Fuc was
taken from the PhGal4E_1 crystal (PDB ID: 8RDH). GDP-Glc and UDP-
Glc ligands were directly obtained from the PDB database (PDB ID:
7XPT, crystal structure of NDP-pyranose mutase in complex with GDP-
glucose) and (PDB ID: 1A9Y, crystal structure of UDP-galactose 4-epim-
erase in complex with UDP-glucose). Protein and ligand parametrization
was performed with AutoDock Tools4 [62] using the AutoDock 4.2 atom
typing. The grid box had custom parameters (center x = -25, center
y = 20, center z = -5, size x = 25, size y = 30 and size z = 35). Docking
calculations with flexible ligand were performed using AutoDock Vina
1.1.2 [62] with default settings. Reference binding modes were selected
based on a dual criterion: low energy binding modes and catalytically
competent orientations of the ligand. The results were analyzed and
rendered using PyMOL v2.0 (open source; Schrodinger, LLC).

2.2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed in three sys-
tems: (i) the holoenzyme (PDB ID: 8RDG): holo (enzyme + NAD™), (ii)
the Michaelis complex (PDB ID: 8RDH) with the substrate GDP-L-Fuc
and NAD" (MCg) and (iii) the Michaelis complex with the intermedi-
ate GDP-4-keto-L-Fuc and NADH (MCy). Stability analysis of the three
different systems was also performed in three replicates each
(Figure S4). The protein was characterized using the Amber ff14SB force
field [63], while the GLYCAMO6 [64] force field described the L-fucose
unit. The pyrophosphates and guanidine from the GDP moiety were
defined by using the force field from Imberty [65]. NAD and NADH were
parametrized with the force field from Ryde [66]. The force field pa-
rameters for the 4-keto-L-fucose moiety were obtained by following a
reported procedure for 4-keto-hexuronic acid [29]. Bond and angle
parameters were taken from GLYCAMO6 and GAFF2. Dihedral angle
parameters, not explicitly covered by GLYCAMO6, were determined
through relaxed scan calculations at the MP2/6-31 * level of theory
with Gaussian09 [67]. The scan results for each dihedral angle were
fitted to a molecular mechanics energy profile using the VMD force field
toolkit plugin [68].

GROMACS v4.5.3 was used to apply a long MD simulation to each of

2378

Computational and Structural Biotechnology Journal 27 (2025) 2375-2385

the systems. The simulations were performed within a triclinic box (x:
7.29710 nm, y: 11.68141 nm, z: 10.49733 nm), with solvent explicit
treatment (TIP3P) and neutral charge by adding convenient amount of
counterions (Na®™ and Cl'). The systems were equilibrated following a
previous protocol [69] and simulations were conducted under the NVT
ensemble. The MD simulation was extended to 500 ns for each of the
systems. Root-mean-squared deviation analysis was employed to eval-
uate the system stability (Figure S4). MD analyses were conducted
employing tools from Gromacs and complemented by VMD tools. Data
analysis and plotting was performed in a Python Jupyter Notebook.
Visualization and rendering of molecular structures were carried out by
using PyMOL and VMD.

3. Results

3.1. Crystal structure determination and structural inspection of
PhGal4E_1 unveil important flexible regions

Enzyme promiscuity is associated with an active site that exhibits
flexibility, allowing the accommodation of diverse substrates [36,37]. It
was therefore hypothesized that the catalytic pocket of PhGal4E_1 may
also display an increased degree of flexibility compared to other Gal4Es.
To deepen our understanding of the structural features in PhGal4E _1, its
crystal structure was determined. The wild-type (WT) PhGal4E_1 and its
inactive Y145F mutant (at the catalytic base) were recombinantly pro-
duced and His-Tag purified, followed by size exclusion chromatography
before crystallization (Figure S1, S2). Considering the unique ability of
PhGal4E 1 (and in general the GDP-Gal4E subgroup) to bind GDP-sugars
with L-configuration in an active conformation (Fig. 2A, 2B), the enzyme
was co-crystallized with GDP-L-Fuc. Notably, prior Gal4E structures
predominantly featured UDP-sugars with D-configurations (e.g.,
UDP-Glc, UDP-Gal, UDP-GIcNAG).

Finally, three crystal structures were obtained: the holoenzyme with
the NAD™ cofactor of the WT (PDB ID: 8RDG, 1.9 A resolution) as well as
the Michaelis complex with the NAD™ cofactor and GDP-L-Fuc bound in
the active site of the WT (PDB ID: 8RDH, 2.4 A resolution). A third
crystal structure of the Michaelis complex of the inactivated Y145F
mutant (disabled catalytic triad, PDB ID: 8RDI, 3.1 A resolution) was
obtained. The comparison of the WT and mutant Michaelis complexes
revealed that they were structurally almost identical (backbone RMSD of
0.36) and no differences in the ligand conformations were observed.
Although the WT structure was anticipated to also display the product
(GDP-L-Quinovose), the short soaking duration may explain why no
product formation was observed. To the best of our knowledge, these are
the first reported Gal4E structures in complex with a GDP-sugar as well
as an NDP-L-sugar, more specifically GDP-L-Fuc.

Similar to other Gal4E representatives, PhGal4E_1 is a homodimer in
solution, each subunit comprises a N-terminal Rossman-fold domain
(RFD) harboring a tightly bound NAD™ cofactor, and a C-terminal NDP-
sugar-binding domain (NBD) in which GDP-L-Fuc is bound. The epi-
merization reaction occurs at the interface of the two binding-domains
(Fig. 2A). The unique preference of PhGal4E_1, and other homologs
from the archaeal subgroup, for GDP-sugars is likely due to the increased
number of hydrogen bonds formed with the GDP moiety compared to
UDP (Figure S5). In contrast to other GDP-sugar epimerases, such as the
GDP-mannose 3,5-epimerase from Arabidopsis thaliana (AtGM35E) [38],
PhGal4E_1 and other homologs such as Pyrobaculum calidifontis Gal4E
display a T-shaped n-stacking between a tryptophan residue and the
GDP moiety (Figure S5). This arrangement differs from the parallel
n-stacking observed between a tryptophan and the GDP moiety of
GDP-mannose in AtGM35E [39].

The sugar moiety of the active site bound GDP-L-Fuc displayed a
favorable binding mode for C4-epimerization. The L-fucose pyranose
ring adopted an undistorted 1C4 chair conformation, which is typical for
this L-sugar [40]. However, it is distinct from other reported Gal4E
substrates that predominantly exhibit D-sugars in the %C; chair
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Fig. 2. Structural analysis of PhGal4E_1. A) Dimer representation of PhGal4E_1 complexed with GDP-L-Fuc. The NDP-binding domain (NBD) is represented in cyan
and the Rossmann-fold domain (RFD) is represented in green. B) Active site of PhGal4E_1 surrounded by three loops (R (red), G (green) and P (purple)) and catalytic
positioning of GDP-L-Fuc (in cyan) with Y145 and NAD™ (in grey). C) Loop R comparison in chain A (in red) and chain B (in blue) of the holoenzyme. D) Closed and
open conformations of the holoenzyme chain A (in red) and B (in blue), respectively, with the binding pocket delimited by R83. E) Loop R comparison in chain A and
chain B (in green) of the Michaelis complex (with GDP-L-Fuc bound). F) Closed conformations of the Michaelis complex in chain A and B (in green), with the binding

pocket delimited by R83. The width of the different pockets is indicated in A.

conformation [23,24]. Nonetheless, despite the unusual conformation,
the catalytic orientation of the substrate is conserved. The C4-OH is
appropriately angled towards the catalytic tyrosinate (Y145), while the
C4 hydride is facing the NAD™ cofactor. The correct positioning of the
L-sugar moiety in the active site emphasizes the adaptability of
PhGal4E 1 in catalyzing C4-epimerization of unusual substrates.

Three important loops are present in the active site (Fig. 2B) and they
are associated with three of the previously described HBM walls:
P80-P89, G274-1285, and 1176-V184, corresponding to the red (R),
green (G) and purple (P) walls, respectively. Since loops are often
responsible for dynamic properties in enzymes [41], due to their flexi-
bility, these secondary structure elements might participate in confor-
mational changes in the active site upon NDP sugar binding, as
previously described for other Gal4Es [22]. The three aforementioned
loops showed a high degree of flexibility, as evidenced by the higher
B-factors in the holoenzyme crystal and the Michaelis complex
(Figure S6, S7). Interestingly, the loop R adopted two different confor-
mations in the dimer of the holoenzyme state (Fig. 2C), namely a closed
conformation in chain A and an open conformation in chain B given the
exposure of bulky R83 (Fig. 2D). This suggests that PhGal4E_1 already
presented conformational changes even when the substrate is not bound.
On the other hand, the Michaelis complex only displayed one closed
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conformation on both chains (Figs. 2E, 2F). These findings imply that
PhGal4E_1’s subunits undergo transitions between open and closed
conformations, with the closed conformation being favored upon
NDP-sugar binding. This suggests that conformational selection pre-
cedes the binding event, followed by an induced-fit mechanism. Similar
binding mechanisms have been suggested for other nucleotide-sugar
binding enzymes, such as glycosyltransferases [42]. However, these
interpretations remain hypothetical, and further studies beyond the
scope of this work will be required.

High flexibility of the loop R was also found in crystal structures from
other representatives of the archaeal (and promiscuous) subgroup of
GDP-sugar 4-epimerases such as Archaeoglobus fulgidus Gal4E (PDB ID:
3EHE) and Pyrobaculum calidifontis Gal4E (PDB ID: 3AW9) (Figure S8).
Loop R plasticity was also observed in UDP-GIcA 4-epimerase [28], in
which this structural element was suggested to have an intrinsic
connection to the sugar ring rotation step and substrate specificity.

3.2. Docking studies shed light on ring rotation mechanism

To obtain molecular insights into the distinct substrate specificities
of PhGal4E_1, GDP-Glc and UDP-Glc, as well as GDP-L-Fuc were docked
into the crystallographic structure of the WT Michaelis complex after
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removing the bound substrate (PDB ID: 8RDH). This structure was
selected for flexible ligand docking because the Michaelis complex
provides a more accurate side-chain configuration of the amino acids at
the active site, facilitating a correct catalytic binding mode for the
substrate. GDP-L-Fuc was docked and compared with the bound ligand
in the crystal (Figure S9) as a control for the correct substrate posi-
tioning after docking. The binding modes of different substrates to
which PhGal4E_1 has shown activity were investigated (Fig. 3). The
selected substrates were found to be docked in an active conformation
for initial oxidation (catalytic state). Some differences in the binding
mode of the diphosphate linker of the docked substrates and the crystal
structure of GDP-L-Fuc were observed (Figure S9), notably at the level of
the torsion angles of the a- and B-phosphates. Nevertheless, both ligands
displayed a correct catalytic positioning. This suggests the active site can
accommodate distinct phosphate conformations while still enabling
catalysis.

Interestingly, alternative binding modes of the three substrates were
also identified, these being associated with sugar ring rotations in the
catalytic pocket. For GDP-Glc and UDP-Glc, a torsion in the phos-
phoanhydride bond between the a- and p-phosphates was observed,
leading to a shift in their positioning (Fig. 3). This reorientation could
facilitate the rotation of the sugar moiety around the glycosidic bond
between the glucose’s anomeric carbon (C1) and the B-phosphate. For
GDP-L-Fuc only rotation around the glycosidic bond was observed.
However, torsional flexibility in both o and f is not discarded, as
observed in the comparison of the docked and crystal structures of this

Catalytic

GDP-glucose (C)

GDP-L-fucose (C)

Y145

UDP-glucose (C)
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ligand (Figure S9). This provides further insight into the substrate
rotation along the catalytic itinerary of PhGal4E_1, which appears to
involve an initial reorientation of the phosphates followed by rotation of
the sugar moiety at the level of the glycosidic bond. It is important to
emphasize that this rotated conformation is not catalytically active but
reflects an equivalent state that the keto-intermediate is expected to
adopt after the rotation.

The rotated conformations observed after docking slightly differ
from the proposed mechanism for E. coli Gal4E (EcGal4E) in which the a-
and p-phosphates are fixed by two arginines (Figure S10) and the sugar
ring rotation occurs between the B-phosphate and glycosidic bond [22,
23]. This limited ligand mobility in the active site of EcGal4E could
explain the strict substrate specificity of this enzyme. Docking data also
implies that PhGal4E _1 can accommodate different binding modes of the
ligand (catalytic and rotated) independently of their stereochemistry (L-
or D-sugar). It should be noted that the catalytic parameters of these
three substrates were determined (Table S3), confirming that the
enzyme is active either on NDP-D-sugars or NDP-L-sugars despite the
opposite chair form of the sugar moieties (*C; vs 1C4, resp.)

Taken altogether, we hypothesize that the active site of PhGal4E_1
imposes less constrains to the diphosphate backbone of the substrate
compared to EcGal4E, allowing the accommodation of alternative ligand
configurations, which could explain the higher substrate promiscuity of
the enzyme (on the sugar moiety).

GDP-glucose (R)

GDP-L-fucose (R)

Fig. 3. Docking study of different NDP-sugars. Left side: docked binding modes for GDP-Glc (in purple), GDP-.-Fuc (in cyan) and UDP-Glc (in green) in a catalytic
orientation (C). Right side: docked binding modes for GDP-Glc (in purple), GDP-.-Fuc (in cyan) and UDP-Glc (in green) in a rotated orientation (R). The catalytic
Y145 and NAD™ cofactor are depicted in grey. Direction of rotation is indicated by the black arrows.
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3.3. The analysis of PhGal4E_1’s plasticity through MD simulations
provides insights into loop flexibility and the mechanism of rotation

The docking studies allowed the identification of distinct substrate
binding modes in a rigid crystal structure, thus without taking into ac-
count protein dynamics. Therefore, the local flexibility of the loops and
their influence in the rotation step were investigated subsequently. For
this, classical molecular dynamics (MD) simulations on the dimeric form
of PhGal4E_1 were performed. The three systems were simulated, each
with three independent replicates (Figure S4): (i) the holoenzyme
(enzyme bound to NAD™), (ii) the Michaelis complex with the substrate
GDP-L-Fuc (MCg) and (iii) the Michaelis complex with the intermediate
GDP-4-keto-L-Fuc (MCy).

RMSF analysis of the three systems indicates high flexibility at the
level of the three loops (Figure S11), this supports what was found in the
structural analysis with the B-factors. Since loop movement is observed
without the substrate (holoenzyme system), this data also reinforces the
hypothesis that the intrinsic flexibility of the active site does not rely
exclusively on a conformational change induced by substrate binding.
Interestingly, when PhGal4E_1 has the substrate or intermediate bound
(especially in the MC; system), the flexibility in both active sites is
slightly reduced. Based on these analyses and previous crystallographic
observations, we hypothesized that the enzyme is in constant transition
between open and closed conformations in each subunit. Once both
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subunits are saturated only the closed conformation is predominant and
preferred for catalysis, hence the reduced plasticity.

We further investigated the substrate rotation mechanism in both
MCs and MC;. To systematically study the rotation step we used the
dihedral angle (¢), defined by the bond between N9 from the guanidine
and C1 from the ribose and the distance between C2 and C5 both from
the L-fucose and 4-keto-L-fucose moieties in their respective systems
(Figure S12). Strikingly, a rigid-body rotation of the L-fucose ring was
observed during the MD simulations in the MCg (at 150 ns). The sugar
ring rotates around the C1-O1 glycosidic bond (Fig. 4A, Video S1),
which is consistent with previous docking studies. Initially, the ring is in
a catalytic conformation (1), then it adopts a conformation with an angle
of 120°, positioning itself vertically with respect to the dihedral plane
(2) and followed by an additional 60° shift to complete the full 180°
rotation (3). In all three replicates, similar rotations of the sugar ring
were observed in at least one subunit of the enzyme dimer (Figure S13).
Although this sugar rotation is not catalytically consistent with the
PhGal4E_1 mechanism, as the keto-intermediate is expected to rotate, it
demonstrates that the active site exhibits considerable flexibility,
enabling rigid-body rotation.

Since the mechanism requires a 4-keto-sugar to rotate, we performed
MD simulations on the MC; system. The 4-keto-L-Fuc moiety transitions
from a 'Ca chair (typical for L-fucose), to a skew-boat conformation (250)
(Video S2), likely to mitigate steric clashes between the planar C4
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Fig. 4. Molecular dynamics (MD) simulation of PhGal4E_1 in MCg and MC; systems. A) Evolution of the GDP-L-Fuc rotation during the simulation. For simplicity,
only the initial 300 ns of simulation are shown (see full extended graphic in Fig. S13). B) Evolution of the GDP-4-keto-L-Fuc rotation during the simulation (see full
extended graphic in Fig. S14). Different conformations during the rotation of GDP-L-Fuc and GDP-4-keto-L-Fuc were represented: (1) catalytic, (2) vertical and (3)

rotated conformation. The cos of the dihedral angle (¢) is depicted in grey and describes the ring rotation from an angle of 0° (cos($) = 1) to 180° (cos(¢)
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carbonyl and the C3-OH. Subsequently, the rotation was observed at
440 ns (Fig. 4B, Video S3). The keto-sugar ring initially adopts a cata-
lytic conformation (1), then rotates to a 90° angle (2), before immedi-
ately undergoing a second 90° shift to complete a 180° rotation (3). In all
three replicates, similar rotations of the sugar ring were observed in at
least one subunit of the enzyme dimer (Figure S14). Notably, a similar
ring puckering preceding rotation was previously observed in MD sim-
ulations of a UDP-glucuronic acid (UDP-GIlcA) 4-epimerase [29]. It was
postulated that this conformational rearrangement reduces the acces-
sible volume of the sugar and promote its rotation. Consistent with the
prior study, interactions between the p-phosphate and the axial C2-OH
(Figure S15) were observed during the rotation, potentially facilitating
or stabilizing the rotated conformation.

3.4. Insilico analysis of the enzyme-substrate interactions network
together with mutant characterization reveals crucial residues

The rotation of the GDP-4-keto-L-sugar moiety suggest that there
might be some interactions, primarily hydrogen bonds and salt bridges,
assisting this motion. We therefore analyzed the different interaction
distances between the residues and the intermediate considering a
threshold of maximum 4 A for a weak interaction. Since the GDP moiety
is considered as an anchoring system that remains stable during the
reaction, only the interactions of the enzyme with the phosphates and
fucose were analyzed from the MD trajectory.

Regarding the phosphates, N174 forms weak hydrogen bonds (dis-
tance ~ 4 A) with a-phosphate and stronger interactions (distance <
3.5 A) with p-phosphate throughout the 500 ns simulation, indicating a
role in stabilizing phosphate orientation in PhGal4E_1 (Figure S16). R83
plays a similar but less pronounced role, primarily forming weak
hydrogen bonds and ionic interactions with the a-phosphate, but not
with the B-phosphate (Figure S16). This weak coordination in
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PhGal4E_1, compared to previously discussed EcGal4E, allows torsional
flexibility in the phosphoanhydride bond between the a- and p-phos-
phates (Figure S17). These results were consistent with the previous
observations from the docking analysis, suggesting that PhGal4E_1 ex-
hibits high flexibility in the diphosphate backbone surrounding region.

To further elucidate the hydrogen bond network around the 4-keto-
L-Fuc ring, simulations identified three critical residues: Y145 (cata-
lytic), P80 (in loop R), and H182 (in loop P). Before the intermediate
rotates (390 — 440 ns), the catalytic distance between the Y145-OH
group and the C4 of the intermediate is typically under 3.5 A, ideal
for efficient reduction. Likewise, the distance between NADH’s reactive
hydride and the C4 of the intermediate remains sufficiently close, sup-
porting effective hydride transfer (Fig. 5A). Distance analysis reveals
that the carbonyl group of the P80 backbone, serving as a hydrogen
bond acceptor for the C3-OH group, helps stabilize the intermediate’s
position (first 310 ns, Figure S18). The H182 side chain also contributes
by forming hydrogen bonds with the C2-OH group (first 250 ns,
Figure S18). During rotation, distances between the intermediate and
NADH, Y145, P80, and H182 exceed the threshold (Figs. 5A, 5B),
leading to the disruption of hydrogen bonds and increasing 4-keto-L-Fuc
rotational freedom (Fig. 5C). Notably, residues interacting with the
diphosphate backbone and the keto-intermediate are highly conserved
within the GDP-Gal4E subgroup (Figure S19). These interactions, mostly
weak and situated in flexible loops, readily break, facilitating the in-
termediate’s rotation.

To validate the in silico analysis, the relative activity on UDP-Glc,
GDP-Glc and GDP-L-Fuc of three alanine mutants (N174A, R83A and
H182A) was determined and compared to the wild-type (WT) (Fig. 5D).
The mutants were created to disrupt the interactions between the side
chains and GDP-4-keto-L-Fuc.

The N174A mutant was almost completely inactive on UDP-Glc,
showed decreased activity on GDP-Glc, and retained almost all
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Fig. 5. Interaction distance analysis and site-directed mutagenesis of the selected mutants. A) Catalytic distances during 500 ns of MD simulations between the Y145
(dark grey) and NADH (grey) relative to the keto-intermediate. B) Hydrogen bond evolution of H182 with C2-OH (in purple) and P80 with C3-OH (in red) over 500 ns
of simulation. In A and B the black arrow indicates the start of the rotation (440 ns). Only the last 300 ns are represented (see full extended graphic in Fig. S18). C)
Interacting hydrogen bond network around the 4-keto-L-Fuc before and after rotation. D) Activity of four site directed mutants on three substrates (2 mM of GDP-Glc,
GDP-L-Fuc or UDP-Glc, at pH 6.5 and 60 °C) relative to that of the WT. These are the average values of 3 measurements with values shown at the top of the bars and

standard deviations.
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activity on GDP-L-Fuc. While the activity on GDP-L-Fuc is hardly
affected, the activity on GDP-Glc was reduced to only 25 % (compared
to the wild-type). This could suggest that a-phosphate stabilization is
more important for GDP-Glc positioning than for GDP-L-Fuc. Addition-
ally, N174 might also interact with the C6-OH group of GDP-Glc
(Figure S20), which is absent in GDP-L-Fuc. This could potentially
explain the big difference in activity on both GDP-sugars. Conversely,
the activity on UDP-Glc is nearly abolished (0.1 %) suggesting a detri-
mental effect of the N174A mutation on UDP-Glc positioning.

Similarly, the R83A mutation only slightly affected the enzyme’s
activity on GDP-sugars, retaining relative activities of 77 % on GDP-Glc
and 56 % on GDP-L-Fuc. The activity on UDP-Glc on the other hand, was
strongly reduced to only 3.5 % of the wild-type activity. This suggests
that the stabilization of B-phosphate is also essential for the proper
positioning and rotation of UDP-Glc. Significant deleterious effects on
the three substrates can be observed for H182A, with 7.3 %, 1.8 % and
0.3 % of the WT activity on GDP-Gle, GDP-Fuc and UDP-Glc, respec-
tively. This indicates the importance of H182 for sugar ring positioning
and rotation, regardless of the nature of the NDP and sugar moieties.

As mentioned during the hydrogen bonding analysis, the backbone
carbonyl group of P80 is likely crucial for hydrogen bonding with the
intermediate, therefore a fourth variant (P80G) was created to further
investigate the role of this proline’s backbone carbonyl. Prolines are
known for their stabilizing effect, as they maintain rigidity in proteins
[43], whereas glycines introduce flexibility [44]. Thus, the substitution
of the proline in position 80 with a glycine aimed to destabilize the in-
teractions within loop R. This mutation resulted in a reduction of ac-
tivity for the three substrates (8.4 — 16.3 %, Fig. 5D), which indicates
that disruption of this interaction also affects the positioning of the sugar
ring in general.

In summary, we observed major effects on UDP-Glc activity
compared to those on GDP-Glc and GDP-L-Fuc. This can be attributed to
a weaker binding of PhGal4E_1 on UDP-substrates compared to GDP-
substrates (Figure S5). When the weak interactions with the phos-
phates and the sugar moiety are disrupted, a premature rotation of the
sugar ring may take place without prior oxidation. However, this
assumption remains to be explored in more detail by performing binding
studies. It should be emphasized that H182 and P80 may play a crucial
role in stabilizing the sugar moiety, facilitating reaction initiation by
sugar oxidation and rotation.

4. Discussion

Summarized, this investigation employed a multidisciplinary strat-
egy to explore the dynamic-function relationships of the Pyrococcus
horikoshii GDP-sugar 4-epimerase (PhGal4E_1), yielding significant in-
sights into its catalytic mechanism and promiscuity. Crystal structures of
PhGal4E_1 (holoenzyme and Michaelis complex with GDP-L-fucose)
were determined in open and closed states, serving as a foundation for
exploring protein flexibility. These structural findings were com-
plemented by in silico docking studies with three substrates (GDP-L-Fuc,
GDP-Glc, and UDP-Glc), giving insights into PhGal4E _1 substrate bind-
ing and promiscuity. MD simulations reinforced the inherent protein
flexibility and uncovered a dynamic hydrogen bond network sur-
rounding the sugar moiety and phosphate groups, pinpointing four key
residues as essential for sugar ring positioning and keto-intermediate
rotation. While H182 and P80 interact with two neighboring hydrox-
ylgroups of the substrate’s sugar moiety (C2-OH and C3-OH, resp.), the
other two residues (N174 and R83) interact with the diphosphate
backbone. These findings were substantiated through site directed
mutagenesis, which disrupted the identified interactions, followed by
enzyme activity assays of the resulting variants on the three substrates,
confirming the pivotal role of these residues (especially P80 and H182)
in the epimerization reaction.

Pioneering endeavors in Gal4E studies, principally conducted by
Thoden and Holden, on human and E. coli Gal4Es [19,23,45] elucidated
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its catalytic mechanism, particularly the oxidation and reduction steps,
and facilitated the study of the specificity pattern of these enzymes.
These investigations opened the door for future studies on Gal4Es from
different origins ranging from eukaryotes, bacteria and archaea [14,18,
46]. Since then, several Gal4E structures have been reported, exclusively
in complex with UDP-sugars, due to their role in the Leloir pathway [47,
48], which involves only this type of substrate. This demonstrates how
focused Gal4Es research was on UDP-sugars, ruling out the possibility of
promiscuity towards other NDP-sugars that also participate in important
metabolic pathways, such as other NDP-Glc or even more special
NDP-sugars like GDP-L-Fuc. In this study, we presented crystal struc-
tures of a Gal4E in complex with a GDP-L-sugar. Through docking and
biochemical characterization, we also verified the ability of the archaeal
enzyme PhGal4E_1 to bind GDP-L-Fuc in an optimal catalytic confor-
mation as well as its affinity and activity. Our findings not only chal-
lenge the established paradigm of Gal4E functionality restricted to
UDP-sugars but also raises additional questions about the potential
involvement of these enzymes in alternative pathways.

Furthermore, our study revealed the importance of a hydrogen bond
network involving the diphosphate backbone and the sugar moiety of
the substrate, which in turn plays a role in facilitating catalysis and
potentially contributing to substrate promiscuity. These interactions are
essential for maintaining the substrate in an optimal orientation for the
sugar oxidation step (first step of the catalytic mechanism). However,
breakdown of these interactions is necessary to allow the sugar ring
rotation. In the case of PhGal4E_1, this is achieved by the inherent
flexibility of active site loops. Initially, the hydrogen bond interactions
stabilize the NDP-sugar in a catalytic position, necessary for oxidation.
Then, protein dynamics disrupts the weak interactions to enable the
keto-intermediate rotation. Although N174 forms strong interactions
with Pp and weaker ones with Pa, this leads to loose coordination of the
diphosphate backbone. Consequently, the phosphates can adopt various
conformations, providing the flexibility to accommodate different NDP-
sugars in optimal orientations at the active site.

The previous observation contrasts with the well-studied E. coli
Gal4E, where the two phosphate groups are tightly coordinated by two
arginine residues (R231 and R292) [19,49], leading to more stringent
substrate specificity. Additionally, the hydrogen bond interaction
network around the sugar moiety in PhGal4E_1 is easily disrupted
because P80 and H182 are both located in flexible loops (R and P,
respectively). Therefore, we suggest that the weak interactions between
these active site residues with the phosphates and the sugar ring enhance
the plasticity of PhGal4E_1 active site, which likely leads to its broader
substrate promiscuity. Future studies could explore how this interaction
network has evolved, from promiscuous to more specialized Gal4Es,
offering insights into the emergence of epimerase specificity.

The heptagonal box model of NS-SDRs [16] offers a useful approach
for investigating key regions in Gal4E based on sequence, structure and
coevolution analyses. However, this model should be complemented by
dynamic studies, as enzymes are characterized by their inherent flexi-
bility and not only the specificity fingerprints. Although significant
experimental data has been collected, including structural and
biochemical analyses, dynamic-function relationships in Gal4Es have
been largely overlooked and only recent investigations have provided
insightful information [29,50]. Recent breakthroughs in protein struc-
ture prediction [51], coupled with cutting-edge computational tech-
niques like MD simulations [52] and experimental validation, should be
applied to a broader range of Gal4E representatives (and by extension
other CEP1 and NS-SDR enzymes) to deepen our understanding of the
dynamic-function relationships in these intriguing enzymes.
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