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The mannuronan C-5 epimerases catalyze epimerization of p-p-mannuronic acid to a-L-guluronic acid in
alginate polymers. The seven extracellular Azotobacter vinelandii epimerases (AvAIgE1-7) are calcium-de-
pendent, and calcium is essential for the structural integrity of their carbohydrate binding R-modules. Ca®*
is also found in the crystal structures of the A-modules, where it is suggested to play a structural role. In this
study, the structure of the catalytic A-module of the A. vinelandii mannuronan C-5 epimerase AVAIgEG6 is
used to investigate the role of this Ca?*. Molecular dynamics (MD) simulations with and without calcium
reveal the possible importance of the bound Ca?* in the hydrophobic packing of p-sheets. In addition, a
putative calcium binding site is found in the active site, indicating a potential direct role of this calcium in
the catalysis. According to the literature, two of the residues coordinating calcium in this site are essential
for the activity. MD simulations of the interaction with bound substrate indicate that the presence of a
calcium ion in this binding site increases the binding strength. Further, explicit calculations of the substrate
dissociation pathways with umbrella sampling simulations show and energetically higher dissociation
barrier when calcium is present. The present study eludes to a putative catalytic role of calcium in the
charge neutralizing first step of the enzymatic reaction. In addition to the importance for understanding
these enzymes’ molecular mechanisms, this could have implications for engineering strategies of the

epimerases in industrial alginate processing.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mannuronan C-5 epimerases (alginate epimerases) catalyze the
C-5 epimerization of p-p-mannuronic acid (M) to a-L-guluronic acid
(G) residues in alginate polymers, creating block patterns of un-
epimerised residues (M-blocks), alternating epimerizations (MG-
blocks) and subsequent epimerizations (G-blocks) [1-3]. Alginate is
a linear copolymer of (1—-4) linked, negatively charged M- and G-
residues, synthesised by brown algae and soil bacteria in the genera
Azotobacter and Pseudomonas [4-6]. The proposed function of algi-
nate in the Azotobacter genera is related to survival during cyst
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formation. In opportunistic pathogenic species of Pseudomonas, al-
ginate is used in biofilm formation and protection from host reac-
tions [7-10]. The organisms use alginate epimerases to fine-tune the
block patterns of MG- and G-blocks in the polymer, resulting in
unique hydrogels with specific properties depending on the block
composition [11]. Alginate is a valuable biopolymer in industrial and
medical applications, and in addition to its material properties, it is
non-toxic, biocompatible, biodegradable, and immunogenic. In order
to create the industrially high-valued G-blocks, the epimerases can
be used in vitro for alginate modification [12]. Decades of research
have elucidated the mode of action of ten different extracellular
alginate epimerases called AIgE, produced by the soil bacteria A.
vinelandii (AvAlgE1-7) and A. chroococcum (AcAlgE1-3) [13-15].
These block-forming enzymes require calcium for their activities
[2,16], but calcium is also an inhibitor of G-block formation [17]. If
the engineered AIgE variants could be made calcium-independent, it
could aid in vitro modifications of alginate to produce a high G-
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content. Such modifications require a thorough understanding of the
molecular mechanism behind the calcium dependency in the AlgEs.

The AlgEs consist of two modules, the active A-module and the
carbohydrate binding module (CBM)-like R-modules. Calcium ions
are bound in the g-roll folds of the R-modules, a known requirement
for the structural stability of this type of fold [18,19]. The A-modules
of AvAIgE4 and AvAIgEG6 (PDB IDs 2PYH and 5LW3, respectively) have
a parallel p-helix fold with an N-terminal a-helix cap, known as
carbohydrate-binding proteins and sugar hydrolases domain (CASH)
[20,21]. In both crystal structures, a calcium ion is coordinated in a
buried site between two loops close to the active site. A similar
metal binding site is found in the dermatan sulfate epimerases, a
group of polysaccharide epimerases that epimerise p-p-glucuronic
acid to a-r-iduronic acid in glycosaminoglycan chains. They co-
ordinate a Mn?*-ion in a loop close to the active site, equivalent to
Ca?* in the AlgE [22]. Mutations in the residues coordinating the
Mn?*-jon are deleterious to enzymatic activity, and the manganese
binding site was assumed to interact with the negatively charged
substrate and affect the catalytic reaction [22].

It is not known if calcium has a role in the enzymatic reaction
performed by the A-modules, or if its role is purely structural. In
addition to possible electrostatic interactions with the C-6 carbox-
ylates of the bound substrate, a catalytic role could constitute a
neutralization of the carboxylate of the sugar ring in the active site
during catalysis. Four residues, all located in the enzyme subsite +1,
have been found to be essential for activity: Y149, D152, H154, and
D178 [21]. As there are acidic residues in and around the active site, a
putative calcium coordination has been proposed to be established
by the catalytic residues E155 and D178 [23]. Neutralization of the
substrate charge is the first step in the suggested epimerase reaction,
and it activates C-5 of the mannuronate residue for subsequent
proton abstraction of H-5 [24]. Donation of a proton to the opposite
face of the sugar ring leads to formation of the C-5 epimer gulur-
onate. It is suggested that the catalytic H154 is the proton abstractor,
and the catalytic Y149 is the proton donor [25].

There are mechanistic similarities between the reactions of
uronic acid lyases and epimerases. Three of the AIgE epimerases
exhibit a dual lyase and epimerase activity, presumably in the same
active site [14,24,26]. Some alginate lyases use Ca®* in a metal-as-
sisted p-elimination where the ion neutralises the substrate charge,
whereas other alginate lyases use protein residues for the neu-
tralization. Usually, polysaccharide lyases with the parallel p-helix
fold use Ca* for substrate charge neutralization [27]. Calcium is,
however, not a universal requirement for alginate epimerases with
this fold, because the periplasmic alginate epimerase AlgG is calcium
independent [28,29]. This epimerase is found in alginate producing
species of Azotobacter and Pseudomonas, including A. vinelandii. It
has a larger a-helical region at the N-terminus than the AlgEs, and an
arginine positioned in the active site instead of D178 found in the
AlgEs. This could contribute to charge neutralization and putatively
compensate for the absence of a calcium ion in the AIgE active site.
Although they likely follow equivalent catalytic routes, AlgE and
AlgG yield different alginate polymers, as AIgE epimerises re-
sidues block-wise and AlgG creates single G-residues in the
chain [29,30].

In this study, we investigate calcium’s role in the AlgEs through a
computational analysis of the deposited structure of AvAIgE6's A-
module (AvAIgEGA, PDB ID 5LW3). Molecular dynamics (MD) si-
mulations indicate that the structurally bound calcium ion has a role
in maintaining the structural integrity of the enzyme. We identify a
possible calcium coordination in the active site, and perform MD
simulations of enzyme-substrate complexes with and without cal-
cium in the active site. In addition to conventional MD simulations,
we perform umbrella sampling MD where the substrate is pulled
away from a stable binding pose with and without calcium, and
compare the resulting potential of mean force pathways. Calcium
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can indeed be coordinated stably in the active site, and we obtain
indications that the presence of calcium is favourable for the inter-
action energies of the enzyme-substrate complex. In addition, we
observe stable binding poses where calcium is coordinated by the
substrate carboxylate, and the proton at C-5 points towards the
putative proton abstractor H154. This supports the hypothesis that
the ion has a role in the first charge neutralizing step in the reaction
mechanism. Our results inidicate that calcium might be essential in
the catalytic mechanism. In our discussion, we comment on the
possible implications of this for efforts to engineer calcium-in-
dependent enzymes, as calcium also inhibits the production of va-
luable G-rich alginate.

2. Methods
2.1. Electrostatic potential calculations of AvAIgE6A and AlgG

Electrostatic surface potential calculations are relevant in sys-
tems where proteins interact with negatively charged carbohydrates
[31]. The A-module of AvAIgE6 (PDB ID 5LW3) and AlgG from P.
aeruginosa (PDB ID 4NK6) were subjected to Poisson-Boltzmann
surface area (PBSA) electrostatic potential calculations with the
PBSA-program from AmberTools in AMBER16 [32] with a grid spa-
cing of 1 A. The resulting protein surfaces were visualised in
VMD [33].

2.2. Molecular dynamics simulations

Three different molecular systems analysed by MD simulations
were set up: i) wild type AvAIgE6A with and without the calcium ion
from the crystal structure; ii) AvAIgE6A wild type with calcium ion
initially placed near the active site; and iii) AvAIgE6A wild type with
mannuronate substrates, with and without calcium in the active site.

i) The AVAIgEGA crystal structure solved at 1.2 A resolution (PDB ID
5IW3) with and without coordinated calcium was studied with
MD simulations using the ff14SBonlysc force field in AMBER 20
[34,35]. In order to determine the effect of salt concentration, we
also investigated the system with and without NaCl, resulting in a
total of 4 different simulation setups which were all repeated
three times. In all setups, Na* counterions were added to create an
electroneutral system. A concentration corresponding to 100 mM
NaCl was obtained in the other setup by adding 35 Na" and 15 CI°
ions according to the calculation of Machado and Pantano [36].
Histidine residues were protonated on the e-nitrogens (HIE residue
library), except for the active site histidine H154 which was pro-
tonated on the &-nitrogen (HID residue library) based on the as-
sumption that it is the catalytic base and its relative orientation in
the active site [25]. The structures were first solvated in TIP3P
water with minimal distances of 8 A to the periodic boundary. A
two-step energy minimization was performed, first with restraints
on the solute during 0.5 x 10° steepest descent cycles and 10°
conjugate gradient cycles, and second with no restraints during
3 x 10% steepest descent cycles and 3 x 10° conjugate gradient
cycles. The systems were heated to 300 K during 10 ps using the
Langevin thermostat. Finally, they were equilibrated for 100 ps at
300 K and 10° Pa in the isobaric isothermic ensemble (NPT) with
the Langevin thermostat and the Berendsen barostat, before a final
production run of 200 ns under the same conditions. Harmonic
force restraints of 100 kcal/mol/A? were put on the protein and
calcium ion during the first minimization step and heating. All
covalent bonds containing hydrogens were under the SHAKE al-
gorithm, and Particle Mesh Ewald method treated electrostatics.
Trajectories were visualised with VMD [33], and the RMSD relative
to the energy minimised wild type structure was obtained using
the AMBER module CPPTRAJ [37].
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Fig. 1. Structure analysis and MD simulation results of AvAIgE6A with and without calcium in the calcium binding site. A. The calcium coordination site in the AVAIgE6A crystal
structure (PDB ID 5LW3). The calcium ion is shown as an orange sphere, and the six coordination partners are shown as sticks. B. Multiple sequence alignment produced using an
exhaustive pairwise multi-way alignment and the BLOSUM 62 scoring matrix with Clone Manager Professional Suite software 9.2 (Sci-Ed). Black boxes show the alignment of the
two loops coordinating calcium. Orange squares are placed under the calcium coordinating residues. C. Cartoon representations of the last frames from 200 ns MD simulations of
AVAIgE6A wild type with (left) and without (right) calcium present, in the presence of 100 mM NaCl. The calcium ion is shown as an orange sphere, and the sodium ions
associating with the proteins as purple spheres. The residues coordinating calcium in the two loops (S91, P92, E95, T97, G124 and D133) and the active site residues (Y149, D152,
H154 and D178) are shown in sticks. Figures were made using VMD [33]. D. RMSD values with reference to the starting structure averaged over three simulation repeats of 200 ns
each, with calcium (grey), without calcium (brown), and with 0 (top) or 100 (bottom) mM NacCl. Every 10th frame is plotted. RMSD is compared for all residues, for the calcium
binding site residues (residues 91-97, 123-133) and the catalytic residues (residues 149, 152, 154, and 178).

ii) A calcium ion was placed in three different locations (called
startposes 1-3, where a pose denotes a position) close to the
active site, and simulations were performed in the same manner
as described above for AMBER 20 with the ff14SBonlysc force
field, but without the addition of 100 mM NacCl. Startposes 1 and
2 were simulated 10 times in total, 3 repetitions of 100 ns and 7
repetitions of 50 ns. Startpose 3 was simulated once for 100 ns.
In total, 1.4 ps of MD simulations were performed in this step.
Contacts between protein atoms (excluding hydrogens) and
calcium were defined as residues within 3 A of the ion, and
measured throughout the trajectories with the nativecontacts
command in CPPTRA].

iii) Two alginate substrates (mannuronate tetramer and octamer,
M4 and M8) were modeled and docked to the A-module of
AvAIgE4 in our previous work [38]. The resulting poses were
used as starting structures in this study by aligning AvAIgE4A
with AvAIgE6A and copying the binding poses from stable
AvAIgE4A MD-trajectories to AvAIgE6A. Then, the complexes
with or without calcium in the active site were subjected to MD
simulations as described above for AMBER 20 with the
ff14SBonlysc and GLYCAMOG6 [39] force field parameters used for
protein and alginate, respectively. This was done without the
addition of 100 mM NaCl. For each complex, 3 repetitions were
performed for 100 ns, and 7 repetitions were performed for
50 ns, resulting in a total of 2.6 ps of MD simulations in this step.
The same starting structure of the protein complexed with the
substrate was used with and without calcium. In the simulations
with calcium, the ion coordinates were taken from the last frame
of one of the trajectories with startpose 1 from the previous
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experiments (ii). The resulting trajectories of the complexes
were analysed using CPPTRA].

2.3. Umbrella sampling

The strength of binding between AvAIgE6A and the two alginate
substrates in the presence and absence of a calcium ion in the active
site was studied using the umbrella sampling (US) approach [40]. For
each substrate, two of the US experiments had starting poses from
the last frames from stable MD simulations with calcium described
in the previous section: one where the calcium was kept and one
where it was removed (denoted MD1). In addition, an experiment
was set up without calcium where the starting pose corresponded to
the frame of a stable MD simulation without calcium (denoted
MD2). The dissociation processes were modeled by subjecting the
distance of a backbone nitrogen in the protein and a glycosidic
linkage oxygen in the sugar to a harmonic restraint with a force
constant of 8 (M4) or 4 (M8) kcal/mol/A2. The restraint distance was
increased by 1 A in each window (simulation step) through 40 (M4)
or 30 (M8) subsequent windows. Each window was simulated for
10 ns, following equilibration steps of 0.1 ns. The overlap of prob-
ability distributions of the distances between windows was analysed
visually. Potential of mean force (PMF) plots were calculated from
the probability distributions using the weighted histogram analysis
method (WHAM) with the Grossfield WHAM software [41,42]. Force
convergence tolerance was set to 0.001 kcal/mol/A, and 1000 fake
data sets were created in the Monte Carlo bootstrap error analysis.

In total, 6.4 ps of MD simulations and 2.1 ps of umbrella sampling
MD simulations were performed.
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3. Results and discussion
3.1. Investigating the role of the bound calcium

This study started with a visual analysis of the crystal structure of
AvAIgEG6A solved at 1.2 A resolution and deposited in the PDB (PDB
ID 5LW3, [23]). A calcium ion with an octahedral coordination is
found in a site spanning two hairpin loops at the N-terminal end of
the alginate binding groove (residues 91-97 and 123-133, Fig. 1 A).
Bound calcium ions in proteins commonly have six to eight co-
ordination partners [43], and in the crystal structures of AvAIgEGA
and AvAIgE4A there are six: the side chains of S91, T97, and D133,
and the main chains of E95, G124, and the non-conserved P92 in
AvAIgEGA and A92 in AvAIgE4A [21]. Their coordinating atoms are
placed from 2.3 to 2.8 A from the calcium ion in the crystal structure.
The site is partially conserved in the AlgEs, and of the six co-
ordination partners, only residue 92 is not conserved (Fig. 1B). The
calcium binding site could be important for the structural integrity
of the protein, similar to calcium’s role in the R-modules where it is
vital for the structural stability [18].

In order to investigate this metal site, we performed MD simu-
lations of AvAIgEGA with and without the bound calcium ion (see
Methods for details). Interestingly, the side chain of E95 rotates and
participates in calcium coordination, establishing an additional se-
venth coordinating group. This rotation is not observed in the si-
mulations where calcium is removed. Moreover, we found an effect
of calcium on the structural integrity of the protein, shown in
Fig. 1C-D. The tight packing of the parallel -sheets around the metal
site is affected upon removal of the calcium. In the calcium site, the
electronegative hydroxyl groups of S91 and T97 and carboxylate
groups of E95 and D133 start to repel each other, and this causes a
loosening of the packing around this site that extends to the active
site. In both systems, sodium ions associate with negatively charged
and polar residues in the two sites. This indicates a putative location
for a binding site for positively charged ions in the active site, which
is investigated in subsequent sections. The RMSDs for all residues,
the calcium binding site residues, and the catalytic residues are re-
latively similar regardless of the presence of calcium (Fig. 1D).
However, in the presence of 100 mM NaCl, the simulation with cal-
cium has a decrease in the RMSD of the calcium binding loop atoms,
and the simulation without calcium has an increase in RMSD of
these atoms compared to the systems without NaCl. The enzyme has
a binding groove that accommodates a negatively charged substrate,
and by associating with these residues, the sodium ions appear to
stabilise the structure overall. When calcium is removed, sodium
ions are seen to associate with the calcium binding site, causing the
increase of RMSD relative to the starting structure. Previous ex-
perimental results have shown a complex interplay between calcium
and NaCl concentration for the activity of the bifunctional lyase and
epimerase AIgE7 [25]. An increase in NaCl concentration decreases
the lyase activity and increases epimerase activity and G-block for-
mation, whereas an increase in calcium concentration increases both
lyase and epimerase activity but decreases G-block formation. This
complex relationship is probably related to the substrate interaction,
but here we also see that the ions have effects on the protein
structure flexibility.

If the bound calcium is in contact with substrate residues, it
might be indirectly necessary for catalysis even without a direct
participation in the catalytic mechanism. Keeping this in mind, the
postulated role of calcium as the initial charge neutraliser before
proton abstraction in the reaction mechanism and the observed
coordination of sodium ions in the active site motivated us to pro-
ceed with computational studies of calcium binding in the ac-
tive site.

In the following simulations we did not add 100 mM Nadl, in
order to restrict our analyses to only concern the effects of an active
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site calcium ion. However, we know from previous experimental
results that in this highly electronegative enzyme-substrate system,
the NaCl concentration is important, and in the future, it would be of
great interest to extend our computational investigations of the ef-
fect of NaCl on substrate interactions.

3.2. Structural analysis of AvAIgEGA

Polysaccharide epimerases constitute a relatively small group in
the carbohydrate-active enzymes (CAZymes) framework: in addition
to the alginate epimerases, only two other enzyme families are
known [44]. However, they share structural and functional simila-
rities with the polysaccharide lyases, and the two enzyme activities
have similar reaction mechanisms, as discussed in the introduction.
In the polysaccharide lyase families PL1, PL3, PL6, and PL9, the car-
boxylate group of the uronic acid is neutralised by a positive charge
from either calcium or arginine [27]. To propose a similar role of
calcium in the active site of the AlgEs, a possible first step is to
compare them to the calcium independent AlgG. AlgG has a similar
active site, but the AIgEs have no equivalent residue to R345, which
is probably neutralising the carboxylate group in AlgG (P. aeruginosa
AlgG numbering from PDB ID 4NK6, Fig. 2) [23]. Instead, E155 and
D178 occupy the equivalent spacial position in the AlgEs, where
Wolfram et al. proposed they coordinate a calcium ion. Previous
mutation studies point to these residues being essential for activity
[21]. The surface potentials obtained from PBSA analysis of AVAIgEGA
and AlgG shown in Fig. 2 reveal that these residues contribute to the
establishment of the negative electrostatic potential area in the ac-
tive site in AvAIgE6a, whereas AlgG has more positive electrostatic
potential in the active site. How this negative potential could affect
the positioning of a sugar ring in the active site is described further
below.

3.3. Is there a calcium binding site in the active site?

We proceeded to investigate if calcium could be responsible for
the charge neutralizing first step in the proposed mechanism for the
epimerases [24]. We started by placing a calcium ion close to the
active site in AvAIgE6A without any substrate, to determine if it
could be coordinated stably for neutralization of the substrate car-
boxyl upon substrate binding. Simulations were initiated from
slightly different positions of the ion around the active site (Fig. 3 A).
The ion in one of the positions (startpose 3) dissociated, and the
other two moved into stable coordination configurations in the ac-
tive site. The simulations were repeated 10 times each for startposes
1 and 2, and in these 20 simulations, a stable end pose with calcium
in the active site was found in 15 of the simulations (Fig. S1).

Two different coordination sites were sampled in the active site,
called endpose 1 and 2 (see Fig. 3B). Endpose 1 is coordinated by
E155, D178, and E229, and represents 11 of the 15 stable poses. It is
close to startpose 1, but is also sampled from startpose 2 (Fig. 3 C).
Endpose 2 is coordinated by D152 and D178, and represents 4 of 15
stable coordinations. It is closer to startpose 2, and yet is only found
in 3 of 7 stable poses from startpose 2. Based on this, we deem
endpose 1 as the more likely position for the calcium ion. Visual
inspection shows that a calcium ion in endpose 2 would be placed
between the active tyrosine and histidine residues, which might
cause a steric hindrance for a bound substrate. Previous mutational
studies of AvAIgE4, which has 81% sequence identity with AvAIgEGA,
show that D152 and D178 are essential for the activity, whereas E229
has been identified as a potential calcium binding site through
crystal soaking with CaCls.

We find that calcium can sample two distinct coordination
configurations in the active site, and it stays bound once they are
found. The existence of these sites suggests the possibility that cal-
cium participates in the reaction mechanism, as there would
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Fig. 2. Comparison of AvAIgE6A and AlgG electrostatic surface potentials calculated by AMBER PBSA (illustrated as isosurfaces coloured from -5 kcal/mol/e (red) to + 5 kcal/mol/e
(blue) and visualised with VMD [33]). The negative patches present on the surface of AvAIgE6A might function as cation storage that aids in structural stability and donate ions to
the substrate for gel formation after epimerization, driving the reaction by removing the product [18]. The insets show the two active sites, where Y149, D152, H154 and E155 in
AVAIZE6A occupy equivalent positions to Y314, D317, H319, and D320 in AlgG, whereas D178 and E229 in AvAIgEGA occupy similar positions as S344 and R345 in AlgG. The active
sites were visualised using PyMOL [45].

naturally be an abundance of calcium when the enzymes are active. 3.4. How does the bound calcium affect substrate binding?

As we find endpose 1 to be the most likely position, it is used as the

starting position in the following simulations with alginate sub- We followed by investigating how the coordinated calcium ion
strates. would affect a substrate placed in the binding groove. Two alginate
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stable contacts for more than 10% of the frames in 15 simulation runs. Positions defined as endpose 1 from visual analysis correspond to purple bars, and poses defined as endpose
2 correspond to blue bars.
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substrates, mannuronate tetramer and octamer (M4 and M8), were
docked to AvAIgE4A in a previous work and the complexes were
subjected to MD simulations [37]. In our current study, starting
structures were selected from converged MD trajectories where the
active site sugar is in the middle of the chain and close to the active
site residues, and the alginate poses were placed in the AvAIgEGA
corresponding binding site superimposed to the AvAIgE4A one. 10
simulation repeats starting from the same positions were then
performed for the enzyme bound to M4 and M8 with and without
calcium in endpose 1 (Fig. 3B) in the active site.

The resulting 40 MD trajectories are shown in Fig. S2. Of these
trajectories, the substrate dissociated 3 times with calcium in the
active site and 8 times without calcium in the active site. Calcium
remained in endpose 1 and did not dissociate in any of the 20 runs,
even when the substrate dissociated.

In order to quantitatively assess the differences in substrate
binding with and without calcium, we measured the distance be-
tween the H-5 of the active site sugar (defined as the sugar residue
closest to the active residues in each frame) and the active site atoms
Y149-OH and H154-Ne. During catalysis, this distance has to be
short, especially to the assumed proton abstractor H154. Only frames
where the sugar was bound (the total RMSD of all the sugar residues
relative to the starting position below 15 A) were considered. From
the resulting plots in Fig. 4 A, we observe that the median distance
between the active site sugar H-5 and H154-Ne is lower for simu-
lations with calcium (5.8 A with calcium versus 8.4 A without cal-
cium for M4, and 5.2 A with calcium versus 6.7 A without calcium for
M8). Y149 is closer to H-5 when calcium is absent, although the
differences are smaller (with medians of 6.3 A with calcium versus
5.6 A without calcium for M4, and 5.7 A with calcium versus 5.3 A
without calcium for M8). Visual inspection reveals that in poses
without calcium, the substrate is repelled from the active site due to
the proximity of negatively charged E152, E155 and D178. When
calcium is present, the sugar is able to move in between the active
site residues. In some of the trajectories, the carboxylate of the
substrate in the active site takes part in calcium coordination, and
the Ne of H154 is pointing towards H-5 (Fig. 4B). Such a positioning
supports the hypotheses of calcium being the charge neutraliser in
the catalysis, activating the H-5 for abstraction by H154.

To determine if the calcium ion affects the substrate binding
strength, we modeled the dissociation process with umbrella sam-
pling (US) in the presence and absence of the calcium ion. When
calcium was present, the starting pose was the last frame of a stable
MD simulation with calcium (MD7 for M4 and MD3 for M8, see Fig.
S2). Without calcium, the dissociation process either started from
the same initial structure as in the simulation with calcium, or it
started from the last frame of a converged MD trajectory without
calcium (MD10 for M4 and MD8 for M8). In the former pose, the
dissociation with calcium is directly comparable to that without
calcium as the only difference is the presence or absence of the ion.
In the latter, the substrate in the active site is allowed to adapt to an
energetically more favourable conformation corresponding to the
scenario in the absence of calcium.

The restraint was in all runs applied for the distance between a
backbone nitrogen in the stable a-helix cap of the protein and a
glycosidic linkage oxygen in the sugar as shown in Fig. S3A. Studying
the trajectories of the substrate dissociation (Fig. S3B), we observe
that when calcium is present, the active site sugar is coordinated by
the calcium ion and stays attached to the active site longer. When
the distance increases, the sugar moves in the binding site so that
the oligosaccharide unit previously located in subsite +2 (towards
the N-terminal of AvAIgE6A) coordinates calcium instead, until at
last, the substrate dissociates. Without calcium, the sugar dissociates
more evenly from the binding groove, and there is no preference to
stay attached in the active site. Density plots of the distances in each
US window are shown in Fig. S3C. The PMF pathway along the
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reaction coordinate shows that the presence of calcium leads to a
higher dissociation barrier for the ligand in all systems (Fig. 4 C).
Larger differences are observed for M8 than for M4. For the dis-
sociation processes of M8 without calcium, when the starting pose is
obtained from a trajectory without calcium (MD2, blue curve in
Fig. 4 C), the energy barrier is lower than when the starting pose is
taken from a trajectory with calcium (MD1, orange curve in Fig. 4 C).
This can signify that the binding is energetically more favourable
when calcium is present.

To conclude, our results show that a bound calcium ion in the
active site is beneficial for substrate binding. Stable poses are found
in 18 of 20 MD runs with calcium present, whereas without calcium
this number is 12 of 20. The average and median distance between
H-5 and H154 are shorter when calcium is present. The stable pose
with the active histidine pointing towards H-5 is not found without
calcium, due to the repulsion of the carboxylate group by the acidic
residues in the active site. This pose is not sampled in every simu-
lation run with calcium, but when it is sampled, it is stable for the
rest of the run. Assuming H154 is the catalytic base, it is positioned
well for proton abstraction, and calcium acts as the charge neu-
tralizing residue. The results presented here are in other words
supporting the proposed reaction mechanism by Gacesa [24], with
calcium as the charge neutraliser, H154 as the catalytic base, and
Y149 as the catalytic acid. From this follows that the calcium de-
pendence of the AlgEs could be catalytic, in addition to the structural
role of calcium in the R-modules and the proposed structurally im-
portant calcium binding site in the A-modules.

The function of the calcium binding site found in the crystal
structure is more elusive. The dermatan epimerases also have a si-
milar metal binding site thought to affect substrate binding. In the
dermatan epimerases, a bound substrate is positioned close to the
metal site and might be affected by it, at least indirectly. In our si-
mulations, we do not observe direct interaction between the sub-
strate and the coordinate calcium, even for M8 substrates positioned
above the loops, as the calcium is not exposed to the solvent. An
indirect effect of this calcium on the substrate binding is still fea-
sible, by allowing for proper movement of the two flexible loops
coordinating it. We observed the largest effects of the removal of the
calcium ion in these loops (Fig. 1D). The longest of the two loops in
this site was previously suggested to be involved in the interaction
with the substrate and processive action through clamping of the
substrate [38,46]. Movement of the loop to perform such an action
might be inhibited by changes in the calcium binding site, and this
could affect substrate interaction, processive action, and proper
substrate positioning in the active site for catalysis. In addition to
calcium’s putative involvement in the reaction mechanism, this
would represent a different, indirect impact on catalysis.

Assuming that the buried calcium site is involved in processive
action and substrate interactions through the flexible loops, there
are biological implications when comparing various carbohydrate
epimerases. Like the AlgEs, the dermatan sulfate epimerase is pro-
cessive and requires divalent cations (Mn?* in the case of the der-
matan sulfate epimerases). AlgG lacks the metal dependence and is
not processive, and perhaps there is a functional connection be-
tween the processivity of certain epimerases and their calcium
binding sites. In its natural environment, AlgG has different re-
quirements for its substrate interaction than the AlgEs, as it is placed
in a periplasmic complex which the alginate chains are threaded
through on their way out of the bacterial cells [47]. The AlgEs are, on
the other hand, extracellular and modify alginate that is secreted
from the bacteria through the processive creation of blocks of MG-
residues and G-residues. This tailors the functional properties of the
protective coats produced by the bacteria during cyst formation. The
calcium dependence of the AlgEs might regulate the enzyme activity
and prevent too high G-block concentrations for the organisms, as G-
blocks bind calcium and make it unavailable for the enzymes [48].
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Fig. 4. The substrate interaction with and without calcium. A. Distances between H-5 of the sugar residue in the active site and Y149-OH (left) or H154-Ne (right), with (orange) or
without (black) calcium, for all frames from 10 simulation runs where the sugar is bound to the protein. B. Binding poses from stable trajectories without (top) and with (middle)
calcium. The inset (bottom) is a close-up showing the distance between the Ne of H154 and two different H-5 of the substrate. A substrate carboxyl group takes part in the calcium
coordination. C. The PMF of dissociation of M4 and M8 in the presence (black curves) and absence (orange and blue curves) of calcium. The orange curves are from experiments
where the starting pose is taken from an MD simulation with calcium, whereas the blue curves are from experiments where the starting pose is taken from an MD simulation

without calcium.

On the other hand, very high G-content alginate is desired for in-
dustrial purposes, and engineered AlgEs are able to create alginate
with a higher G-content than the native enzymes [46,49,50]. As
epimerisation is less effective because of the concomitant produc-
tion of calcium gels, the possibility to design calcium-independent
AlgEs could be worth investigating [51]. Our indications that calcium
is coordinated in the active site and takes part in the reaction me-
chanism implicate that such an enzyme design route could require
mutations in the active site of the active A-module. If verified, this
also adds to our fundamental knowledge of polysaccharide epi-
merases.

4. Conclusion

Our overall goal was to use computational methods to elucidate
the role of calcium in the A-modules of the AlgEs, including its po-
tential as a charge neutraliser in the catalytic mechanism. US si-
mulations of dissociation showed that AvAIgE6GA bound substrate
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stronger when calcium was present. Through MD simulations we
obtained stable coordination configurations for calcium in the active
site, where it interacts with the active site sugar carboxyl and where
H154 is positioned closer to the H-5 proton than in the absence of
calcium. Such a pose is in line with calcium being responsible for the
charge neutralizing first step, and we propose that it has a catalytic
role in addition to being important for the structural integrity of the
AlgEs. This is supported by previously published experimental re-
sults where the calcium coordinating residues are found to be es-
sential for catalytic activity, as in the case of E229, which was
identified as a direct participant in a calcium binding site. Stable
poses obtained through MD trajectories could in the future be used
as starting points for quantum mechanical calculations of the reac-
tion mechanism, or inspire experimental validation setups. The
implications obtained from this study contribute to a deeper un-
derstanding of the role of calcium in the epimerization activity of the
AlgEs. This could have importance for industrial tailoring of alginate
and form a basis for future enzyme engineering, where it would be
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desirable to avoid the need for calcium which inhibits production of
alginate with a high G-content.
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