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ABSTRACT: Phosphoenolpyruvate carboxylase (PEPC) is used in plant metabolism for fruit
maturation or seed development, as well as in the C4 and crassulacean acid metabolism (CAM)
mechanisms in photosynthesis where it is used for the capture of hydrated CO» (bicarbonate). To
find the yet unknown binding site of bicarbonate in this enzyme, we have first identified putative
binding sites with non-equilibrium molecular dynamics simulations, and then ranked these sites
with alchemical free energy calculations with corrections of computational artefacts. 14 pockets
where bicarbonate could bind were identified, with three having realistic binding free energies
with differences with the experimental value below 1 kcal/mol. One of these pockets is found far
from the active site at 14 A, and is predicted to be an allosteric binding site. In the two other
binding sites, bicarbonate is in direct interaction with the magnesium ion; neither sequence
alignment nor the study of mutant K606N allowed to discriminate between these two pockets and

both are good candidates as the binding site of bicarbonate in phosphoenolpyruvate carboxylase.

KEYWORDS: Molecular dynamics, Binding free energy, Enzymes, Photosynthesis, Carbon

dioxide.



Introduction

In the context of an ever increasing global population (expected to grow from 7 billion in 2011 to
9 billion in 2050"), there will be a need for new resources. Improving crop yields is a promising
solution, since photosynthesis provides humans with many resources, from food to cloth fibers,
from building wood to sources of clean energy. The rate-limiting step of photosynthesis has long
been considered to be the enzyme Rubisco?, which catalyses the reaction between carbon dioxide
(CO2) and the substrate ribulose 1,5-bisphosphate (RuBP). However, the picture of a single
enzyme which would be the bottleneck of photosynthesis and of plant growth is now questioned,
and is probably true only in conditions of high light, high temperature, and for C3 organisms™*.
Indeed, when other enzymes of the Calvin-Benson® cycle such as sedoheptulose-1,7-
bisphosphatase (SBPase) are overexpressed in different organisms, the photosynthetic rates are
increased which leads to more biomass®®, suggesting that Rubisco is not the bottleneck. In
contrast, the overexpression of Rubisco in rice can lead to a decrease of the CO; assimilation rate
at 25°C (and an increase at 40°C)°. Moreover, the estimated rate of transformations of metabolites
from ribulose-5-phosphate-3-epimerase (RPE) is estimated to be slightly lower to the one from
Rubisco!?. These results are in line with the statement that despite a slow kinetic rate, “Rubisco is
not really so bad”!'!!2. Thus, the reality is more complex than a textbook description of a single

bottleneck enzyme.

97% of plant varieties belongs to the C3 family, where CO; is simultaneously captured and
integrated in the organism via Rubisco? during the Calvin-Benson cycle’. The remaining 3% of
varieties belong to the C4 and crassulacean acid metabolism (CAM) families, where at first the
enzyme PEP carboxylase (PEPC) captures the carbon through the catalysis of the reaction between

hydrated COz (bicarbonate, HCO3") and phosphoenolpyruvate (PEP) to form oxaloacetate (see



Figure 1). This metabolite is then converted and transported to another cell where CO:x is released
and incorporated in the organism by Rubisco during the Calvin-Benson cycle?. Separating the
capture of CO2 by PEPC from its integration in the organism by Rubisco in two different cells
prevents a costly side reaction also catalysed by Rubisco when in contact with O
(photorespiration), and C4 plants are then more efficient than C3 plants for carbon capture,
especially in hot environments!*>!4. Even if the C4 or CAM mechanisms are found in only 3% of
plant varieties, C4 plants represent 23% of terrestrial carbon fixation?, including plants of huge
importance such as sugarcane, maize (the most grown cereal in the world'3), millet (one of the
only edible plant that can grow in arid regions) or switchgrass (a serious candidate for developing
the production of biofuels'®). The reaction catalysed by PEPC is thus at a key position for food
and resource productions, and PEPC may be involved in the overall control of carbon flux*!’
Moreover, in addition to photosynthesis in C4 plants, PEPC is used in all plants metabolism for
functions such as fruit maturation, seed development or amino acid synthesis and is thus a central

enzyme for the plant kingdom'8.
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Figure 1. Simplified mechanism of carbon capture and fixation in C4 plants?.



We propose herein to focus on the enzyme PEPC, aiming to provide new information that will be
useful for future engineering. Indeed, plant engineering was mainly focused towards Rubisco for
a long time (with limited success), and the paradigm has changed towards an increasing interest
on the C4 mechanism (e.g., the C4 Rice Project!”) where PEPC sits at the beginning of carbon
flux. In addition to improve plant growth, PEPC has also been used in the development of new-to-
nature CO; fixation pathway?’. Thus, a full understanding of this enzyme at the molecular level is
needed, whereas the mechanism of carbon-capture by PEPC in C4 plants is still not fully
elucidated: (1) global motions of the enzyme are still not understood, such as the movements of
loop II (residues 761-768 in maize numbering) during the catalytic cycle. This loop is supposed to
serve as a lid to protect the active site and to exist in two conformations?!, however it was found
fully complete in only four of the 17 published crystallographic structures of PEPC, and always in
the same conformation. (2) The understanding of regulation in PEPC is still not complete, for
example the role of phosphorylation at a molecular level and its consequences on the enzyme’s
structure?!. (3) The chemical mechanism of the enzyme is supposed to be a three-step
mechanism?'~23, however extracting microscopic information specific to each step from the
macroscopic measurements has proven to be difficult and the free energy profile of the reaction is
still not known. Thus, the concerted or sequential characters of the different steps, as well as the
identity of the rate-determining step, are unknown. Since experimental approaches have not yet
been able to answer these questions, one could rely on computational techniques. However, crucial
details on PEPC are still lacking and currently preclude the use of simulations to answer these
questions, starting with the localisation of one of the two substrates (bicarbonate), which will be

the focus of this article.



To identify the binding site of a ligand, structural approaches are the optimal choice. To date, 17
crystallographic structures of PEPC are available on the PDB database. Among them, 12 are
currently described in a published article (see Table SI-1). None of these studies focused on
bicarbonate, and as a consequence bicarbonate was not present in the medium during crystal
growth for all these structures. Moreover, we didn't find any structural NMR or CryoEM study
performed on PEPC. Thus, no information on the bicarbonate binding site could be inferred from
structural studies. Enzymatic assays are another way to get information on ligand binding.
Analyses of the Brenda and Sabio-RK databases provided 37 references that provided Michaelis
constant (Ky) for bicarbonate. Most of these studies focused on a single enzyme, while others
compared isozymes or different growth medium: in neither case these studies could be used to
describe the binding of bicarbonate. Only a few reports describe mutants of an enzyme, which

124 observed that mutations of

allows direct comparison of the role of a given residue. Kai ef a
Arg703 and Arg704 in E. coli (corresponding to Arg763 and Arg764 in maize numbering) affects
Kwm, suggesting that these residues are important for bicarbonate binding (respectively 0.10 mM,
0.55 mM and 6.5 mM for wildtype and mutants R703G and R703G/R704G). However, these
residues are in a loop that is suspected to adopt a close conformation to protect the active site (loop
IT in cyan in Figure 2), and upon the mutations a side-reaction involving water molecules from
solvent occurs; thus, the change of Km could solely be due to the change of loop conformation and
of global environment, and not be directly linked to bicarbonate binding. Lys606 (in maize

1.5 observed an

numbering) was found to influence bicarbonate binding: in maize, Dong ef a
increase of Sos from 0.1 mM for wildtype to 2.5, 2.1 and 0.2 mM for respectively the mutants
K606N, K606E and K606R. Similarly, Gao et al.?® found an increase of Ky from 0.061 mM in

wildtype to 0.114 and 0.602 mM in mutants K600R and K600T in Flaveria trinervia (where K600



corresponds to K606 in maize). Yano et al.?’ focused on Arg587 in E. coli (which corresponds to
Arg647 in maize numbering) and showed that if affects bicarbonate binding with So.s increasing
from 0.25 to 24 mM between wildtype and mutant R587S. DiMario ef al.?® looked at residue 774
in Flaveria trinervia (780 in maize numbering) and found an increase in Kv in the C4 enzyme
from 26.6 to 38.6 M between wildtype and mutant S774A. However, Ser780 is located at 16 A
from the Mg?" in the active site and behind loop II, and it is very likely that it is more involved in
a structural role for loop II motions, than in bicarbonate binding. A very weak effect of Lys829 in
Flaveria trinervia was observed by Gao et al.?, with Km decreasing from 0.072 to 0.054 mM
between wildtype and mutant K829G. However, the same team reported a different value of 0.061
mM for wildtype at the same pH in another article?®, and the influence of residue Lys829 is thus
probably not significant. The binding site of aspartate —a negative allosteric ligand— was also
studied for PEPC of three bacteria, and no studied mutations affected Ky of bicarbonate
significantly’®3!. Thus, only two residues were found to be possibly involved in bicarbonate
binding: Lys606 and Arg647 (in maize numbering). Unfortunately, that doesn’t provide enough
data to firmly conclude on the localisation of bicarbonate. Thus, we propose herein to address the
question of bicarbonate binding site, which will then allow to computationally study PEPC and

get more insights on this important enzyme.

Some small featureless ligands, such as CO., are sometimes said to be “slippery” because they
can’t bind to an enzyme and don’t form a Michaelis complex with Rubisco®?. However, Michaelis
constants can be measured for bicarbonate in PEPC, which is consistent with the fact that the
ligand is negatively charged and that there are several positively charged residues in the active site
of PEPC. Thus, we envisioned that it should be possible to identify an effective binding site for

bicarbonate in PEPC. In the current article, which is the first of a series on PEPC, we seek to help



answering the question: “Where does bicarbonate bind in PEP Carboxylase?”. Since to date no
experimental techniques answered this question, we relied on computational tools and in particular
on molecular dynamics (MD) simulations to provide some insights on this question. Some
computational tools are designed to identify binding sites, such as FTsite, DeepSite, FPocket or
CASTp to name a few that are still available’*%. However, these tools couldn’t be used here

because bicarbonate is too small to provide significant results.

Presentation of PEPC

The PEP Carboxylase (PEPC, E.C. 4.1.1.31) has been known for decades and has already been
reviewed?!37 40 1ts structure was first resolved in 1999 for bacteria (E. coli**) and in 2002 for
plants (Zea mays??). It is a large enzyme (870 to 1150 residues depending on the organism?!) whose
functional form is a tetramer. The contact surface areas between one monomer and its two
neighbors are 450 and 3000 A2, and the structure is thus better described as a dimer of dimers?!
(see Figure 2 for the dimer and Figure SI-1 for the tetramer). In the current article, we focused on
a dimer of the enzyme from Zea mays to save computational time. In 2002, the structure 1JQN
was resolved with Mn?* as an analog to Mg?* and the ligand 3,3-dichloro-2-phosphonomethyl-
acrylic acid (DCDP) as an analog to PEP, which allowed to locate the position of these ligands. In
their vicinity, one can find three important loops: (i) the loop II (residues 761-768 in maize
numbering) which is supposed to be a mobile loop that is closed during the catalytic cycle?!; (ii)
the loop I (residues 640-649) which can change of conformation upon aspartate binding to displace
Arg647 away from the active site?!; (iii) the loop 174-184 which can change of conformation upon
glucose-6-phosphate (G6P) binding to place His177 within the active site?!. Aspartate and G6P

serve respectively as allosteric inhibitor and activator, and in addition neutral amino acids such as



glycine can also serve as allosteric activators (see Figure 2 for the active site and the binding site
of allosteric effectors). Thus, PEPC is an enzyme that is highly regulated, which is usually a sign
of importance for the organism. The proposed chemical mechanism and the phosphorylation
mechanism are not discussed here and the interested reader is invited to consult reviews on

PEPC21’37_40.

Figure 2. Dimer of PEP Carboxylase and zoom on active site. Ligands in the dimer are in

spheres in the full enzyme, loop II is in cyan, loop 174-184 which moves upon glucose-6-

phosphate binding is in gold, loop 640-649 which moves upon aspartate binding is in green.

Building the system

This article is the first computational study performed on full PEPC (with the exception of some
docking studies performed previously*'~#*) and is the first of a series, we will thus describe in some
details the building of the system. We provide in Table SI-1 an analysis of the 17 available
crystallographic structures. We started with the structure 5VYJ*? (from Zea mays) resolved in 2018

at 3.3A of resolution, since it is the first structure with the complete loop 761-768. However, loop



126-140 is missing in 5VYJ, we thus used the UCSF Chimera’s interface to Modeller to build
missing parts of the enzyme***: one adjacent residue was allowed to move, five models were
generated, and the loop modeling protocol was set to DOPE*. To decide which model to choose,
we aligned the structure 6U2T with completed models of 5VYJ and picked the model the closest
to the loop 126-140 from 6U2T (from visual inspection). Residues 932/934/935 are also missing
in 5VY1J: they were modelled in a similar way, and the model with the best DOPE score was
retained. We then aligned the structure 1JQN?3 (from E. coli) with 5VY] to obtain the position of
the two analogs Mn?* and DCDP, which were then manually modified to Mg?>* and PEP. From
5VY]J, acetate ions were removed and glycines (an allosteric activator) that are bound in their
actual binding sites were kept (i.e. one glycine molecule was removed out of the five that were

resolved). The build structure did not contain glucose-6-phosphate (G6P, an allosteric activator)

nor aspartate (an allosteric inhibitor). Finally, we kept chains A and B for further investigations.

All structures were solvated in rhombic dodecahedron boxes, with a distance of at least 8 A
between two replicas of the system. This corresponds to edges of a triclinic box of roughly 155,
155 and 110 A, which are filled by ~72000 water molecules (for a total of ~250000 atoms). Under
physiological conditions, the enzyme is surrounded by a media with concentrations of 0.1 mM of
bicarbonate, 3 mM of PEP, 0.4 mM of free Mg?*, and 20 mM of L-malate*’. These concentrations
correspond to respectively 0.1 molecule of bicarbonate in the box, 3.9 molecules of PEP, 0.5
magnesium(II) and 25.9 molecules of malate: we have thus included in the simulation box 0 free
bicarbonate, 4 free PEP, 0 free magnesium(Il) and 26 free malate. In addition to these molecules,
we have neutralized the charge with sodium ions and added a concentration of 0.1 M of sodium
chloride (leading to respectively ~250 sodium and ~150 chloride). Computational details are

described at length in SI.
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Identification of binding sites

To identify the binding site of bicarbonate in an unbiased way, we started by pushing bicarbonate
inside the protein with steered MD simulations. Starting conformations were manually created by
placing bicarbonate at 50 different localisations around PEPC: 35 with the axis between
bicarbonate and PEP aligned with the loop II, and 15 with this axis aligned with the B-barrel of
PEPC (see Figure 3 and Figure SI-3). For each starting position, we performed two steered MD
simulations along different reaction coordinates: (i) the distance between C of bicarbonate and P
from PEP, (ii) the distance between C of bicarbonate and C2 from PEP (which is the sp? carbon
bound to the carboxyl and the phosphate). During these simulations, the distance between
bicarbonate and PEP decreased at a rate of 1.0 A/ns and was restrained with a force constant of
k=10000 kJ/mol/nm?. The initial distances ranged from 22 to 56 A and the simulation length was
chosen so that the final distance reached ~4 A; the steered MD simulations lasted from 15 to 58
ns. To get insights into the penetration process, free energy profiles along the reaction coordinate
were computed and results are discussed in SI. At the end of these 100 simulations, bicarbonate
was found at different localisations in the active site, but bicarbonate was still not in actual binding

sites (Figure SI-6).
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Figure 3. Super-imposition of starting positions of bicarbonate before steered MD simulations

(in each simulation, only one bicarbonate was present). The lines joining C of bicarbonate and P

of PEP are shown in grey. Loop Il is in cyan. Additional images are available in Figure SI-3.

Following the steered MD simulations, 100 ns-long free MD simulations without any constraint
were performed to let bicarbonate sample the active site region: we observed that during these
simulations the ligand ended up in 14 different pockets, which we labelled P1 to P14 and which
are shown in Figure 4 as well as in Figure SI-7. A localisation in the active site is considered as a

pocket when bicarbonate stayed there at least 50 ns (a more thorough discussion on the pockets is

12



proposed in SI, where we describe how we identified and validated them). Eight of the free
simulations were extended to 200 ns because a change of bicarbonate position occurred during the
second half of the simulation (after 50 ns), thus bicarbonate had not reached a pocket according to
our definition. Two pockets were populated each in a single simulation, whereas one of the pockets
(P1) was populated 31 times (see Table SI-4). During 10 simulations, bicarbonate unbound from
the protein and diffused in the solvent. We observed that in some of these 10 simulations,
bicarbonate was first in pocket P1 before unbinding: this provided contradictory results, since on
one hand pocket P1 is the most populated pocket which seemed to indicate it is the most favourable
pocket with the lowest binding free energy, and on the other hand bicarbonate could escape from
pocket P1 meaning that the interactions were not strong enough to retain bicarbonate. During these
free MD simulations, we observed barely no exchange between pockets which means that
thermodynamic equilibrium had not been reached and that the absolute binding free energy in each
pocket had to be computed to compare and rank all of them. We first tried to extract the binding
free energy from a physical path by pulling bicarbonate outside the active site and computing the
free energy profile along that path with umbrella sampling simulations. This approach was not
conclusive (see details in SI), and we have thus decided to perform alchemical transformations
coupled with free energy perturbations to accurately compute the absolute binding free energies in

each pocket.

13



Figure 4. Identified binding sites of bicarbonate after alignment. The densities of bicarbonate in

simulations representative of each pocket were analysed with GROmaps*® and are here
represented as isosurfaces with all the same threshold. PEP is in ball and stick, Mg?" is in green,

loop II is in cyan. Additional images are available in Figure SI-7.

Alchemical transformations with free energy perturbations

Since the free energy is a state function, the followed path is not relevant to compute the difference

of free energy between two states. Thus, one can change the chemical nature of compounds and

14



transfer them through a non-chemical way from bulk solvent to the binding site of an enzyme to
compute the binding free energy: this kind of approach is called alchemical transformations. It is
nowadays widely used, especially for drug design, and it has been numerously reviewed*—>°.
Using this approach, we have decomposed the binding free energy with a thermodynamic cycle
where four terms must be computed independently: (1) the desolvation of the ligand, (2) the cost
of adding restraints, (3) the binding free energy with restraints, (4) the gain in removing the
restraints. We will briefly discuss these terms here; they are discussed at length with more
computational details in SI. The cost of adding restraints can be obtained with an analytical
function since it is only linked to the ratio of occupied volume with and without the restraints. The
gain in removing the restraints is usually null for good ligands in good pockets and is often omitted.
However, since we are here investigating pockets that can be not favourable, the gain in removing
the restraints was also computed explicitly by progressively changing the amount of restraints. The
desolvation of the ligand and the binding free energy with restraints were obtained through
alchemical transformations of the ligand with free energy perturbations (FEP): in this kind of
calculations, a series of simulations in which a coupling parameter A varies are performed (for
example, A goes from 0 to 1 by steps of 0.1). If the variations of A are small enough, one can
compute the difference of free energies between two neighbour states, and by cumulating the
differences one can get the difference of free energies between the two end states. This was used
to make the ligand disappear from bulk solvent (desolvation free energy) and then appear in the
enzyme (binding free energy). We have here used 21 alchemical windows to switch off the
intermolecular interactions between bicarbonate and its environment (solvent or PEPC). To
actually compute the differences of free energies, two approaches can be used efficiently:

Thermodynamic Integration (TI) or the Bennett Acceptance Ratio (BAR). We have compared the

15



two, and for the later we have used the more modern multistate BAR (MBAR). The python

6

packages alchemlyb and pymbar®® were used to process the simulations and perform the

calculations.

Assessing the convergence of FEP calculations is crucial to provide significant results, and is again
discussed at length in SI. The convergence analysis was performed with MBAR, before comparing
the results with those from TI. For each set of simulations (i.e. for each starting point used for the
alchemical transformations), we have first performed a forward/backward analysis to assess the
needed length of the simulations to reach convergence. The goal was that the first half and the
second half of the used data provide comparable results, meaning that this set of simulations is
converged with that amount of data. The data that were used for this analysis were extracted from
the end of the simulations with an increasing size of the time bloc (i.e. last 10 ns, last 11 ns, last
12 ns, and so on), and we aimed at the longest time bloc that provides a difference between the
two halves below 1 kgT>*. If the objectives could not be reached, the simulations were extended
by 5 ns. At the end, all simulations for the binding free energy with restraints lasted between 20
and 40 ns, used at least 10 ns of data, and the computed errors from both MBAR and TI were on
average 0.03 kcal/mol, ranging from 0.02 to 0.04 kcal/mol. We have then verified that the phase
space overlaps between each neighbouring windows were high enough, and found that they are
23% on average on the first off-diagonal matrix, with a lowest value of 7% (whereas the

recommended lower acceptable value is 3%°%).

When alchemical transformations are performed on charged species, they must be corrected from
computational artefacts (called finite-size effects) prior comparisons with experimental data.
Indeed, since the total charge of the system changes between the two end states, the background

potential in the simulation boxes changes as well, which influences the potential energies, hence
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57,58

the computed free energies. Different approaches exist to correct these artefacts®’>%, and we relied

1.57 where four effects are corrected: (1) the electrostatic

on the one proposed by Rocklin et a
interactions between the reference box, the periodic replicas and the neutralizing background, (2)
the undersolvation due to the solutes in the periodic replicas, (3) the solvent-excluded volume of
the solutes and the fact they are not point charges, (4) the difference of reference for the
electrostatic potential between simulations and bulk experiments. The corrections must be
performed for both the desolvation of the ligand and the binding process, and they are applied a
posteriori through equations that are given in SI. For each pocket, 50 different snapshots were
extracted every 1 ns from the free MD simulations, and the computational artefacts were computed
on each snapshot. Standard deviations between snapshots from a pocket are always low (below
0.07 kcal/mol, see Table SI-11), which illustrates that a single snapshot could have been used to

correct finite-size effects. Moreover, we observed that the correction values between the 14

pockets are all comparable (range of 0.2 kcal/mol).

To compare the binding free energies in each pocket, several independent replicas were used for
some pockets. In such cases, the starting points for the replicas were extracted every 10 ns from
the end of the free MD simulations (e.g. at 100 ns, 90 ns, 80 ns, and so on). Since FEP calculations
are intensive in terms of computational resources, we have followed the following procedure: (i)
we first performed the full calculations with three replicas for the first six identified pockets (P1
to P6). The lowest binding free energy was AG = —6.7 kcal/mol with standard deviations between
0.5 and 2.7 kcal/mol. For pockets with meaningful binding free energies (i.e. pockets P3 and P5
with -4.8 and -6.7 kcal/mol), the less favourable binding free energy of the different replicas was
-3.4 kcal/mol. (i1) We then performed calculations for one replica in each remaining pocket. In

these eight pockets, three had a binding free energy lower than -3.0 kcal/mol in the first

17



calculations (P7, P8 and P13), and we thus performed two additional replicas for them. For P8, the
average binding free energy of the three replicas was -2.1 £ 0.5 kcal/mol, and we didn’t investigate
it further. For pockets P7 and P13, the average binding free energies of the three replicas were -
7.2 + 1.4 and -6.6 = 1.0 kcal/mol respectively, and two extra replicas were performed to lower the
standard error. (iii) Two additional set of calculations were performed for pocket P5 to lower the
standard error. The full set of data for each replica with the MBAR and the TI analysis are

presented in Tables SI-5 and SI-6.

From the calculations of binding free energies of different replicas for each pocket, we computed
the average binding free energy in each pocket. In pocket P7, one data seemed to be an outlier (see
Table SI-5 and SI-6), and we have thus performed a Dixon’s Q-test statistical analysis to
unambiguously identify putative outliers in the data. In such a test, the value Q=gap/range is
defined as the ratio between the gap between one value and its closest one, and the range of the
values in the series. Q is computed for the highest and the lowest values of a series, and if Q is
higher than a tabulated number that depends on the number of data points, then the corresponding
value can be considered as an outlier. For example, if we set the confidence at 99% and with five
values in the series, if Q > 0.821 then the value must be discarded. From all pockets, only the first
value from pocket P7 was found to be an outlier (Q=0.845 with MBAR and Q=0.881 with TI), and

the molecular explanation of it is described in SI. Thus, for pocket P7, we have used four data.

Overall the data from MBAR and TI were found to be highly comparable (see Figure SI-23). The
average binding free energies from the two analysis methods and the population of each pocket
are reported in Figure 5 and in Table SI-4. Three pockets out of the 14 were found to be
meaningful: P5, P7 and P13. The computed binding free energies are -5.4 £ 1.1, -5.7 = 0.1 and -

6.1 £ 0.9 kcal/mol with MBAR data, and -5.2 £ 0.9, -5.4 + 0.1, -6.1 £ 0.9 kcal/mol with TI data.

18



Experimentally, only the Michaelis constant Km of bicarbonate is available with values of 0.10

mM? and 0.12 mM>° reported. One can assume that K; ~ K, (where K, is the dissociation

constant) and write AGpinging = —RT - In(1/Ky) (see SI for a discussion), which leads to binding

free energies of -5.5 and -5.4 kcal/mol. Thus, the computed binding free energies of pockets P5

and P7 are within 0.3 kcal/mol to the experimental value with either MBAR or T1, and are within

0.7 kcal/mol for P13. With data from MBAR, the pockets are found to be populated at respectively

15, 24 and 55%, whereas with data from TI they are populated at 15, 20 and 59%. Pocket P3 is

populated at 6 and 7% and all the other ones are populated at most 0.1%. From these computational

data, we thus conclude that pockets P5, P7 and P13 should be considered as putative binding sites

for bicarbonate, with probabilities that are comparable. P13 has the lowest binding free energies,

but P5 and P7 have values very close to the experimental one.
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As can be seen in Figure 4 and Figure SI-7, pocket P13 is buried inside the protein with a distance

between magnesium(Il) and bicarbonate of ~14 A. Interactions between the negatively charged

bicarbonate and the positively charged Arg610 and Arg641 explain the low binding free energy

19



for this pocket (see Figure 6). Bicarbonate may serve as an anchor between these two residues to
restrict the relative motion between a-helix 26 (made of residues 610-629) and loop I (made of
residues 640-649) and activate the enzyme, without being consumed during the catalytic cycle. A
similar behavior occurs with Rubisco, where a lysine must first be activated to a carbamate through
a reaction with a CO2 molecule, and then the catalytic cycle occurs with the CO2 molecules as
substrates. The hypothesis of bicarbonate serving as an allosteric activator of PEPC could
experimentally be tested by mutating the positions 610 and/or 641 and measuring the Michaelis
constants. However, even if bicarbonate can bind in pocket P13, in the following we will not
investigate it further because (i) either our hypothesis is true and bicarbonate is itself an allosteric
activator in pocket P13: this means that the reactive bicarbonate substrate will bind to pockets P5
or P7 and we can focus on these pockets, (ii) or our hypothesis is wrong and bicarbonate could
bind to pocket P13 before a reactive event since it has a lower binding free energy: in such a case,
prior the chemical reaction, bicarbonate will first transfer to pockets P5 or P7 and we can focus on

these pockets.

a-helix 26

Tyr601

Arg64 1

f) Bicarbonate

/\\Phe821 *
N

Y
(

Figure 6. Zoom on the position of bicarbonate in pocket P13.
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For pockets P5 and P7, two of the free MD simulations where bicarbonate ended in these pockets
were extended by 1 ps: we didn’t observe any exchange between the pockets during the four
simulations of 1 pus, nor a change of orientation of bicarbonate or a change of interactions with the
environment. Pockets P5 and P7 are close to PEP and magnesium, with distances between carbon
of bicarbonate and magnesium of 3.0 A for both, and distances between carbon of bicarbonate and
phosphorus of PEP of 5.0 and 4.8 A respectively. Thus, in these two pockets, the bicarbonate is
close to the phosphorus atom of PEP which is beneficial for the reactivity according to the
consensus mechanism which involves the formation of a carboxyphosphate intermediate?!-37-3940,
A cluster analysis was performed on the last 500 ns of the free MD simulations and representative
structures are displayed Figure 7 and Figure 8. We observed that the orientation of PEP within the
active site is clearly different between pockets P5 and P7, the planes formed by carbons from PEP
in each pocket forming an angle of ~60°. The two active sites were found to be very similar, with
a very good overlap between the residues. We have only observed a slight shift of position for
Asp603 and Lys606, the former being a consequence of the shift of magnesium(Il) position. In
pocket P5, the magnesium(II) ion is in a square pyramidal geometry, whereas it is in an octahedral
environment in pocket P7 (see Figure 7 and Figure 8). In pocket PS5, an oxygen atom from
bicarbonate is in apical position in the square pyramid, whereas in pocket P7 the same oxygen
atom from bicarbonate is in anti position from the carboxylate of PEP. In both cases,
magnesium(Il) interacts with one oxygen from bicarbonate, one oxygen from the carboxylate
group of PEP, and with Glu566 and Asp603; the difference between the two coordination
structures lies in the interactions with PEP, since in pocket P5 magnesium(Il) and PEP interact
through one oxygen from the phosphate moiety, whereas in pocket P7 two oxygen atoms from the

phosphate moiety are involved. Moreover, in pocket P5, the bicarbonate is stabilized with an
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hydrogen bond with the NH from the backbone of Ser602, whereas in pocket P7, the bicarbonate
is in the vicinity of three positively-charged residues (Lys606, Arg763, Arg773). Thus, the two
pockets are very similar and provide a stabilizing environment for bicarbonate. Mutations on
Lys606 and Arg647 were found to affect Km of bicarbonate: Lys606 is closer to pocket P7 than
P5 by ~6 A, whereas Arg647 is closer to pocket PS5 by ~3 A. This means that biochemical data

can’t be used to decipher the binding sites and sort them.

Overlap Pocket P5 Pocket P7
(C)

View 1

View 2

Leu564

Tyrs01

Figure 7. Active site of pockets P5 and P7 after alignment on the 29 displayed residues, and seen
from two angles. A third view is available in Figure SI-22. Ligands are in spheres, carbons from
PEP are in light brown, magnesium is in light green, carbon from bicarbonate in pocket PS5 is in

pink, carbon from bicarbonate in pocket P7 is in green. The protein is in grey, loop Il is in cyan.
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To compare pockets P5 and P7, we aligned 236 reviewed sequences of PEP Carboxylase which
were downloaded from the UnitProt website (keeping only those longer than 600 residues).
Alignment was made with Clustal Omega provided by EMBL-EBI with default parameters®. We
found that Lys606 and Arg647 (which are the only two residues which were found to have a
meaningful impact on Km) and Arg763 and Arg773 (which interact with bicarbonate in pocket P7)
are all conserved in all the sequences. No other residue was found to be a putative probe for
deciphering the two pockets. Thus, we couldn’t conclude on the preferential binding site of

bicarbonate with sequence alignment.

We then turned to mutants of PEPC. Upon mutations of residues Lys762, Arg763 and Arg764 in
E. coli and maize (which are located on loop II), a side-reaction involving water molecules from
solvent occurs, which suggest that loop Il cannot protect anymore the active site?!. Thus, the
conformation of loop II is impacted by mutations, and we didn’t use mutations made on this loop.
Instead, we used data from Dong et al. who mutated Lys606%3; the strongest effect was observed

when this residue was mutated to Asn with Km(HCO3") going from 0.10 mM to 2.5 mM, i.e.
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binding free energy increasing from -5.5 kcal/mol to -3.6 kcal/mol (AAG = +1.9 kcal/mol). Starting
from representative snapshots of pockets P5 and P7, the mutation was performed with UCSF
Chimera**, the structures were built again (solvation, addition of ions, etc...) and were equilibrated
during 500 ns. The same procedure as already described for FEP calculations was then performed
(see SI for details). Six snapshots for each pocket were extracted at 500, 490, 480, 400, 390 and
380 ns to start the FEP calculations, and the average binding free energies between the first three
and the last three were compared to ensure that comparable values are obtained, meaning that the
mutants’ structures are well equilibrated. With data from MBAR, we have calculated binding free
energies of -4.4 £ 0.7 kcal/mol for pocket P5 and -6.5 £+ 0.7 kcal/mol for pocket P7, i.e. AAG of
+1.0 and -0.8 kcal/mol respectively. With data from TI, we have calculated binding free energies
of -4.2 £ 0.7 kcal/mol for pocket P5 and -6.4 & 0.7 kcal/mol for pocket P7, i.e. AAG of +1.0 and -
1.0 kcal/mol respectively. This provides contradictory results: on one hand, only data for pocket
PS5 are compatible with the experimental data which found a positive AAG of +1.9 kcal/mol; on
the other hand, binding in the K606N mutant in pocket P7 is stronger by 2.3 kcal/mol than in
pocket P5. Thus, we can’t conclude yet on the binding site of bicarbonate in PEP Carboxylase. We
point out that, as already mentioned, loop II is supposed to be in a closed conformation during the
catalytic cycle (acting as a lid) since upon mutations on this loop the activity of a side reaction
increased by tenfold?!, and keat and Km(HCO3") respectively decreased and increased. Thus, the
experimental binding free energies that we have used here as a comparison were obtained with the
loop probably in a closed conformation (since they were derived from Km) whereas our simulations
were performed with the open conformation. We are currently working on predicting the closed

conformation of loop II, and once it will be found we will replicate the calculations of the binding
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free energy of bicarbonate in the two pockets to see if a difference arises. Structures of the system

build from 5VY1J with the bicarbonate in pockets P5 or P7 are provided in Zenodo as PDB files.

In the current article, we sought to help finding the binding site of bicarbonate in PEP Carboxylase
in order to study in the future questions such as loop motions, allosteric regulation or chemical
reactivity. Using non-equilibrium MD simulations (steered-MD), we have identified 14 putative
binding sites. The binding free energy of bicarbonate in each site was then precisely computed
with alchemical free energy calculations, and we found that three sites are meaningful with
computed binding free energies within 1 kcal/mol to experimental values. One site was found to
be a candidate for allosteric activation by restricting the motion between an o-helix and a loop.
Neither sequence alignment nor calculations on the mutant K606N allowed to discriminate the two
remaining pockets. However, since bicarbonate is a small ligand with not a lot of binding features,
we could also envision that it can diffuse and fluctuate between different positions within the active
site and we cannot firmly rule out that bicarbonate could bind in both pockets PS5 and P7; only
experiments will provide a definitive answer, and since the environment in both pockets are very
similar only crystallography may be able to provide an answer. Our next study on PEPC will focus
on the prediction of the closed conformation of loop II, which may then help to design analogs of
PEP that will guide crystallography studies. We will then focus on the allosteric regulation and the

phosphorylation of PEPC.

ASSOCIATED CONTENT
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