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An Artificial Metalloenzyme (ArM) built employing the streptavi-
din-biotin technology has been used for the enantioselective
synthesis of binaphthyls by means of asymmetric Suzuki-
Miyaura cross-coupling reactions. Despite its success, it remains
a challenge to understand how the length of the biotin
cofactors or the introduction of mutations to streptavidin leads
the preferential synthesis of one atropisomer over the other. In
this study, we apply an integrated computational modeling
approach, including DFT calculations, protein-ligand dockings
and molecular dynamics to rationalize the impact of mutations

and length of the biotion cofactor on the enantioselectivities of
the biaryl product. The results unravel that the enantiomeric
differences found experimentally can be rationalized by the
disposition of the first intermediate, coming from the oxidative
addition step, and the entrance of the second substrate. The
work also showcases the difficulties facing to control the
enantioselection when engineering ArM to catalyze enantiose-
lective Suzuki-Miyaura couplings and how the combination of
DFT calculations, molecular dockings and MD simulations can
be used to rationalize artificial metalloenzymes.

Introduction

Carbon-carbon bond formation reactions are essential for the
synthesis of natural products, pharmacological active com-
pounds and agrochemicals.[1,2] Among these are Suzuki-Miyaura
cross-coupling (SMC) reactions,[3] one of the most powerful
reactions for the formation of C� C bonds that has been widely
used for constructing C(sp2)� C(sp2) bonds. The SMC reactions
are catalyzed by palladium complexes and consist in the
carbon-carbon formation between an aryl halide (organic
electrophile) and an organoboron compound (organic nucleo-
phile) in the presence of a base. The main advantage of this
type of reactions is that they lead C� C coupled products in very
high yields, all while operating under mild conditions.[4]

From extensive experimental and computational work,[5,6] a
clear mechanistic picture of this reaction has emerged. The
general mechanism of SMC reactions follows a catalytic cycle
composed of three steps, as depicted in Figure 1. In the first
step, the oxidative addition (OA), the organic halide is added to
Pd(0), oxidizing it to Pd(II) and forming the organopalladium

intermediate, with Pd bound to both the halide and the organic
group. The transmetalation (TM) step is the most characteristic
step of the reaction, in which the organic group bound to the
boron species is exchanged for the halide in the coordination
sphere at the palladium. In this way, the second organic group
is transferred to the Pd complex. The last step entails the
coupling between the two organic groups and the reduction of
the metal to Pd(0), that why it is known as reductive elimination
(RE).
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Figure 1. Catalytic cycle of a Suzuki-Miyaura reaction.
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Despite the success achieved with Suzuki-Miyaura coupling
reactions, the corresponding enantioselective versions are still
challenging.[7] SMC are commonly used for the synthesis of
biaryls, which are defined as two aromatic rings joined through
a single C� C bond. However, biaryl products possess the
characteristic of exhibiting axial chirality in the single C� C bond
due to the hindered rotation of this bond. The electronic or
steric effects from the different substituents generate a
significant rotational barrier around the formed C� C σ bond,
which enables the isolation of two distinct conformers. These
are a particular case of enantiomers that receive the name of
atropisomers, as represented in Scheme 1.[8]

Synthetic[9] and computational[10] efforts have been devoted
to set in asymmetric Suzuki-Miyaura cross-coupling reactions
for the enantioselective synthesis of biaryl atropisomers.[7,11] The
approaches were based on the design of chiral ligands to
facilitate catalytic enantioselective biaryl coupling.[12] Ascertain
the origin of the enantioselectivity in these reactions has been
matter of debate. It was thought that the enantioselectivity is
dictated by the conformation of the intermediate just prior to
the reductive elimination step. However, a thorough computa-
tional study of SMC for the synthesis of tetra-ortho-substituted
biaryls revealed that the enantioselectivity is influenced by all
the three steps in the catalytic cycle.[13]

An alternative approach for asymmetric SMC catalysis is to
leverage second coordination sphere effects, and this can be
done by means of biocatalysis.[14] In particular, artificial metal-
loenzymes (ArMs),[15] built up by combining a non-native
catalytically active transition metal cofactor within a protein
scaffold, are promising entities to provide a well-defined second
coordination sphere for asymmetric catalysis. In this direction,
Ward designed an ArM, based on the streptavidin (Sav)-biotin
technology,[16] that is able to catalyze the synthesis of chiral
biaryls by the SMC (in their worlds, an artificial Suzukiase).[17]

The design of the ArM consisted in anchoring a modified biotin
cofactor with palladium into Sav or avidin scaffold. Specifically,
the biotin cofactor is connected with a phosphine ligand of
palladium by means of a linker. Five different biotinylated Pd-
cofactors were synthesized and evaluated with either Sav or
avidin for the synthesis of a biaryl compound, 2-methoxy-1,1’-
binaphthyl (Scheme 2a).

Screening results suggested that most promising combina-
tion was wild type (wt)-Sav with catalyst C1, C2 or C3
(Scheme 2b). Previous studies on biotin-Sav ArM suggested that
position S112 and K121 could be mutated to optimize the
reaction due to its proximity to the active site. Accordingly, the
three different biotinylated catalysts were screened against a
library of Sav with mutations on S112 and K121. Results of this
screening show that higher conversions are obtained for t-Bu
catalysts (C1 and C2) than Ph catalyst (C3). Focusing only on
cofactors C1 and C2, an important feature was elucidated:
variation of the length of the linker yields different enantiomeric
products.

Mutated systems S112M and K121 A with longer biotin-
phosphine linker (C2) are the ones that afford the highest
enantiomeric excess (ee) for S enantiomer, whereas system
K121E with shorter linker (C1) affords the highest ee for R
enantiomer. For this reason, mutation K121E was identified as a
good candidate for the screening of double mutants with
cofactor C1. The results indicate that double mutant S112Y-
K121E yields the highest ee (%) and TON for R enantiomer,
which was improved up to 90% ee by varying the experimental
conditions (Table 1). This double mutant was crystallized, and
the disposition of the metallic cofactor and the mutations can
be observed in Figure 2.[17]

In the experimental study they were able to afford an
enantioselective artificial Suzukiase for the synthesis of bi-
naphthyls. However, it remains extremely challenging to ration-
alize or predict how the mutations and the length of the
different cofactors lead the preferential synthesis of one
atropisomer over the other. The main objective of this work is
to try to explain rationally and qualitatively how different

Scheme 1. Concept of atropisomers for biaryls.

Scheme 2. a) Synthesis of 2-methoxy-1,1’-binaphthyl by SMC. b) Biotinylated
cofactors experimentally tested.

Table 1. Enantiomeric excess obtained depending on Sav system and
cofactor.[17]

Protein

WT K121E K121A S112M S112Y-K121E

C1 58 (R) 76 (R) 14 (S) 90 (R)

C2 10 (S) 47 (S) 44 (S)
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enantioselectivities are obtained using an integrative computa-
tional approach[18] that we have already employed to unravel
the features of other ArMs.[19] Figure 3 schematizes the protocol
employed in the simulations, that will be described with more
detail in the Methodology section. Since it is not feasible to
study all mutated systems, this work focused on the three Sav
systems with different behaviors: WT, S112M and S112Y-K121E.

Methodology

The general workflow was composed of four steps (Figure 3): 1)
Characterization of the full reaction mechanism and identifica-
tion of key intermediates and transition states (TSs) in water
solvent using Density Functional Theory (DFT) calculations; 2)
Modeling of each Sav mutated system with precatalytic

cofactors C1 or C2 bound, introduced previously by dockings
using as input the PDB structure 5CSE,[17] and refined by
Molecular Dynamics (MD) simulations to assess the stability of
each system and the flexibility of each cofactor; 3) Insertion of
OA intermediate structures into the proteins by protein-ligand
approaches; 4) Conducting MD simulations to evaluate the
overall interaction between the protein and the intermediates
(OA) or TS (RE-TS) leading to the different stereospecific
products.[18]

DFT calculations: A mechanistic DFT study of the full
catalytic cycle of the Suzuki-Miyaura reaction was performed in
water solvent with biotinylated cofactor C1 using as substrates
1-iodonaphthalene and 2-methoxy-1-naphthaleneboronic acid.
Each intermediate and TS of the reaction step was characterized
by vibrational frequency analysis, and the Gibbs barriers were
calculated to establish the rate determining step of the reaction.
Different TSs leading to either the R or the S atropisomers were
also characterized. All geometry and frequency DFT calculations
were performed with the Gaussian16[20] programs using
B3LYP[21] functional including Grimme’s dispersion D3
(B3LYP� D3).[22]

Optimizations were carried out in water solvent (SMD
continuum model)[23] with ɛ=78.35 with basis set 1 (BS1). In
BS1 Pd atom is described by means of an SDD effective core
potential (ECP) for the inner electrons and its associated
double-ζ basis set for the outer ones,[24] complemented with a
set of f-polarization functions,[25] and the basis set 6–31G(d,p)[26]

is used for non-metallic atoms. Energies in water were refined
by means of single-point calculations at the optimized BS1
geometries using an extended basis set (BS2). BS2 consists of
the def2-TZVP basis set for the main-group atoms, and the
quadruple-ζ def2-QZVP basis set for Pd, together with the def2
ECP.[27] An additional correction of 1.9 kcal/mol was applied to
the Gibbs energies to change the standard state from the gas
phase (1 atm) to the condensed phase (1 M) at 298.15 K

Figure 2. Binding pocket of X-ray structure of double mutant S112Y-K121E
(PDB=5cse).

Figure 3. Steps followed during molecular modeling workflow.
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(ΔG1 atm!1 M). In this way, all the energy values in the energy
profiles are Gibbs energies in water solvent calculated using the
formula:

G ¼ EðBS2Þ þ GðBS1Þ� EðBS1Þ þ DG1atm!1M

Molecular dockings: Docking calculations were performed
to introduce the optimized biotinylated precatalytic cofactors
C1 or C2 bound in wt and Sav mutated systems, using as initial
input the X-ray structure of the artificial Suzukiase C1·S112Y-
K121E (pdb code: 5CSE).[17] Protein-ligand docking approaches
allowed to incorporate QM-optimized reaction intermediates or
TSs structures (both pro-R and pro-S structures) into the binding
site of the different protein systems. Docking calculations were
performed with GOLD5.8[28] with an evaluation sphere of 15 Å
and considering side-chain flexibility in key residues and the
ligand (except the biotin bicyclic moiety). Genetic algorithm
parameters were set to 50 GA runs, a minimum of 100.000
operations and the rest of the parameters were left to default.
Due to the complexity of Suzuki-Miyaura reaction and the great
variance of docking solutions it was not possible to draw any
conclusion. Instead the protocol that was followed consisted on
performing docking calculations and MD simulations with the
first intermediate of the reaction (OA), which only contains one
of the substrates. The intention was to study the behavior of
the intermediate OA containing only the first substrate in both
pro-R and pro-S conformation and then elucidate if the
entrance of the second substrate would be feasible.

Molecular dynamics simulations: The best docking results
were employed as starting points for the MD simulations which
allowed to assess the stability of each system and the flexibility
of each cofactor. All MD simulations were prepared with the
xleap from Amber20.[29] Each system was solvated using an
explicit solvent approach by embedding it into a cubic box with
a neutral charge (neutralization with Na+ and Cl� ). The
AMBER19SB[30] force field was used for proteins, GAFF[31] for
non-standard residues, ions94.lif for ions and TIP3P[32] for water.
The parameters to characterize palladium containing structures
were calculated using MCPB.py.[33] Charges were calculated
using RESP[34] (Restrained ElectroStatic Potential) model and
force constants and equilibrium parameters between metal and
residues were obtained through the Seminario method.[35] Basis
sets and parameters employed for these DFT calculations were
the same as specified previously in the DFT calculations section.

The AMBER program was used to perform the MD
simulations following a standard simulation protocol. The
Langevin integrator[36] was used with a time step of 1 fs with
periodic box conditions. The simulation was performed at
constant temperature and pressure by using a barostat coupled
to a bath of 1.01325 bar. A cut-off of 1 nm was used for non-
bonded interactions (short-range electrostatic and van der
Waals interactions) and the PME[37] method was applied for
long-range electrostatic interactions. Additionally, SHAKE[38]

algorithm was used to constrain bonds that involve hydrogen
and the rigid model was used to represent the water molecules.
To avoid steric clashes and relax the system energy minimiza-
tions were performed, followed by several equilibration steps to

heat the system from 100 K to 300 K in order to allow
thermalization of water and side-chains. Finally, production runs
of 200–300 ns were carried out. Clustering of intermediates OA
was performed using cpptraj[29] and the interactions between
the intermediates and Sav were monitored during MD
simulations using getContacts.py script. To assess the possibility
of the entrance of the second substrate, an analysis of all the
possible clashes between the second substrate and surrounding
residues was performed using Chimera UCSF.[39] This study
allowed to discern if there are favored conformations for the
entry of the second substrate. Finally, MD simulations of the RE-
TS with the two substrates were performed.

Results and Discussion

Studying the Reaction in Water with DFT

Our computational protocol starts by computing with DFT
calculations a complete energy profile of the reaction in
solution (water solvent), with location of intermediates and
transition states, using a minimal model of the reactive system.
These models are usually called theozymes.[40] Indeed, there are
some reports of asymmetric SMC catalysis in water,[41] and the
cofactor alone is able to catalyze the reaction, although with
lower conversions than with the protein and yielding a racemic
mixture.[17]

The complete Suzuki-Miyaura reaction was calculated in
water with DFT using the full biotinylated cofactor C1 as a
catalyst and iodonaphtalene and 2-methoxy-1-naphtalenebor-
onic acid as a substrate. Optimized structures of C1 and C2
biotinylated cofactor employed in DFT calculations are dis-
played in Figure S1. The Gibbs energy profile that leads to the R
atropisomer with lower barrier is represented in Figure 4. An
overall scheme of the reaction mechanism, together with 3-D
structures of all the optimized species along the catalytic cycle
are collected in the Supporting Information (Scheme S1 and
Figure S2). Over this section, we will discuss in more detail the
results of each of the three steps of the reaction and provide
more insights with supplementary calculations that have been
conducted for each step.

It has been established that, under catalytic conditions,
oxidative addition of aryl halides occurs to a 12-electron
monoligated palladium complex and the transmetalation step
proceeds via a tetracoordinate boronate intermediate with a
Pd� O� B linkage.[5] Both assumptions have been taken into
account in the computational study.

In a Suzuki-Miyaura reaction the first step is the Oxidative
Addition (OA). This first stage comprises the formation of the
adduct between the aryl halide (1-iodonaphtalene in this case)
and the biotinylated palladium catalyst C1 (Pd(PR(t-Bu)2; R=

biotinylated chain with a (� (CH2)2� ) linker). This step leads to
the OA intermediate, which contains a T-shaped tricoordinated
palladium center. The addition of the 1-iodonaphatlene can
take place via two different pathways depending on whether
the iodine (pathway A) or the aryl (pathway B) is positioned in a
trans disposition relative to the phosphine (see Supporting
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Information, Scheme S2 and Figure S3). Both pathways A and B
exhibit nearly identical Gibbs energy barrier, measuring
1.2 kcal/mol and 1.3 kcal/mol, respectively. However, when
looking at the products of the two oxidative addition pathways,
OA_B is found to be 12.4 kcalmol� 1 higher than OA_A. In OA_A
the iodine is trans to the phosphine and the aryl is pointing
toward the vacant position, while in OA_B the aryl is trans to
the phosphine. The high trans influence of the aryl destabilizes
the OA_B, as it shows the Pd� P distance (2.32 Å in OA_A and
2.43 Å in OA_B). Therefore, due to the higher stability of OA_A,
for the rest of the reaction it was decided to consider the
product of pathway A for the sake of simplicity. The results for
this first step are in concordance with DFT study of Patel et al.,
in which they calculated the Gibbs energy profile for the SMC
of tetra-ortho-substituted biaryls using different ligands.[13] Their
barrier for pathway A is 0.7 kcal/mol, the 0.5 kcal/mol difference
with our study could be attributed to the use of different
ligands or substrates.

In addition, the formation of OA_A can occur via two
pathways depending on the orientation of the naphthyl group.
The difference between the two possible OA products (OA_A1
vs OA_A2) is 0.4 kcal/mol (Figure 5a). Since none of the
products exhibit any unfavorable contacts, the energy gap
between them is small, suggesting that both products are
equally feasible in terms of energy. To assess the energetic cost
of the transition between both conformations, the rotation
around Pd� Caryl bond was analyzed. Results of this rotation
scan, depicted at Figure 5b, reveal that the rotation of this bond
has a barrier of 19.0 kcal/mol. Despite the minimal energetic
difference between OA_A1 and OA_A2, the transition between
the two products is hindered by a barrier that is too high for

reaction conditions. Therefore, it is assumed that once one
conformation is adopted, there will be no transition towards
the other conformation. This differentiation sets up the first
layer for the enantioselectivity of the reaction. For simplicity,
DFT calculations for the rest of the reaction in the energy profile
of Figure 4 were performed for OA_A1, which is slightly more

Figure 4. Gibbs energy profile in water obtained with cofactor C1. Gibbs energies in kcalmol� 1.

Figure 5. a) Intermediates formed in the oxidative addition step. b) Torsion
scan between intermediates OA_A1 and OA_A2.
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stable, and it is assumed that values for the other pathway will
be similar. We will discuss later on the consequences of this
conformational issue in OA intermediates on the enantioselec-
tivity.

In the transmetalation (TM) step, the second organic
substrate, containing a boronate group, is introduced and
initially coordinates to the Pd through one hydroxyl. In a three-
step process, the iodine and the boric acid are removed
sequentially, while the bond between the entering substrate (2-
methoxy-naphthalene) and the Pd is formed. Overall, the TM
step involves three TSs, each characterized by Gibbs energy
barriers of 1.8, 8.8 and 5.7 kcal/mol, respectively (see a detailed
scheme of the transmetalation mechanism in Scheme S3,
Supporting Information). The product of the TM has both
organic substrates bound to the Pd catalyst (preRE). It is
important to note that in this step the entrance of the second
substrate can occur in two different orientations. In the close
conformation (c) the two non-metalated rings of the
naphthalene ligands are in the same side of the plane defined
by the phosphine, palladium and metalated carbon of the
methoxy-naphthalene, while in the far (f) conformation they are
in opposite sites. Both conformations in the preRE step are
represented in Figure 6. However, for simplicity, only the far
conformation was considered in the energy profile of Figure 4.
The stability of each conformation will be studied at the last
step of the reaction (RE), in which the C� C bond between the

two substrates is formed, yielding the biaryl product. The Gibbs
energy barrier of this step is 15.8 kcal/mol, making it the highest
barrier of the full reaction and therefore the rate-determining
step. However, the computed energy profile (Figure 4) shows
that in our system oxidative addition and transmetalation steps
are irreversible, preventing the equilibration of all the inter-
mediates formed before the reductive elimination step. As
pointed out in the Patel study,[13] this result implies that all the
three steps in the catalytic cycle contribute to the overall
enantioselection.

As discussed before (Figure 5), after the OA step there are
two possible orientations for the coordinated naphthyl (OA_A1
and OA2_2) that cannot interconvert. The transmetalation step
introduces the methoxy-naphthyl in the palladium coordination
sphere, either in a far or close conformation with respect the
first naphthyl, giving rise to four possible RE-TSs. We have
computed the four RE transition states (see Figure S4, Support-
ing Information). The Gibbs energy profile in Figure 4 incorpo-
rates the lowest transition state, that involves OA_A1/far
conformation and yields the R atropisomer. The next one in
energy ordering (1.4 kcal/mol above) is OA_A2/far and yields
the S atropisomer. For both OA_A1 and OA2_2 orientations of
the naphthyl, the close RE transition states are less stable than
the far. We hypothesize that this difference (OA_A1/close: 4.3;
OA_A2/close: 5.9 kcal/mol above OA_A1/far) is caused by the
steric hindrance between the naphthyl rings in the close
conformation. Calculations performed with C2 catalytic cofactor
give the same ordering (the corresponding values are 0.0, 0.9,
3.4 and 3.7 kcal/mol, Figure S5, Supporting Information). Consid-
ering only the far conformations, from the RE relative Gibbs
energy barriers commented before it can be established that
intermediate OA_A1 leads preferentially to the R atropisomer
(pro-R), whereas the form OA_A2 leads preferentially to the S
atropisomer (pro-S). For the cofactor C1 in water the energy
difference between the lowest pro-R and pro-S TSs is only
1.4 kcal/mol. In the next sections we will analyze how this
picture is affected by the protein.

Molecular Modeling of the Protein Systems

Docking and MD Simulations with Precatalytic Cofactors

Molecular docking simulations are conducted to introduce both
precatalytic cofactors, C1 (short, � (CH2)2� ) and C2 (long,
(� CH2)3� ), into the three different Sav systems (WT, S112M and
S112Y-K121E). These precatalytic cofactors contain the biotiny-
lated Pd catalyst saturated with chloride and a cinnamyl moiety
(see Figure S1, Supporting Information). Docking solutions reveal
flexibility in the position of the cinnamyl and chloride moieties,
attributed to the rotation of the bonds in the linker region,
which is more pronounced when linker is longer in the C2
cofactor. Consequently, MD simulations are performed using as
input the best docking solutions, which were selected accord-
ing to scoring function and similarity to crystal structure. The
aim of the MD simulations is to explore the conformational
space of the protein and to assess the behavior of the two

Figure 6. Representation of far and close conformations in preRE intermedi-
ate.
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catalytic cofactors before the Suzuki-Miyaura reaction. Signifi-
cant differences are observed among distinct Sav systems and
cofactors. Considering the protein structure, it does not suffer
significant changes across the MD simulations, except some
mobility in the flanking loops between the β-barrels, which
could be relevant for the catalysis. The biotin part of
precatalytic cofactor is mainly fixed due to the presence of
several hydrogen bond interactions with Sav residues. Contra-
rily, the linker part of the cofactor and the cinnamyl moiety
display a remarkable flexibility by exploring the available
conformational space extensively. This observation is supported
by the X-ray structure of Sav-S112Y-K121E with the precatalytic
cofactor,[17] the full structure is resolved except for the cinnamyl
region, which density is not determined probably due to its
high flexibility.

From these simulations it can be determined that the
cofactors in the resting state of the reaction can acquire two
very different conformations, which will be referenced from
now on as: biotin-up and biotin-down (Figure 7). In the biotin-up
conformation, the P(t-Bu)2 of the biotinylated cofactor is in the

upper region of the binding site with the chloride and cinnamyl
moiety facing down towards the inside of the active site.
Contrarily, in the biotin-down disposition the P(t-Bu)2 of the
biotinylated cofactor is in the lower site of the binding site,
under the Pd atom, and the chloride and cinnamyl moiety,
which are facing the solvent. Depending on the system or the
length of the cofactors the tendency to be on the biotin-up or
the biotin-down disposition changes. A dihedral angle between
the catalyst (atoms Pd and P) and Sav (α-carbon from residues
99 and 100) is monitored during MD to assess the biotin
conformation (Figure S6, Supporting Information).

MD simulations with the C1 precatalytic cofactor display a
tendency for the biotin-down conformation, with the cinnamyl
and the chloride moieties facing the solvent. The short length
of the linker seems to favor the biotin-down conformation,
without the possibility of rotating towards the biotin-up
conformation. However, differences are observed between the
three systems related to the interactions of the cofactor and
close-by mutated residues (Figure S7 and Table S3, Supporting
Information). In the Sav-WT system, the biotin-down conforma-
tion is maintained during all MD simulations and the cinnamyl
moiety swings between the two sides of Sav. It either interacts
with loop containing Asn49 and His87 or Lys121 on the
opposite site. In Sav-S112M, the main disposition of cofactor C1
during the MD is also biotin-down. However, at some points the
biotinylated cofactor can rotate and acquire the biotin-up
conformation. The capability to acquire the up conformation
may be related to the mutation that has been introduced,
close-by residue Ser112 has been mutated to Met, a much
longer and hydrophobic residue. Contacts during MD simula-
tions between the precatalytic cofactor C1 are higher with Met
than in Sav-WT with Ser. Met112 mainly interacts with the P(t-
Bu)2 from the cofactor and interacts less with cinnamyl. The
rest of interactions of the cofactor and the swinging movement
between regions is also observed in this system.

In the case of Sav-S112Y-K121E, only the biotin-down
conformation is observed in the MD simulations, there is no
rotation of the biotin toward the biotin-up conformation at any
moment. The mutation of Ser112 to aromatic Tyr increases
considerably the interaction with the cinnamyl, maintaining the
precatalytic cofactor in the center of the biotin pocket. Mutation
Lys121 to Glu leads to a decrease of the interaction with
cinnamyl moiety, which also causes cinnamyl to remain in the
center of the binding site. From this analysis it can be
concluded that both mutations favor the biotin-down conforma-
tion.

MD simulations with the longer precatalytic cofactor C2
tend to acquire the biotin-up conformation, the cofactor can
switch from the biotin-down to the biotin-up. The additional
carbon atom before the P(t-Bu)2 group provides an increased
capacity for the cofactor to rotate. However, there are some
differences between Sav-WT and Sav-S112M due to the
mutation introduced. In Sav-WT, the prevalent conformation is
biotin-up, but in different monomers of Sav the transition from
biotin-up to biotin-down and vice-versa can be observed,
indicating that both conformations are inter-convertible. Con-
trarily, in Sav-S112M, when the biotin-up conformation is

Figure 7. Conformations of precatalytic cofactor C1 from MD simulations: a)
biotin-down, b) biotin-up.
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acquired, it remains in this disposition and makes no transition
to biotin-down. Once the cofactor has rotated toward the biotin-
up conformation, Met112 remains under the cofactor interact-
ing with cinnamyl hindering the transition to biotin-down.
Interaction analysis values indicates that generally Met112
interacts more with the cofactor, especially with the cinnamyl
compared to the WT (Figure S8 and Table S4, Supporting
Information). In both systems, when in the biotin-up disposition,
the cinnamyl interacts with a hydrophobic patch found in the
interface of the dimer containing Lys121, Val123 and Leu124
from both monomers.

This initial MD study reveals that the precatalytic cofactors
can acquire two different dispositions that depend both on the
length of the cofactor and the mutations introduced in the
system. It can be concluded that the relevance of this study
relies on the fact that the different dispositions of the cofactor
can affect the entrance of the two substrates.

Docking of OA Intermediates

The DFT study determined that the oxidative addition inter-
mediate, only involving the first substrate of the SMC reaction,
can have two conformations, OA_A1 or OA_A2 (Figure 5). As
discussed before, each of these OA intermediates will lead to a
far conformation (more stable than close) of RE-TS when the
two substrates are present, far-pro-R and far-pro-S depending if
they come from pathway OA_A1 or OA_A2. Therefore, the
location of the first substrate affects the binding of the second
one and the OA intermediate is the first layer of enantioselectiv-
ity. First, molecular docking of the two possible OA intermedi-
ates, pro-R-OA (OA_A1) and pro-S-OA (OA_A2) will be per-
formed, followed by MD simulations. The localization of the
intermediate OA (with only the first naphthalene substrate) will
allow to later superpose RE-TS and study if the entrance of the
second substrate would be possible. Instead of performing
calculations for all five selected cases, simulations are per-
formed for WT-C1, S112M-C2 and S112Y-121E-C1, as they have
higher ee differences (Table 1).

Docking calculations are performed for both pro-R-OA and
pro-S-OA for all Sav systems using as input the most populated
cluster of MD simulations with the precatalytic cofactor
(Table S6, Supporting information). The conformation of the
precatalytic cofactor is maintained fixed and the naphthyl
substrate and the iodine are docked, allowing rotation. In all
cases, WT-C1, S112M-C2 and S112Y-K121E-C1, no relevant
differences are found between pro-R and pro-S docking results,
the scorings values and the disposition of the substrates are
very similar. This means that the probability of the first
substrate to acquire pro-R or pro-S conformation is the same at
this stage of the reaction. Results of WT-C1 are represented in
Figure 8 as an example. The biotin pocket has been divided in
three regions that will be referred from now on as region A, B
and C. Region A includes residues Ala86 and polar residues
Asn49 or His87, region B includes mutant residue Ser112 and
Lys121 and hydrophobic residues Leu110,124. Region C in the
other monomer includes Trp241, Leu245, and mutant Lys242. In

the three cases, the substrate is found interacting with region A
of Sav, mainly with residue 112.

MD Simulations of OA Intermediates

MD simulations, initiated from the docking positions, are
performed for the three Sav systems with pro-R and pro-S OA
intermediates. Clustering of the intermediate OA is performed
using cpptraj to find the most common conformation during
the MD simulation (Figure S9, Supporting information). The
prevalence of each cluster and the tendency of the pro-R-OA
and pro-S-OA intermediates to acquire the biotin-up or biotin-
down conformation are analyzed by cluster and summarized in
Table 2. An additional study is conducted to see if the entrance
of the second substrate would be feasible by looking at the
possible clashes that would happen between the second
substrate and the protein if it were to bind. To achieve this, the
RE-TS structure is superposed to the OA intermediate during
the MD simulation to extrapolate the position of the second
substrate and the clashes are monitored with Chimera UCSF.
Mean value of clashes in each cluster are displayed in Table 2
and represented in Figure S9 of the Supporting information. To
assess the biotin-up and biotin-down conformations of pro-R-
and pro-S OA intermediates the dihedral angle between atoms
P and Pd from OA intermediate and alpha-carbon from residues
99 and 100 is monitored during MD simulations (Figure S10 of
the Supporting information).

Analysis from Table 2 yields two observations: 1) The pro-R-
OA intermediate tends to acquire the biotin-down conformation
preferably, whereas the pro-S-OA acquires the biotin-up disposi-
tion; 2) The entrance of the second substrate is more probable
for the pro-R-OA in the biotin-down conformation and for the
pro-S-OA in the biotin-up conformation. However, as we will
explain in this section, these tendencies also depend on the

Figure 8. Sav biotin-binding pocket and WT� C1 docking results for pro-S
and pro-R OA intermediates.
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mutations introduced on the system and the length of the
cofactors. Now, we will comment a bit further these two aspects
for each case and relate it to the experimental results.

In the case of S112M-C2, as seen in the MD simulations with
the precatalytic cofactor, when the cofactor is longer the
tendency to acquire biotin-up conformation increases probably
due to the ability to rotate thanks to the extra carbon in the
linker. Still, different behaviors are obtained for pro-R-OA and
pro-S-OA systems. In the pro-R-OA, during 59.1% of the
simulation the cofactor remains in the biotin-down conforma-
tion, interacting with Met112, Thr114 and Lys121 from region A
(Figure 9b). However, the cofactor slightly rotates, and the
substrate situates on top of Met112, acquiring the biotin-up
conformation during the rest of simulation (36%). On the other
hand, in the case of pro-S-OA, the cofactor almost immediately
acquires the biotin-up conformation and it is maintained during
all simulation. In the biotin-down conformation the substrate is
interacting with region B� C, naphthyl is found between Met112
and Lys242 and surrounded by hydrophobic residues, Trp241,
Leu110-124 and Lys121. The mutated Met112 changes its
rotamer position slightly when acquiring the biotin-up con-
formation, which difficulties acquiring the biotin-down confor-
mation again (Figure 9e).

The access of the second substrate is easier in the pro-S
biotin-up conformation, with fewer clashes (2.3) with surround-
ing residues compared to the pro-R-OA (5.8-9.8), suggesting
that more S product should be expected (Table 2). In the pro-R-
OA, the entrance of the second substrate has less clashes in the
biotin-down conformation and as the clashes are low in this
conformation (5.8) for most of the simulation (59%), the R
product should also be expected, but in lesser quantities than
the S product. This is in qualitative concordance with the
experimental results, 44% ee S (Table 1), indicating the
predominant formation of the S atropisomer, though with a
minor presence of the R atropoisomer.

The additional carbon of C2 cofactor allows better rotation
of the cofactors and Met112 mutation keeps the naphthyl
substrate in the biotin-up form interacting with Lys121 and the
hydrophobic patch between monomers. It can be hypothesized
that both the long cofactor and mutation S112M favor the
biotin-up conformation, consequently, the entrance of the

second substrate and reactivity is much more probable in this
pro-S-OA.

When using the cofactor with the short linker (C1) in WT-C1
and S112Y-K121E-C1, similarities can be observed in the
behavior of the pro-R-OA form, but difference in the pro-S-OA.
In both systems, for pro-R-OA, the biotin-down conformation is
observed all through the MD simulation and, depending on the
cluster, the naphthyl substrate is either interacting with region
A or with region B. For pro-S-OA, in the WT, the MD simulations
pro-S-OA starts from the biotin-down conformation and remains
in this disposition the first 23% of simulation, interacting with
region A. However, it rotates and acquires the biotin-up
conformation for remaining 71.4%, in which it is interacting
with region B� C, mainly with Lys121, Leu110-124 and Ser112
(Figure 9a,d).

In S112Y-K121E, an opposite behavior is observed (Fig-
ure 9c,f). Pro-S-OA immediately acquires the biotin-up confor-
mation, in which the naphthyl substrate is in the lower region
of the binding site interacting with Trp241 and mutated Glu242
from region B� C. However, these interactions are not main-
tained as in the WT or S112M form, in which the naphthyl is
interacting with Lys121 or Met112. Therefore, it rotates again
and for the rest of the simulation the disposition is biotin-down,
facing the solvent. In this biotin-down conformation there are
two clusters. In the first cluster, the substrate is interacting with
region B, while in the second cluster the substrate is interacting
also with region A, mainly with Tyr112. Tyr112 is precisely one
of the mutated residues, it is observed that this Tyr directly
interacts with (t-Bu)2 of cofactor. Probably, this interaction keeps
the cofactor in the biotin-down conformation causing of the
inability to rotate towards the biotin-up conformation. There-
fore, mutations S112Y and K121E favor the biotin-down
conformation.

Regarding the entrance of the second substrate for the WT,
the pro-S-OA acquires the biotin-up conformation, but in this
conformation there are more clashes (12.5) for the entrance of
the second substrate than the pro-R in the biotin-down
conformation, in which during 28% of the simulation there are
5.2 clashes. Therefore, in the WT the entrance of the second
substrate is more probable in the pro-R-OA conformation,
justifying the experimental 58% ee R. In the case of S112Y-
K121E it can be observed that the entrance of the second

Table 2. Analysis of the results of MD simulations with pro-S and pro-R OA intermediates.

proR proS

% Cluster Disposition Region Clashes % Cluster Disposition Region Clashes

Sav-S112M
C2

41.8% Down B 5.8 87.2% Up B-C 2.3

17.3% Down B 8.9% Up B-C

36% Up B-C 9.8

Sav-WT
C1

70% Down B 15.3 71.4% Up B-C 12.5

28% Down A 5.2 23% Down A 16.8

Sav-S112Y-K121E
C1

45% Down A 11.3 52.5% Down B 28.6

35.8% Down B 15.4 27.4% Down A

15.9% Up B-C 6.7
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Figure 9. Results of MD simulations of all systems for pro-R and pro-S OA intermediates. Structure of OA cluster with less clashes and interaction map between
intermediate OA and Sav regions.
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substrate is only possible in the biotin-up conformation as the
clashes are low (6.7), but this conformation is only observed in
16% of simulation. In the predominant biotin-down conforma-
tion there are too many clashes with all surrounding residues
(28.6). Experimentally, this system affords 90% ee R, which is
explained by these simulations in which only in the 16% of the
simulations the substrate would be able to enter and obtain the
S form. For the rest of the simulation of the pro-S the second
substrate would not be able to enter and afford the S product
due to the high clashes. It can clearly be stated that the
mutation of Tyr112 and Glu121 do not favor OA in the biotin-up
conformation, which is the one that is favored in the pro-S-OA.

MD Simulations with RE-TS

MD simulations of the three systems with RE-TS in pro-R and
proS conformations were performed to assess the stability of
final TS in protein environment. The cluster from previous MD
simulations with less clashes is used as input and the second
substrate is incorporated in the disposition of the RE-TS. MD
simulations with Sav-S112M show that this system favors the
biotin-up conformation. During most of the simulation of the
pro-R, it remains in the biotin-down disposition interacting with
region A, however, towards the end it acquires the biotin-up
conformation and interacts mainly with Lys121-242. This
indicates that the longer cofactor and Met allows rotating and
acquiring the other conformation. In the case of pro-S-TS the
simulation already starts from biotin-up conformation and is
also interacting with Lys121-242. In the WT and Sav-S112Y-
K12E, both TS, pro-R and pro-S remain in the same conforma-
tion at which the MD simulation starts from, biotin-down for
pro-R and biotin-up from pro-S. In both cases, the TS moves
from region B towards region A to interact manly with Asn47. In
pro-R from Sav-S112Y-K12E interacts with Tyr112, stabilizing the
TS, while in the case of WT Ser does not interact. In the pro-S
form from WT interaction with Lys242 is maintained during all
simulations stabilizing the TS, whereas in the double mutant
there is no interaction with E242. These differences in
interactions may be related to the favor of R in double mutant,
as pro-R is more stabilized by Tyr and pro-S in the WT.

Conclusions

We have studied, by means of an integrative computational
approach involving DFT calculations, molecular dockings and
MD simulations, the synthesis of enantioenriched binaphthyls
catalyzed by an artificial Suzukiase assembled by Ward et al. by
incorporating an electron-rich phosphino-palladium moiety
(Pd(P(t-Bu)2) within a protein (Sav),[17] using biotin-streptavidin
technology. Two main features of this system have been
analyzed: the influence of the length of the spacer between the
biotin anchor and the Pd(P(t-Bu)2 on the biaryl enantiomer
obtained and the effect of mutations on the reaction outcome.
First, the DFT study of the reaction mechanism of SMC biaryl
formation in water allows location of all intermediates and

transition states along the reaction course and to build up with
them a complete Gibbs energy profile for the reaction. Despite
the reductive elimination step is the rate-determining step, the
oxidative addition and transmetalation steps appear to be
irreversible, preventing equilibration of all the intermediates
formed to start the reductive elimination step, as already found
in a computational investigation of Pd-catalyzed Suzuki-Miyaura
cross-coupling synthesis of tetra-ortho-substituted biaryls em-
ploying P-chiral phosphine ligands.[13] This finding implies that
all the three steps contribute to the chiral enantioselection. In
this way, one pro-R and one pro-S intermediate are found as a
product of the oxidative addition step.

Docking calculations, followed by molecular dynamics
simulations of the precatalytic cofactors, in which palladium is
bonded to a chloride and an cinnamyl ligand, with both the
short (ethyl, C1) and long (propyl, C2) cofactors have disclosed
that the cofactors can acquire two very different conformations
in the protein system, that we have named as biotin-up and
biotin-down. The dihedral angle between atoms P and Pd of the
cofactor and alpha carbons from residues 99 and 100 can be
used to assess biotin-up and biotin-down conformations and
monitoring its changes along MD simulations.

In principle, the cofactor with the shorter linker C1 prefers
the biotin-down conformation whereas that with the longer
linker C2 would prefer the biotin-up one. However, these
preferences are affected by mutations, which determine if the
two conformations can be exchanged of they are kept along
the simulation.

The biotin-up and biotin-down conformations are also found
in the oxidative addition intermediates. Molecular Dynamics
simulation of these oxidative addition intermediates shows that
the pro-R OA intermediate tends to preferably acquire the
biotin-down conformation, whereas the biotin-up conformation
is favored for the pro-S OA intermediate. Moreover, introducing
into the MD simulations the structure of the transition state of
the reductive elimination reveals that the entrance of the
second substrate is more probable for the pro-R OA intermedi-
ate in the biotin-down conformation and for the pro-S OA
intermediate in the biotin-up conformation. However, these
tendencies are influenced by the mutations introduced in the
system and the length of the cofactors.

Overall, the findings of this study unravel that the
enantiomeric differences found experimentally can be rational-
ized by the disposition of the first intermediate, coming from
the oxidative addition step, and the entrance of the second
substrate. DFT calculations reveal the overall Suzuki-Miyaura
mechanism and indicate that the oxidative addition is the first
layer for the enantiodiscrimination and the reductive elimina-
tion is the rate determining step. MD simulations of the
oxidative addition step with both pro-R and pro-S products
shed light on how their dispositions determine the entrance of
the second product and its regioselectivity. From this work it
can be concluded that the combination of DFT calculations,
molecular dockings and MD simulations can be used to
rationalize artificial metalloenzymes. Furthermore, it highlights
that standard protocols for the design of ArMs have to be
adapted to the catalytic reaction in question to understand the
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whole concept. The insight at a molecular level on the action
mechanism of Ward’s artificial Suzukiase has also showcased
the difficulties facing to control the enantioselection when
engineering ArM to catalyze enantioselective Suzuki-Miyaura
couplings. There is still a lot of room for improvement, and we
hope that computational simulations as those collected in this
work can contribute to that.

Supporting Information

Supporting information available: Schemes of all the steps of
the reaction mechanism, 3-D views, absolute energies and
cartesian coordinates of DFT optimized structures, MD simu-
lations of precatalytic cofactors and docking and MD simula-
tions with OA intermediates.
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