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ABSTRACT: An artificial imine reductase results upon
incorporation of a biotinylated Cp*Ir moiety (Cp* =
C5Me5

−) within homotetrameric streptavidin (Sav) (referred
to as Cp*Ir(Biot-p-L)Cl] ⊂ Sav). Mutation of S112 reveals a
marked effect of the Ir/streptavidin ratio on both the
saturation kinetics as well as the enantioselectivity for the
production of salsolidine. For [Cp*Ir(Biot-p-L)Cl] ⊂ S112A
Sav, both the reaction rate and the selectivity (up to 96% ee (R)-salsolidine, kcat 14−4 min−1 vs [Ir], KM 65−370 mM) decrease
upon fully saturating all biotin binding sites (the ee varying between 96% ee and 45% ee R). In contrast, for [Cp*Ir(Biot-p-L)Cl]
⊂ S112K Sav, both the rate and the selectivity remain nearly constant upon varying the Ir/streptavidin ratio [up to 78% ee (S)-
salsolidine, kcat 2.6 min−1, KM 95 mM]. X-ray analysis complemented with docking studies highlight a marked preference of the
S112A and S112K Sav mutants for the SIr and RIr enantiomeric forms of the cofactor, respectively. Combining both docking and
saturation kinetic studies led to the formulation of an enantioselection mechanism relying on an “induced lock-and-key”
hypothesis: the host protein dictates the configuration of the biotinylated Ir-cofactor which, in turn, by and large determines the
enantioselectivity of the imine reductase.

■ INTRODUCTION

Artificial metalloenzymes result from the incorporation of a
catalytically competent organometallic moiety within a macro-
molecule.1−13 Thus far, three anchoring strategies have been
pursued to ensure localization of the abiotic cofactor within a
well-defined second coordination sphere environment:14

covalent, dative, or supramolecular. One of the most attractive
features of such systems results from combining both chemical
and genetic optimization strategies. In this context, the biotin−
streptavidin technology has provided a propitious playground
for the creation and optimization of artificial metalloen-
zymes.1,15−18 Tethering a biotin anchor to a catalyst precursor
ensures that, in the presence of streptavidin (Sav hereafter), the
metal moiety is quantitatively incorporated within the host
protein. Importantly, the dimer of dimers nature of the Sav
homotetramer provides two ideally sized biotin-binding
vestibules, each capable of accommodating (up to) two
biotinalyted catalysts as well as the corresponding substrates.
However, as the biotin-binding vestibule is fairly shallow, upon
incorporation, the biotinylated catalyst tends to be poorly
localized, as reflected by the low metal occupancy in the
corresponding X-ray structures.19−22 This ill-defined cofactor
localization, combined with the vast genetic optimization
potential, offers an opportunity but also a challenge for rational
structure-based design.

We recently reported on an artificial imine reductase,
asymmetric transfer hydrogenase (ATHase hereafter), resulting
from incorporation of a biotinylated Cp*Ir-moiety within
streptavidin ([Cp*Ir(Biot-p-L)Cl] ⊂ Sav hereafter) (Cp* =
C5Me5

−, Scheme 1). We showed that, upon substituting Sav
Ser112 with either an alanine or a lysine (i.e., S112A or S112K),
both enantiomers of salsolidine 2 could be produced in 96% ee
(R)- and 78% ee (S)-configuration, respectively (Scheme
1).21,23 This single-point mutation thus leads to a difference
in transition state Gibbs energy δΔG⧧ = 3.5 kcal·mol−1 between
both enantiomers at room temperature.24 Herein, we present

Received: August 20, 2014
Published: October 15, 2014

Scheme 1. Artificial Imine Reductase (ATHase) for the
Production of Both Enantiomers of Salsolidine 2

Article

pubs.acs.org/JACS

© 2014 American Chemical Society 15676 dx.doi.org/10.1021/ja508258t | J. Am. Chem. Soc. 2014, 136, 15676−15683

pubs.acs.org/JACS


our efforts to rationalize the effect of point mutations on the
structure and catalytic performance of both ATHases.

■ RESULTS AND DISCUSSION
Michaelis−Menten Behavior of ATHase. In order to gain

insight on the kinetics of the two ATHases, we set out to
determine the saturation kinetics and the corresponding
enantioselectivity for both [Cp*Ir(Biot-p-L)Cl] ⊂ S112A and
[Cp*Ir(Biot-p-L)Cl] ⊂ S112K at various Ir/Sav ratios. In
previous screening studies, we typically set this ratio to 2. The
fully loaded X-ray structure of [Cp*Ir(Biot-p-L)Cl] ⊂ S112A
(PDB code 3PK2)21 suggests that the four biotinylated
cofactors are arranged as two pairs with the Cp* moieties of
each pair within van der Waals contact. We thus speculated that
the Ir loading (i.e., Ir/Sav ratio) may have a significant influence
on the catalytic performance of the ATHase.25 The Michaelis−
Menten behavior and enantioselectivity were determined in
triplicate at four different Ir/Sav ratios (1, 2, 3, and 4 vs
tetrameric streptavidin) for both S112A and S112K ATHase as
well as for the bare catalyst [Cp*Ir(Biot-p-L)Cl]. The data is
displayed in Figure 1 and collected in Table 1.

As can be appreciated from these data, the kinetic and
selectivity behavior of both ATHases differ markedly. The
following trends emerge:

(i) For [Cp*Ir(Biot-p-L)Cl] ⊂ S112A, upon increasing the
Ir/Sav ratio beyond 2, the rate decreases (kcat determined vs
[Ir]) and the Michaelis constant KM increases. These
observations suggest that neighboring [Cp*Ir(Biot-p-L)Cl]
moieties experience significant steric interaction, leading to a
decrease in enzyme−substrate affinity and rate. The modest
substrate inhibition (derived from fitting the saturation kinetics
behavior with the Haldane equation)26 at Ir/Sav = 1.0 suggests
that the biotin-binding vestibule may accommodate the
prochiral imine substrate within the empty biotin-binding site.
Strikingly, the ee drops sharply to 45% (R)-salsolidine 2 at Ir/
Sav = 4.0. This suggests that, upon saturating all biotin-binding
sites with [Cp*Ir(Biot-p-L)Cl], the second coordination sphere
environment around the metal, which is responsible for the
enantioselection, differs significantly from that at lower Ir/Sav
ratios.
(ii) For [Cp*Ir(Biot-p-L)Cl] ⊂ S112K, upon increasing the

Ir/Sav ratio, kcat, KM, and ee remain essentially constant. These
observations suggest that all four [Cp*Ir(Biot-p-L)Cl] moieties
operate largely independently, irrespective of the presence or
absence of a catalytic moiety in the adjacent biotin-binding site.
The substrate inhibition, observed at Ir/Sav = 1.0, is lifted upon
increasing the metal loading.
A possible explanation for the striking difference in behavior

of the S112A- and S112K-derived ATHases may lie in different
binding affinities of the biotinylated cofactor [Cp*Ir(Biot-p-
L)Cl] for the respective host proteins. Indeed, if only two
cofactors bind to S112A with high affinity, one would anticipate
an erosion of enantioselectivity upon increasing the Ir:S112A
ratio beyond 2. To test this hypothesis, we estimated the
binding affinity of [Cp*Ir(Biot-p-L)Cl] for both S112A and
S112K using the 2-(4-hydroxyphenylazo)benzoic acid (HABA)
displacement assay.27 HABA displays millimolar affinity for
streptavidin. The resulting host−guest complex HABA ⊂ Sav
exhibits an absorbance at 506 nm. Addition of a biotinylated
probe (with higher affinity than HABA) leads to a gradual
decrease of the absorbance at λmax = 506 nm.
This displacement titration procedure was performed with

[Cp*Ir(Biot-p-L)Cl] using both S112A and S112K. In both
cases, the displacement titration curves were nearly identical to
those obtained for biotin (see Figure SI1, Supporting
Information). Most importantly, they reached a minimum at
ca. 4.0 equiv, unambiguously demonstrating that up to four
[Cp*Ir(Biot-p-L)Cl] cofactors have similar affinities for both
S112A and S112K. Unfortunately, the linear profiles of the
displacement assay precluded a precise determination of the

Figure 1. Saturation kinetics profiles of [Cp*Ir(Biot-p-L)Cl] ⊂ S112A
(left) and [Cp*Ir(Biot-p-L)Cl] ⊂ S112K (right) for the production of
salsolidine. The initial rates are displayed with respect to the
concentration of iridium. [Sav] = 25 μM (corresponding to [biotin
binding sites] = 100 μM) was held constant, varying the Ir/Sav ratio
from 1.0 (blue data points) to 2.0 (red data points), 3.0 (green data
points), and 4.0 (magenta data points). For comparison, the initial
rates for the free [Cp*Ir(Biot-p-L)Cl] catalyst are displayed (50 μM,
black data points). The black solid lines correspond to the fit obtained
either using the Michaelis−Menten or the Haldane equation (see
Table 1).

Table 1. Michaelis−Menten Parameters and Enantioselectivity for the Production of Salsolidine 2 Using Artificial ATHase

entry Sav mutant eq [Ir]a eec kcat/[Ir] (min‑1)d,e KM (mM)d KI (mM)d

1 no Sav −b 0 8 ± 0.41 120 ± 18 0
2 S112A 1.0 93 14.1 ± 1.7 65 ± 16 3201 ± 3015
3 2.0 92 11.4 ± 0.7 74 ± 17 0
4 3.0 89 6.8 ± 0.5 80 ± 19 0
5 4.0 45 4.3 ± 1.1 370 ± 175 0
6 S112 K 1.0 −70 2.7 ± 0.83 82 ± 47 1073 ± 1138
7 2.0 −74 2.6 ± 0.08 95 ± 9 0
8 3.0 −76 3.3 ± 0.13 119 ± 14 0
9 4.0 −78 3.3 ± 0.17 151 ± 21 0

aEq [Cp*Ir(biot-p-L)Cl] versus free biotin binding sites. bCorresponds to an [(Cp*Ir(biot-p-L)Cl)] = 50 μM, no Sav present. cPositive values
correspond to (R)-salsolidine 2, negative values correspond to (S)-salsolidine 2. dErrors represent standard errors derived from triplicate
measurements. ekcat determined vs [Ir].
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affinity. Such a linear profile, however, sets a lower limit for the
affinity constant (i.e., Ka > 109 M−1) and thus ensures that
>99% of the cofactor is bound to either S112A or S112K at full
saturation.
Taken together, these results suggest that the second

coordination sphere around S112K ATHase differs significantly
from that of the S112A mutant. With the X-ray structure of this
latter mutant at hand, we set out to structurally characterize
[Cp*Ir(Biot-p-L)Cl] ⊂ S112K by X-ray crystallography.
X-ray Structure of [Cp*Ir(Biot-p-L)Cl] ⊂ S112K. Crystals

of complex [Cp*Ir(Biot-p-L)Cl] ⊂ S112K Sav were obtained
by the soaking technique at pH 8.0, and diffraction data were
collected at the synchrotron to 2.5 Å resolution. Upon refining
the streptavidin structure, residual electron density in the 2Fo −
Fc map remained in the biotin-binding cavity (Figure 2). The
anomalous dispersion density map revealed two peaks (4.5 and
4.0 Å) in the vestibule that coincided with two strong peaks in
the Fo − Fc omit map (11.5 and 5.4 σ). The density was
modeled with the [Cp*Ir(Biot-p-L)Cl] cofactor in two

conformations (A and B with occupancies of 60% and 40%,
respectively) related by a rotation of 180° around the Cbenzene−
Ssulfonamide bond (Figure 2). No electron density for any
additional ligands at iridium (e.g., Cp*, Cl− or H2O etc.) could
be detected in the Fo − Fc omit map. We hypothesize that this
may be due to the flexibility of the cofactor within the shallow
biotin-binding vestibule. In the Fo − Fc omit map, no residual
electron density was detected to model the side chain of
Lys112, suggesting a high flexibility. However, upon modeling
its side chain in an extended conformation, electron density
became visible in the 2Fo − Fc map (Figure 2). In this
conformation, the distance Nζ-Lys112−Ir is 2.3 Å, suggesting a
bonding interaction between Ir−N. We assume that the three
remaining free coordination sites are occupied by Cp*−, thus
suggesting an absolute configuration of the metal of RIr.
Orientation A produced similarities to the cofactor in structure
[Cp*Ir(Biot-p-L)Cl] ⊂ S112A Sav (PDB code 3PK2,21 Figure
SI2a, Supporting Information) while the cofactor conformation
B shares similarities with its counterpart in structure [(η6-
benzene)Ru(Biot-p-L)Cl] ⊂ Sav-S112K (PDB code 2QCB,19

Figure SI2b, Supporting Information).
Unfortunately, the absence of the substrate in the crystal

structure and the apparent flexibility of both the cofactor and
the lysine 112, as well as the lack of Cp* and Cl− densities, do
not allow one to establish a molecular relationship for the ee
and rates observed for both mutants. We thus turned to
docking simulations to gain further structural insight.

Docking Simulations. In order to analyze the kinetic- and
ee profiles, several molecular features of the ATHase were
addressed by computational means, as summarized in Scheme
2: (i) Do Sav S112A and Sav S112K have any preference for
binding [Cp*Ir(Biot-p-L)Cl] in a given absolute configuration
at the metal? (ii) What is the complementarity between the
cofactor and the substrate? (iii) What is the influence of the
occupation of one biotin binding site on the catalytic profile of
the adjacent cofactor?

Figure 2. Close-up view of the cofactor conformations A (a) and B (b)
in stick-representation modeled into the biotin binding site in the
crystal structure of [Cp*Ir(Biot-p-L)Cl] ⊂ S112K Sav (PDB code
4OKA). Only one Sav dimer (monomers are highlighted in gray and
brown, respectively) is depicted for clarity, the Cp*− and Cl− could
not be located and are thus not displayed. The green cylinder
highlights the Nζ-Lys112···Ir contact. The 2Fo − Fc electron density
and the anomalous difference density map are highlighted in
aquamarine and red and are contoured at 1 σ and 2.5 σ, respectively.

Scheme 2. Stepwise Docking Strategy Used To Identify (i)
Enantiodiscrimination between a Model Dimeric
Streptavidin Sav1/2 and (rac)-[Cp*Ir(Biot-p-L)Cl] and (ii)
Critical Interactions between the ATHase and the Prochiral
Imine Substrate
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To address these questions, a stepwise computational process
was performed. Calculations were first carried out for S112A
and S112K with a single biotinylated catalyst [Cp*Ir(Biot-p-
L)Cl] per Sav dimer (Sav1/2 hereafter: Sav is best described as a
dimer of dimers with two close-lying biotin binding sites) with
either (RIr)- or (SIr)-metal configuration. In a second step, an
additional [Cp*Ir(Biot-p-L)Cl] moiety, either with an (RIr)- or
an (SIr)-configuration, was docked in the host dimer model for
both S112A Sav1/2 and S112K Sav1/2. At both stages, the
dihydroisoquinoline substrate 1 was docked to identify how the
prochiral substrate may reach a reactive location in the various
ATHases (Scheme 2). The dockings were performed with
allowing full flexibility of the iridium complex. For the S112K
mutant, the lysine was also allowed to freely move using a
library of rotameric states.28 Finally, in order to study the
possible coordination between Lys112 and the iridium atom
upon binding, dockings were performed first using an
pseudoatom type implemented in GOLD and simulating an
electron deficient metal and then optimizing the best energy
complexes using the QM/MM approach ONIOM-
(PBE:AMBER) with an extended basis set and a flexible
binding sphere of out 10 Å around the metal center.30

Identification of the Preferred Metal Configuration
for [Cp*Ir(Biot-p-L)Cl]⊂S112A Sav. Despite the absence of
density for the Cp* and the Cl− of the organometallic cofactor,
the X-ray structure of [Cp*Ir(Biot-p-L)Cl] ⊂ S112A21 suggests
the presence of a diastereopure complex, (SIr)-[Cp*Ir(Biot-p-
L)Cl], snuggly embedded within Sav S112A. Because a
“racemic at iridium” biotinylated cofactor was used for soaking
the Sav crystals, this result implies an enantiodiscrimination by
the protein environment on the metal center. In order to better
ascertain this configurational preference, (RIr)- and (SIr)-
pseudoenantiomers were docked within S112A Sav1/2 (see
the Supporting Information). The lowest energy orientations
for the (SIr)- and (RIr)-moieties were predicted to have good
binding affinities (about 40 scoring units) with a slight
preference for the (SIr)-metal over the (RIr)-cofactor (no
more than 1.2 scoring units; see Table 2). However, this
preference may be higher than predicted by the pure scoring
function. Indeed, analysis of the energetic breakdown of both
binding modes shows a clear preference for SIr in absolute
energetic terms ΔG (about 5 kJ·mol−1 as reported in Table SI2,

Supporting Information). Only corrective terms associated with
internal degrees of freedoms penalize this binding mode,
something for which scoring functions are currently not
accurate for organometallic compounds (i.e., no relaxation of
the first coordination sphere upon binding).29

The most stable binding modes of the cofactor in the
[Cp*Ir(Biot-p-L)Cl] ⊂ S112A structure were superposed with
the X-ray structure.21 The resulting RMSD is 1.0 and 2.0 Å for
SIr and RIr, respectively [Figures SI3a (Supporting Information)
and 3a]. Both energetic and RMSD considerations suggest that
the (SIr)-metal center better fits the protein vestibule.

To understand how this complementarity could impact the
enantioselectivity observed experimentally, docking of the
imine 1 substrate was performed on both (RIr)- and (SIr)-
cofactor-loaded streptavidin. The conformational search was
restrained to a reasonable distance for hydride transfer with all
the remaining degrees of freedom entirely allowed. It is
important to mention that the chloride was substituted by its
corresponding hydride in those calculations, hence leading to
an inversion of the configuration at the metal by virtue of the
Cahn−Ingold−Prelog priorities: (SIr)-[Cp*Ir(Biot-p-L)Cl] be-
comes (RIr)-[Cp*Ir(Biot-p-L)H]. The best docked structures

Table 2. Summary of the Docking Results of the
Pseudoenantiomers of [Cp*Ir(Biot-p-L)Cl] Catalyst in the
S112A and S112K Sav

host protein
cofactor
config scorea

RMSDb

(Å)

S112A SIr 44.4 1.0
RIr 43.2 2

S112 K SIr 51.5 1.7A

RIr 58.6 1.4A

(SIr)-[Cp*Ir(Biot-p-L)Cl] ⊂ S112A SIr 43.1 1.3
RIr 43.9 3.2

(RIr)-[Cp*Ir(Biot-p-L)Cl] ⊂ S112K SIr 42.5 2.8B

RIr 44.4 3.0B

aScores correspond to dimensionless ChemScore values as established
in GOLD.29,34 bRoot mean square deviations (RMSD) for lowest
energy docking solution vs X-ray structures. For S112K, the RMSD
values are for the experimental binding modes that present the best
structural overlap with conformer A (indicated by A) and with
conformer B (indicated by B).

Figure 3. Representation of the lowest-energy orientation obtained for
the docking for the preferred pseudoenantiomers in both the S112A
((SIr)-[Cp*Ir(Biot-p-L)Cl], top) and the S112K mutants ((RIr)-
[Cp*Ir(Biot-p-L)Cl], bottom). Monomers A and B are depicted in
green and blue, respectively. For comparison, the crystallographically
determined position of the cofactors is highlighted as yellow and
orange ghost structures in the S112A and S112K models, respectively
(in the latter case only conformation A is depicted for clarity).
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for the (RIr)-[Cp*Ir(Biot-p-L)H] ⊂ S112A reveals substrate 1
located deep inside the opposite biotin binding cavity (Figure
SI3a, Supporting Information), while the same calculation for
(SIr)-[Cp*Ir(Biot-p-L)H] ⊂ S112A leads to a highly solvent
exposed prochiral imine 1 with limited interactions with surface
residues of the host protein, a situation unlikely to provide the
highly enantioenriched product 2 (Figure SI3b, Supporting
Information).
Taken together, the docking studies suggest that with a

unique cofactor loaded monomer per dimer of S112A the
reaction proceeds via an (RIr)-[Cp*Ir(Biot-p-L)H] ⊂ S112A
Sav to afford highly enantioenriched (R)-salsolidine 2. These
observations are consistent with the experimental results, thus
giving us confidence to model the [Cp*Ir(Biot-p-L)H] ⊂
S112K ATHase.
Identification of the Preferred Metal Configuration

for [Cp*Ir(Biot-p-L)Cl] ⊂ S112K Sav. The above method-
ology was applied to analyze the ATHase derived from the
S112K Sav mutant, considering both the (RIr)- and (SIr)-
[Cp*Ir(Biot-p-L)Cl] cofactor configurations. Calculations were
first performed with a coordinatively saturated metal (i.e., no
coordination with amino acid side chains).
For both pseudoenantiomers, the lowest energy binding

modes of the biotinylated catalyst fit well with the
conformation A observed in the X-ray structure (Table 2).

The predicted lowest energy binding modes for the (SIr)- and
(RIr)-[Cp*Ir(Biot-p-L)Cl] cofactors were 51.5 and 58.6 score
units, respectively, thus suggesting that the (RIr)-pseudoenan-
tiomer is energetically favored (Table 2 and Figure 3b).
As suggested by the X-ray data, we further explored the

ability of Lys112 to coordinate the iridium metal by
reproducing in silico this phenomenon. To this end, and
because of the need to account for the formation of a
coordination bond, we applied an integrative protocol suited to
simulate interactions between organometallic cofactors and
protein residues, a feature absent from usual protein−ligand
docking approaches.30

A protein−ligand docking with optimized parameters for
treating metals with a vacant coordination site allied with QM/
MM refinements (see the Supporting Information) suggests
that Lys112 can interact only with the cofactor leading to an
(SIr)-configuration upon coordination (resulting from Cl−

substitution from (RIr)-[Cp*Ir(Biot-p-L)Cl]). The QM/MM
simulation confirmed an Ir−Lys112A contact with an Ir−
NζLys112A distance of 2.2 Å. The calculated RMSD between the
QM/MM-minimized structure and the A conformation in the
S112K X-ray structure is 0.8 Å, suggesting that the experimental
orientation is compatible with a coordination of the catalyst by
Lys112A (Figure SI4, Supporting Information).

Figure 4. Representation of the models of a fully loaded dimer of the Sav tetramer. Most relevant residues are in stick representation. Monomer A is
depicted in green and monomer B in blue. Top: Mutant S112A with two (SIr)-[Cp*Ir(Biot-p-L)Cl] cofactors (a) or one (SIr)- and one (RIr)-
[Cp*Ir(Biot-p-L)Cl] (b). Bottom: Mutant S112K with two (RIr)-[Cp*Ir(Biot-p-L)Cl] cofactors (c) or one (RIr)- and one (SIr)-[Cp*Ir(Biot-p-L)Cl]
(d).
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Interestingly, the dockings with and without direct
interaction between NζLys112A and the metal led to nearly
overlapping orientations (RMSD 0.7 Å). This suggests that the
coordination of the lysine to the metal is not determinant in
fixing the orientation of the cofactor within the binding site but
likely that an equilibrium exists in solution between bound and
unbound iridium center. At this stage, however, none of the
docking solutions led to the alternative conformation B of the
cofactor as identified in the X-ray structure.
To decipher the influence of the absolute metal configuration

of the cofactor in determining the catalytic environment, the
dihydroisoquinoline 1 was docked on both (RIr)- and (SIr)-
[Cp*Ir(Biot-p-L)H] ⊂ S112K ATHases (Figure SI3c,d,
Supporting Information). The results show that the substrate
is challenged to reach the hydride only in the (RIr)-
[Cp*Ir(Biot-p-L)H] configuration (Figure SI3c, Supporting
Information). We thus hypothesize that the (SIr)-[Cp*Ir(Biot-
p-L)H] ⊂ S112K is the preferred metal configuration, both in
terms of stability and activity. However, protein−ligand
dockings are not accurate enough to predict the enantioprefer-
ence for the reduction process. Simulations involving quantum
mechanical based techniques and a wide exploration of the
precatalytic state of the enzyme would be needed for this
purpose.
Taken together, this first part of the computational analysis

of the ATHases suggests that S112K and S112A mutants
stabilize different pseudoenantiomers of the embedded catalyst.
This in turn offers different second coordination sphere
environments for the approach of the substrate 1. For the
homogeneous transfer-hydrogenation catalyst pioneered by
Noyori and co-workers, the critical role of the chirality at the
metal is well-documented:31,32 the enantiopure aminosulfona-
mide ligand enforces one configuration at the metal that, in
turn, dictates which prochiral face of the substrate can approach
the hydride to afford the preferred enantiomer of the product.
In the present case, we hypothesize that the host protein
influences the enantiodiscriminating step in a similar way:
incorporation of a configurationally labile piano stool moiety33

[Cp*Ir(Biot-p-L)Cl] within the host protein favors one
configuration at the metal: (SIr)-[Cp*Ir(Biot-p-L)Cl] ⊂
S112A and (RIr)-[Cp*Ir(Biot-p-L)Cl] ⊂ S112K. This by and
large dictates which enantiomer of salsolidine 2 is produced.
Additional interactions between the substrate and the host
protein contribute to fine-tune the enantioselectivity, eventually
leading to salsolidine 2 in up to 96% ee R and 78% ee S for
S112A and S112K ATHases, respectively.
Structural Consequences of Increasing the Ir/Sav

Ratio in [Cp*Ir(Biot-p-L)Cl] ⊂ S112A and S112K. Addi-
tional docking simulations were performed on (SIr)-[Cp*Ir-
(Biot-p-L)Cl] ⊂ S112A to identify how a second cofactor may
affect the structure and the corresponding activity of the fully
loaded Sav1/2 (which in turn helps rationalize the mechanism of
the fully loaded tetrameric Sav). Both the (SIr)- and the (RIr)-
cofactors were docked in the second pocket of Sav1/2 (Figure
4a,b). The small difference in scores (Table 2) shows that there
is no significant chiral discrimination for the binding of the
second cofactor. Inspection of the structure reveals that for the
(SIr,SIr)-system, both chlorides point toward each other with a
short Cl−Cl distance (3.8 Å) (Figure 4a). In this configuration,
there is little space for the dihydroisoquinoline 1 to approach
the catalyst. Therefore, it is expected that the fully loaded
(SIr,SIr)-[Cp*Ir(Biot-p-L)Cl]2 ⊂ S112A ATHase displays
limited activity (Figure SI5a, Supporting Information). In

stark contrast, in the (SIr,RIr)-[Cp*Ir(Biot-p-L)Cl]2 ⊂ S112A,
the (RIr)-cofactor better fits into the adjacent cavity offering its
chloride face accessible for the substrate. However, the Cp*
ligand of this same catalyst impedes the access of the substrate
1 to the hydride of the adjacent (SIr)-enantiomer, thus eroding
the activity rate of the Sav1/2 [Figures 4b and SI5b (Supporting
Information)].
Protein−ligand dockings were also performed with (SIr)- and

(RIr)-metal cofactors on the (RIr)-[Cp*Ir(Biot-p-L)Cl] ⊂
S112K model. Although little energy differences were observed
(Table 2), structural differences were substantial (Figure 4c).
The (RIr,RIr)-[Cp*Ir(Biot-p-L)Cl]2 ⊂ S112K hybrid presented
both chlorides facing the Lys112 of the same monomer where
the biotinylated cofactor is bound, whereas in the RIr,SIr
combination the docked (SIr)-cofactor has its chloride facing
the interface of the two monomers (Figure 4d). Docking
calculations with the dihydroisoquinoline 1 substrate in both
hybrids revealed that in the RIr,RIr case, each monomer is active
and behaves independently with no interaction between the
adjacent cofactors (Figure SI5c, Supporting Information), while
in the RIr,SIr model, only the (RIr)-cofactor embedded
monomer should be catalytically active, as the substrate is
challenged to reach the (SIr)-cofactor (Figure SI5d, Supporting
Information). Therefore, only the (RIr,RIr)-[Cp*Ir(Biot-p-
L)Cl]2 ⊂ S112K model is consistent with the experimental
data gathered for the S112K ATHase, where a nearly constant
rate irrespective of the number of Ir equivalents (Table 1) is
observed. Those results are essentially unaltered when
considering the possibility of Lys112 to coordinate to the
iridium center. Those calculations actually predict that two
homogeneous catalysts could bind the same Sav1/2 dimer, each
one of them interacting with a different Lys112. We
hypothesize that the Ir−lysine interactions might favor the
rapid epimerization of the piano stool moiety during the
catalytic cycle. More insight on the regeneration of the catalyst
through the use of formic acid would be needed and should
answer whether this contact has a role in the catalytic cycle or it
is just an artifact created by the crystallization conditions.
Interestingly, in most calculations of the (RIr,RIr)-[Cp*Ir-

(Biot-p-L)Cl]2 ⊂ S112K model with or without the metal
coordinated by Lys112, low-energy solutions present the
second cofactor in a binding mode closer to orientation B,
with some of them reaching an RSMD < 1 Å. Since this binding
mode is absent in the simulations performed for the binding of
the first cofactor, these results suggest that a B-like
conformation could be stabilized when the adjacent monomer
is loaded. This suggests that the two monomers of a fully
loaded dimer present a mixture of A and B-like orientations and
have different second coordination sphere environments for the
metal. Simulations to reproduce two cofactors with an
orientation B as it stands in the X-ray structure lead to no
enantiopreference for the metal center by the protein scaffold
[both (RIr)- and (SIr)-enantiomers of the cofactors have similar
binding energies]. In the resulting orientations, the chloride is
systematically exposed to the solvent and neither the chirality of
the metal nor the contacts of the protein in its second
coordination sphere can help rationalize the enantioselectivity
observed experimentally.
For both cofactors, the respective protein environment

surrounding the substrate docked in the (RIr,RIr)-[Cp*Ir(Biot-
p-L)Cl]2 ⊂ S112K hybrid are slightly different, and in both
cases, the prochiral imine is exposed to the solvent. This
suggests that the enantioselection is by and large dictated by
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the chirality at the metal rather than second coordination
sphere interactions between the prochiral imine and the
protein. This contrasts with (SIr)-[Cp*Ir(Biot-p-L)Cl] ⊂
S112A, where the substrate 1 is surrounded by a protein
cavity, thus contributing to fine-tune the enantioselectivity (up
to 96% ee)

■ CONCLUSION AND OUTLOOK
Combining structural and kinetic data with the docking
simulations, the following mechanistic insights can be inferred
for the ATHases (Table 3).

1. [Cp*Ir(Biot-p-L)Cl] ⊂ S112A. (i) The first cofactor
binds with an (SIr)-configuration of the metal (Figure 3a). In
this situation the system reaches its maximum rate and highest
enantioselectivity (Table 1, entry 2). Relying on a QM/MM
study, we recently analyzed the subtle details of enantiose-
lection for this system, highlighting the critical involvement of
Lys121 in stabilizing the substrate via cation−π interactions.23

(ii) On the basis of the above docking studies, we anticipate
that the second cofactor binds to the opposite dimer of the
tetrameric streptavidin, thus minimizing clashes between the

two cofactors. In this situation, we predict a combination of two
(SIr)-[Cp*Ir(Biot-p-L)Cl] ⊂ S112A dimeric units forming an
ATHase operating at the same rate (vs [Ir]) and yielding
similar enantioselectivities (Table 3). This prediction is largely
verified experimentally (Table 1, entry 3).
(iii) No enantiopreference is predicted for the binding of a

third cofactor within Sav S112A (Figure 4a,b). Due to close
contacts between the adjacent catalysts, the substrate is
challenged to reach the hydride in the (SIr,SIr)-Sav1/2 and
only in the (SIr,RIr)-hybrids it could reach the (RIr)-cofactor in a
solvent-exposed way. In this situation the performance of the
ATHase should be negatively affected and the observed activity
and selectivity for [Cp*Ir(Biot-p-L)Cl]3 ⊂ S112A can thus be
generally traced back to the singly occupied Sav1/2 (Table 1,
entry 4).
(iv) As in point iii, fully loading the four biotin binding sites

leads to [Cp*Ir(Biot-p-L)Cl]4 ⊂ S112A with significantly
eroded rate and selectivity (Table 1, entry 5).

2. [Cp*Ir(Biot-p-L)Cl] ⊂ S112K. The docking studies
performed on the S112K ATHase suggest that the first and
second catalysts bound to the homotetrameric Sav are in an
(RIr)-configuration (Figure 4c). Importantly and in stark
contrast to the S112A ATHase, all four biotin-binding sites
can accommodate an (RIr)-[Cp*Ir(Biot-p-L)Cl] cofactor. In
this situation, each catalytic event is by and large confined
within one monomer and thus little affected by the Sav:Ir ratio.
However, the substrate 1 is highly solvent exposed with limited
contacts with the protein environment. A nearly constant rate
(vs [Ir]) and enantioselectivity are thus predicted, irrespective
of the Ir/Sav ratio. These predictions are largely corroborated
experimentally (Table 1, entries 5−9). The localization the
cofactor is close enough to Lys112 so that this residue can
interact with the metal. However, the absence of clear density
and the relatively little impact of this coordination on the
geometry of the system suggest a transient structure that
rapidly converts to catalytically competent systems.
Considering that the ATHases derived from S112A and

S112K mutants afford opposite enantiomers, we suggest that it
is the absolute configuration at Ir which for the most part
determines the preferred enantiomer of the reduction product.
This situation may be viewed as an “induced lock-and-key” fit,
whereby the second coordination sphere provided by the Sav
mutant induces an enantiopure configuration at the metal
center which, in turn, governs to which prochiral face of the
substrate the hydride is delivered. Subtle substrate−protein
interactions further contribute to fine-tune the enantioselectiv-
ity.
It is gratifying that, despite the qualitative nature of the

docking simulations, the kinetic and structural data all in all
corroborate the predictions. Current efforts are aimed at
producing a heterotetrameric Sav with only two functional
biotin-binding sites and engineering additional weak inter-
actions between the substrate and the host protein.

■ ASSOCIATED CONTENT
*S Supporting Information
Material and methods for kinetics measurements and
crystallography protocol and resolution, as well as details on
the molecular modeling tools and procedure followed; Tables
SI1 and SI2 for X-ray data collection and extended docking
analysis, respectively; and figures associated with HABA
displacement titration (Figure SI1), binding site comparison
between cofactor-loaded Sav mutants S112A and S112K

Table 3. Phenomenological Rationalization of the Rate and
Enantioselectivity of ATHase as a Function of Ir/Sav Ratio
and Mutanta

aBlue, red, and violet cofactors symbolize (SIr)-[Cp*Ir(Biot-p-L)Cl],
(RIr)-[Cp*Ir(Biot-p-L)Cl], and (rac)-[Cp*Ir(Biot-p-L)Cl], respec-
tively.
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(Figure SI2), docking solutions of [Cp*Ir(Biot-p-L)H]
interacting with substrate for Sav1/2 mutants (Figure SI3),
depiction of the doubly occupied S112K Sav1/2 ATHase
(Figure SI4) with the Lys112 coordinated to the metal center
and representation of the models of a fully loaded dimer of the
Sav tetramer (Figure SI5). This material is available free of
charge via the Internet at http://pubs.acs.org.
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