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space interactions via the
secondary coordination sphere of an artificial
metalloenzyme leads to enhanced Rh(III)-catalysis†

Isra S. Hassan,§a Jack T. Fuller,§b Vanessa N. Dippon,a Angeline N. Ta,c

Michael W. Danneman,a Brian R. McNaughton,‡*c Anastassia N. Alexandrova *b

and Tomislav Rovis *a

We report computationally-guided protein engineering of monomeric streptavidin Rh(III) artificial

metalloenzyme to enhance catalysis of the enantioselective coupling of acrylamide hydroxamate esters

and styrenes. Increased TON correlates with calculated distances between the Rh(III) metal and

surrounding residues, underscoring an artificial metalloenzyme's propensity for additional control in

metal-catalyzed transformations by through-space interactions.
Articial metalloenzymes (ArMs) can be made by anchoring
a non-natural (metal) cofactor into a protein scaffold, with the
goal of imbuing new-to-nature reactivity.1 One of the most
common ArM platforms is the biotin-tetrameric(strept)avidin
(biotin-tSav) system pioneered by Whitesides and Ward.2,3

These ArMs utilize high-affinity (up to KD �10�14 M) interac-
tions between tSav and biotin–metal conjugates. tSav-based
ArMs have appeared in an increasing number of transition-
metal catalyzed transformations.4–6 In collaboration with the
Ward group, we have previously described a tetrameric strep-
tavidin (tSav) system containing a biotinylated Rh(III) cofactor
for the asymmetric synthesis of dihydroisoquinolones using
benzhydroxamate esters and acrylate partners.7 Monomeric
streptavidin (mSav), a streptavidin/rhizavidin hybrid designed
to resist tetramerization, retains its high affinity for biotin (KD

�10�9 M).8,9 We recently described the use of mSav as a new
ArM,10 whose simpler topology encourages protein engineering
via a site-directed mutagenesis approach.

Traditional manipulation of a metal's reactivity has been
accomplished by modication of the electronic and steric
properties of the bound ligands (Fig. 1a).11,12 For example, we
have documented and parsed the impact of Cp electronics and
sterics on a number of Rh(III) catalyzed transformations, by
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structural changes to the ligand in the primary coordination
sphere of Rh.13 On the other hand, ArMs have traditionally been
used as modiers of a metal's steric environment largely
focusing on inducing asymmetry in the bond-forming events.
Less broadly appreciated is the fact that any mutations in resi-
dues proximal to the active site may also impact the metal's
electronic properties via changes to the secondary coordination
sphere (Fig. 1b), with the prospect of delivering more active
catalysts for a given transformation.

Previously, we described a mSav$Rh(III) catalyst and
demonstrated its use in the direct enantioselective coupling of
acrylamide hydroxamate esters and styrenes.10 The reaction
allows rapid access to piperidines – the most common N-
heterocycle found in FDA-approved pharmaceuticals.14 One of
the most interesting aspects of this reaction was our observa-
tion of a 7-fold increase in turnover number (TON) by embed-
ding the cofactor into mSav's active site.15 It has been a long-
standing goal of ArMs to not only enable new-to-nature reac-
tivity, but also for them to achieve the stellar kinetics of a native
Fig. 1 Methods to modify the (a) primary and (b) secondary coordi-
nation sphere of a Rh(III) catalyst.
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metalloenzyme. As these systems lack the evolutionary privilege
of a natural metalloenzyme, extensive mutation of the protein
scaffold may be required to nd the optimal environment of the
metal cofactor.

Predicting the effects of specic mutations can prove very
challenging, as any alterations to the protein conformation and
charge distribution can impact reactivity regardless of the
mutation's distance from the active site.16–19 In order to design
a better mutant, we embarked on a collaborative experimental
and computational study to dene the role of the protein scaf-
fold and how single point mutations affect reactivity. We iden-
tied two key residues that play a pivotal role in mSav$Rh(III)
ArM's secondary coordination sphere, and have used this
insight to design a more active mutant.

For the purposes of this study, we focused on the mSav$R-
h(III) ArM-catalyzed coupling of methacrylamide with 4-
methoxystyrene as our model reaction (Fig. 2a). Using a small
model of the catalyst, the lowest energy pathway of this reac-
tion's proposed mechanism was generated (Fig. S9†). The
calculations were performed in Turbomole20–32 with the M06
density functional.33 Geometries were optimized with the def2-
SVP basis set, and nal electronic energies were calculated with
the def2-TZVP basis set.34 The conductor-like screening model
(COSMO)35 was used as implicit solvent with a dielectric of 80 to
simulate water. These calculations predicted similar barriers for
the N–H activation, the C–H activation, and the migratory
insertion (differences less than 3 kcal mol�1). Isotope-exchange
experiments revealed that the C–H activation step is reversible,
implicating the migratory insertion step as turnover-limiting.10

The Cp* moiety of the Cp*biotinRhX2 cofactor is non-
covalently localized in the active site likely due to a p–p stack-
ing interaction with Y112 (Fig. 2b). This assignment is sup-
ported by the observation that mutant Y112A leads to lower
yield and enantioselectivity.10 We hypothesized that we could
Fig. 2 (a) Model transformation. (b) Snapshot of the transition state for alk
S119 (purple). (c) Computed barrier to alkene insertion in the presence a

© 2022 The Author(s). Published by the Royal Society of Chemistry
further manipulate both the sterics and electronics of the Cp*
moiety by either directly mutating Y112 or indirectly by
mutating other residues that affect the Y112-Cp* interaction.

To generate a model of mSav's protein scaffold and active-
site we used QM/DMD36 – a hybrid quantum mechanics/
molecular mechanics method that simulates proteins piece-
wise. Discrete molecular dynamics (DMD) equilibrates the
entire system except for the metal and part of the substrate.36

Aer a trajectory of �0.5 ns, quantum mechanics (QM) is used
to optimize the metal region plus sidechains and residues
immediately surrounding it. This process is repeated, providing
efficient sampling of the entire protein scaffold while treating
the metal environment quantum-mechanically. For this study,
the migratory insertion transition state was modeled in WT by
freezing the coordinates of the rhodium atom and the two
carbon atoms forming a bond. For each system, ve replicate
simulations were run for �20 ns each.

Residues E124 and S119 both hydrogen bond to Y112 and are
in close proximity to the RhCp* catalytic site (Fig. 2b).37 To
estimate the electronic effects of these three residues on the
reaction, an acetate ion, methanol molecule, and 4-methyl-
phenol (p-cresol) molecule were added to a small catalyst model
without constraints but initially positioned to mimic the side-
chains of these residues (Fig. 2c). The migratory insertion
energy barrier decreases by 2 kcal mol�1 with incorporation of
the three residues. However, this energy barrier decreases by an
additional 3 kcal mol�1 upon the deletion of the methanol
molecule representing S119. Not only does this imply that these
amino acid sidechains may be the primary reason for the
increased activity of the protein-installed catalyst, but also
suggest that a longer Y112–S119 distance is favorable, so long as
no water can insert in this region and replace S119 in its H-bond
with Y112. We hypothesize that the carboxylate group of E124
acts as a hydrogen bond acceptor, donating electron density to
ene insertion illustrating key nearby residues Y112 (red), E124 (blue), and
nd absence of phenol and acetate (shown in blue).
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Fig. 5 a) Theoretical dependence of migratory insertion barrier on Rh-
phenol distance. (b) Small-model catalyst.
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the Y112 phenol ring, which in turn donates electron density to
the catalyst via p–p charge transfer. This could enhance the
electron donation of the metal and decrease the energy barrier
to the migratory insertion step. On the other hand, S119 acts as
a hydrogen bond donor which would remove electron density
from Y112 and subsequently the Rh(III) moiety.

Unfortunately, mutation of Y112 (Y112F and Y112W) results
in negligible protein yields. We thus identied three anking
residues (T111, E113, H87) that may be expected to have
a signicant impact on Y112's position, and one distal (T32)
residue, chosen as distal mutations sometimes have signicant
impact (Fig. 3). Through this subset of mutants, we attempted
to increase TON and establish a correlation between the Y112–
Rh distance and Y112–S119 distance of the mutants and their
reactivities.

We used QM/DMD to simulate a representative set of these
mutants spanning a wide range of TONs measured in the
experiment. The Y112–Rh and Y112–S119 distances were
measured every �0.5 ps for every simulation. The results can be
represented by a 3-dimensional plot with Y112–Rh distance on
the X axis, Y112–S119 distance on the Y axis, and probability
density on the Z axis (Fig. 4). We nd the best correlation
between TON and probability density in the conformational
region where the Y112–Rh distance is the shortest and the
Y112–S119 interaction is not energetically relevant.38

To clarify this correlation, we calculated the probability of
having a Y112–S119 distance between 3.5–6 Å and a Y112–Rh
distance less than 5.65 Å. This Y112–S119 distance corresponds
to negligible hydrogen bonding.39 Additionally, we constrained
the small model catalyst shown in Fig. 5b (ref. 40) and calcu-
lated the corresponding energy barriers at different Y112–Rh
Fig. 3 Structure of mSav from two different views highlighting some of

Fig. 4 Three-dimensional probability distributions from select mutan
Probabilities for the outlined regions are also shown.
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distances (Fig. 5a). Since rate increases exponentially as the
barrier decreases,35 differences in probabilities in the region
where the Y112–Rh distance is between 5.4–5.65 Å have the
greatest impact on the relative TONs of our model meth-
acrylamide styrene coupling. We conclude that mutants with
increasing probability in this region provide increasing TON.

Theoretically, a shorter Y112–Rh distance relative to WT
would result in increased reactivity. Residue G49 is located
under the Rh(III) moiety (Fig. 6). We hypothesize that by
mutating the glycine into an alanine, steric congestion would
force the biotinylated Rh(III) cofactor to shi upwards closer to
the electron donating phenol side chain of residue Y112.
Analyzing the critical portions of the Y112–Rh and Y112–S119
distances in tandem reveals that G49A has the highest proba-
bility density in this region (Fig. 4). Indeed, experimentally, this
mutant gives 97 TON and 91% ee (Fig. 6). The combination of
a short Y112–Rh distance and long Y112–S119 distance leads to
the mutated residues including their TON and enantioselectivity.

ts by simultaneous sampling of Rh–Y112 and S119–Y112 distances.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Snapshot of the transition state for alkene insertion highlighting
the position of G49 (purple) relative to Rh. Y112 is shown in red and
E124 is shown in blue.
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an increase in reactivity. This is an approximate 3-fold
improvement in the TON relative to WT. The G49A mutant
serves as an experimental proof of concept that a computational
analysis of an ArMs secondary coordination sphere can lead to
the design of a more efficient ArM.

In summary, we have identied three key residues that
contribute to accelerating the rate of a Rh(III)-catalyzed reaction
by electronic communication to the metal via the secondary
coordination sphere. E124 hydrogen bonds to Y112 transferring
electron density via p–p charge transfer, an effect that is
attenuated by hydrogen bonding from S119. Optimal interac-
tion of these residues can be described computationally by
nding mutants that have multiple conformations bearing
short Y112–Rh distances coupled with negligible bonding
between Y112 and S119. This hypothesis was experimentally
veried by a mutant that enforces a closer Y112–Rh distance
leading to improved TON. This result demonstrates the use of
a hypothesis-based site-directed mutagenesis of the secondary
sphere residues, to optimize the metal's electronic environment
within the protein scaffold and enhance an ArM's activity.
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21 M. Häser and R. Ahlrichs, J. Comput. Chem., 1989, 10, 104.
22 O. Treutler and R. Ahlrichs, J. Chem. Phys., 1995, 102, 346.
23 K. Eichkorn, F. Weigend, O. Treutler and R. Ahlrichs, Theor.

Chem. Acc., 1997, 97, 119.
24 K. Eichkorn, O. Treutler, H. Öhm, M. Häser and R. Ahlrichs,

Chem. Phys. Lett., 1995, 242, 652.
Chem. Sci., 2022, 13, 9220–9224 | 9223



Chemical Science Edge Article
25 F. Weigend, Phys. Chem. Chem. Phys., 2006, 8, 1057.
26 M. Sierka, A. Hogekamp and R. Ahlrichs, J. Chem. Phys.,

2003, 118, 9136.
27 P. Deglmann, K. May, F. Furche and R. Ahlrichs, Chem. Phys.

Lett., 2004, 384, 103.
28 P. Deglmann, F. Furche and R. Ahlrichs, Chem. Phys. Lett.,

2002, 362, 511.
29 P. Deglmann and F. Furche, J. Chem. Phys., 2002, 117, 9535.
30 M. v. Arnim and R. Ahlrichs, J. Comput. Chem., 1998, 19,

1746.
31 M. v. Arnim and R. Ahlrichs, J. Chem. Phys., 1999, 111, 9183.
32 R. Ahlrichs, Phys. Chem. Chem. Phys., 2004, 6, 5119.
33 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215.
34 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,

7, 3297.
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