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A ruthenium(p-cymene)—cupin complex functioning as an artificial
ketone reductase was developed through structure-guided engi-
neering. Refinement of the primary and secondary coordination
spheres based on a 1-His metal-binding motif enabled efficient
asymmetric transfer hydrogenation of trifluoroacetophenone in
water, affording up to 95% ee and 92% coupling efficiency.

Optically active alcohols are important chiral building blocks
that are widely used in the pharmaceutical, flavor, and fragrance
industries."™ The development of efficient and stereoselective
methods for their synthesis has long been a central challenge in
the field of organic chemistry. Among various strategies, the
asymmetric transfer hydrogenation (ATH) of ketones is one of
the most effective approaches, with noble metal complexes of
ruthenium (Ru), iridium (Ir), and rhodium (Rh) typically used as
catalysts.” Significant advances in ATH have been achieved since
the pioneering work on asymmetric reduction using the Rh(I)}-
DIPAMP (DIPAMP = 1,2-bis[(2-methoxyphenyl)(phenylphos-
phino)jethane) complex constructed by Knowles and co--
workers™® and the Ru(II}-BINAP (BINAP = 2,2/-bis(diphenylphos-
phino)-1,1’-binaphthyl) complex reported by Noyori and
co-workers.” Subsequently, the Noyori-Ikariya catalyst, [RuCl(p-
cymene)(TsDPEN)] (TsDPEN = N-(p-toluenesulfonyl)-1,2-di-
phenylethylenediamine), was developed as a more practical
system, which is highly active toward prochiral ketones.® This
catalyst enables hydrogen transfer using isopropanol as both a
hydrogen donor and a solvent, thus eliminating the need for
high-pressure hydrogen gas.”'° In this context, formic acid and
sodium formate serve as attractive hydrogen sources in terms of
sustainability, since they are inexpensive and easy-to-handle,
producing only CO, as a byproduct."*™*?

For complementary catalytic systems, artificial metalloen-
zymes (ArMs) have attracted attention as an innovative class
of hybrid catalysts that integrate the reactivity and tunability of

Department of Applied Biological Chemistry, Graduate School of Agriculture, Osaka
Metropolitan University, 1-1 Gakuen-cho, Naka-ku, Sakai-shi, Osaka 599-8531,
Japan. E-mail: fujieda@omu.ac.jp

5942 | Chem. Commun., 2026, 62, 5942-5946

Rational design of a ruthenium—cupin complex
as an artificial ketone reductase

Koki Matsumoto, Souto Kitazawa, Ryusei Matsumoto, Yoshitsugu Morita and

transition-metal complexes with the biocompatibility and evol-
vability of protein scaffolds.’*™® Incorporating a metal complex
into a protein framework enables catalysis in aqueous media,
while the chiral environment of the active site affords excellent
stereocontrol.'® Ward and co-workers developed a streptavidin-
based system with a biotinylated Ru complex non-covalently
incorporated, generating the first example of an artificial
ketone reductase (AKRase).”® Since then, several other AKRase
designs have been reported using sodium formate as a hydro-
gen donor,"**" although competing H, evolution can occur.""**

Salmain and co-workers recently developed B-lactoglobulin-
and lysozyme-based AKRases by direct coordination of Ru
complexes to surface-exposed histidine (His) residues, achiev-
ing ATH activity in the presence of formate (Fig. 1A).>* Hartwig
and co-workers and Ward and co-workers have more recently
engineered human carbonic anhydrase***® and myoglobin,*®
respectively, to create AKRases that use phenylsilane as an
unconventional hydride source (Fig. 1A).
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Fig. 1 (A) Recently reported AKRases. (B) Stepwise rational engineering of
the Ru(p-cymene)-binding sites of TM1459 cupin proteins.
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We had previously engineered ArMs based on the homo-
dimeric cupin protein TM1459 from Thermotoga maritima.*”>°
This protein contains a 4-His metal-binding site that enables
the straightforward incorporation of metal ions and is thus well
suited for coordination chemistry.*’ TM1459 exhibits high
thermal stability, a compact molecular weight (13.1 kDa), and
remarkable tolerance to amino-acid substitutions, which col-
lectively make it an excellent platform for rational ArM devel-
opment. In contrast to f-lactoglobulin and lysozyme, this
protein possesses an appropriately sized hydrophobic cavity
proximal to the metal-binding site that can encapsulate both
the substrate and the Ru(p-cymene) complex within the protein
interior rather than on the protein surface. We hypothesized
that this could suppress nonspecific surface interactions and
enable stereoselectivity to be controlled through spatial con-
finement. In this article, we present our rational engineering of
a TM1459-based AKRase complexed with Ru(p-cymene) via site-
directed mutation of the primary and secondary coordination
spheres (Fig. 1B), resulting in a system capable of efficient and
stereoselective ATH reaction.

First, we engineered the native 4-His tetrad of the TM1459
metal-binding site into a 2-His dyad that is well suited for
anchoring the Ru(p-cymene) complex, mimicking the bidentate
nitrogen ligand used in the Noyori-Ikariya catalyst. By mutating
two of the four His residues (H52, H54, H58, and H92) to
alanine, a panel of 2-His variants were prepared as reported
previously (Table S1 and Fig. S1, S2, SI).>® However, none of
these variants displayed clear ATH activity toward the aromatic
ketone 2,2,2-trifluoroacetophenone 1 in the presence of Ru(p-
cymene) (Table S2, SI). Therefore, we next expanded the protein
cavity by producing 1-His ‘“monodentate anchor” variants, in
which three of the four His residues were replaced with alanine
(Fig. 1B and Table S1 and Fig. S1, S2, SI).

In stark contrast to the 2-His variants, several 1-His mutants
exhibited measurable -catalytic activities and selectivities
(Table 1, entries 2-5). In particular, the H54A/H58A/H92A
mutant afforded the ATH product 2 with 74% (R) enantiomeric
excess (ee) (Table 1, entry 2). Conversely, the H52A/H54A/H92A
mutant (hereinafter 58H) produced the opposite S-enantiomer
with 61% ee (Table 1, entry 4 and Fig. S3, SI). These results
indicate that the position of the single coordinating His
strongly dictates the chiral environment governing hydride
delivery.

To further improve the performance of the 58H scaffold, we
introduced an additional coordinating residue at Cys106,
located adjacent to His58, and positioned it analogously to
the bidentate ligand of the Noyori-Ikariya catalyst (Table S1
and Fig. 1B and Fig. S1, S2, SI). Substitutions with aspartate,
glutamine, His, and methionine (Met) severely decreased the
enantioselectivity (Table 1, entries 6-9), whereas 58H/C106E,
bearing glutamate (Glu) at position 106, showed a substantial
increase in both the yield and ee [80% yield, 81% ee (S); Table 1,
entry 10]. Furthermore, when the sodium formate concen-
tration was decreased from 12 to 3 equivalents, the activity
of 58H dropped drastically (Table S3, entries 1-3), whereas
58H/C106E retained high stereoselectivity [91% ee (S)] and
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Table 1 Asymmetric hydrogenation of aromatic ketone 1 catalyzed by
various Ru(p-cymene)-TM1459 mutants®”

o 0.9 mol% [Ru(p-cymene)Cl,]» OH OH

]\ 0.9 mol% TM1459 :
CFq 2-12 eq HCOONa CFs 4 ©/\CF3
1 H,O/CH3CN, 40 °C (R)-2 (S)-2

Entry TM1459 variant

Formate (equiv.) Yield (%) ee (%)

1 — 12 47 —
2 H54A/H58A/H92A 12 63 74(R)
3 H52A/H58A/H92A 12 41 54(5)
4 H52A/H54A/H92A (58H) 12 31 61(S)
5 H52A/H54A/H58A 12 21 7(R)

6 58H/C106D 12 33 4(R)

7 58H/C106Q 12 20 2(R)

8 58H/C106H 12 30 4(R)

9 58H/C106M 12 21 5(R)

10  58H/C106E 12 80 81(5)
11 58H/C106E 3 56 91(S)
12 R39M/58H/C106E 3 43 88(R)
13 R39K/58H/C106E 3 69 94(S)
14¢  58H 2 14 69(S)
15 58H/C106E 2 77 91(S)
16  R39M/58H/C106E 2 54 85(R)
17 R39K/58H/C106E 2 95 94(S)

@ Reaction conditions: TM1459 (0.15 mM), [Ru(p-cymene)CL,], (0.15 mM),
and substrate 1 (17 mM) in H,O/CH;CN (9:1) for 48 h at 40 °C and pH 5.
b protein concentration was calculated based on the homodimeric form of
TM1459.  The yields and enantiomeric excesses (ee) were determined
using chiral HPLC analysis. ¢ Potassium phosphate buffer (pH 6.0)/CH;CN
(9:1) at 50 °C.

maintained a moderate yield (Table 1, entry 11 and Table S3,
entries 4-6, SI). These observations suggest that Glu106 plays a
critical role in activating the Ru center under low-formate
conditions, possibly by tuning the local protonation environ-
ment and facilitating hydride transfer chemistry.

To elucidate the molecular basis of the enhanced reactivity
of 58H/C106E, we determined its crystal structure at 1.26 A
resolution (PDB code: 9XS8, Fig. 2A, B and Tables S4-S6, SI).
The overall fold was nearly identical to that of the Fe-bound
wild type (RMSD = 0.135 over 197 Ca atoms; PDB code: 9JEU;
Fig. S4A, SI). Moreover, a clear electron density corresponding
to the Ru(p-cymene) complex, including an anomalous peak,
was observed proximal to the Glu106 residue introduced in
chain A (Fig. 2B). This structure revealed a well-defined Ru
coordination environment: the N¢ atom of His58 binds Ru (Ru-
N, 2.14 + 0.04 A), whereas Glu106 engages in a monodentate «'-
0s2(syn) interaction (Ru-Os2, 3.13 = 0.05 A; Table S6, SI), and a
single water molecule (O1) occupies another coordination site
(Ru-O1, 2.81 + 0.04 A; Fig. 2B). The carboxylate group of
Glu106 likely modulates the local charge distribution, thereby
increasing the pK, of the coordinating water molecules
and preventing their deprotonation. This facilitates ligand
exchange from the water molecules to the formate ions,
because hydroxide is less likely to dissociate from the Ru
center. (Fig. 2C, 1—-2).3*33

Unexpectedly, the Oe2 atom of Glu106 formed a stable
hydrogen bond with the guanidino group of arginine at posi-
tion 39 (Arg39), positioning the positively charged residue near
the Ru center. This arrangement may assist in effective capture
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Fig. 2 (A) Surface representation and (B) active site structure of the Ru(p-
cymene) complex with 58H/C106E (chain A, yellow; chain B, white).
(C) Plausible reaction mechanism of 58H/C106E. The protein main chain
is displayed as a ribbon, the Ru ions as a green sphere, and the selected
amino acid as a yellow stick. The 2FoFc and anomalous maps contoured at
1.5¢ and 5.0¢ are shown in gray and magenta, respectively.

of a formate anion through hydrogen bonding during hydride
abstraction from formate (Fig. 2C, 2). Furthermore, it may play
a role in the hydride transfer and protonation for the substrate
ketone 1 as in the case of the bifunctional Noyori-Ikariya
catalyst (Fig. 2C, 3 >1).**

To investigate the contributions of Arg39 and Glu106, we
substituted Arg39 with either Met (which lacks hydrogen-
bonding ability) or lysine (Lys, which maintains a basic side
chain) (Table S1 and Fig. S1, S2, SI). At 3 equivalents of sodium
formate, the R39M/58H/C106E variant showed a lower yield
than that of 58H/C106E (Table 1, entry 12 and Fig. S3, SI), but
higher activity than that of the parent 58H (Table S3, entry 3,
SI), supporting the hypothesis that both Arg39 and Glu106
contribute to catalytic enhancement. Notably, R39M/58H/
C106E produced the inverted R-enantiomer with 88% ee. In its
crystal structure, the substrate-binding cavity was more spatially
accessible around position 39 than that of 58H/C106E (Tables S4-
S6 and Fig. S4BC, SI), possibly favoring the Si-face attack of
substrate 1.

By contrast, the R39K/58H/C106E exhibited a higher yield
(69%) and higher enantioselectivity [94% ee (S), Fig. S3, SI| than
those of Arg39-containing 58H/C106E [56% yield, 91% ee (S);
Table 1, entries 13 vs. 11]. The crystal structure of R39K/58H/
C106E at 1.09 A resolution revealed the presence of an addi-
tional water molecule (02, Fig. 3A, B) that bridged the N{ atom
of Lys39, the O¢2 atom of Glu106(A), and Ru-coordinating water
01 through a hydrogen-bond network (Fig. 3C, 1A). Glu(A)
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Fig. 3 (A) Active site structure of Ru(p-cymene)-bound R39K/58H/C106E

(chain A). (B) Structure of the active site of Ru(p-cymene)-bound R39K/
58H/C106E (pink) superimposed with that of Ru(p-cymene)-bound 58H/
C106E (yellow). (C) Plausible reaction mechanism of R39K/58H/C106E.
The protein main chain is displayed as a ribbon, Ru ions are shown as green
spheres, and the selected amino acid is indicated as a yellow stick. The
2FoFc and anomalous maps contoured at 1.5¢ and 5.0¢ are shown in gray
and magenta, respectively.

engages in a monodentate x'-Og2(syn) interaction with Ru as
in the case of 58H/C106E. Surprisingly, we also observed an
alternative rotamer Glu106(B), coordinating with Ru in a mono-
dentate k'-Og1(syn) manner and displacing the water molecule
02 (Fig. 3C, 1B). In this configuration, the O1-binding site
became slightly more accessible, as the distance of Ru-Oel
[Glu106(B), 2.47 + 0.05 A] was longer than that of Ru-
0e2[Glu106(A), 2.11 + 0.02 A], and the Og(Glu106)-Ru-
Ne(His58) bite angle increased (83.6 £ 0.7° — 87.7 £+ 0.9°,
Table S6 and Fig. 3C, 1B, dotted circle). This subtle opening
may allow a closer approach of formate to the Ru center,
thereby accelerating hydride abstraction (Fig. 3C, 2). Additionally,
at neutral pH, the ammonium group of Lys is a slightly stronger
proton donor than the guanidinium group of Arg, which may
further facilitate protonation of substrate 1 (Fig. 3C, 3). Consistent
with these structural features, the catalytic performance of R39K/
58H/C106E exhibited pronounced pH dependence (Table S7, SI).
At pH 6.0 and 50 °C, R39K/58H/C106E delivered 95% yield and
94% ee (S) (Table 1, entry 17), even with only 2 equivalents
of sodium formate. Under these conditions, the order of yields
(R39K/58H/C106E > 58H/C106E > R39M/58H/C106E > 58H;
Table 1, entries 14-17) correlates well with the structural and
mechanistic features described above.

To evaluate the chemical selectivity of the Ru-hydride species,
we quantified the amount of formate remaining after the reaction

This journal is © The Royal Society of Chemistry 2026
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Table 2 Formate consumption and coupling efficiencies of various
TM1459 variants®™

e} 0.9 mol% [Ru(p-cymene)Cl,], OH OH

0.9 mol% TM1459 :
S
CFs 1 eq HCOONa | CFs + ©/\CF3
1 KPi buffer/CH4CN, 50 °C Z (R)-2 (S)2
Entry TM1459 variant

Alcohol yield (%)° ee (%)° FC (%)% CE (%)°

1 58H 12 73 26 46
2 58H/C106E 58 88 63 92
3 R39M/58H/C106E 33 84 48 69
4 R39K/58H/C106E 71 95 84 84

% Reaction conditions: TM1459 (0.15 mM), [Ru(p-cymene)Cl,], (0.15
mM), substrate 1 (17 mM), and sodium formate (1 equivalent) in
Eotassium phosphate buffer (pH 6.0)/CH;CN (9:1) for 48 h at 50 °C.

Protein concentration was calculated based on the homodimeric form
of TM1459. ¢ The yields and enantiomeric excesses (ee) were deter-
mined using chiral HPLC analysis. ¢ Formate consumption (FC) was
determined by anion-exchange chromatography. ¢ Coupling efficiency
[CE (%)] = [Product (mol)/formate ion consumed (mol)] x 100.

at stoichiometric formate concentration and compared it with the
alcohol yield (Table 2). A strong correlation was observed, indicat-
ing that hydride abstraction from formate was the rate-limiting
step in the catalytic cycle (Fig. 3C, 2— 3). Remarkably, R39K/58H/
C106E achieved a 71% yield and 95% ee (S) even with 1 equivalent
of sodium formate (Table 2, entry 4). Variants containing basic
residues at position 39 (Arg or Lys) showed 92% and 84%
coupling efficiency, respectively (Table 2, entries 2 and 4), indi-
cating that the Ru-coordination geometry together with the
hydrogen-bond network promoted hydride transfer to substrate
1 while suppressing H, evolution (Fig. 3C, 3—1). Consistent with
the stronger proton-donating ability of the ammonium group of
Lys than the guanidium group of Arg, R39K/58H/C106E exhibited
a slightly lower coupling efficiency than that of 58H/C106E despite
its higher alcohol yield.

In conclusion, we have demonstrated a rational and
structure-guided strategy for developing Ru-based AKRases
using the cupin protein TM1459 as a robust protein scaffold.
Remodeling of the primary coordination sphere into a 1-His
monodentate anchor site, followed by precise tuning of the
secondary coordination sphere, enabled productive Ru(p-
cymene) binding and efficient ATH activity in aqueous media.
Glu106 incorporation and residue 39 modulation substantially
enhanced the stereoselectivity, coupling efficiency, and cataly-
tic turnover. Crystallographic analyses revealed a dynamic Ru
coordination mode and hydrogen-bond network that governed
Ru-hydride formation and stereocontrolled hydride transfer.
Our study showcases a method for unlocking the full potential
of ArMs-based synthetic systems and provides a general blue-
print for developing biocompatible and environmentally benign
ArMs capable of high-performance asymmetric reduction
catalysis.
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