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Abstract

We report a new artificial hydrogenase made by covalent
anchoring of the iron Knolker's complex to a xylanase S212C
variant. This artificial metalloenzyme was found to be able to
catalyze efficiently the transfer hydrogenation of the
benchmark substrate trifluoroacetophenone by sodium
formate in water, yielding the corresponding secondary
alcohol as a racemic. The reaction proceeded more than
threefold faster with the XInS212CK biohybrid than with the
Knolker’s complex alone. In addition, efficient conversion of
trifluoroacetophenone to its corresponding alcohol was
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reached within 60 H with XInS212CK, whereas a ~2.5-fold
lower conversion was observed with Kndlker’'s complex alone
as catalyst. Moreover, the data were rationalized with a
computational strategy suggesting the key factors of the
selectivity. These results suggested that the Kndlker’'s complex
was most likely flexible and could experience free rotational
reorientation within the active-site pocket of XIn A, allowing it
to access the subsite pocket populated by
trifluoroacetophenone. © 2020 International Union of Biochemistry
and Molecular Biology, Inc. Volume 00, Number 0, Pages 1-11, 2020

1. Introduction

The reduction of polarized multiple bonds (ketones, imines, etc.)
plays a major role in modern organic synthesis. This reaction
can be carried out using metal hydrides such as LiAlH4 [1],
DIBALH [2], BH; [3], or NaBH,4 [4]. However, these reducing
agents are used in stoichiometric amounts and, as a result,
generate numerous by-products. In addition, the control of
chemo- and stereoselectivity can be difficult in the presence of
these hydrides. Nonetheless, obtaining enantiomerically pure
products resulting from such transformations (chiral alcohols
or chiral amines) is a key step in the synthesis of pharmaceutical
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or agrochemical products. To this end, alternative synthesis
routes are now commonly used, involving the metallo-catalyzed
version of reduction reactions such as hydrogenation under
high pressure of molecular hydrogen and hydrogen transfer
reactions in the presence of a hydrogen atom donor [5].
Depending on the nature of the metal and its ligands, the main
advantage of this approach is the possibility to control regio-,
chemo-, and/or stereoselectivity of the reaction. Unfortunately,
the most commonly used catalysts for this type of reaction
are based on weakly available, expensive, and toxic noble
metals such as ruthenium [5], iridium [6], or rhodium [7]. The
development of cheaper, more efficient, and eco-compatible
catalysts has become a challenge of modern chemistry. In this
context, iron-catalyzed hydrogenation has recently emerged as
the most economical and environmentally preferred route of
synthesis. It was recently demonstrated that Knolker-type iron
complexes could be efficient catalysts for the hydrogenation of
aromatic ketones in water [8]. However, this prior report has
revealed that the reaction temperature was also decisive since
no conversion was obhserved at 40 °C, and only 13% conversion
was observed at 60 °C.

In addition to the enantioselective transformations cat-
alyzed by metal complexes, catalysis by artificial metalloen-
zymes has become an interesting tool for the synthesis of enan-
tiopure compounds in water [9]. This technology combines the
attractive features of enzymatic catalysis with those of chemi-
cal catalysis [10]. Given the great potential of these biohybrid
catalysts in asymmetric synthesis and, knowing that Knoélker’s
iron complexes are efficient catalysts in water, a recent report
illustrated the synthesis of biotinylated Knolker’s complexes in-
corporated into streptavidin using the so-called “Trojan horse”
strategy [11]. The artificial iron hydrogenases thus prepared
catalyzed the reduction of ketones in aqueous medium, with
the best conversion rates (26%) and enantiomeric excess (34%)
obtained with para-methoxy-acetophenone as substrate [11].

Xylanases hydrolyze -1,4 glycosidic bonds in the main
chain of xylan, the major component of plant cell wall hemicel-
lulose. In the pulp-bleaching process, the enzymatic hydrolysis
of xylan at high temperature has gained importance from an
environmental standpoint. Consequently, growing interest in
temperature-tolerant xylanases working under extreme pH
and ionic strength conditions has led to the discovery, cloning,
and characterization of numerous enzymes. This includes
xylanase A (XIn A) from Streptomyces lividans, an enzyme
exhibiting optimal activity at 60 °C and pH 6 [12]. This ro-
bust biocatalyst can also be easily purified, and its sequence
and three-dimensional structure are known [13], making it a
good scaffold for the production of artificial metalloenzymes.
It has been shown that noncovalently inserted Fe(III) and
Mn(III) complexes of anionic porphyrins into XIn A leads to
artificial metalloenzymes, exhibiting good peroxidase activity
[12]. In addition, the Fe(III)-porphyrin-based hybrid biocat-
alysts Fe(IIT)(TpCPP)- and Fe(III)(TpSPP)-XIn A were found
to catalyze the stereoselective oxidation of thioanisole in the
presence of imidazole with roughly 40% enantiomeric excess
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® We report a new artificial hydrogenase made by covalent
anchoring of the iron Knélker’s complex to a xylanase vari-
ant.

e This artificial metalloenzyme was found to be able to cat-
alyze efficiently the transfer hydrogenation of aromatic ke-
tones by sodium formate in water, yielding the correspond-
ing secondary alcohol as a racemic.

® The data were rationalized with a computational strategy
and suggested that the Knolker’s complex was most likely
flexible and could experience free rotational reorientation
within the active-site pocket of xylanase, allowing it to ac-
cess the subsite pocket populated by substrata.

[14, 15]. The most efficient biohybrid was undoubtedly ob-
served for the stereoselective oxidation of styrene derivatives
by oxone, catalyzed by the Mn(III)(TpCPP)-XIn A hemozyme,
which led to an 80% ee in favor of the R isomer in the particular
case of p-methoxystyrene [16].

In this paper, we report the preparation and characteri-
zation of a new artificial metalloenzyme that was obtained by
the covalent attachment of a Knolker-type iron complex into
xylanase A. This artificial metalloenzyme can efficiently cat-
alyze the transfer hydrogenation of the benchmark substrate
trifluoroacetophenone (TFAC) by sodium formate in water,
yielding the corresponding secondary alcohol as a racemic.
The reaction proceeded more than threefold faster with the
XInS212CK biohybrid than with the Knolker’s complex alone.
In addition, efficient conversion of TFAC to its corresponding
alcohol was reached within 60 H with XInS212CK, whereas
a ~2.5-fold lower conversion was observed with Knélker’s
complex alone as catalyst.

2. Experimental

2.1. Physical measurements
UV-visible spectroscopy studies were performed on double
beam UVIKON 860XL and Cary 300BIO Varian spectropho-
tometers.

'H NMR and '3C NMR spectra were recorded on Bruker
AM 250, 300, and 360 spectrometers. Chemical shifts § are
given in ppm using the solvent as internal reference with
respect to tetramethylsilane (TMS). Electrospray ionization
mass spectrometry experiments were carried on a MicrOTOF-
Q Bruker spectrometer.

2.2. Preparation of the Knolker’s complex

2.2.1. 3-(Trimethylsilyl)prop-2-yn-1-0l (S1) [11]

In a two-necked round bottom flask under argon atmosphere,
a 2.5 M solution of nBuLi in hexane (34.5 mL, 86.3 mmol)
was added dropwise to a solution of propargylic alcohol (2.1
g, 37.5 mmol) in 100 mL dry THF at -78 °C. The solution
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was slowly warmed up to room temperature and stirred for
an additional 1 H. The reaction mixture was cooled down to
-78 °C, and trimethylsilyl chloride (11 mL, 86.3 mmol) was
slowly added. The resulting mixture was stirred at room
temperature overnight. The reaction was then cooled down to
0 °C, and an aqueous solution of 2.6 mL of 95% sulfuric acid
in 15 mL of water was added slowly. The resulting solution
was stirred for an additional 3 H at room temperature. Water
(20 mL) was added until dissolution of the inorganic salts.
The aqueous layer was extracted with diethyl ether (3 x 50
mL). Organic layers were dried over Na,SO4 and filtered, and
the solvent was removed under reduced pressure. The crude
product was purified by distillation (3.5 g, 73 %).

'H NMR (CDCl3, 300 MHz), §(ppm/TMS): 4.27 (d, J = 4.9
Hz, 2H), 0.18 (s, 9H).

2.2.2. 3-(Trimethylsilyl)prop-2-ynyl bromide (S2) [11,
17]

In a three-necked round bottom flask under argon atmosphere,
a 1 M solution of bromine in dry dichloromethane (38.4 mL, 38.4
mmol) was added dropwise to a solution of triphenylphosphine
(10 g, 38.4 mmol) in 200 mL dry dichloromethane at 0 °C.
Pyridine (2.55 mL, 32 mmol) was then added, followed by the
addition of a solution of S1 (4.1 g. 32 mmol) in 50 mL dry
dichloromethane at 0 °C. The resulting mixture was stirred at
0 °C for 2 H and then at room temperature for 4 H. Pentane
(500 mL) was then added, which resulted in the formation of a
precipitate of triphenylphosphine oxide. The solution was then
filtered through a pad of Celite®, and silica and the solvents
were removed under reduced pressure to afford compound S2
as a colorless oil (4.16 g, 68%).

'H NMR (CDCl3, 300 MHz) §(ppm/TMS): 3.91 (s, 2H), 0.18
(s, 9H).

2.2.3. tert-Butyl(2-aminoethyl)carbamate (S3) [11, 17]
In a two-necked round bottom flask under argon atmosphere, a
solution of Boc,0 (1 g, 4.6 mmol) in 25 mL dry dichloromethane
was added dropwise to a solution of ethylenediamine (10 mL,
150 mmol) in 40 mL dry dichloromethane at 0 °C. The reaction
mixture was stirred 1 H at 0 °C and then overnight at room
temperature. Water (40 mL) was added, and the organic layer
was recovered, washed twice with 40 mL water, and dried over
Na,S0,. After filtration, the solvent was removed under reduced
pressure and the residue was purified by chromatography on
a neutral alumina column eluted with ethyl acetate/methanol
(95/5) to afford S3 as a colorless oil (0.42 g, 57%).

'H NMR (CDCl;, 300 MHz), § (ppm/TMS): 4.86 (br s, 1H),
3.17 (q, J = 5.9 Hz, 2H), 2.80 (t, J = 5.9 Hz, 2H), 1.44 (s, 9H),
1.42 (br s, 2H).

ESI-MS m/z [M + H]" : Calc. 161.1285, Found 161.1284.

2.2.4. N-tert-Butoxycarbonyl,N'-maleimido-
ethylenediamine (S4) [17]

In a round bottom flask, N-methoxy-carbonyl maleimide (119

mg, 0.77 mmol) was dissolved in 10 mL of a saturated aqueous

NaHCOs3 solution on ice. The reaction mixture was stirred 40
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Min on ice and then 1 H 30 Min at room temperature. The pH
of the solution was adjusted to 3 with concentrated H>SO4 on
ice. The aqueous layer was then extracted with ethyl acetate
(3 x 150 mL). Organic layers were dried over Na,SOj, filtered
and the solvent was removed under reduced pressure. The
crude product was then purified by chromatography on a silica
gel column eluted with heptane/ethyl acetate (1/1) to afford S4
as a white solid (131 mg, 71%).

"H NMR (CDCl3, 300 MHz), § (ppm/TMS) : 4.86 (br s, 1H),
3.17 (q, J = 5.9 Hz, 2H), 2.80 (t, J = 5.9 Hz, 2H), 1.44 (s, 9H),
1.42 (br s, 2H).

2.2.5. N-(2-Aminoethyl)maleimide (S5) [17, 18]
In a round bottom flask, compound S4 (130 mg, 0.54 mmol)
was dissolved in 2 mL dichloromethane at 0° C. TFA (760 uL,
9.9 mmol) was added and the resulting solution was stirred for
2 H at room temperature. The mixture was concentrated to 1
mL, and ice-cold diethyl ether (2 mL) was added. The obtained
precipitate was filtered off and washed with ice-cold diethyl
ether (3 x 10 mL).

'H NMR (D;0, 300 MHz), §(ppm/TMS) : 6.88 (s, 2H), 3.81 (t,
2H), 3.20 (t, 2H).

ESI-MS m/z [M + H]" : Calc. 141.0659, Found 141.0664

2.2.6. 1-(2-(Bis(3-(trimethylsilyl)prop-2-yn-1-
yl)amino)ethyl)-1H-pyrrole-2,5-dione (S6)
[11]

In a round bottom flask under argon atmosphere, S5 (90.5
mg, 0.36 mmol) and S3 (136 mg, 0.71 mmol) were added in
20 mL of dry acetonitrile. N,N-Diisopropylethylamine (63 pL,
0.36 mmol) was added, and the resulting mixture was stirred
for 2 H at room temperature, and then for an additional 16 H
at 70 °C. After cooling down, the solvent was removed under
reduced pressure and 50 mL of water was added. The aqueous
layer was then extracted with ethyl acetate (3 x 30 mL). Organic
layers were dried over Na,SO4 and filtered, and the solvent
was removed under reduced pressure. The crude product was
then purified with by chromatography on a silica gel column
using a pentane/ ethyl acetate (95/5 to 90/10) gradient to obtain
a white solid (70 mg, 54%)

'H NMR (CDCl3, 300 MHz), § (ppm/TMS): 7 (s, 2H), 3.4 (s,
4H), 2.8 (t, 2H), 2.6 (t, 2H), 0.16 (s, 18H) ppm.

13C NMR (CDCl3, 300 MHz), § (ppm/TMS): 170.6 (C ), 134
(CH), 100.8 (C o), 89.8 (C ), 49.4 (CH>), 43.4 (CH,), 35.36 (CHy),
-0.07 (CH3).

ESI-MS m/z [M + H]": caled. 361.1762, Found 361.1763.

2.2.7. Knélker’s complex (S7) [11]

In a round bottom flask under argon atmosphere, S6 (122 mg,
0.34 mmol) and Fe»(CO)¢ (123 mg, 0.34 mmol) were introduced
in 5 mL degassed and dry toluene. The reaction mixture was
heated at 110 °C for 14 H. The resulting brownish solution
was cooled down to room temperature and purified by column
chromatography on neutral alumina topped with a pad of
Celite (eluent: dichloromethane/cyclohexane, 6/4) to afford the
desired product S7 as a yellow-brown solid (95 mg, 53%).
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'H NMR (CHCl3, 300 MHz), § (ppm/TMS) : 6.68 (s, 2H), 3.88
(d, 2H), 3.72 (t, 2H), 3.35 (d, 2H), 3.04 (t, 2H), 0.24 (s, 18H).

13C NMR (CHCl3, 300 MHz), § (ppm/TMS) : 170.7 (C ), 134.1
(CH), 112.9 (C ¢), 69.2(C ), 53.3 (CH»), 52.3 (CH>), 36.5 (CHy),
—-0.8(CH3) ppm.

ESI-MS m/z [M + H]" : Caled. 529.0908, Found. 529.0908.

2.3. Protein expression and purification

Wild-type and mutant forms of XIn A were expressed and
purified from the supernatant of S. lividans using a slightly
modified version of a previously reported protocol [12]. Genetic
constructs for cysteine mutants at positions K48 and S212 were
a generous gift from Prof. Claude Dupont (INRS). Briefly, S.
lividans was first precultured in 12 mL TSB medium for 2 days
and further expressed for 72 H at 34 °C by inoculation in M14
minimal medium using xylose as the sole carbon source. The
culture supernatant was concentrated by ultrafiltration and
dialyzed against 20 mM citric buffer (pH 4.5). The dialyzed en-
zyme solution was then loaded on a HiPrep CM FF 16/10 column
(GE Healthcare) preequilibrated with 20 mM citric buffer (pH
4.5). The enzyme was eluted with a linear gradient of the same
buffer containing 1 M NaCl. Fractions were collected, and pro-
tein elution was monitored at 280 nm. Elution fractions were
further analyzed by SDS-PAGE, and fractions containing Xln A
were collected, pooled, dialyzed against water, and lyophilized.

2.4. Monitoring of thiol accessibility

The accessibility of the C212 thiol group was monitored using
Ellman’s test [19]. In a standard assay, 5 puL of a 10 mM solution
5,5’-dithio-bis-(2-nitrobenzoic acid) in water was added to
445 uL of reaction buffer (0.1 M sodium phosphate pH 8.0,

1 mM EDTA) in a 1-mL quartz cuvette. The absorbance at
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412 nm was then monitored as a function of time, using a
Jasco spectrophotometer, after the addition of 50 uL of a
100 uM protein solution until complete reaction. The final
absorbance obtained at the plateau was noted Ay, and the
initial absorbance measured before protein addition was noted
Ap. The reduced cysteine content was then calculated from the
difference in absorbance A.q — Ao, corrected by the dilution
factor, using an &y value of 14150 M~'-cm ~! at 412 nm.

2.5. Molecular modeling
2.5.1. Construction of the Xin A-Knolker’s biohybrid
complex
The crystal structure of XIn A from S. lividans (PDB entry
1EOW) was used as the starting template for construction of
the XIn A-Knolker biohybrid complex [20]. To predict backbone
perturbations caused by introduction of the S212C substitu-
tion, a standard RosettaBackub protocol was used [21]. The
universal force field and steepest descent protocols available
in the Avogadro 1.2.0 suite were applied to properly estimate
conformation of the Knoélker’s molecule (including the Fe ion
as transition metal). The XIn A-Kndlker’s complex was created
using the Build-Structure tools available in UCSF Chimera 1.14.
Amino acid residues in the vicinity of the Knélker’s molecule
were then energy minimized using the force field provided by
the Molegro Virtual Docker suite 6.0 (MVD). Through this en-
ergy minimization step, the thermodynamic barriers between
the XIn A receptor protein and Knolker’s ligand were evaluated
to extract the most realistic representations of this hybrid com-
plex. During this particular analysis, both the Knolker’s complex
ligand and XIn A were first considered as separated entities.

2.5.2. Conformational exchange experienced by Xin A
To simulate conformational exchange experienced by XIn A, we
applied two coarse-grained methodologies that predict short-
and long-range protein dynamics. To simulate local residue
dynamics, the stochastic method based on a Monte Carlo

New Artificial iron hydrogenases



Local flexibility in XIn A
(short-range Monte Carlo)

Biohybrid model of the Knélker’s complex
covalently anchored to Xin A. (A)
Energy-minimized structure of XIn A covalently
bound to the Kndlker's complex at mutated
position C212. The left panel shows the surface of
the XiIn A active-site cavity (green) bound to the
Knélker’s complex (ball-and-stick model). The right
panel shows residue side chains that stabilize the
Knélker's complex in the active-site cavity of Xin A.
Surface transparency was applied to illustrate the
active-site loop-harboring residue C212. Residue
side chains are labeled and shown before (blue)
and after (gray) energy minimization. The
Knélker's complex is shown in sandy brown, and
the C212 substitution is labeled in green. (B)
Molecular dynamics simulations illustrating
short-range (left panel) and long-range (right
panel) conformational exchange experienced by
Xin A. The C212 loop is colored red (left) and
highlighted by a dashed circle (right). For
long-range trajectory simulations, the starting Xin
A conformer is shown as a blue ribbon.

FIG. 2

analysis was applied using the CABSflex 2.0 server [22]. Default
server parameters were used for this analysis, which recently
demonstrated results comparable to other all-atoms MD sim-
ulations protocols (i.e., similar to 10-ns simulations in aqueous
solvent) [23]. Long-range protein dynamics were predicted

Biotechnology and Applied Biochemistry

Long-range flexibility in XIn A (NMA)

Trajectory 1 Trajectory 2

using a normal mode analysis (NMA) methodology through the
EINémo server [24]. NMA computed two trajectories with 10
models, corresponding to the lowest frequency normal modes.
Parameters used a perturbation range of —-100 and a cutoff of
8 A. Collectivity scores were considered to manually select the
best two elastic network models. All coarse-grained method-
ologies were performed using the S212C model obtained from
the RosettaBackub server as starting PDB structure [21].

2.5.3. Molecular docking simulations

To simulate coordination of the XIn A-Knoélker‘s biohybrid
complex with the TFAC substrate molecule, we performed
virtual docking simulations using the MolDock scoring function
implemented in the MVD suite 6.0 [25]. The virtual docking
procedure was performed in two sequential phases. We first
performed blind (free) docking of the substrate on the whole
biohybrid complex as receptor target, after which we used

a reduced searching area acquired from the best docking
conformers obtained from the first phase of the docking
simulation. Simulations were performed without incorporation
of water molecules, and the best conformers arose from a
pool of 1,000,000 docking combinations. Results from both
sequential phases were compiled from 500 iterations per run
and 20 runs per process. The ligand molecule was obtained
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Synthesis of the Knélker’'s complex 87 [11, 17, 18].
SCHEME 1

from the PubChem database under accession CID number
9905.

2.6. Coupling of the Knélker’s complex to the S212C
variant of XIn A
The concentration of accessible thiols calculated via Ellman’s
test was used as the free cysteine concentration available for
the coupling of the Knélker’s complex S7. Five equiv. of S7
diluted in DMSO was mixed with the Xylanase A S212C variant
(XInS212C) in the coupling buffer (HEPES 10 mM, 150 mM Na(l,
pH 7.75), for a final DMSO concentration of 2% in the desired
volume. The mixture was incubated overnight at 4 °C. The
mixture was loaded on a gel filtration column (HiLoad 16/600
Superdex™ 75, GE Healthcare) equilibrated in buffer A (HEPES
10 mM, 150 mM Nac(l, pH 8) that was previously incubated with
Chelex® 100 resin and filtered. The coupling efficiency was
measured by using Ellman’s test and MALDI-TOF MS analysis.
The molar extinction coefficient of the Knolker’s complex was
determined in HEPES 10 mM, NaCl 150 mM, pH 7 containing
5 % ethanol and was found to be similar to that measured in
ethanol, ey = 3,100 M~1-cm~! at 280 nm. The molar extinction
coefficient of the biohybrid at 280 nm was calculated by adding
the computed molar extinction coefficient of the protein variant
to that measured for the Knélker’s complex moiety and was
found to be ey = 67,500 M~1-cm™1.

2.7. Protein mass spectrometry analysis

Protein solutions were desalted on a Zeba Spin column
(Thermo) against 10 mM HEPES buffer pH 8 and then di-
luted in a sinapinic acid matrix for MALDI-ToF MS analysis
in linear mode by using a MALDI-ToF/ToF UltrafleXtreme
spectrometer (Bruker Daltonics).

2.8. Catalysis of the hydrogen transfer reaction
Reactions were carried out in 1 mL sealed vials for a 200-pL
reaction volume. In each vial, 86.2 uL of a 69.6 uM XInS212CK
solution in 10 mM HEPES 150 mM NacCl pH 8 (final concen-
tration: 30 pM), 5 uL of a 3.6 mM Me3NO solution in water
(final concentration: 90 uM), 40.8 mg of sodium formate (final
concentration: 3 M), and 10 pL of a 500 mM TFAC solution
in ethanol (final concentration: 25 mM) and 10 mM HEPES
150 mM NaCl pH 8 were added for a final volume of 200 pL
with 7.5% of EtOH. The vials were tightly closed and set in a
dry block (Reacti-therm heating and stirring module) heated at
65 °C with a vigorous stirring. The reaction was stopped after
various times, and 20 pL of a 31 mM acetophenone solution in
acetonitrile was then added. The organic products were then
extracted twice with 500 uL of ethyl acetate, dried with Na,SO4
and filtered. The samples were then analyzed by GC.

GC conditions used to determine the conversion: Zebron
7B semivolatiles column (25 m, 0.25 mm, 0.25 pym) and helium
vector gaz. Injector temperature: 300 °C, oven temperature :
50 - 54 °C, 1 °C-Min~', then 54-150 °C, 15 °C-Min~', and 150 -
220 °C, 50 °C-Min~', then hold at 220 °C for 1 Min. Detection
by FID at 300 °C

GC conditions used to determine the ee of the product:
hydrodex y-DIMOM column (25 m, 0.25 mm, 0.25 um) and
helium vector gaz. Injector temperature: 240 °C, oven temper-
ature: 100-118 °C, 5 °C-Min~! hold 15 Min, then 118-150 °C,
10 °C-Min~! and hold for 1 Min Detection by FID at 300 °C.

3. Results and Discussion

3.1. XIn A mutant selection and modeled biohybrid
formation

Covalently attaching an artificial complex to the active-site

cavity of an enzyme to yield a newly designed, stable, and

active biocatalyst remains a challenging task to this day,

New Artificial iron hydrogenases
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Postulated mechanism of the catalytic
hydrogenation by iron artificial metalloenzyme in
water.
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especially in light of issues pertaining to protein and biohybrid
stability. To help with proper positioning and orientation of
the Knolker’s complex in the solvent-exposed active site of
XIn A, active-site residues K48 and S212 were selected as
potential targets for cysteine mutagenesis, in addition to being
subjected to molecular modeling investigation. Residues K48
and S212 are located on opposite sides of the active-site cavity,
allowing subsequent formation of a covalent adduct between
the enzyme and the Knolker’s complex using the free thiol
group of the cysteine side chain. Our experimental results
showed that biohybrid formation was unsuccessful at residue
48, most likely due to unfavorable steric clashes between the
enzyme and the Knolker’s complex upon covalent anchoring
at this position (Fig. 1). However, coupling of the Knoélker’s
complex to XIn A mutant S212C was successfully achieved,
yielding the XInS212CK enzyme variant (Fig. 1).

In accordance with experimental results, molecular mod-
eling confirmed that the Knolker’s complex can be accommo-
dated in the active-site of XIn A upon covalent anchoring at this
position (Fig. 2A).

However, the MolDock scoring function of the MVD force
field revealed that this biohybrid remains energetically unfa-
vorable when subjected to side-chain energy stabilization in the



Short-range flexibility
experienced by XIn§212CK

Virtual docking of the TFAC substrate to the
XInS§212C and XInS212CK biohybrid complexes
used as receptor targets. (A) Blind virtual docking
of TFAC to the XInS212C variant obtained from the
RosettaBackrub server. (B) Docking of TFAC to the
energetically minimized cavity of the XInS212CK
biohybrid complex. (C) Docking of TFAC to an
energetically favorable XInS212CK conformer
extracted from Monte Carlo simulations. (D) Virtual
docking of TFAC to the open state conformation of
XInS212CK, obtained from NMA. In all structures,
TFAC and the Knélker's complex are colored red
and sandy brown, respectively. Red and blue
protein surfaces highlight hydrophobic and
hydrophilic surface areas, respectively.

FIG. 6

vicinity of the active-site cavity. Even after energy minimization,
residues delineating the catalytic pocket of XIn A remain highly
unstable (= 80 kcal/mol for the biohybrid complex) (Fig. 2A,
right panel). These results illustrate that an energy contribution
is required to stabilize the Knolker’s complex and to establish
proper thermodynamic conditions essential for enzyme-ligand
stabilization. This also strongly suggests that formation of the

Biotechnology and
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XinS$212C cavity minimized
with Knolker and TFAGC

oy
Open state model of XInS212CK
with bound TFAC

XIn A-Knolker’s biohybrid requires conformational rearrange-
ments within the protein scaffold.

To provide a more realistic model representation of the
experimentally observed biohybrid complex, we performed
Monte Carlo and NMA simulations to estimate short- and long-
range conformational exchange experienced by the enzyme
in solution. Coarse-grained simulations strongly suggest that
the active-site cavity of XIln A experiences short- and long-
range conformational rearrangements to allow Knolker’s
complex stabilization within the active-site cavity (Fig. 2B).
Upon structural reorganization, energetically favorable protein
conformers that stabilize biohybrid complex formation were
readily observed, specifically for short-range flexibility models,
which displayed favorable biohybrid complex energy values
(AG up to -20 kcal/mol).

3.2. Synthesis of the Knélker‘s complex (S7)

The Knolker’s complex (S7) bearing a maleimido group that
enables its covalent anchoring into the XInS212C variant by
reaction with the thiol function of C212 was prepared in seven
steps, as described in Scheme 1.

New Artificial iron hydrogenases



Tert-butyl(2-aminoethyl)carbamate S3 was first prepared
in an overall 50% yield in two steps starting by the trimethyl
silylation of propargylic alcohol by trimethylsilyl chloride, fol-
lowed by a bromination by Br; in the presence of triphenyl
phosphine and pyridine in dichloromethane, as described in
the literature (Scheme 1) [11, 17]. N-(2-Aminoethyl)maleimide
S5 was then prepared in an overall 40% yield in three
steps involving the monoprotection of one amino group of
ethylenediamine by Boc;0, followed by the introduction of the
maleimido group by peptide coupling with N-methoxy-carbonyl
maleimide in the presence of sodium hydrogenocarbonate
and, finally, deprotection of the amino group by trifluoroacetic
acid (Scheme 1) [17, 18]. The 1-(2-(bis(3-(trimethylsilyDprop-
2-yn-1-yl)amino)ethyl)-1H-pyrrole-2,5-dione ligand (S6) was
then obtained in a 54% yield by reaction of S3 with S5 in dry
acetonitrile in the presence of N,N-diisopropylethylamine, as
described in the Experimental section [11]. Final introduc-
tion of the iron(IIl) ion was performed by reaction of S7 with
Fe»(CO)y in dry toluene under inert atmosphere, producing
the S7 Knolker’s complex at 53% yield, which was then fully
characterized by 'H and '*C NMR and ESI MS.

3.3. Synthesis and characterization of the XInS212CK
biohybrid
The reactivity and accessibility of the thiol function of cysteine
212 in the XInS212C enzyme variant was first assessed by
the time-resolved Ellman’s assay using sulfhydryl reagent
5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) that reacts with
sulfhydryl groups and releases 2-nitro-5-thiobenzoate (TNB),
which displays a maximum absorption at 412 nm [19]. The
final labeled cysteine concentration was equal to protein
concentration, indicating full accessibility, reactivity, and lack
of disulfide bridge formation at cysteine 212, even after several
weeks of storage without any reducing agent. The XInS212C
variant was then functionalized by incubation with 5 equiv.
of the S7 Kndlker’s complex dissolved in DMSO overnight at
4 °C, in coupling buffer (HEPES 10 mM, 150 mM NacCl, pH
7.75) (Fig. 1). This resulted in the formation of the XInS212CK
biohybrid, bearing Knolker’s complex S7 covalently linked to
cysteine 212, which was further characterized by MALDI-ToF
mass spectrometry (Fig. 3). Peaks at 33,158 + 5 and 33,598 +
5 Da were, respectively, observed for the XInS212C variant and
for the xylanase A-derived biohybrid XInS212CK, in agreement
with the covalent anchoring of one Knolker’s complex S7 per
protein after loss of three CO ligands (Fig. 3).

3.4. Aqueous transfer hydrogenation of TFAC by metal
complexes
TFAC S8 was chosen as a benchmark substrate to delineate
the catalytic activity of the newly synthesized complexes in
aqueous transfer hydrogenation reactions using formate as a
hydrogen source (Fig. 4). First, this substrate may be readily
reduced into the corresponding «-(trifluoromethyl)benzyl
alcohol S9 thanks to the electron-attracting character of
the CF3 substituent [26]. Second, TFAC is well known to be
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hydrogenated into asymmetric trifluoromethyl benzyl alcohol
by naturally occurring hydrogenases like carbonyl reductase
[27], which makes it a perfect candidate for studying the
enantioselectivity of the catalysis.

The hydrogenation of TFAC was carried out in aqueous
medium, under the following reaction conditions: a 25 mM
solution of the carbonyl substrate in HEPES buffer (pH 8) was
allowed to react at 65° C with 3 M sodium formate in the
presence of 90 uM Me3NO and 30 uM catalyst [28].

The same conditions were then chosen to explore the
catalytic activity of the XInS212CK artificial hydrogenase,
and the influence of XIn A on the kinetics and selectivity of
the hydrogenation reaction catalyzed by Kndlker’s complex
cofactor S7 was investigated.

3.5. Hydrogenation of TFAC by the XInS212CK
biohybrid
The reaction was followed by gas chromatography using
acetophenone as internal standard. Whereas the reaction was
negligible in the absence of catalyst (data not shown), it was
catalyzed by both the Knélker’s iron complex S7 and the XIn
A-Knolker’s iron biohybrid complex XInS212CK. XInS212CK
catalyzed the hydrogenation of TFAC into alcohol S9 with
an initial rate of 8.8 uM-H~!, whereas Knolker’s complex S7
alone was poorly soluble in water thus producing alcohol S9
with an initial rate of only 2 yM-H~! (data not shown). Under
these conditions, the reaction thus proceeded about 4.4-fold
faster with the XInS212CK biohybrid than with the Knolker’s
complex S7 alone as catalyst. It is noteworthy that, in ethanol
the Knokler’s complex S7 was soluble and produced alcohol S9
with an initial rate of 2.6 uM-H~!. Over time, the production
of alcohol S9 slowed down to reach a plateau after about 60
H. After reaching the plateau, approximately 2.5-fold more
alcohol S9 was produced in the presence of the biohybrid
XInS212CK than in the presence of the Knolker’s complex S7
alone as catalyst (Fig. 5).

This confirmed that the XInS212CK biohybrid was a better
catalyst for the hydrogenation of TFAC by sodium formate in
water, which could potentially be explained by the fact that the
protein scaffold may facilitate solubilization of the hydrophobic
Knolker’s complex and the TFAC substrate in water.

Finally, the enantiomeric excess was measured using a
chiral GC column, as described in the Experimental section.
Trifluoromethyl benzyl alcohol was formed as a racemic
mixture, exhibiting poor control of the substrate orientation
and/or stabilization inside the hydrophobic pocket of the
XInS212CK biohybrid.

3.6. Virtual docking of TFAC to the XInS212CK
biohybrid

To rationalize these experimental results and to simulate

a precoordination complex that could favor hydrogenation

of the TFAC molecule, we performed virtual docking of this

substrate to XInS212C and XInS212CK. Blind virtual docking

was first performed on free XInS212C to uncover pockets and/or



preferred hotspots that favor TFAC binding to the enzyme.
After testing over 1,000,000 blind docking combinations,

we found that the most favorable TFAC ligand conformers
are always preferentially positioned within a given subsite
of the XIn A binding pocket (AG = -62 kcal/mol, Fig. 6A).
Even upon anchoring of the Knolker’s complex to the enzyme
scaffold, docking simulations illustrate that the most favorable
TFAC-binding site remains unchanged, targeting the same
active-site pocket within Xln A, even after conformational
rearrangements of the active-site cavity (AG values up to — 81
kcal/mol, Fig. 6B-6D). Interestingly, none of our docking models
show catalytically productive atomic coordination between
the Knolker’s complex and the TFAC substrate molecule,
further supporting the lack of enantioselectivity conferred by
the XInS212CK biohybrid scaffold. Indeed, this observation
suggests that the Knolker’s complex is most likely flexible and
can experience free rotational reorientation within the active-
site pocket of XIn A, allowing it to access the subsite pocket
populated by TFAC.

3.7. Reaction mechanism

Based on our results and previously reported work [29], a
three-step mechanism can be proposed for the reduction of
TFAC by sodium formate catalyzed by the XInS212CK biohybrid
(Scheme 2). First, in agreement with the necessity to add
Me3NO in the medium for the reaction to occur, it is reasonable
to assume that oxidation by Me3NO of one CO ligand stabilized
by the iron atom in the starting Knoélker’s complex S7 provides
the activated 16-electron iron species S7bh. The subsequent
hydrogen activation should lead to the hydride iron complex
S7¢ [29].

The C=0 bond may then be reduced either through a
one-step process (as shown in Scheme 1) or through a stepwise
process. Finally, the reduced products are released and the
Knoélker’s complex S7 regenerated.

4. Conclusions

In conclusion, we have demonstrated that a new artificial
hydrogenase made by covalent grafting of the iron Knélker’s
complex S7 bearing a maleimido reactive function anchored to
a xylanase S212C variant can efficiently catalyze the transfer
hydrogenation of the benchmark substrate TFAC by sodium
formate in water, yielding the corresponding secondary alcohol
as a racemic. The reaction proceeded more than threefold
faster with the XInS212CK biohybrid than with the Knélker’s
complex S7 alone. In addition, efficient conversion of TFAC
to its corresponding alcohol was reached within 60 H with
XInS212CK, whereas = 2.5-fold lower conversion was observed
with Knélker complex S7 alone as catalyst. As previously
reported for metal complexes such as metalloporphyrins [13,
14], this confirmed that incorporation of iron Knélker’s complex
S7 into the hydrophobic pocket of a protein such as Xln A is
productive and favorable, most likely due to increased solubility
provided by the protein scaffold for such hydrophobic substrate
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and Knolker moiety. In contrast, incorporation of the Knolker’s
complex in the chiral cavity of XInS212C did not induce the
expected reaction enantioselectivity, suggesting poor control of
substrate and/or Knoélker’s complex orientation with respect to
the iron center within the active-site pocket of XIn A.

On the basis of these results, we aim to build new artificial
metalloenzymes based on the same scaffold. To improve activity
of the biohybrid catalyst, water-soluble metalloporphyrins
incorporating different metal centers such as ruthenium will
be synthesized. Improving enantioselectivity may be achieved
either by chemical modifications such as using spacers of
variable lengths between the xylanase protein and the Knolker’s
complex, or by performing additional mutagenesis within the
active-site pocket of Xln A to better accommodate and improve
complex stabilization.
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