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ABSTRACT: Artificial metalloenzymes result from anchoring a metal
cofactor within a host protein. Such hybrid catalysts combine the selectivity
and specificity of enzymes with the versatility of (abiotic) transition metals
to catalyze new-to-nature reactions in an evolvable scaffold. With the aim of
improving the localization of an arylsulfonamide-bearing iridium-pianostool
catalyst within human carbonic anhydrase II (hCAII) for the enantiose-
lective reduction of prochiral imines, we introduced a covalent linkage
between the host and the guest. Herein, we show that a judiciously
positioned cysteine residue reacts with a p-nitropicolinamide ligand bound
to iridium to afford an additional sulfonamide covalent linkage. Three
rounds of directed evolution, performed on the dually anchored cofactor, led
to improved activity and selectivity for the enantioselective reduction of
harmaline (up to 97% ee (R) and >350 turnovers on a preparative scale). To
evaluate the substrate scope, the best hits of each generation were tested
with eight substrates. X-ray analysis, carried out at various stages of the evolutionary trajectory, was used to scrutinize (i) the nature
of the covalent linkage between the cofactor and the host as well as (ii) the remodeling of the substrate-binding pocket.

■ INTRODUCTION

Artificial metalloenzymes (ArMs) expand the repertoire of
biocatalyzed reactions.1−10 ArMs combine attractive features of
organometallic catalystssuch as broad substrate scope and
large reaction repertoirewith characteristics of enzymes,
including high turnover numbers, unrivalled stereoselectivity,
and biocompatibility. Such hybrid catalysts result from the
incorporation of an abiotic metal cofactor within a
protein.11−16 Four distinct anchoring strategies have been
pursued to date: covalent,17−19 supramolecular,20−22 da-
tive,23−25 and metal substitution.26−28 As the “repurposed
active site” seldom snugly matches the structure of the
cofactor·substrate complex, the cofactor is poorly localized,
potentially limiting the effect of mutations on the catalytic
performance of ArMs.29 With the aim of firmly localizing an
abiotic cofactor, several groups have engineered additional
interactions between the cofactor and the host protein,
ultimately leading to improved activities and selectivities for
ArMs based on myoglobin,30,31 LmrR,32−35 streptavidin,36 etc.
To complement our efforts centered around streptavidin-

based ArMs, our group has reported the use of human carbonic
anhydrase II (hCAII) as a host protein for the assembly and
optimization of an artificial transfer hydrogenase37−39

(ATHase hereafter) and artificial metathase.40 hCAII provides
an attractive scaffold due to its monomeric globular structure
(30 kDa), high affinity for aromatic sulfonamides, and large

funnel-shaped hydrophobic access to the active site.41,42

Thanks to its monomeric nature, hCAII can readily be
displayed on Escherichia coli’s outer membrane, significantly
simplifying the ArM’s assembly and the whole-cell screening
procedure. In a previous study, we identified cofactor 1 (Figure
1a) as a promising cofactor for the transfer hydrogenation
using wild-type hCAII (hCAIIWT) as a protein scaffold.39

Enantiopure amines represent attractive targets both as
pharmaceutical ingredients and agrochemicals.43−46 Following
a seminal report in 2011,47 imine reductases have firmly
highlighted their versatility for the production of enantiopure
amines.48−51 These complement homogeneous catalysts for
the reduction of prochiral enamines and imines.52−54 Capital-
izing on our previous efforts in ATHases, we set out to
introduce a covalent anchor between the IrCp* cofactor and
hCAII. We hypothesized that the resulting firm localization of
the cofactor may positively affect both the turnover numbers
(TONs) and the stereoselectivity of the resulting ATHase.
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Building on the abundant literature covering ligation of
cysteines with electrophiles55 including maleimides,56 nitro
pyridines,57 halogenoalkanes,58 alpha-halocarbonyls,59 Mu-
kaiyama reagents,60 and sulfones,61 we envisioned engineering
a suitably positioned cysteine residue that would undergo a
nucleophilic addition on the cofactor bearing an electrophilic
moiety. Herein, we report on our efforts to design and evolve
an ATHase equipped with a dual-anchoring system.

■ DESIGN OF A DUAL-ANCHORING STRATEGY FOR
CARBONIC ANHYDRASE

Building on our previous hCAII-based ATHase,39 the
requirements for the cofactor design were set as follows: (i)
an arylsulfonamide moiety for anchoring to hCAII, (ii) an
ethyl spacer between the anchor and the IrCp* moiety, (iii) a
picolinamide chelate for increased transfer hydrogenation
activity,62 and (iv) an electrophilic substituent on the pyridine,
susceptible to nucleophilic attack by a suitably positioned
cysteine (Figure 1). We envisioned that cofactor 2 would
efficiently bind to hCAII thanks to the arylsulfonamide linker
and would be further anchored via a nucleophilic aromatic
substitution (SNAr) with a suitably positioned cysteine residue
present in the protein vestibule (Figure 1c). Moreover, we
hypothesized that the SNAr may further increase the activity of
the IrCp* picolinamide complex by increasing the electron-
donating ability of the ligand.63 Cofactor 2 was synthesized in

two steps from commercially available starting materials
(Scheme S1). Next, hCAIIWT was crystallized by sitting drop
vapor diffusion, and the crystals were cross-linked with
glutaraldehyde prior to soaking with cofactor 2 (see
Supporting Information). The resulting X-ray diffraction data
were solved at 1.41 Å resolution. Inspection of the X-ray
structure of 2·hCAIIWT reveals that both glutamate 69 (E69)
and isoleucine 91 (I91) residues lie closest to the electrophilic
nitro group of the picolinamide. The shortest contacts to one
oxygen of the nitro group to cofactor 2 for these two residues
are Cγ of E69 and Cγ1 of I91 (3.4 and 3.6 Å, respectively,
Figure 1b). Accordingly, we expressed and purified the single
mutants hCAIIE69C and hCAIII91C and evaluated their catalytic
performance toward the transfer hydrogenation of harmaline 3
and dihydroisoquinolinium 4 precursor to crispine A 4-H2.
ATHases 1·hCAIIWT, 1·hCAIIE69C, and 1·hCAIII91C perform
poorly for the reduction of substrate 3 (Table S18). In
contrast, ATHases 2·hCAIIWT, 2·hCAIIE69C, and 2·hCAIII91C

catalyze the enantioselective reduction of both substrates.
Strikingly, the position of the cysteine residue affects the
resulting enantioselectivity: for both substrates, opposite
enantiomers are preferentially produced in the presence of 2·
hCAIIE69C and 2·hCAIII91C, respectively (Table 1). To
assemble the ArMs, cofactor 2 (0.1 mM) and
hCAIIWT, E69C or I91C (0.1 mM) were incubated (6 h) at room
temperature using carbonate buffer (50 mM, pH 9.4). Transfer
hydrogenation was performed using substrate (2 mM) and

Figure 1. Strategy to assemble dually anchored ArMs. (a) Structure of the cofactors 1−2, (b) X-ray structure of cofactor 2 (depicted as sticks, Ir
and Zn as color-coded spheres) bound to hCAWT (depicted as cartoon representation). Distances between the Onitro and the residue glutamate E69
and isoleucine I91 (depicted as sticks) are highlighted, (c) Schematic representation of the expected and observed dual anchoring within
engineered hCAIIE69C and hCAIII91C.
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ArMs (10 μM) in MOPS buffer containing NaHCO2 (1 M) as
the hydride source. Reduction of harmaline 3 using 2·hCAIIWT

gave (R)-3-H2 with a good yield (68%, after 16 h) and a
moderate enantioselectivity (26% ee). In contrast, 2·hCAIIE69C

gave (R)-3-H2 with a comparable yield (66%) but with an
increased ee = 50%. Interestingly, 2·hCAIII91C also gave a good
yield (66%) and a reverse ee = −38% for (S)-3-H2 (Table 1,
Entry 1−3). The difference in enantioselectivity suggests
different binding poses for harmaline in the larger binding
pocket of 2·hCAIII91C compared to 2·hCAIIE69C (Figures S3

and S5). More strikingly, the reduction of iminium 4 by 2·
hCAIIWT gave a low conversion (6%) and hardly any
enantioselectivity (Table 1, Entry 4). In contrast, 2·hCAIIE69C

led to a slightly higher yield (13%) and ee (−50%) (Table 1,
Entry 5). Mutant 2·hCAIII91C gave a higher yield (30%) but
low enantioselectivity (15%, Table 1, Entry 6). Taken together,
these results highlight the power of the dual-anchoring
strategy, giving rise to an increased enantioselectivity for
substrates 3 and 4 compared to the parent hCAIIWT. To
further improve the catalytic performance of the dually
anchored ATHases, we relied on directed evolution.64−66

To confirm the dual anchoring of the cofactor 2 within
hCAIIE69C and hCAIII91C, the two variants were incubated with
cofactor 2 (16 h, pH 9.4, 50 mM (NH4)2CO3). The unbound
cofactor 2 was removed, and the buffer was exchanged (25
mM Tris-HCl, pH 7.4) by ultrafiltration. The resulting ArMs
were crystallized by sitting drop vapor diffusion (see
Supporting Information). To our delight, the crystals diffracted
to a good resolution for 2·hCAIIE69C (1.51 Å) and for 2·
hCAIII91C (1.04 Å). The electron density highlights the
cofactor’s localization within hCAIIE69C (Figure S1) and
hCAIII91C (Figure 3b,c). As observed for 2·hCAIIWT, the
arylsulfonamide anchor of cofactor 2 is bound to the zinc ion
of hCAII. An additional bond was identified between the
picolinamide moiety and the engineered cysteine residues.
Unexpectedly, the well-resolved electron density revealed the
presence of a pyridine−sulfonamide linkage (Figures 3b,c and
S1b and S2b), rather than the anticipated thioether moiety
(Figure 1c). For 2·hCAIII91C, the pyridine−sulfonamide bond

Table 1. Catalytic Performance of ATHases Constructed by
Anchoring Cofactor 2 to hCAIIWT, hCAIIE69C, and
hCAIII91Ca

aReactions were performed for 16 h using hCAII (10 μM), cofactor 2
(10 μM), and substrate (2 mM) in MOPS/NaHCO2 buffer (pH 7.4,
0.34 M, 0.85 M).

Figure 2. In cellulo assembly of artificial transfer hydrogenases (ATHases). hCAII is displayed on the cell surface of E. coli by fusion to a truncated
lipoprotein and the outer membrane protein A (Lpp-OmpA). Following incubation with the sulfonamide-bearing IrCp* pianostool complex 2, the
resulting ArM catalyzes the enantioselective reduction of harmaline 3 in the presence of NaHCO2 as the hydride source.
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is fully formed, resulting in a complete occupancy (100%) for
the IrCp*(picolinamide) moiety (Figures 3c and S2b and
S2e). For 2·hCAIIE69C, the IrCp*(picolinamide) moiety with
the pyridine−sulfonamide linkage has a lower occupancy
(∼70%) (Figure S1). Two additional cofactor positions with a
free cysteine E69C were refined (Figure S1c). The incomplete
formation of the pyridine−sulfonamide bond for hCAIIE69C

may be caused by the somewhat unfavorable geometry that
cofactor 2 has to adopt to form the pyridine−sulfonamide
linkage (Figure S3). The dihedral angle between C6−C7−
C8−N1 serves as an indicator for the strain on cofactor 2.
Within hCAIIE69C, the dually anchored cofactor 2 has an acute
dihedral angle (102.2°), which is significantly smaller than the

dihedral angle observed for the noncovalently bound cofactor
2 in hCAIIWT (158.6°). The dihedral angle for 2 in hCAIII91C

(134.0°) is closer to the angle of 2 in hCAIIWT (158.6°)
suggesting a more relaxed geometry of 2 in hCAIII91C. The
observed difference of the dihedral angles of 2 in hCAIIE69C

and hCAIII91C might explain the difference between the
incomplete and quantitative formation of the pyridine−
sulfonamide bond for these two hCAII mutants, respectively.
Compared to 2·hCAIIWT, the presence of the pyridine−

sulfonamide linkage leads to the relocation of the Ir-
picolinamide complex in hCAIII91C, providing slightly more
space for substrate binding (Figures S3 and S5). The Ir-ion of
ATHase 2·hCAIII91C is displaced (1.0 Å), and the N2 of the

Figure 3. Directed evolution of ArMs resulting from the dual anchoring of cofactor 2. (a) A streamlined screening workflow was developed that
enables expression of hCAII mutants and subsequent evaluation of their activity and selectivity in a 96-well plate format. See Supporting
Information for a detailed description of the workflow. (b−d) X-ray characterization of the ATHase 2·hCAIII91C. (b) Fo-Fc difference map
displayed as green mesh at 3σ without and (c) with cofactor 2. (d) hCAIII91C is depicted as a transparent gray surface and orange cartoon. Amino
acids in the proximity of the cofactor are highlighted as sticks and labeled; the H-bond between Q92 and cofactor 2 is depicted as red dashes. The
five residues (L60, N62, N67, E69, and Q92) closest to the catalytic iridium in hCAIII91C were randomized by site-saturation mutagenesis. (e)
Summary of the results of the directed evolution for the production of tetrahydroharmine 3-H2. For each round of site-saturation mutagenesis, the
cell-specific activity (product concentration/O.D.) and the enantiomeric excess (ee) of selected mutants are displayed as bar chart (TON, dark
blue; ee, orange; enantiomer: R, positive, highlighted in gold; S, negative, highlighted in pink). Data are presented as the average of three
independent replicate cultures and include the standard deviation. For the site-saturation library of Q92, no further improved mutant was identified.
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nitro precursor is shifted (3.4 Å) in 2·hCAIII91C compared to
2·hCAIIWT (Figure S4). Cofactor 2 is stabilized via H-bonds
with glutamine 92 (Q92) and threonine 198 (T198) and by π-
stacking with phenylalanine (F130) in hCAIII91C (Figure S6).
In all three X-ray structures of 2·hCAIIWT, E69C and I91C, the Ir in
2 has an (S)-configuration. In contrast to previous reports on
ATHases, the absolute configuration of the metal does not
correlate with the configuration of the products.67 Indeed, both
2·hCAIIE69C and 2·hCAIII91C contain cofactor 2 with an (S)-
configuration at the Ir−Cl, but convert substrate 3 and 4
preferentially to opposite enantiomers.
Having established a powerful method to dually anchor the

cofactor 2 to hCAII scaffolds bearing a judiciously positioned
cysteine residue, we set out to optimize the ATHase activity by
directed evolution.64−66

■ DIRECTED EVOLUTION
To improve the activity of ATHases based on the dual-
anchoring strategy, we selected hCAIII91C as a scaffold for
directed evolution. The selection of hCAIII91C over hCAIIE69C

is based on the following considerations: (i) the bioconjuga-
tion is quantitative, thus affording single and well-defined
localization of the cofactor 2 within the “active site”, and (ii)
more space is available for the prochiral substrate to approach
the Ir−H moiety. To streamline the directed evolution, we
selected an E. coli surface display for hCAII.39 This strategy
was favored over the periplasmic compartmentalization in light
of the following factors: (i) the cofactor concentrations are
roughly similaras determined by ICP-MSand (ii) the
accessibility for the substrate is coupled with a defined reaction
environment (i.e., extracellular versus peptidoglycan environ-
ment).39 For E. coli surface display, hCAII was fused at its N-
terminus with a truncated E. coli lipoprotein Lpp (residues 1−
9), followed by the first five β-sheets of OmpA (residues 46−
159, Figure 2). Initial experiments were performed with
hCAIIWT and hCAIII91C evaluating the effect of varying
concentrations of cofactor 2 in the presence of either substrate
3 or 4. In line with the reactions performed with purified
hCAII samples (Table 1), the conversion of substrate 3 was
higher than that of substrate 4. Accordingly, harmaline 3 was
selected as the substrate for the directed evolution campaign.
To minimize the background reaction resulting from unspecifi-
cally bound cofactor 2 (e.g., in the presence of E. coli bearing
an empty plasmid), its concentration was set to 5 μM (Figure
S7).
Next, we designed site-saturation mutagenesis libraries for

hCAIII91C, focusing on the five closest residues to the chloride
ligand of 2 as determined in the X-ray structure of 2·hCAIII91C

(Figure 3b). The closest lying positions are L60, N62, N67,
E69, and Q92. To minimize the screening effort, we relied on a
“small-intelligent” focused library approach by combining
NDT, VMA, and TGG codons.68 We omitted the ATG
codon to exclude methionine, thus affording a nonredundant
library encoding 19 amino acids. We developed a workflow for
the growth, expression, and catalysis by E. coli displaying hCAII
mutants in a 96-well format (Figure 3a). After induction of
hCAII, followed by overnight expression (30 °C), the cells
were harvested by centrifugation and washed with a [Cu(gly)2]
buffer to oxidize traces of thiols.69,70 Next, the cells were
resuspended in a buffer (pH 9.4, 50 mM (NH4)2CO3)
containing the cofactor 2 and incubated (1 h at 30 °C) to
afford the dually anchored ArMs on the cell surface. The
supernatant was removed by centrifugation, and the cells were

resuspended in the reaction buffer (pH 7.4, 0.4 M MOPS)
containing substrate 3 (50 μM) and NaHCO2 (1 M). The 96-
well plate was then shaken (16 h at 30 °C, 300 rpm). Cells
were sedimented by centrifugation, and the supernatant was
transferred to a reaction tube (1.5 mL) for workup. Finally,
each sample was analyzed by supercritical fluid chromatog-
raphy (SFC, using 2-methyl indoline as an internal standard)
to determine the product concentration and enantioselectivity.
This procedure enables the screening of hundreds of mutants
per week, substantially increasing the throughput compared to
the conventional workflow that relies on purified mutants. The
first round of directed evolution was performed by
constructing a combinatorial library, mutating simultaneously
asparagine 67 (N67) and glutamate 69 (E69), which are
located 5.6 and 6.5 Å from the chloride ligand of cofactor 2,
respectively. Upon screening (>650 colonies), we identified
two mutants displaying an increased cell-specific activity
compared to 2·hCAIIWT and 2·hCAIII91C. The ATHase 2·
hCAIIN67G‑E69R‑I91C had a higher cell-specific activity (1.8 ± 0.2
(average ± s.d.) fold) compared to 2·hCAIII91C and an
enhanced enantioselectivity for (R)-3-H2 (80.0 ± 2.9% ee). To
explore the influence of the pyridine−sulfonamide anchor, we
expressed hCAIIN67G‑E69R lacking the I91C mutation. The
corresponding 2·hCAIIN67G‑E69R, afforded a markedly reduced
ee (10.0 ± 1.2%) and a reduced activity compared to 2·
hCAIIN67G‑E69R‑I91C for the reduction of harmaline 3.
In te res t ing ly , the second ident ified mutant 2 ·
hCAIIN67L‑E69Y‑I91C afforded (S)-3-H2 with a slightly higher
cell-specific activity compared to 2·hCAIII91C (1.2 ± 0.1-fold)
and a moderate ee (−48.0 ± 10.7%). Two additional rounds of
directed evolution at positions L60 and N62 afforded a
quintuple mutant hCAIIL60F‑N62Y‑N67G‑E69R‑I91C, which displayed
a higher cell-specific activity (2.8 ± 0.3-fold) and a similar ee
(79.0 ± 0.4%) for enantiomer (R)-3-H2 compared to 2·
hCAIII91C. Starting from the (S)-selective ATHase 2·
hCAIIN67L‑E69Y−I91C, the directed evolution campaign afforded
the quadruple mutant hCAIIL60W‑N67L‑E69Y‑I91C which displayed
the highest cell-specific activity (4.3 ± 0.4 fold) compared to
hCAIII91C and an improved ee (−59 ± 1.8%) for (S)-3-H2
(Figure 3e). The purified mutants hCAIIN62D‑N67L‑E69Y‑I91C and
hCAIIL60W‑N62D‑N67L‑E69Y‑I91C displayed higher activities than
the parent hCAIIN67L‑E69Y‑I91C for several substrates as
summarized below (Table 2). All mutants resulting from the
site-saturation mutagenesis library at position Q92 displayed a
decreased activity. We hypothesize that the H-bond interaction
between Q92 and the cofactor 2 plays an important role in
maintaining the cofactor’s position within the active site of the
ATHase to favor the pyridine−sulfonamide linkage (Figures 3b
and 4).
The hCAII mutant proteins were expressed in 2 L cultures

and purified (up to 100 mg of lyophilized protein). Transfer
hydrogenation was then performed on harmaline 3 with
purified proteins and cofactor 2 to validate the results obtained
from the whole-cell experiments. From the in vitro validation,
we can draw the following conclusions: (i) TON and
stereoselectivity of the evolved ATHases are higher than the
parent cofactor 2 and 2·hCAIIWT (Table 2, Entry 2−3),
confirming the efficiency of our strategy, (ii) concerning (R)-
selectivity, 2·hCAIIN67G‑E69R‑I91C is the best mutant, affording
enantiomer (R)-3-H2 (96% ee, 451 TON; Table 2, Entry 5),
(iii) for the best ATHase for (S)-3-H2, only moderate ee are
observed, with 2·hCAIIN67L‑E69Y‑I91C (−62% ee) and 2·
hCAIIL60W‑N67L‑E69Y‑I91C (−49% ee; Table 2, Entry 8−9), (iv)
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compared to 2·hCAIIN67G‑E69R‑I91C, a reduced enantioselectivity
was observed for the third- and fourth-generation ArMs. For
the (S)- but also for the (R)-selective ArMs, the in vitro activity
deviates from the observed whole cell transfer hydrogenation.
In vitro, we observed that 2·hCAIIN67L‑E69Y‑I91C (458 TON) is
more active than 2·hCAIIL60W‑N67L‑E69Y‑I91C (221 TON) this
activity profile contrasts with the whole cell assays. These
observations suggest that the expression levels of
hCAIIN67L‑E69Y‑I91C and hCAIIL60W‑N67L‑E69Y‑I91C may differ
from each other on the surface of E. coli.
Next, we performed the transfer hydrogenation on a

preparative scale in the presence of harmaline 3 (0.5 mmol)
with 2·hCAIIN67G‑E69R‑I91C and 2·hCAIIL60W‑N67L‑E69Y‑I91C (0.2

mol %). The ATHase 2·hCAIIN67G‑E69R‑I91C performs very well
(97% ee, 75% isolated yield, 84 h) for (R)-3-H2, and ArM 2·
hCAIIL60W‑N67L‑E69Y‑I91C afforded (S)-3-H2 with good yield and
moderate ee (86% yield, −43% ee, 84 h). Relying on hCAIII91C

as a starting point, the directed evolution of a dually anchored
ATHase led to the identification of significantly improved
artificial metalloenzymes, both in terms of activity (up to 451
TONs) and selectivity (up to 97% ee for (R)-3-H2 and −62%
ee for (S)- 3-H2).
We attempted to crystallize the complexes of cofactor 2

bound to the best mutant of each directed evolution round.
The most (R)-selective ATHase 2·hCAIIN67G‑E69R‑I91C afforded
crystals suitable for X-ray analysis. The overall structures of 2·
hCAIII91C and 2·hCAIIN67G‑E69R‑I91C are virtually identical,
reflected by a Cα RMSD (0.340 Å). Moreover, the position of
cofactor 2, including the pyridine−sulfonamide linkage
resulting from the dual anchoring, the interactions between
hCAIIN67G‑E69R‑I91C, and the protein as well as the (S)-
configuration of the Ir−Cl, is the same in these two mutants
(Figures S4c and S6d). These observations confirm that the
dual anchoring locks the cofactor 2 in a defined configuration
and position. On the one hand, the mutation of asparagine
N67 to glycine generates more space (63.7 Å3)71 for the
substrate to approach the Ir−H moiety. On the other hand, the
exchange of glutamate E69 by a cationic arginine might lead to
cation-π interactions with the electron-rich substrate 3. We
thus hypothesize that mutations N67G and E69R may improve
the binding of the substrate, thereby giving rise to increased
TONs and enantioselectivity (Table 2 and 3). Because of the
dual anchoring of cofactor 2, N67 and E69 are not needed for

Table 2. Selected Catalytic Results Obtained with Purified
2·hCAIImutants for the Transfer Hydrogenation of Harmaline
3a

mutants TON ee (%)

1 none 311 0
2 hCAII 149 31 (R)
3 hCAIIE69C 278 48 (R)
4 hCAIII91C 265 39 (S)
5 hCAIIN67G‑E69R‑I91C 451 96 (R)
6 hCAIIN62Y‑N67G‑E69R‑I91C 460 73 (R)
7 hCAIIL60F‑N62Y‑N67G‑E69R‑I91C 415 74 (R)
8 hCAIIN67L‑E69Y‑I91C 458 62 (S)
9 hCAIIL60W‑N67L‑E69Y‑I91C 221 9 (S)
10 hCAIIN67G‑E69R‑I91Cb 375 97 (R)
11 hCAIIL60W‑N67L‑E69Y‑I91Cb 430 43 (S)

aReactions were performed over 16 h using hCAII (10 μM), cofactor
2 (10 μM), and substrate (5 mM) in MOPS/NaHCO2 buffer (pH
7.4, 0.34 M, 0.85 M). Values are the mean values of duplicate
experiments. bExperiments were performed on a preparative scale
with 0.5 mmol of harmaline 3.

Figure 4. Crystal structure of the evolved 2·hCAIIN67G‑E69R‑I91C. The
protein is depicted as an orange cartoon and as a transparent gray
surface. The cofactor 2 is displayed in color-coded sticks, and Ir-atoms
and Zn-atoms are depicted as purple and gray spheres, respectively.
Amino acids in the proximity of the cofactor are highlighted as green
sticks, labeled, mutated amino acids are highlighted in green, and the
H-bond between Q92 and cofactor 2 is depicted as red dashes.

Table 3. Mass Spectrometry Analysis of Selected ATHasese

aProtein mass plus Zn (65.4 Da) and one H2O (18.0 Da). bProtein
mass plus Zn (65.4 Da) and cofactor 2 without Cl (675.1 Da).
cProtein mass without Zn. dProtein mass plus cofactor 2 without Cl
(675.1 Da). eSimilar masses are highlighted in light red.
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cofactor binding, as previously described for the computational
improvement of the hCAII binding pocket.37

■ COVALENT ANCHORING
As pointed out by an insightful referee, Flemming and co-
workers reported that a sulfonamide linkage was formed as a
product resulting from the photoreduction of an aromatic nitro
group which was trapped by a thiol, followed by redox
chemistry at both the nitrogen and sulfur atoms.72

In order to confirm that the bioconjugation step is not the
result of photoreduction caused by the X-ray beam, the
ATHases 2·hCAIIE69C, 2·hCAIII91C, and 2·hCAIIN67G‑E69R‑I91C

as well as the control ATHase 2·hCAIIWT were subjected to
MS analysis.

(i) Under native MS conditions, 2·hCAIIWT, 2·hCAIIE69C,
2·hCAIII91C, and 2·hCAIIN67G‑E69R‑I91C afford, after
deconvolution, a main mass signal at 29836.9 Da,
29812.1 Da, 29827.0 Da, and 29797.7 Da, respectively
(Table 3 and Figures S22−S25). These masses
correspond to the ATHases (hCAII plus cofactor 2).
To further investigate the formation of the sulfonamide
linkage, cofactor 2 and hCAIIN67G‑E69R‑I91C were
incubated in the dark and under ambient light. Native
MS revealed almost identical masses, either with or
without light: 29797.7 and 29797.8 Da, respectively
(Figures S25 and S26). We thus conclude that the
formation of the covalent sulfonamide linkage does not
require light and is not the result of X-ray photodamage.

(ii) Under denaturing MS conditions, 2·hCAIIE69C, 2·
hCAIII91C, 2·hCAIIN67G‑E69R‑I91C afford signals at
29749.0, 29763.9, and 29733.5 Da, respectively (Table
3 and Figures S27−S30). These correspond to the mass
of the bioconjugates, minus the Zn ion. For the above
ArMs, a mass of ∼675 Da was observed for cofactor 2
under native and denaturing conditions. This corre-
sponds to the cofactor 2 without the Cl ion. This
confirms that cofactor 2 remains tightly bound to
hCAIIE69C, hCAIII91C, and hCAIIN67G‑E69R‑I91C, despite
the loss of the Zn-sulfonamide dative bond under
denaturing conditions. For the ArM lacking the covalent
sulfonamide linkage (i.e., 2·hCAIIWT), only the mass of
apo hCAIIWT (29098.2 Da, minus the Zn ion and no
cofactor bound) is detected (Table 3).

(iii) Tryptic digest of 2·hCAIIE69C, 2·hCAIII91C, and 2·
hCAIIN67G‑E69R‑I91C revealed that the fragments contain-
ing the cysteine had a modification of ∼675 Da (Table
S7, Figures S31−S34). The modification of 675 Da
corresponds to the cofactor lacking Cl, as observed for
both native and denaturing MS. Furthermore, the
modification of ∼675 Da was detected either for the
fragment containing C69 (for 2·hCAIIE69C) or C91 (for
2·hCAIII91C and 2·hCAIIN67G‑E69R‑I91C). Again here, the
modification was observed even in the absence of UV
light. In contrast, analysis of 2·hCAIIWT digested by
trypsin did not reveal any peptide containing a
modification of ∼675 Da.

From this data, we conclude that the sulfonamide
bioconjugation results from the proximity of the aromatic
nitro group and the thiol and does not require UV irradiation.
It should be noted however that, based on X-ray and MS data,
we cannot exclude the formation of a sulfonate rather than a
sulfonamide covalent linkage.

To confirm the positive influence of the covalent
bioconjugation on catalytic performance, the enantioselective
reduction of harmaline 3 was monitored in the presence of 2·
hCAIIWT, 2·hCAIIE69C, and 2·hCAIIN67G‑E69R‑I91C (Figure S21).
From these data, the following trends emerge:

(i) The catalytic performance (both yield and ee) of 2·
hCAIIWT and 2·hCAIIE69C is little affected by the
incubation time following the mixing of the cofactor 2
and the host hCAII (Figure S21a,b). As revealed by X-
ray crystallography (Figure S1c) and MS analysis
(Figures S23 and S28), prolonged incubation only
leads to partial formation of the sulfonamide covalent
linkage in 2·hCAIIE69C.

(ii) In contrast, for 2·hCAIIN67G‑E69R‑I91C, the catalytic
performance is affected by the incubation time, prior
to the addition of substrate 3 and formate. The catalytic
performance of the covalently anchored ArM 2·
hCAIIN67G‑E69R‑I91C (resulting from 6 h of incubation)
clearly outperforms the non-preincubated 2·
hCAIIN67G‑E69R‑I91C (Figure S21c).

(iii) As the pH requirements for the bioconjugation step and
catalysis differ (pH = 9.4 and 7.4, respectively), the
covalent anchor is not formed in significant amounts
under catalytic conditions.

We thus conclude that both cofactor localization and
catalytic performance of 2·hCAIIN67G‑E69R‑I91C are positively
affected by the presence of an additional covalent linkage
between the host protein and the catalytically active pianostool
cofactor 2.

■ SUBSTRATE SCREENING
To evaluate the substrate scope, the purified hCAII mutants
were screened for the transfer hydrogenation of various
substrates 4−11. The substrates 5−7 are derived from β-
carbolines, and substrates 8−11 are from dihydroisoquinoline.
Selected results are displayed in Table 4 and the full screening
data can be found in the Supporting Information (Tables S9−
S17). The same conditions were used for all substrates.
M u t a n t s h C A I I N 6 2 D ‑ N 6 7 L ‑ E 6 9 Y ‑ I 9 1 C a n d
hCAIIL60W‑N62D‑N67L‑E69Y‑I91C obtained during the directed
evolution were also tested for catalysis. From the screening,
the following trends are apparent: All substrates were
converted with good TON (>200 for at least one ArM) and
with moderate to good enantioselectivity. Substrates with
electron-rich substituents give a higher TON compared to
electron-poor substrates. Finally, a lower TON gives a lower
enantioselectivity. For the model substrate, we investigated the
enantioselective reduction of substrate 4 to crispine A.
Mutations from the parent hCAIII91C are deleterious for 2·
hCAIIN67G‑E69R‑I91C but further mutations at positions N62 and
L60 improve the TON (219) and the ee (62%) for 2·
hCAIIL60F‑N62Y‑N67G‑E69R‑I91C (Table 4, Entry 1). Mutations
N67L and E69Y have a positive effect on enantioselectivity
(76% ee, Supporting Information), and the last generation
improved both ee (86%) and TON (355) for 2·
hCAIIL60W‑N62D‑N67L‑E69Y‑I91C (Table 4, Entry 2). Next, we
tested harmalane 5, whose structure is similar to harmaline 3
but lacks the electron-donating methoxy group in position 7.
The ArM 2·hCAIIN62Y‑N67G‑E69R‑I91C gives the best results with
complete conversion and good ee (500 TON, 87% ee (R))
(Table 4, Entry 3) highlighting the tolerance toward
substitutions on the indole moiety. For the electron-deficient
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harmalane analogue 6, the TONs decrease compared to
substrate 5 (Table S12): 2·hCAIIN67G‑E69R‑I91C yields the best
ee (80% (S)) and moderate TON (191). Instead, 2·
hCAIIL60W‑N62D‑N67L‑E69Y‑I91C produces the opposite enantiomer
(72% ee (R), 249 TON) (Entry 5−6).
Interestingly, 2·hCAIIN67G‑E69R‑I91C is the most selective

mutant for harmaline 3 as well as substrate 6. The reduced
activity of the ATHases for this substrate may be traced back
to steric hindrance and mismatched electronics caused by the
p-nitrophenyl group. In contrast, the electron-rich substrate 7
affords higher TONs at the cost of a lower ee (Table S13). The
best ArM 2·hCAIII91C gave (S)-7-H2 (296 TON, 68% ee, Table
4, Entry 7). Next, we turned our attention to dihydroisoquino-
lines. The less-hindered substrate 8 gives a high TON but
moderate enantioselectivity, with the most enantioselective
ArM being 2·hCAIIN67L‑E69Y‑I91C (500 TON, 59% ee (S), Table
4, Entry 9). To evaluate the tolerance of transfer hydro-
genation toward substrates presenting steric hindrance next to
the imine moiety, we tested substrates 9−11.73 Substrate 9 is
reduced with good activities but low stereoselectivity (Table
S 1 5 ) . T h e m o s t p r o m i s i n g A r M i s 2 ·
hCAIIL60F‑N62Y‑N67G‑E69R‑I91C (415 TON, −55% ee, Table 4,
Entry 12). Next, the steric hindrance was increased by
introducing an o-methoxyphenyl substituent in substrate 10.
The results (Table S16) are rather different from the previous
ones; the mutants derived from 2·hCAIIN67G‑E69R‑I91C give
lower turnovers compared to the mutants derived from 2·
hCAIIN67L‑E69Y‑I91C. The best ArM for substrate 10 is 2·
hCAIIN62D‑N67L‑E69Y‑I91C (338 TON, 75% ee) (Table 4, Entry
13). It should be noted that 2·hCAIIE69C gives the opposite
enantiomer (−71% ee, 242 TON, Table 4, Entry 14). Finally,
substrate 11 incorporating an o-chloro substituent was
evaluated. In this case, both TON and enantioselectivities
are low compared to the other substrates (Table S17) with the
most promising catalyst being 2·hCAIIN62D‑N67L‑E69Y‑I91C (Table
4, Entry 15).

■ CONCLUSION
With the aim of firmly anchoring the Ir-pianostool cofactor 2
within hCAII, we introduced a nucleophilic residue hCAIII91C

in the proximity of the p-nitropicolinamide ligand bound to the
catalytically competent Ir-ion. Rather than affording the
anticipated SNAr reaction, a pyridine−sulfonamide linkage
was formed, thus resulting in a dually anchored cofactor.
Starting from 2·hCAIII91C, three rounds of directed evolution
were performed using E. coli cell surface display. This led to the
iden t ifica t ion o f the (R) - s e l ec t i ve ATHase 2 ·
hCAIIN67G‑E69R‑I91C (up to 96% ee and 451 TONs) for
tetrahydro-harmine (R)-3-H2. The opposite enantiomer (S)-
3-H2 was obtained using 2·hCAIIN67L‑E69Y‑I91C (−63% ee, 458
TON). We hypothesize that mutation N67G generates more
space for the substrate to access the cofactor, whereas the
mutation E69R stabilizes the substrate by cation-π interactions.
A substrate scope, carried out with the best mutants,

revealed a marked substrate dependency, thus requiring
independent directed evolution efforts for each substrate.
This suggests that, starting from 2·hCAIII91C, the evolutionary
trajectory has crafted a close fit between the active site and the
Ir−H····harmaline transition state, which is less suitable for
structurally unrelated substrates. The presence of a single and
well-defined cofactor conformation within hCAII resulting
from the dual anchor leads to increased TONs and an
improved enantioselectivity. Locking the cofactor in place via

Table 4. Selected Results of the Substrate Screening in the
Presence of Evolved ATHasesa

aThe reactions were performed using cofactor 2 (10 μM), hCAII (10
μM), and substrate (5 mM) in NaHCO2/MOPS buffer (850 mM/
340 mM, 25 °C, 16 h). The reported TON and ee are the mean values
of independent duplicates. Complete screening data are included in
the Supporting Information (Tables S9−S17).
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an additional covalent bond allows randomizing neighboring
amino acids to improve catalytic performance without affecting
the position of the cofactor. Accordingly, an ArM with a dual
anchor is a propitious starting point for a directed evolution
campaign. Finally, the unanticipated reaction between an
aromatic nitro group and a cysteine is a welcome addition to
the well-established cysteine bioconjugation tools.
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