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ABSTRACT: Granulicella tundricola hydroxynitrile lyase (GfHNL) is a manganese dependent cupin that catalyzes the
enantioselective synthesis of cyanohydrins. The analysis of its active site shows high similarity with the active site of cupin
Tm14S59 from Thermotoga maritima, an enzyme that catalyzes the oxidative cleavage of styrene derivatives. GGHNL (GtHNL-WT)
was found to catalyze the oxidative cleavage of a-methyl styrene, too. The conversion of a-methyl styrene yielded 23.6 + 0.8% of
acetophenone after 20 h. On the other hand, Tm1459 was not able to catalyze the synthesis of cyanohydrins efficiently. A low yield
of rac-mandelonitrile was obtained from benzaldehyde and HCN using either Tm1459-WT or Tm1459-C106L, a variant more active
in oxidative catalysis. On the basis of the molecular analysis of GFHNL and Tm1459 active sites, the variants GFHNL-H96A, GtHNL-
H96F, and GtHNL-A40H/V42T/H96A/Q110H were produced and evaluated for improved catalytic activity toward oxidative
cleavage of styrenes. The amino acid substitution H96A liberates an additional manganese coordination position and enlarges the
GtHNL-WT active site cavity. Similarly, the amino acid substitution H96F liberates a coordination site as described for the GtHNL-
H96A variant but without enlarging the active site space. All variants were able to catalyze the oxidative cleavage of styrene
derivatives. The best results were observed using GFHNL-H96A as catalyst. It displayed a higher yield of acetophenone (42%) as
compared to GtHNL-A40H/V42T/H96A/Q110H (12%) and GtHNL-H96F (11%) after 20 h of reaction time. No oxidation of
Mn(II) to Mn(III) could be detected by electron paramagnetic resonance (EPR), whereas evidence for a radical mechanism is
presented. Control reactions using 0.1 and 0.5 mM of MnCl, in the absence of enzyme showed no significant oxidation reaction.

KEYWORDS: hydroxynitrile lyase, cyanohydrin, peroxidase, ozonolysis, cupin, promiscuity, selectivity

B INTRODUCTION oxygen and TBHP have been suggested. Redox chemistry of
Mn typically involves oxidized Mn species such as Mn(III) or
Mn(IV), but limited or no evidence for this is currently
available for Tm1459."

The cupin superfamily has a conserved beta-barrel fold and
constitutes a versatile scaffold in biocatalysis.'’~'* With many
different divalent metal cations such as Fe?*, Cu**, Zn**, Co*",
Ni?*, or Mn** complexed by between three and five amino
acids of the cupin, a wide range of reactions can be catalyzed.

Two manganese containing cupins have attracted special
attention as interesting biocatalysts. Granulicella tundricola
hydroxynitrile lyase (GtHNL) catalyzes both the synthesis of
cyanohydrins (Scheme 1A) and, as a promiscuous activity of
all known HNLs, the nitro-aldol reaction (Henry reaction).' ™
Both reactions are catalyzed by the Lewis acidic Mn(II) that
activates the carbonyl compound, whereas the His106 residue
acts as base to deprotonate the nucleophiles (Figure 1). The
cupin Tm1459 from Thermotoga maritima (Figure 1)” has
been reported to oxidatively cleave alkenes with tert-butyl Received: May 17, 2023

hydroperoxide (TBHP) in the presence of oxygen from air Revised:  July 10, 2023

(Scheme 1B).*” Hydrogen peroxide was not a suitable Published: August 9, 2023
oxidation reagent, making it a rather unusual reaction in

biocatalysis. Moreover, the mechanism of this reaction is

unknown, but Mn(III) and a radical mechanism involving

© 2023 The Authors. Published b
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Scheme 1. The Mn(II) Containing Cupins GtHNL and
Tm1459 Are Versatile Catalysts”
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“(A) GtHNL catalyzes the formation of R-cyanohydrins. (B) Tm1459
catalyzes the oxidative cleavage of styrene derivatives, equivalent to
the ozonolysis reaction.

When comparing GtHNL and Tm1459, the striking similarity
of the GtHNL and Tm1459 active sites (Figure 1 and Figure
S1) raises the question about their potential promiscuous
activity toward the oxidative cleavage of styrenes (3) and the
synthesis of cyanohydrins (2), respectively. This is despite the
fact that their overall sequence identity (28%) and similarity
(35%) are moderate (Figure S2). The GtHNL active site has
only a single coordination site of the Mn(II) available for the
substrate to bind and contains a base (His106), whereas
Tm1459 has two coordination sites at Mn(II) available and
therefore more space around the metal cofactor but no basic
residues nearby. Cysl106 is not essential for the activity of
Tm1459; the CI106L variant displayed improved alkene
cleavage activity.g’9 Herein, the interchangeability of GEHNL
and Tm1459 catalysis is probed by studying their promiscuous
activities, i.e, the HNL activity of Tm1459 and the alkene
oxidative cleavage activity of GtHNL. Electron paramagnetic
resonance (EPR), structural, and biocatalytic studies were
performed to cast light on the mechanism of the oxidative
cleavage reaction.

B RESULTS AND DISCUSSION

Tm1459 Exhibits Moderate and Unselective HNL
Activity. The potential promiscuous catalytic activity of
Tm1459 and GtHNL toward the synthesis of cyanohydrins
and the oxidative cleavage of styrenes, respectively, was
assessed. Tm1459 and Tm1459-C106L, a more active variant

for the oxidative cleavage of styrenes, were evaluated for the
conversion of benzaldehyde (1a) and HCN to mandelonitrile
(2a; Scheme 2A). For direct comparison, optimal conditions
for GEHNL were employed.® Under these conditions, GFHNL-
A40H/V42T/Q110H gave complete conversion of 1a to R-2a
after 4 h of reaction time with an ee > 99%. Both variants,
Tm1459 and Tm1459-C106L, were immobilized on Celite-
R633, and methyl tert butyl ether (MTBE) saturated with
sodium acetate buffer pH 4 was used as the reaction medium.’
Tm1459 and Tm1459-C106L yielded rac-2a (31 + 0.17 and 43
+ 0.14%, respectively) after 24 h of reaction time. As the
chemical background reaction is known to lead to misassign-
ments of HNL activity, blank reactions were performed."* In
this case, the reaction with just the enzyme carrier but without
enzyme yielded rac-2a (23 + 0.33%). These results indicate
that the HNL activity for the Tm1459 cupins is modest and
unselective. The Celite-R633 immobilized Tm1459-C106L was
also evaluated in a biphasic system using the conditions
reported earlier for the oxidative styrene cleavage reaction. A
total of 21 & 0.3% of rac-2a was formed after 2 h compared to
14 + 0.66% for the blank reaction. The potential Tm1459
catalyzed synthesis of 2a was not further investigated given the
low yields and lack of selectivity displayed by either Tm1459 or
Tm1459-C106L and the large number of selective HNLs
available.'*"® The lack of activity and enantioselectivity cannot
be ascribed to the absence of a base such as His106 in GtHNL,
as work with copper variants of Tm1459 has demonstrated
succ&ssfgl deprotonation of nitroalkanes and methyl acetoace-
tate.

GtHNL Catalyzed the Oxidative Cleavage of Styrenes
Using TBHP. The initial oxidative cleavage reactions were
performed under conditions earlier optimized for Tm1459.%’
To our delight, GHNL was able to catalyze the oxidative
cleavage of a-methyl styrene (3a) with a yield of acetophenone
(4a) of 23.6 + 0.8% after 20 h of reaction time. Similarly,
GtHNL-A40H/V42T/Q110H (GtHNL-3V), a more active
variant for the synthesis of cyanohydrins,” displayed a yield of
4a of 17.8 + 0.4% after equal reaction time. These enzyme
catalyzed reactions were clearly distinguishable from control
reactions either using 0.1 mM MnCl, (4.1 + 0.65% yield) or
without MnCl, (1.4 # 0.01% yield). These preliminary
findings showed that only one coordination position on the
Mn(Il) in the GtHNL active site is needed for substrate
binding. This is in line with the observation that oxidative

é His 106

His 96
Phe 94

Figure 1. (A) Superimposition of GIHNL (PDB code: 4BIF) in blue with Mn(II) in gray coordinated by four histidines and one glutamine and
Tm1459 (PDB code: 1VJ2) in green with Mn(II) in lime coordinated by four histidines. (B) Superimposition of the key residues in the active sites
and the metal cofactor of GEHNL and Tm1459. The images were created using the PYMOL Molecular Graphics System.
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Scheme 2. (A) Tm1459 Immobilized on Celite R-633 in Buffer Saturated MTBE or Biphasic Mixture for the Synthesis of
Mandelonitrile (2a). (B) GtHNL-Catalyzed Oxidative Cleavage of Styrene Derivatives (3a—h)
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Figure 2. Oxidative cleavage of a-methyl styrene catalyzed by GfHNL. Reaction conditions: S0 mM a-methyl styrene (3a) in ethyl acetate, 150
mM TBHP, 2 mg GtHNL-H96A or GtHNL-A40H/V42T /H96A/Q110H, S0 mM sodium phosphate buffer pH 7, 30 °C, and 1000 rpm. Reactions
were not quenched with sodium bisulfite. Reaction volume: 1 mL. Orange squares and solid line (l): GFHNL-H96A overexpressed with 0.5 mM
MnCl,; blue dots and long dashed line (®): GtHNL-H96A overexpressed with 0.1 mM MnCl,; red diamonds and dashed line (4): GFHNL-4V
overexpressed with 0.1 mM MnCl,; black triangles and dotted line (A): control reaction 0.1 mM MnCl,. All experiments were performed in

duplicate (n = 2). The ratio of the organic/aqueous phase was 1:9.

reactions catalyzed by Mn typically proceed via an oxidized Mn
species and that Mn can also be hepta-coordinated, as
proposed for superoxide dismutase (SOD)."”~>' On the
other hand, an additional free coordination position (as in
the Tm1459 active site) might provide a wider active site, a
more polarized charged metal site, and consequently a more
Lewis acidic manganese.22’23

The His96 was substituted for Ala in GtHNL and GtHNL-
3V. Importantly, this amino acid substitution should not affect
the incorporation of manganese during the enzyme over-
expression. In analogy with Tm1459, the amino acid
substitution H96F was also introduced into GtHNL-WT
(Figure 1B). 3a was used as model substrate. Higher yields
were achieved by GtHNL-H96A. This variant was able to
catalyze the oxidative cleavage of 3a to acetophenone (4a)
with a yield of 31.8 & 0.7% in 16 h, comparable to the
conversion (30%) that has been reported for Tm1459 under
similar reaction conditions.*” In these earlier reports, sodium

11184

bisulfite had been employed to quench the reaction. This is
however known to form bisulfite adducts with aldehydes and
ketones. Indeed, a lower yield of 4a (18.8%) was observed if a
small amount of sodium bisulfite (circa 50—70 mg) was used
to stop the reaction, as reported earlier.** Therefore, no
sodium bisulfite quenching was applied, but instead, a rapid
workup ensured that the reaction was halted completely.
GtHNL-A40H/V42T/H96A/Q110H (GtHNL-4V) and
GtHNL-H96F reached only 12 and 11% yield of 4a (without
bisulfite quenching), respectively.

The improved catalytic activity of GIHNL-H96A compared
to GtHNL and GtHNL-H96F might be explained by the more
accessible metal cofactor. The bulky histidine and phenyl-
alanine residues potentially block part of the active site. Larger
active sites have been reported as one of the mechanisms that
enable catalytic promiscuity because the substrates can adopt
different orientations within the active site.”*

https://doi.org/10.1021/acscatal.3c02249
ACS Catal. 2023, 13, 11182-11194
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Figure 3. Reaction optimization for the oxidative cleavage of 3a catalyzed by GtHNL-H96A. (A) Influence of different TBHP concentrations.
Reaction conditions: S0 mM substrate in ethyl acetate, 50—200 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30 °C,
and 20 h. (B) Influence of different pH values. Reaction conditions: S0 mM substrate in ethyl acetate, 150 mM TBHP, 2 mg GtHNL-H96A, S0
mM sodium phosphate buffer pH 6—8, 30 °C, and 20 h. (C) Influence of temperature. Reaction conditions: S0 mM substrate in ethyl acetate, 150
mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 10—50 °C, and 20 h. (D) Influence of different co-solvents. Reaction
conditions: S0 mM substrate in different co-solvents, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30 °C, and 20
h. The ratio of organic/aqueous phase was 1:9. (E) Influence of different buffers. Reaction conditions: S0 mM substrate in ethyl acetate, 150 mM
TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate, MES, HEPES, MOPS or Bis-Tris buffers pH 7, 30 °C, and 20 h. All enzymatic reactions
were performed with 2 mg GtHNL-H96A overexpressed in the presence of 0.5 mM MnCl,. Light blue bars are enzymatic reactions. Red bars are
control reactions performed with 0.5 mM MnCl,. All reactions were performed in duplicate in 1 mL reaction volume and shaken at 1000 rpm

without quenching at the end of the reaction time.

GtHNL-H96A and GtHNL-4V were expressed in a culture
medium containing 0.1 mM MnCl,. Nonetheless, ICP-OES
analysis revealed a different Mn(II) loading of 9.3 and 25% for
GtHNL-H96A and GtHNL-4V, respectively. Because man-
ganese is essential for the catalytic activity of GtHNL for the
synthesis of cyanohydrins,”* MnCl, supplementation (from
0.1 to 1 mM) during GtHNL-H96A overexpression was
investigated to improve the catalytic activity of GEHNL-H96A.
Higher yields of 4a were achieved when GtHNL-H96A was
obtained from cells in which the enzyme was overexpressed in
the presence of 0.5 mM MnCl, (Figure 2 and Figure S3). In
addition, the in vitro incubation of GtHNL-H96A (obtained
from cells in which the enzyme was overexpressed in the
presence of 0.1 mM MnCl,) with 10 molar equiv of MnCl, for
S h allowed higher manganese loadings (30%). Consequently,
the product yield increased slightly from 31.5 to 35% 4a

11185

(Figure S3, red bar). Similarly, GGHNL-4V was incubated with
10 molar equiv of MnCl, but without significant improvement
of 4a yield (15% after 20 h; the final Mn(II) concentration was
not determined). Overall, GGHNL-H96A proved to be a better
variant for the oxidative cleavage of 3a, although the
manganese loading was lower than in GtHNL-4V. In all
cases, the enzymatic reactions are clearly distinguishable from
the control reaction (Figure 2). Therefore, the variant GIHNL-
H96A produced in the presence of 0.5 mM MnCl, with 0.03
U/mg, comparable to earlier work,® was chosen for further
work.

Optimal GtHNL-H96A Catalyzed Cleavage Conditions
of a-Methyl Styrene. The reaction was optimized by
evaluating TBHP concentration, pH value, temperature, co-
solvents, and buffer composition (Figure 3). A significantly
higher yield of 4a was reached at TBHP concentrations above

https://doi.org/10.1021/acscatal.3c02249
ACS Catal. 2023, 13, 11182-11194
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Table 1. Oxidative Cleavage of Styrene Derivatives Catalyzed by GFHNL-H96A"

Reaction Substrate Product Substrate Product
Conversion (%)"
Yield (%)¢
GtHNL-H96A 3a 4a 70.7+34 37.7 £0.8
(6]
Control 32.8+0.5 3.9+0.1
GtHNL-H96A 3b 4b 743+04 31.8+0.7
(6]
Control 23.6+1.7 1.3+£0.1
GtHNL-H96A /é/g /é/L 649+1.9 37.1 £0.3
(@]
+
Control al al 21.3+£0.2 8.6+0.2
GfHNL-H96A 3d 4d 53.8+7.0 123+£2
X \O
Control 38.2+0.8 0
GtHNL-H96A 3e 4e 59.3£3.6 244413
X o0
Control 30.7£2.8 3.1+0.1
GfHNL-H96A 3f 4f 65.6+73 25.6+2.5
X o
Control F F 38.5+7.9 23+0.1
GrHNL-H96A 3g 4g 61.4+52 26.7+1.1
X o0
Control 40.4+£5.0 1.1+0.09
GrHNL-H96A 3h 4h 61.4+35 259+0.6
A o
Control ©/\/ g 27.4+0.4 0

“Reaction conditions: 50 mM substrate, 150 mM TBHP, 2 mg GtHNL-H96A, S0 mM sodium phosphate buffer pH 7, 30 °C, and 1000 rpm.
Control reactions were performed with 0.5 mM MnCl,, “Based on reacted substrate. “Based on the product concentration relative to the initial
substrate concentration. Reaction time: 16 h. Reaction volume: 1 mL. All the reactions were NOT quenched with sodium bisulfite at the end of the
reaction time. The enzyme was overexpressed in the presence of 0.5 mM MnCl,. The ratio of the organic/aqueous phase was 1:9. All experiments

were performed in duplicate (n = 2).

50 mM, ie, an excess of TBHP. Additionally, the chemical
background reaction was slightly accelerated (Figure 3A).
GtHNL did not catalyze the oxidative cleavage of styrenes in
the absence of TBHP. When the reaction was performed in the
absence of oxygen, the yield of 4a decreased to 6.75%. The
decomposition of TBHP into alkoxy radicals and molecular
oxygen during the Mn catalytic cycle***°
oxygen concentration persisting even under anaerobic
conditions. This can explain why even without initial oxygen,
the reaction did proceed to some extent. This suggests that
both TBHP and oxygen are important for the GtHNL
catalyzed oxidative cleavage of styrene derivatives, as had
earlier been found for Tm1459.%° At the same time, the role of
oxygen is not clear.

GtHNL-H96A displayed a higher yield of 4a at slightly basic
pH values of 7—8 (Figure 3B). An earlier report showed that
GtHNL is active and more stereoselective at low temperatures
for the synthesis of (R)-mandelonitrile (2a).”” On the other
hand, during preliminary experiments, GGHNL-3V displayed a
high thermostability. For this reason, the effect of different
temperatures (10, 30, and 50 °C) was evaluated. A higher yield
of 4a was observed at 30 °C (Figure 3C). The decrease in
conversion observed at 50 °C could be explained by either the

may result in a low

degradation or evaporation of the substrates or product at this
temperature. Indeed, the boiling point of TBHP is 38 °C.
Additionally, organic peroxides are known as highly flammable,
extremely reactive, and toxic. The temperature in reactions
with TBHP must not exceed 55.6 °C to ensure safe reaction
conditions.”” The mass balance analysis of the reactions
showed a good mass balance only for the reactions performed
at 10 °C, suggesting that higher temperatures cause loss or
degradation of substrates or product (Table S1). This together
with safety considerations led to the choice of 30 °C as
reaction temperature.

The influence of five different co-solvents on the synthesis of
product 4a was investigated. The reactions were performed
with 5% (v/v) of co-solvent. Ethyl acetate and acetone with a
log P of 0.71 and —0.24, respectively, displayed the highest
yields of 4a (Figure 3D), but no clear relation between the
solvent log P and yield was observed. Special attention must be
given when TBHP is mixed with acetone as an explosive
mixture might result. When TBHP is mixed with organic
solvents under acidic conditions, a violent decomposition may
occur. As mentioned above, the temperature must not exceed
55.6 °C for safety reasons.”” Buffers (50 mM) in the same pK,
range (pK, ~ 7) were used to evaluate their influence on the
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Table 2. GtHNL and Tm1459 Catalyzed Reactions for the Synthesis of Mandelonitrile 2a or the Oxidative Cleavage of a-

Methyl Styrene 3a“

Mandelonitrile synthesis Oxidative cleavage of
Catalyst

Activity Selectivity o-methyl styrene
GHNL-WT Modest? Modest? Low¢
GfHNL-A40H/V42T/Q110H High? High? Low*
GtHNL-H96A Modest/  |Low?® Modest”
GtHNL-H96F High' Low/ Low*
GtHNL-A40H/V42T/H96A/Q110H |High! High! Low™
Tm1459-WT Modest” Low® Modest?
Tm1459-C106L Modest? Low” High*

“For the cyanohydrin formation activity: high >80% (140 U/mg) ,> modest 80—30%, and low <30%; selectivity: high >90%, modest 90—70%, and
low <70%. For the oxidative cleavage activity: high >50% (0.03 U/mg), modest S0—30%, and low <30%. b80% conversion and 90% ee after 6 h of
reaction time.! ©23.6% conversion after 20 h. 9>99% conversion and >99% ee after 4 h of reaction time. °17.8% conversion after 20 h of reaction
time."47% conversion after 4 h of reaction time. £19% ee after 4 h of reaction time. "41% conversion after 20 h of reaction time. ‘97% conversion
after 4 h of reaction time. "Racemic after 4 h of reaction time. 11% conversion after 20 h of reaction time. '98% conversion and 98% ee after 4 h of
reaction time. "*12% conversion after 20 h of reaction time. "31% conversion after 24 h of reaction time. “Racemic after 24 h of reaction time.
P30% conversion after 20 h of reaction time.” 943% conversion after 24 h of reaction time. "Racemic after 24 h of reaction time. 60% conversion

after 20 h of reaction time.”

Figure 4. Crystal structure of GtHNL-H96A (PDB ID: 80Z8). (A) GtHNL-H96A monomer displaying the cupin beta-barrel fold. (B)
Superimposition of GHNL-H96A (gray) and GfHNL-WT (PDB code: 4BIF, magenta) with an RMSD of 0.4 A for 131 Ca atoms. (C)
Superimposition of GIHNL-H96A (gray) and Tm1459 (PDB code: 1V]2; green) with an RMSD of 1.8 A for 109 Ca atoms.

catalytic activity of GIHNL-H96A (Figure 3E). The highest
yield was reached with sodium phosphate buffer pH 7, and an
important decrease in yield was observed with Bis—Tris buffer
as the reaction medium, which may be due to the metal
chelating properties of that buffer.”**”

GtHNL-H96A Has a Broad Substrate Scope toward
Substituted Styrene Derivatives. Having established the
best reaction conditions for the GtHNL-H96A catalyzed
oxidative cleavage of 3a, the substrate scope was evaluated
toward different substituted styrene derivatives. GGHNL-H96A
was active and chemoselective for the oxidative cleavage.
Control reactions with 0.5 mM of MnCl, in the absence of
enzyme showed significantly lower conversions (Table 1). The
oxidative cleavage product corresponds to around 50% of the
reacted substrate for most of the styrenes evaluated and less
than 10% for the control reactions. GFHNL-H96A showed a
similar product yield for substrate 3¢ when compared to an
earlier report using Tm1459 as catalyst. For substrates 3a, 3e,
3g, and 3h, GIHNL-H96A gave almost twice the product yield

11187

as compared to Tml459. However, Tm1459 displayed a
selectivity >95% for most of the substrates evaluated.® For
variants Tm1459-C106L and Tm1459-C106Q, a conversion of
60% using 3a as substrate was reported.”

The presence of a methyl group at the a-position of the
styrene double bond (3a, 3b, and 3c) favored the oxidative
cleavage. The corresponding ketones were formed in yields of
37.7, 31.8, and 37.1%, respectively, after 16 h of reaction time
and identified by GC—MS (Figure S4). The absence of a
methyl group on the double bond at the & position (3d, 3e, 3f,
3g, 3h) including a shift to the f-position (3d, 3h) resulted in
a drastic decrease in yield. Electron-donating (3b, 3e) or
-withdrawing groups (3c, 3f) on the phenyl ring did not
further improve the yields. Overall, the presence of a methyl
group at the a-position of the double bond exerted the highest
influence on the yields achieved. This suggests radical
formation as part of the mechanism because 3a—c form
more stable benzylic radicals than 3d—h, as will be discussed
below. Table 1 shows that both aromatic aldehydes and
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Figure S. Detail of the Mn ion (A) GtHNL-H96A variant (PDB ID: 80Z8) showing a water molecule occupying the coordination position freed
by the H96 side chain and a ligand molecule occupying the other vacant coordination position. Electron density maps 2mFo — DFc (in blue) and
mFo — DFc (in green) contoured at 1.0 and 3.0 sigma levels, respectively. (B) GtHNL Mn ion (PDB code: 4BIF) with the free coordination
position occupied by a water molecule. (C) Superimposition of GFHNL-H96A (gray) and GtHNL (magenta).

ketones are accessible. GEHNL-H96A did not catalyze the
oxidative cleavage of aliphatic alkenes.

Synthesis reactions of (R)-mandelonitrile (2a) were
performed to evaluate if GGHNL-H96A, GtHNL-H96F, and
GtHNL-4V sacrifice their natural cyanogenesis activity for a
peroxidase-like activity or if the oxidative cleavage activity is
added to its natural activity. The three variants were found to
maintain their natural activity. GtHNL-H96A displayed a
conversion of 47 + 0.008% (ee = 19%). GtHNL-4V and
GtHNL-H96F showed almost full conversion (98%) but
partially low enantioselectivity; the ee’s of the products were
98 and 2.6%, respectively, which correspond to enantiose-
lectivities of 99 and 1.05, respectively (Figure SS). The
excellent enantioselectivity observed for GtHNL-4V is not
surprising because its progenitor GEHNL-3V is an excellent
enzyme for the synthesis of chiral cyanohydrins.””> The
improved deprotonation of hydrogen cyanide facilitated by
additional histidines, the narrower active site, and more tightly
bound manganese can explain this result. On the other hand,
GtHNL-H96F with a more congested active site loses
enantioselectivity completely.

A brief summary of the ability of GEHNL and Tm1459 to
catalyze either the synthesis of mandelonitrile (2a) or the
oxidative cleavage of a-methyl styrene (3a) is shown in Table
2.

GtHNL-H96A Crystal Structure. The crystal structure of
the GtHNL-H96A variant shows the same fold observed for
GtHNL (PDB code: 4BIF; Figures 1 and 4). Each monomer
displays the characteristic cupin jelly-roll fold, and the Mn ion
is located at the base of the beta-barrel (Figure S6A). A
domain-swapped dimer is formed when the N-terminal beta-
strand of one monomer packs against the eighth beta-strand of
the neighboring monomer (Figure S6B). The asymmetric unit
includes four GtHNL-H96A monomers, comprising one
domain-swapped dimer and two additional monomers (Figure
S6C; average RMSD of 0.25 A for 130 Ca atoms between
monomers). The functional homo-tetramer consists of two
domain-swapped dimers, with the second domain-swapped
dimer rotated approximately 90°s compared to the first one
(Figure S6D). The homo-tetramer corresponds to the entity
observed for the wild-type GHNL (PDB code: 4BIF), and it is
also the oligomeric form found in the solution for GtHNL-

H96A (confirmed by SEC-MALS measurement; results not
shown). At the base of the active cavity, a manganese ion was
modeled and refined to an occupancy of 0.8 in all four
monomers. The metal ion shows octahedral coordination and
is coordinated by four of the conserved five residues (HS3,
HSS, QS9, H94), a water molecule, and a ligand molecule. The
residues are arranged in a square planar manner and located at
an average distance of 2.2 A from the metal ion. Extra positive
electron density (difference electron density maps (mFo —
DFc) at the 3.0 sigma level (Figure SA)), which could account
for more than just a water molecule, was observed in the
neighborhood of the manganese ion from the beginning of the
refinement. Initially, the components of the crystallization
solution (KBr, Bis—Tris buffer, NaCl, PEG 2000 MME,
sodium citrate) were considered putative ligands, but none of
them could justify the electron density. 4-Trimethylaminobu-
tanoic acid, part of the E. coli metabolome (https://ecmdb.ca/
compounds/M2MDB001736),” was modeled as a putative
ligand, with its oxo-atom at an average coordinating distance of
2.2 A of Mn, and refined with the same occupancy observed
for the metal ion (0.8) (Figure SA). This ligand molecule binds
the Mn ion where a water molecule is observed in GtHNL
(PDB code: 4BIF, Figure 5B). The ligand moiety is positioned
co-planar with H94, and the coordination site that was
liberated by the mutation (H96A) is occupied by a water
molecule (Figure S). Superimposition of the GtHNL-H96A
with GtHNL clearly shows that this type of ligand cannot bind
to GtHNL as it would clash with the H96 side chain (Figure
5C).

On the other hand, this and similar ligand moieties would fit
into the binding cavity of Tm1459 (PDB code: 1V]2), which
has two free coordination positions occupied by water
molecules (Figures 1 and 6B) and has been shown to
oxidatively cleave styrene derivatives.”” The mutation
introduced into GtHNL giving variant GEHNL-H96A increases
the accessible area of the Mn ion to values comparable to the
ones observed for Tm1459 (Table S4). While increasing the
accessibility of the metal, it does not induce a change in the
location of the Mn ion to a position closer to the one found for
Tm1459. Although both Mn ions are coordinated by four
enzyme residues, in GEHNL-H96A, it adopts the same position
as observed for GIHNL (Figure 6).
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Figure 6. Detail of the Mn ion (A) GtHNL-H96A variant (PDB ID: 80Z8). (B) Tm1459 Mn ion (PDB code: 1V]2, green) with two coordination
positions occupied by water molecules. (C) Superimposition of GFHNL-H96A (gray) and Tm1459 (green). (D) Superimposition of GHNL-H96A
(gray) and Tm1459 (green) highlighting the location of the C-terminus. Tm1459 C-term residues 111:114 are colored in red, and GHNL-H96A
C-term residues 117:131 are colored in dark blue.

The different C-termini of GtHNL (131 residues) and
Tm1459 (114 residues) (Figure 6D, Figure S7) could
influence the coordinating residues and, consequently, the
location of the Mn in GfHNL and Tm1459. Indeed, the
superimposition of GtHNL-H96A with another cupin from
Thermotoga maritima MSB8 (Tm1010-WT) (PDB code:
2F4P), with a sequence of 135 residues long, shows that all
active site residues are located in positions that overlap the
ones found for GIHNL-H96A and not for Tm14S9 (Figure
S7). Although Tm1010 lacks the metal in the active site
(Figure S7), an extra beta-strand is added to the cupin beta-
barrel in the C-terminus (Figure S7), as equally observed for
GtHNL-H964, introducing more interactions between the
residues and constraining their location.

Overall, the GEHNL-H96A crystal structure clearly shows
that the changes observed in the configuration of the Mn ion

increase the accessibility of the metal and of the active cavity,
consequently enabling an improved oxidative cleavage activity,
underpinning the results obtained for the oxidative cleavage of
a-methyl styrenes 3 (Tables 1 and 2).

Reaction Mechanism. It was reported that Mn(I1I) is the
most likely active species for the oxidative cleavage of alkenes
catalyzed by Tm1459.° This would potentially support a radical
mechanism for the GtHNL catalyzed oxidative cleavage of
styrenes (3), too.” Previous electron paramagnetic resonance
(EPR) studies showed that Mn(II) is the active species in the
regular GtHNL catalyzed reaction and plays a crucial role as
Lewis acid for the synthesis of chiral cyanohydrins.” Therefore,
the nature of manganese under the influence of TBHP as
oxidant during the oxidative cleavage of 3a was explored
employing EPR. Figure 7A shows the EPR spectra of GtHNL-
HO96A before and after the addition of TBHP and 3a measured
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Figure 7. EPR spectra of GIHNL-H96A. (A) Perpendicular mode and (B) perpendicular mode with field range between 0 and 2000 G. Dotted
lines give the difference spectrum with the control sample (without TBHP) and thereby represent the putative Mn(IV) signal and (C) parallel
mode. EPR conditions: microwave frequency 9.624 GHz (perpendicular mode), 9.295 (parallel mode); microwave power 20 mW; modulation
frequency 100 kHz; modulation amplitude 10 G; and temperature 12.5 K. Each spectrum was averaged four times (perpendicular mode) or nine

times (parallel mode).

in perpendicular mode. Additional low field signals appear after
addition of the oxidant, which we putatively attribute to
Mn(IV) (S = 3/2). However, the Mn(IV) and Mn(II) (S = 5/
2) signals overlap and are difficult to distinguish. A control
reaction using MnCl, and TBHP as oxidant did not show the
low field signals observed with GtHNL-H96A (Figure 7A,B).
Performing EPR spectroscopy in parallel mode enables the
identification of integer spin states such as Mn(IIl) (S = 2)
species (Figure 7C). A spectrum of GtHNL-H96A + TBHP
showed the characteristic six-line pattern anticipated for
Mn(III) at around 1300 G (g = S). However, the control
reaction using GtHNL-H96A without any oxidant showed the
same pattern. We therefore attribute this signal to the spin
forbidden m; = +2 transition of Mn(II) and not to Mn(III)
(Figure 7C). Similar signals of Mn(Il) in parallel mode EPR
have been reported previously for the six-coordinated Mn in
Bacillus subtilis oxalate decarboxylate.”’ The signal of Mn(III)
would be a very similar six-line pattern but centered at a lower
field of circa 700 G, whereas the Mn(II) signal is centered
around 1200 G. The *Mn (I = §/2) hyperfine coupling
constant A(**Mn), which is the splitting of the six-line pattern,
of GtHNL in parallel mode is 87 G (Figure 7C). A(**Mn)
value of 60 G has been reported for Mn(IIl) and 100 G for
Mn(II) in oxalate decarboxylase.’”’ Simulation of the EPR
spectra further supports the assignments (Figure S8).

The EPR studies did not demonstrate the expected
oxidation of manganese from Mn(II) to Mn(III) but suggest
the possibility of Mn(IV). Earlier UV assays for Mn(III)®
would actually support this, as both Mn(IV) and Mn(III)
absorb at 265 nm and the former studies could not
differentiate between the two ions.”> Organic radicals were
not observed in any of the EPR spectra, which indicate that
these may be too short lived and do not sufficiently accumulate
in the samples. However, the best substrates for the oxidative
cleavage bear a methyl group at the a position that might
stabilize the more transient benzyl radical potentially formed
after the addition of a tert-butylperoxy or similar radical. To
probe whether the reaction proceeds via a radical mechanism, a
radical scavenger was added. One equivalent of butyl
hydroxytoluene (BHT) suppressed the reaction and resulted
in only 2% yield of 4a (Figure S9). Thus, the formation of tert-
butylperoxy radical is crucial for the enzymatic oxidative
cleavage of styrene derivatives catalyzed by GtHNL-H96A.

The formation of radicals during the catalytic cycle of oxidative
enzymatic alkene cleavage is not surprising and had been
proposed earlier for Tm1459 (Scheme 3).”

Scheme 3. Manganese Catalyzed Oxidation of Alkenes Is

Complex”
Mn(Ill)
A or
Mn(IV
3a (v)
GtHNL o (0]
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“(A) Oxygen and TBHP are required for the alkene cleavage
catalyzed by GtHNL. (B) Haber—Weiss decomposition of peroxides
leads to radical formation. (C) Possible oxygen and alkenes induced
oxidation of Mn(II) to Mn(IV)>****

Overall, the oxidation chemistry catalyzed by Mn in
metalloenzymes is complex.”” It is made even more complex
by the fact that simple manganese compounds such as MnCO;
and MnHPO, can also display sugeroxide dismutase activity.>”
Thus, the superoxide dismutases'** themselves and the ability
of Mn(II) complexes to catalyze the essential superoxide
(0,7) disproportionation with oxidation of Mn(II) to Mn(III)
202133 form one type of Mn catalysis.

Penta-coordinated Mn(II) complexes can activate molecular
oxygen and have been reported to catalyze the oxidation of
cyclohexene with epoxide, alcohol, and ketone as products; no
alkene cleavage was observed.””> It was shown that the
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Mn(II) complex is initially oxidized by either H,O, or TBHP
to produce a Mn(III) complex that is reduced back to Mn(II)
by cyclohexene. The formation of Mn(III) and Mn(IV)
complexes was confirmed for that conversion, as was the
Haber—Weiss decomposition of peroxides (Scheme 3B,C).*
Interestingly, the Mn catalyzed formation of epoxides has also
been observed in biocatalysis and heterogeneous catalysis with
oxidation reagents like TBHP and H,0,.%¢7%*

The oxidative alkene cleavage utilizing oxygen as oxidant
and manganese as active metal has been reported in an enzyme
from Trametes hirsuta, unrelated to the cupins.’””™*" The
formation of alkoxy radicals with the incorporation of two
different oxygen atoms from two different oxygen molecules
for the alkene cleavage and the participation of Mn(III) were
demonstrated in this very distinct mechanism.”>*> Recently,
oxidative alkene cleavage activities via a peroxidase activity
were observed for enzymes with a surface coordinated Mn.
Here, H,0, was the oxidizing reagent, and it was proposed that
Mn(III) is an intermediate.***

The oxidative alkene cleavage with TBHP, oxygen, and
Mn(II) is thus a distinct activity (Scheme 3A). The Tm1459
and GtHNL catalyzed oxidative alkene cleavage stands apart
from all other Mn catalyzed alkene oxidation reactions.
Although the otherwise common redox processes of Mn
could not be observed here, the finding that one coordination
site on Mn is sufficient to catalyze the oxidative cleavage of
styrenes expands the range of cupins and other pentacoordi-
nate metalloenzymes that can be employed in this reaction.

B CONCLUSIONS

HNL catalyzed oxidative cleavage of styrene derivatives was
observed. This is a completely different activity for HNLs that
has not been previously reported. This oxidative cleavage of
styrenes catalyzed by GtHNL is an existing enzymatic activity
and was identified for HNLs by careful structural comparison
with Tm1459. GtHNL was improved for this oxidative alkene
cleavage reaction by rational protein engineering. The
introduction of one amino acid substitution (H96A) in
GtHNL-WT improved its catalytic activity. A 41% yield of
acetophenone was reached after 20 h of reaction time by using
GtHNL-H96A. The crystal structure of GEHNL-H96A shows
that this modification generates accessibility of Mn similar to
that in the active site of Tm1459. The enzyme catalyzed the
oxidative cleavage of several styrene derivatives with yields
ranging from 12 to 37% after 16 h of reaction time. Tm1459,
on the other hand, showed a modest and unselective HNL
activity.

Surprisingly, EPR studies did not provide direct evidence for
the oxidation of Mn(II) to Mn(III). The reaction mechanism
therefore remains unknown. However, a radical mechanism
possibly involving Mn(IV) as the active species is plausible.

GtHNL-H96A conserved its natural HNL activity but lost its
enantioselectivity (conv. = 47%, ee = 19%). Conversely, the
variant GtHNL-V4 displayed poorer a-methyl styrene cleavage
activity (acetophenone yield of 20.3% after 20 h of reaction
time), but its natural HNL activity and enantioselectivity were
not compromised (conv. = 98%, ee = 98%). Overall, this
demonstrates that careful examination of structurally related
enzymes can reveal unexpected activities, expanding the
versatility of already known enzymes.

B MATERIAL AND METHODS

Chemicals and Media. All chemicals were obtained from
Sigma Aldrich (Schnelldorf, Germany) unless reported
otherwise. The LB medium consisted of 1.00% (w/w)
tryptone, 0.5% (w/w) yeast extract, and 1% NaCl and was
autoclaved at 121 °C for 20 min. The terrific broth medium
(TB medium) consisted of 1.20% (w/w) tryptone, 2.40% (w/
w) yeast extract, 53 mM K,HPO,, 16 mM KH,PO,, and 4%
(w/w) glycerol and was autoclaved at 121 °C for 20 min. The
TB medium and potassium phosphate buffer components were
autoclaved separately and mixed in a ratio of 9:1 under sterile
conditions. Full details on how to perform all experiments for
HNL activity can be found in the literature.’

Cloning and Heterologous Production of GtHNL-
H96A and GtHNL-H96F. pET28a(+)-GtHNL expression
plasmid containing the GFHNL-H96A gene codon optimized
for E. coli was ordered from Bio Basic (Canada). Then, E. coli
BL21(DE3) was transformed with the expression plasmid for
the overexpression of GtHNL-H96A, and the plasmid was
sequenced (Table S2). For the heterologous production of the
enzyme, a preculture was prepared by inoculating one single
colony of E. coli BL21(DE3)-pET28aGtHNL-H96A in 10 mL
of lysogeny broth (LB) medium with kanamycin (50 pg/mL)
and incubated overnight (New Brunswick Scientific Incubator
Shaker Excella E24 Series) at 37 °C and 120 rpm.
Subsequently, this preculture was used for the inoculation of
1 L of TB medium containing kanamycin (50 yg/mL) for the
overexpression of GtHNL-H96A and incubated at 37 °C and
120 rpm. When the ODg, reached 0.6—0.8, the gene
expression was induced by adding 1 mL of 0.1 M isopropyl
p-p-thiogalactoside (IPTG) per liter of culture (0.1 mM IPTG
final concentration). Moreover, 100—1000 xL of 1 M MnCl,
was added per liter of culture at the induction time (0.1—1
mM Mn(II) final concentration), and cultivation was
continued at 25 °C and 120 rpm for 20 h. Cells were
harvested by centrifugation at 4 °C and 5000 rpm for 20 min
(Sorvall RC6 centrifuge, Thermo Scientific). The supernatant
was discarded, and the pellets were washed with 30 mL of 50
mM sodium phosphate buffer pH 7, frozen in liquid nitrogen,
and stored at —80 °C. The same methodology was followed for
the cloning and production of GEHNL-H96F using expression
vector pET28a-GtHNL-H96F. A preculture of E. coli BL21-
(DE3)-pET28aGtHNL-H96F (kanamycin 50 pg/mL) was
prepared. The main culture was prepared by inoculating this
preculture in 1 L of TB medium containing kanamycin (50 pug/
mL) incubated at 37 °C and 120 rpm. The gene expression
was induced at an ODg, of around 0.6—0.8 by adding 0.1 M of
IPTG. At the same time, 100 uL of 1 M MnCl, was added to
reach a final concentration of 0.1 mM MnCl,. The enzyme
expression continued at 25 °C and 120 rpm for 20 h, and the
isolation and purification were performed as explained earlier
for the GtHNL-H96A.

Cloning and Heterologous Production of GtHNL-
A40H/V42T/H96A/Q110H (GtHNL-4V). pET28a(+)-
GtHNL-A40H/V42T/QI110H was used as template for the
cloning of GtHNL-4V.> The mutation H96A was introduced
by overlap-extension PCR as described elsewhere. The
GtHNL-4V gene was cloned into pET28a expression vector
using Ncol and HindIII restriction enzymes. The resulting
pET28a-GtHNL-4V expression vector was cloned into E. coli
TOP10 and sequenced to ensure the successful introduction of
the H96A mutation (Table S3). Finally, the expression host E.
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coli BL21(DE3) was transformed with pET28a(+)-GtHNL-4V
for the overexpression of the GtHNL-4V enzyme. The
heterologous production and harvesting of GtHNL-4V
followed the same methodology described for GFHNL-H96A.

Purification of GtHNL-H96A, GtHNL-H96F, and
GtHNL-4V. The pellets of GtHNL-H96A, GtHNL-H96F,
and GtHNL-4V were resuspended in lysis buffer (50 mM
sodium phosphate buffer + circa 50—70 mg DNAse) pH 7 and
lysed in a cell disruptor (Constant Systems Ltd., United
Kingdom) at 1.37 kbar and 4 °C to avoid protein denaturation.
The cell free extract (CFE) was collected as the supernatant
after centrifugation at 4500g, 30 min, 4 °C; heated for 30 min
at 65 °C; and centrifuged for 15 min at 4500g. The purified
enzyme was obtained as the supernatant. For the EPR studies,
GtHNL-H96A was further purified by anion exchange
chromatography with a Q Sepharose Fast Flow column
(HiTrap Q FF, 70 mL; GE Cytiva, Uppsala, Sweden).’ Bis—
Tris buffer (50 mM) containing 30 mM NaCl pH 7.2 (buffer
A) and Bis—Tris buffer (S0 mM) containing 1 M NaCl pH 7.2
(buffer B) were used as binding and elution buffers,
respectively. An isocratic step of 10% buffer B allowed the
elution of pure GtHNL-H96A.

Alkene Cleavage Reactions under Optimal Condi-
tions (Results in Table 1). The reactions were performed in
a biphasic system in 2 mL plastic reaction tubes in accordance
with an earlier report® with slight modifications. Fifty
microliters of 1 M substrate in ethyl acetate (3a—3h) (50
mM final concentration) and S0 pL of 3 M tert-butyl
hydroperoxide (TBHP) in n-decane (150 mM final concen-
tration) were supplemented with 2 mg of GtHNL-H96A
enzyme from the supernatant (see purification) and 50 mM
sodium phosphate buffer pH 7. As result, the final reaction
volume was 1 mL. The ratio of the organic/aqueous phase was
1:9. A thermomixer was used to shake the reaction tubes at
1000 rpm and to maintain 30 °C. Control reactions were
performed with 0.5 mM MnCl,. All the reactions were NOT
quenched with sodium bisulfite at the end of the reaction time.
MnCl, (0.5 mM) was used for the enzyme overexpression. The
product was immediately extracted twice with ethyl acetate
spiked with 10 mM n-dodecane as internal standard (1 X 350
and 1 X 500 pL). The combined organic phases were dried
using anhydrous MgSO, and injected for gas chromatography
(GC) analysis.

Determination of tert-Butyl Hydroperoxide (TBHP).
The concentration of TBHP was determined by iodometric
titration with thiosulfate in accordance with the literature.*®
Briefly, 100 uL of TBHP was dissolved in 10 mL acetic acid/
chloroform (3:2), and nitrogen was sparged through the
solution for 2 min to remove oxygen. Saturated potassium
iodide solution (500 yL) was added, and the head space was
flushed with nitrogen for 1 min. Then, 15 mL of distilled water
(sparged with nitrogen) and four drops of 1% starch
(indicator) were added to produce a noticeable purple color.
The sample was titrated with 0.01 N sodium thiosulfate until
the purple color disappeared.

Inductively Couple Plasma Optical Emission Spec-
trometry (ICP-OES). Enzyme solution (0.5 mL) was digested
in 4.5 mL milliQ water containing 1.5 mL 65% HNO; using a
microwave (PRO, Anton Paar): ramp in 30 min to 200 °C,
hold for 60 min at maximum power (1300 W), and cool down
to 70 °C. Then, the samples were analyzed with ICP-OES
(Perkin Elmer Optima 5300 DV). Wavelengths were as
follows: 293.305, 294.920, 257.610, 259.372, and 260.568 nm.

11192

Electron Paramagnetic Resonance (EPR) Studies. EPR
spectra were recorded on a Bruker EMXplus spectrometer
using a dual-mode resonator (Bruker ER 4116DM) with a
helium-flow cryostat’”*® using the following EPR parameters:
microwave frequency 9.624 GHz (perpendicular mode), 9.295
GHz (parallel mode); microwave power 20 mW; modulation
frequency 100 kHz; modulation amplitude 10 G; and
temperature 12.5 K. Perpendicular mode spectra were four
times averaged; parallel mode spectra were nine times
averaged. The protein concentration of the EPR samples was
between 0.3 and 0.5 mM.

Gas Chromatography Analysis. Gas chromatography
(GC) analysis was performed on a GC-2014 (Shimadzu)
equipped with an AOC-20i auto injector by using N, as carrier
gas, a cp wax 52 CB column (length: 50 m, LD.: 0.53 mm, film
thickness: 2 ym, max temp: 250 °C), and an FID detector. The
temperature profile is described as follows: first, 3 min at 100
°C; then, a gradient from 100 to 245 °C during 7.25 min at 20
°C/min; and finally, 1 min at 245 °C.

GtHNL-H96A Crystallization and Crystal Structure
Determination. Crystals of GtHNL-H96A were initially
obtained from a crystallization solution containing 30% PEG
2000 MME and 0.15 M KBr (QIAGEN-JCSG-Plus screening
G10) using the vapor-diffusion method and the sitting drop
technique. Further optimization of these conditions was
pursued, and a suitable crystallization condition was identified
(Additive Screen, Hampton Research B11) containing 0.1 M
sodium citrate tribasic dihydrate as an additive. Crystals
became visible after 4 days and were harvested using a crystal-
direct harvester (https://www.arinax.com/crystaldirect—
automatic-protein-crystal-harvesting)** after 8 days. X-ray
diffraction data at 1.85 A resolution were collected at the
MX beamline P13 operated by EMBL at PETRA III, indexed
and integrated with XDS,*° and scaled with AIMLESS®' from
the CCP4 program suite.”” Data collection statistics are given
in Table S5. The structure of the apo-mutant enzyme was
solved by the molecular replacement method using the
program MOLREP®’ and the apo-form of the native enzyme
(GtHNL) as a search model (PDB code: 4BIF)." Model
building and refinement were performed with programs
COOT>* and REFMAC5 and/or PHENIX,*® respectively,
and checked periodically using the PDB-redo server (https://
pdb-redo.eu/).”” Thermal anisotropic parameterization (TLS)
was also included in the refinement, with each monomeric
subunit divided into different TLS groups, as suggested by TLS
Motion Determination.”®>° During refinement, 5% of
randomly selected observed reflections were kept aside for
cross-validation. Model validation was done using MolPro-
bity.”" Structure refinement statistics are listed in Table S5.
Figures were generated with PyMOL.’" All structural align-
ments between different crystal structures were done using the
program GSAMT® from the CCP4 program suite.
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