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Abstract

A major drawback for practical application of halohydrin dehalogenase HheG in biocatalysis is its rather
low thermal stability and low organic solvent tolerance. We therefore pursued a stabilization of HheG
via immobilization as cross-linked enzyme crystals. Since glutaraldehyde inactivates HheG, we
introduced a cysteine residue in the crystal interface, which enabled thiol-specific cross-linking at
predefined cross-linking sites. Variant HheG D114C displayed improved crystallizability and yielded
stable and catalytically active CLECs using bis-maleimidoethane as cross-linker. Effective cross-linking
at the predefined site could be confirmed via the CLEC crystal structure. Compared to soluble enzyme,
the CLECs displayed significantly improved stability and activity at higher temperatures, lower pH
values and in the presence of water-miscible organic solvents, which enabled their reuse over 21 days

in the azidolysis of cyclohexene oxide.



Introduction

Halohydrin dehalogenases (HHDHs) (E.C. 4.5.1.-) are bacterial lyases belonging to the superfamily of
short-chain dehydrogenases/reductases. While their natural function is the dehalogenation of vicinal
haloalcohols with concomittant epoxide formation,!* they are also able to catalyze the reverse
reaction, i.e. epoxide-ring opening, with a range of different nucleophiles enabling formation of C-C,
C-N, C-O and C-S bonds.™ This has made HHDHs attractive for application in biocatalysis and various
examples, e.g. for the synthesis of enantioenriched oxazolidinones, tertiary alcohols, epihalohydrines
or spiroepoxyoxindoles, using HHDH-catalysis have been reported in literature.*

Using a database mining approach based on HHDH-specific sequence motifs,” a large number of new
halohydrin dehalogenases have been identified in public sequence databases in recent years*! and
several new members have been characterized as well.[®! While most HHDHs display similar substrate
scopes, HheG from llumatobacter coccineus also accepts sterically more demanding cyclic epoxides as
well as acyclic non-terminal epoxide substrates.'% Additionally, HheG displays a-regioselectivity in
the ring-opening of different styrene oxide derivates,*) whereas other HHDHs exclusively attack the
B-carbon of the epoxide ring. Solving the crystal structure of HheG!® revealed a much broader active
site for this enzyme compared to other HHDHs,>*> which explains the acceptance of bulkier
substrates. This feature makes HheG very attractive for industrial application, e.g. for the synthesis of
pharmaceutical building blocks.[**! A major drawback for application, however, is the enzyme’s low
stability (apparant melting temperature Tr, of only 38 °C) and its low organic solvent tolerance.!*”
Based on protein engineering of HheG, variants with amino acid exchanges at position T123 have been
obtained displaying up to 14 K higher T, as well as up to three-fold higher activity, resulting also in a
slight increase in organic solvent resistance.!”]

To complement our protein engineering efforts with HheG, we herein report an orthogonal strategy
to the stabilization of HheG using immobilization.*® Common enzyme immobilization methods include
carrier binding, polymer entrapment, and carrier-free immobilization methods based on cross-linking
such as cross-linked enzyme crystals (CLECs) or cross-linked enzyme aggregates (CLEAs).[**! Since wild-
type HheG crystallizes readily after a single IMAC purification step, we opted for CLEC generation to
obtain an immobilized HheG preparation that would still be active at higher cosolvent concentration,
and that could be reused. CLECs of various enzymes have previously been reported to display high
stability regarding temperature and pH, also in extreme conditions, and have been applied for
biocatalytic reactions in non-conventional reaction media.’?>2? The most common cross-linker used
for CLEC formation is glutaraldehyde, which reacts primarily with e-amino groups of lysines, but is also
able to cross-link arginine and tyrosine side chains.!”3! Previous attempts, however, to cross-link HheG
crystals with glutaraldehyde via soaking resulted only in inactive CLECs. The high excess of

glutaraldehyde during cross-linking likely also resulted in cross-linking of Tyr165 and Argl69 of the
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catalytic triad of HheG. In contrast, cross-linking of HheG crystals with glutaraldehyde via vapor
diffusion yielded CLECs that still displayed activity in the ring opening of cyclohexene oxide (1) with
azide (Scheme 1).?* This approach, however, is impractical in larger scales where protein
crystallization is generally performed in stirred vessels.’?>! Hence, we herein attempted to use protein
engineering of HheG to insert desired residues in crystal contacts that would allow us to use

chemoselective cross-linkers for stable CLEC generation without compromising biocatalyst activity.
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Scheme 1. Epoxide ring opening reactions of HheG performed in this study [1: cyclohexene oxide, 2a:
(1R,2R)-2-azido-1-cyclohexanol, 2b: (1S,25)-2-azido-1-cyclohexanol, 3: glycidylphenylether, 4: 1-azido-
3-phenoxy-propan-2-ol; 5: styrene oxide, 6: 2-azido-2-phenylethanol, 7: trans-1-phenylpropylene
oxide, 8: 1-azido-1-phenylpropan-2-ol, 9: (+)-cis/trans-limonene oxide, 10a: 2-azido-1-methyl-4-(prop-

1-en-2-yl)cyclohexan-1-ol, 10b: 2-azido-2-methyl-5-(prop-1-en-2-yl)cyclohexan-1-ol.



Results and Discussion

Crystal contact engineering

As the previous cross-linking of HheG crystals with the commonly used cross-linker glutaraldehyde
significantly reduced enzyme activity, protein engineering of HheG was used herein to introduce
desired amino acids on the enzyme surface as new cross-linking sites for alternative cross-linkers.
Specifically, we aimed for the insertion of cysteine residues, as HheG wild type contains only few
cysteines that could potentially be cross-linked as well. Thus, the available crystal structure of wild-
type HheG! was analyzed for potential residues facing each other in the crystal interface. As shown in
Figure 1, two major interfaces (contact points) between HheG tetramers within the crystal can be
distinguished: an axial and a tangential interface. The axial interface refers to crystal contacts between
tetramers lining up in infinite strings throughout the crystal, while the tangtential interface represents
crystal contacts between tetramers of orthogonal strings. Existing crystal contacts were analyzed using
the PRODIGY crystal webserver?® to identify residues with less than 5 A distance to each other.
Interestingly, this revealed three residues with the same amino acid positions of different HheG
tetramers facing each other in the crystal interfaces: M45 and D114 in the axial interface, and A221 in
the tangential interface (Figure 1B). Those residues were selected for replacement by cysteine, as
mutagenesis of one residue would directly result in the required cysteine pairs of neighbouring
tetramers for later cross-linking. As the C, distances of those opposing residues are between 6.5-8.5 A
(Table S1), bis-maleimidoethane (BMOE) with a spacer length of 8 A was selected as thiol-specific cross-

linker for later CLEC generation (Figure S1).12”)
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Figure 1. Crystal contact analysis of wild-type HheG (PDB ID: 5030). A) Arrangement of HheG tetramers
within the unit cell; B) Axial and tangential crystal contacts of HheG with positions M45, D114 and

A221 highlighted.

HheG variants M45C, D114C and A221C were generated, produced in E. coli and purified according to
established protocols for wild-type HheG. Corresponding yields after purification are listed in Table 1.
Before crystallization and cross-linking, these mutants were characterized regarding their specific

activity, enantioselectivity and thermal stability for comparison with the wild-type enzyme (Table 1).

Table 1. Specific activities and product enantiomeric excess (eep) in the conversion of cyclohexene
oxide (1) with azide as nucleophile, as well as melting temperatures (Tm) of HheG wild type and
respective variants applied as soluble enzymes. Specific activity and product enantiomeric excess (eep)
were determined based on duplicate measurements, apparent melting temperatures (T) where

obtained from triplicate measurements.

Variant Yield [mg/I] Specific activity? eep [%] Tm [°C]
[U/mg]

WT 204 2.32+0.3 49.1+0.1 41+0.1

M45C 22 1.41+0.01 65.4+0.1 42.5+0.2

D114C 130 2.35+0.05 49.9+0.5 40.5+ 0.2

A221C 190 1.79+0.1 49.5+0.8 40+0.1




2 Reaction conditions: 20 mM cyclohexene oxide (1), 40 mM azide and 50 pg enzyme in 1.5 ml 50 mM
Tris-SO4, pH 7.0 at 22 °C and 900 rpm

This analysis revealed a similar activity and enantioselectivity of HheG D114C for formation of
azidoalcohol 2b and a similar melting temperature (Tm) as determined for HheG wild type. In contrast,
variant M45C displayed significantly reduced specific activity, while product 2b was obtained with
higher enantiomeric excess. As replacement of M45 by cysteine significantly altered the biochemical
characteristics of this variant compared to wild-type HheG, this variant was not investigated further.
The specific activity of HheG A221C was also reduced (75% of wild-type activity), whereas product
enantiomeric excess and T, were similar to that of HheG wild type. Since HheG A221C was the only
variant with a cysteine pair for cross-linking in the tangential crystal interface, this variant was included
in further studies, despite its slightly reduced specific activity. Both variants, D114C and A221C, as well

as wild-type HheG, were further compared regarding their crystallization properties.

Crystallization and cross-linking

Crystallization of HheG wild type had previously been demonstrated using 10% (w/v) PEG4000 as
precipitant, HEPES buffer with a pH of 7.3 to 7.5 and protein concentrations between 6 and
32 mg/ml.?*?8 Hence, similar conditions were used to investigate the crystallizability of variants D114C
and A221C (see supplementary for more details). This revealed that variant D114C displayed a higher
crystallizability and required less PEG4000 compared to HheG wild type, while no crystals could be
obtained for variant A221C (Table S2). Moreover, variant D114C still gave the same hexagonal-shaped
crystals as wild-type HheG (Figure S2), but crystallized faster (Figure S3) and formed overall larger
crystals (Figure S4). As the space group and cell parameters of D114C crystals were found to be the
same or very similar to that of wild-type HheG (see below), the mutation at position 114 is likely
responsible for improved crystallizability of variant D114C. In wild-type HheG, always two D114
residues of opposing tetramers face each other in the axial crystal interface, most likely resulting in a
slight repulsion of the charged carboxyl side chains during crystallization. In contrast, the thiols in
variant D114C (cysteine pK, = 8.1) are only partially charged at the pH used for crystallization.
Moreover, mutation D114C might result in a lower conformational entropy of the amino acid side

chains at position 114, which would also contribute to improved protein crystallization.?°3%

After crystallization of HheG wild type and D114C at 20 pl scale, cross-linking of both variants with the
cysteine-specific cross-linker BMOE was tested. As expected, crystals of HheG wild type incubated with
2 mM BMOE for 24 h re-dissolved within 72 h after transfer into reaction buffer (Figure S5). In contrast,
respective crystals of HheG D114C did not re-dissolve after cross-linking with 2 mM BMOE for 24 h



(Figure S6). This indicates that only HheG D114C crystals offer suitable cross-linking sites for stable
cross-linking with BMOE.

For the stable CLECs, the activity in the conversion of cyclohexene oxide (1) with azide was
subsequently examined and compared to soluble enzyme preparations (Figure 2). As mentioned
previously, CLECs of HheG wild type cross-linked with glutaraldehyde via soaking displayed only
negligible residual activity in the range of the chemical background. In contrast, HheG D114C CLECs
cross-linked with BMOE via soaking displayed high conversion in the azidolysis of 1, albeit at 4 h
reaction time conversion is slightly lower compared to the soluble enzyme (Figure 2). The latter,
however, might be due to diffusion limitations within the crystal,’?*3! reducing substrate accessibility
and product release. On the other hand, the limited enzyme motion within the CLEC could also explain

the observed activity decrease.
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Figure 2. Conversion of 20 mM cyclohexene oxide (1) with 40 mM azide using HheG WT and mutant
D114C (each 100 pg) in soluble or CLEC form after 4 and 24 h of reaction [GA: glutaraldehyde].
“Negative” represents the chemical background reaction without enzyme addition. Error bars indicate

standard deviations from five parallel reactions.

Literature reports indicated that cross-linking can also have a positive effect on the enantioselectivity
of an enzyme.®? Thus, the enantioselectivity of our CLECs in the conversion of 1 was investigated as
well. Interestingly, HheG D114C CLECs formed azidoalcohol 2 with slightly higher product enantiomeric
excess than the respective soluble enzyme (56.0% vs 49.9%, respectively). This might be explained by
reduced molecular motion of enzyme molecules within the crystal due to cross-linking.*

Moreover, an 8 K increase in apparent melting temperature (Tm) compared to soluble enzyme was

observed for D114C CLECs cross-linked with BMOE (Figure S7). This gain in melting temperature was
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also obtained when using only 0.5 mM BMOE and a cross-linking time of 24 h, as well as with 2 mM
BMOE and 3 h cross-linking time (Figure S8). This demonstrates the effectiveness of BMOE as cross-
linker for HheG D114C crystals. Using higher cross-linker concentrations or longer cross-linking times
did not enhance CLEC stability further (Figure S8). For comparison, cross-linking of wild-type HheG

crystals with glutaraldehyde yielded a T increase by 9 K (data not shown).

Crystal structure of HheG D114C CLEC

To confirm effective cross-linking of HheG D114C crystals with BMOE, the crystal structure of
respective CLECs was solved at 2.7 A resolution (PDB-ID: 7QY3). Variant D114C crystallized in the same
trigonal space group P3:21 as wild-type HheG.”! Moreover, unit cell parameters were also similar to
that of the wild-type enzyme (Table S3). Analysis via PDBePISA webserver®** confirmed that crystals of
variant D114C exhibited the same crystal contacts (axial and tangential interface, see Figure 1) as wild-
type HheG except for the mutated residue 114, where an aspartic acid was exchanged by a cysteine.
In an overlay of both structures (Figure 3A), residue 114 — either aspartic acid in wild-type HheG or
cysteine in variant D114C — adopts the same position and conformation.

As can be seen in Figure 3C, additional electron density between cysteines at position 114, facing each
other in the crystal contact, is present in the HheG D114C structure. The shape and size of this
additional electron density fit to that of the cross-linker BMOE, confirming effective cross-linking at
the desired position. This extra density can be found for every cysteine 114 within the asymmetric unit,
suggesting a high degree of cross-linking with BMOE for HheG D114C CLECs. Interestingly, there is no
previous literature precedent, where cross-links within a biocatalytic CLEC could be visualized. This is
explained by the fact that previously glutaraldehyde has been used almost exclusively as cross-linker
for CLEC generation.?>! As mentioned before, glutaraldehyde is able to react with different amino acids
within a protein and is further prone to polymerization. This results in a multitude of cross-linking
possibilities that will be occupied only randomly within a CLEC, hampering visualization by X-ray
crystallography.%37 In contrast, our approach yields highly defined cross-linking sites for stable CLEC

generation and, thus, permits also visualization of resulting cross-links.



axial

Figure 3. Crystal structure of HheG D114C. A) Overlay of residue 114 of variant HheG D114C (colored)
and the wild-type structure (gray). B) Cross-linked chains of neighboring tetramers in axial orientation,
BMOE shown in orange. C) Magnified view of the bound cross-linker BMOE fitting into the respective

electron density ((Fo-Fc) at 30).

Further CLEC characterization

As a higher melting temperature has been observed for HheG D114C CLECs cross-linked with BMOE,
we further investigated the temperature and pH profile of such CLECs. In line with the observed higher
Tm, HheG D114C CLECs displayed their highest relative activity at 40°C in the azidolysis of 1, while
highest relative activity of soluble enzyme was obtained at 25°C (Figure 4A). Moreover, also the
determined Tso value of HheG D114C CLECs was 12 K higher compared to soluble enzyme (Figure S9),
further confirming an increased thermal stability upon CLEC formation.

Interestingly, the pH profile of the CLECs broadened compared to soluble enzyme, specifically with
respect to performance at lower pH values, while the pH optimum stayed at pH=6 (Figure 4B). This pH
optimum is in line with the catalytic mechanism of HHDHs for epoxide ring opening, with Tyr165 of the

catalytic triad donating a proton to the oxyanion generated during epoxide ring opening.! While acidic

10



pH will facilitate reprotonation of Tyrl165 for the next catalytic cycle, the enzyme is inactivated at low
pH values (Figure 4B). The latter is accompanied by a reduced enzyme stability at acidic pH, which was

partially mitigated by cross-linking. In line with these results, CLECs exhibited also significantly higher

Tm values at lower pH compared to soluble enzyme (Figure S10).
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Figure 4. Temperature (A) and pH (B) profiles of HheG D114C CLECs (black) in comparison to soluble

enzyme (red) in the conversion of 20 mM cyclohexene oxide (1) with 40 mM azide at 22°C using each

100 ug of enzyme. Relative activities have been calculated by setting the highest conversion to 100%

activity. For temperature profile 100% relative activity corresponds to 64.1% (soluble) or 48.3% (CLEC)

conversion. For pH profile 100% relative activity corresponds to 85.5% (soluble) or 71.4% (CLEC)

conversion.
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Previous literature on cross-linked enzyme crystals of Candida rugosa lipase and Pseudomonas cepacia
lipase, as well as CLECs of the protease subtilisin reported improved activity and stability of respective
CLECs in organic solvents compared to souble enzymes."?*2! Organic co-solvents are usually required
to increase substrate solubility in HHDH-catalyzed reactions. Previously, however, significantly reduced
activity/stability of HheG in the presence of different water-miscible organic solvents has been
observed.[”! Hence, we also investigated the activity of HheG D114C CLECs in the presence of 25%
(v/v) of various co-solvents. In comparison to soluble enzyme, D114C CLECs were still active in the
presence of 25% (v/v) DMF, methanol, ethanol and isopropanol, whereas soluble enzyme seemed to
be fully inactivated at this solvent concentration (Figure 5). In contrast, the achieved conversion of
soluble HheG D114C in the presence of 25% (v/v) DMSO for the azidolysis of 1 was similar to the
respective conversion obtained with the CLECs, while for both enzyme preparations no activity could
be observed with 25% (v/v) acetonitrile. Moreover, melting temperatures of HheG D114C CLECs and
soluble enzyme in the presence of 10% (v/v) co-solvents have been determined (Table S4), which
clearly indicate that acetonitrile has the highest destabilizing effect on both enzyme preparations. In
contrast, the influence of DMSO on D114C stability (soluble and CLEC form) seems only marginal. Both
results are in line with obtained conversion data (Figure 5). According to T, measurements, D114C
CLECs are more stable in the presence of 10% (v/v) organic co-solvent compared to soluble enzyme for

all co-solvents tested (Table S4), again confirming their higher overall stability.
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Figure 5. Influence of 25% (v/v) co-solvent on HheG D114C CLECs and soluble enzyme in the conversion
of 20 mM cyclohexene oxide (1) with 40 mM azide at 22°C using each 100 pg enzyme. Used co-solvents:
dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), acetonitrile (ACN), ethanol (EtOH),
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isopropanol (iPrOH) and methanol (MeOH). Samples were taken after 4 and 24 h. “-“ indicates negative

control reactions without enzyme addition. All reactions were performed in duplicate.

The observed higher stability of D114C CLECs in the presence of organic co-solvents enabled also the
use of significantly higher substrate concentrations in the azidolysis of 1. Specifically, D114C CLECs
were still active at the highest substrate concentration tested (200 mM 1 at 20% (v/v) isopropanol),
while soluble enzyme was fully inactive already (Figure S11). This result further confirms the

significantly increased stability of D114C CLECs in the presence of water-miscible organic solvents.

To evaluate also long-term stability of our CLECs at the used reaction temperature (22 °C), half-life
times (ti2) of soluble enzyme and CLECs of HheG D114C were investigated. To facilitate the
determination of ti; at 22°C, deactivation rate constants kq of soluble enzyme and CLECs at higher
temperatures (>30°C) were determined. Using the Eyring equation®, respective deactivation rate
constants at 22°C could be extrapolated (Figure S12), and deactivation energies as well as half-life
times were determined (Table S6). As a result, a half-life time of 64 days at 22°C was obtained for
D114C CLECs, which is consistent with our reusability data (see below). In contrast, the respective ti/>
of soluble enzyme at 22°C is only 21 h. Hence, D114C CLECs exhibit a more than 60 times higher half
life than soluble HheG D114C. Similar increases in half life upon CLEC formation have also been
reported for other enzymes.3%%% Likewise, more energy is required for the deactivation of HheG D114C
CLECs (46.8 klJ/mol) in comparison to soluble enzyme (36.3 kJ/mol), underlining once more the

significant gain in stability upon cross-linking.

Application of HheG D114C CLECs in biocatalytic reactions

Apart from higher stability, immobilization of an enzyme as CLEC also offers the advantage of easy
enzyme recovery from a product stream®®! and reuse in biocatalytic reactions. Therefore, repeated
batch reactions with cyclohexene oxide (1) and azide at 22°C were performed for each 24 h with daily
reuse of D114C CLECs over a total of 21 days. After each reaction, the CLECs were separated by
centrifugation before reuse in a new batch reaction. As shown in Figure 6, D114C CLECs displayed
activity over all reaction cycles, obtaining still 87% and 70% of the initially observed conversion after 5
and 21 days, respectively. The observed sligth decrease in enantiomeric excess during this time span
can be explained by a stronger influence of the chemical background reaction with decreasing enzyme
activity. Microscopic analysis of the D114C CLECs after the 21 reaction cycles confirmed that they

retained their hexagonal shape with sizes of about 100 um (Figure S13).
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Figure 6. Repetitive batch reactions with cyclohexene oxide (1) and azide at 22°C with reuse of HheG
D114C CLECs. Each reaction cycle (24 h) contained 100 pg CLECs, 20 mM cyclohexene oxide (1) and 40
mM azide in a total of 1 mL. After 24 h of reaction, the CLECs were centrifuged, the supernatant was
removed and fresh reaction media including the substrates was added to start a new cycle. Standard
deviations are based on quintuple measurements. For comparison, chemical background conversion

in this reaction (one cycle) without enzyme addition reached 24%.

In addition to cyclohexene oxide, we also tested the application and reuse of D114C CLECs in the
azidolysis of phenylglycidylether (3)!®, styrene oxide (5)1*%, phenylpropylene oxide (7)*% and limonene
oxide (9)", which had been demonstrated previously to be converted by HheG. Daily reuse of D114C
CLECs over 5 cycles yielded no or only a slight decrease in conversion with these four epoxide
substrates (Figure S14). The activity recovery comparing conversion in the first and fifth cycle was
99.4% (3), 100% (5), 93.9% (7) and 91.1% (9). In comparison, CLEAs of HheC from Agrobacterium
radiobacter AD1 displayed an activity recovery of 74% after 10 reaction cycles of each 30 min in the
conversion of 5 mM 1,3-dichloro-2-propanol.[*Y! Hence, our data demonstrate the effectiveness of
HheG immobilization via CLEC formation to obtain a stable and reusable biocatalyst.

Additionally, storage stability of D114C CLECs at 8°C was investigated yielding 98.7% residual activity

after 1 week and 83.3% after 1 month of storage.

Conclusion

In conclusion, we employed crystal contact engineering to generate CLECs of HheG with chemo-

selective cross-linking at predefined cross-linking sites. To this end, HheG variant D114C was generated

14



for stable cross-linking with the thiol-specific cross-linker BMOE. In contrast to CLECs generated with
the commonly used cross-linker glutaraldehyde, this approach yielded selective cross-linking at well-
defined sites without compromising enzyme activity. The resulting CLECs not only displayed
significantly higher stability regarding temperature, pH and co-solvent concentrations compared to the
soluble enzyme, but also enabled the repetitive use of HheG in the azidolysis of various epoxide
substrates (up to 21 days as shown for the conversion of cyclohexene oxide). Overall, those CLECs
represent an important first step towards a potential future application of HheG in industrial settings.
Furthermore, the cross-linking approach described herein can be easily transferred to other
biocatalysts with high crystallizability that would typically be inactivated upon cross-linking with
glutaraldehyde. Building on the variety of commercially available mono- and bi-specific crosslinkers,
this approach should further allow crosslinking beyond the thiol functionality. Even the use of cleavable

cross-linkers is conceivable, opening up a whole range of new possibilities for furture applications.

Experimental Section

Chemicals
Substrates cyclohexene oxide (1) and styrene oxide (5) were purchased from Thermo Fisher Scientific
(Geel, Belgium). Substrates phenylglycidylether (3), phenylpropylene oxide (7) and limonene oxide (9)

were purchased from Merck (Darmstadt, Germany). All chemicals were of highest available purity.

Bacterial strains and plasmids

E. coli DH5a was used for cloning and other genetic manipulations whereas E. coli BL21(DE3) Gold was
used for heterologous protein production as outlined before.!®! Further, expression vector pET-28a(+)
(Merck) was used to clone respective genes under control of the T7 promoter while adding an N-

terminal Hise-tag to heterologously produced proteins.

HheG engineering

Amino acid positions were selected based on their position at the crystal interface. Symmetry mates
of HheG were generated using PyMOL (version 2.3.3, Schrédinger, New York, NY, United States). This
way, amino acids facing each other within a distance of less than 5 A at the crystal interface were
selected by the PRODIGY crystal webserver.!?®! Site-directed mutagenesis was performed using the
PfuUltra Il Hotstart PCR Mastermix (Agilent Technologies, Santa-Clara, CA, United States). Forward and
reverse mutagenic primers (Table 2) were designed with PrimerX (Carlo Lapid, 2003,
http://bioinformatics.org/primerx/index.htm), purchased from Merck and used in concentrations of
0.25 pM each with 100 ng of pET28a(+)-hheG template.!*”! Otherwise, the mutagenesis protocol was

in agreement with the manufacturer’s instructions.
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Table 2. Mutagenic primers used in this study. Base exchanges are shown in bold.

Mutagenic primer Sequence 5’-3’

f_hheG_M45C CAGCCGGTGATGGCACCTGCGTTGGTGTTGAAGAAAG
r_hheG_MA45C CTTTCTTCAACACCAACGCAGGTGCCATCACCGGCTG
f_hheG_D114C CGGCAAATTTCTGGATATGACCTGCGATCAGTGGGCAAAAGTTAAAG
r_hheG_D114C CTTTAACTTTTGCCCACTGATCGCAGGTCATATCCAGAAATTTGCCG
f_hheG_A221C CGTCGTGCAATGATTGAATGCCAGGTTCCGCTGCGTCG
r_hheG_A221C CGACGCAGCGGAACCTGGCATTCAATCATTGCACGACG

Protein production and purification

HheG and its variants were produced in 500 ml Terrifc Broth (TB) (per liter: 4 ml glycerol, 12 g peptone,
24 g yeast extract, 0.17 M KH,PO4, 0.74 M K,HPO,) supplemented with 50 pg/ml kanamycine. Further,
50 ml of an overnight culture in induction, and 0.2 mM Isopropyl-B-D-thiogalactopyranosid (IPTG) was
inoculated with 10% (v/v) preculture. In detail, protein expression was initiated by adding 50 ml of an
overnight preculture (grown at 37 °C in LB medium) and 0.2 mM IPTG.”! Then, cultivation in shake
flasks was performed for 24 h at 22 °C and 220 rpm before cell pellets were collected by centrifugation
(20 min, 3494 g, 4 °C) and stored at -20 °C until further purification.

For cell disruption, cell pellets were first resuspended in 30 ml buffer A (50 mM Tris-SO4, 300 mM
Na,SO4, 25 mM imidazole, pH 7.9), supplemented with 1 mg/ml lysozyme and 1 Pierce Protease
Inhibitor Mini Tablet (EDTA-free, Life Technologies, Thermo Fisher Scientific), and then subjected to
ultrasound sonification on ice for 7 min (cycle: 10 s pulse, 20 s pause). After sonification, cell free
extracts were generated by collecting the supernatant after centrifugation (45 min, 18000 g, 4 °C) and
subsequent filtration through a syringe filter (0.45 um pore diameter).

Cell free extracts were loaded (2 ml/min flow rate) on a 5 ml HisTrap FF column (GE Healthcare,
Freiburg, Germany), pre-equlibrated with buffer A using an AktaStart FPLC system (GE Healthcare).
After loading, the column was washed with 10 column volumes of buffer A to remove other proteins.
For the elution of Hise-tagged target proteins, a gradient over 60 ml to 100% buffer B (50 mM Tris-SOa,
300 mM Na;S04, 500 mM imidazole, pH 7.9) was used to collect 1 ml fractions. For desalting, fractions
with highest UV absorbance were first pooled and then loaded in portions of 15 ml onto an HiPrep
26/10 desalting columns (GE Healthcare), pre-equilibrated with TE buffer (10 mM Tris-SO4, 4 mM EDTA,
pH 7.9, 10% (v/v) glycerol). Subsequently, proteins of interest were eluted in TE-buffer and 5 ml
fractions. Fractions with highest UV absorbance were concentrated using Vivaspin Turbo 15
centrifugation units (Sartorius, Gottingen, Germany) with 10 kDa molecular weight cut-off. Protein

concentrations were calculated by measuring absorbances at 280 nm using a NP80 nanophotometer
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(Implen, Miinchen, Germany) via Lambert-Beer law with molar extinction coefficients and molecular
weights obtained from Protparam!*?, For variants with extra cysteine substitutions, 5 mM B-mercapto

ethanol were added to purification buffers and 5mM dithiotreitol to storage buffer.

Activity and enantioselectivity determination

To determine specific activities of HheG and its variants, conversions of 20 mM cyclohexene oxide (1)
with 40 mM sodium azide were investigated in 1.5 ml reaction volumes in 50 mM Tris-SO4, pH 7.0 at
22°C (900 rpm in Eppendorf ThermoMixer C). After starting reactions by addition of 50 ug enzyme,
samples were taken after 1, 3, 5, 10, 15, 30, and 60 min and extracted with an equal volume of tert-
butyl methyl ether (TBME) containing 0.1% (v/v) n-dodecane. Organic phases were dried over MgSO,
and samples were analyzed by achiral GC (Table 57).1!

When measuring the conversion of CLECs and comparison to soluble enzyme, reactions were
performed similarly but this time in 1 ml reaction volumes with 100 pg biocatalyst. To evaluate
enantioselectivities, product enantiomeric excesses were obtained from 4 h samples by chiral GC
described elsewhere.”]

To assess activities in different organic co-solvents, reactions contained 25% (v/v) of co-solvents such
as ethanol, methanol, 2-propanol, acetonitrile, dimethylsulfoxide, dimethylformamide. Sampling of
duplicate reactions was performed after 4 and 24 h and analyzed by achiral GC.

For activities with increasing concentrations of substrate and co-solvent 2-propanol, reactions were
performed under standard conditions. A constant azide concentration of 40 mM was used with
different concentrations of substrate 1 (5, 10, 20, 50, 100, 150, or 200 mM). Sampling and achiral GC

analysis were performed after 4 and 24 h. Reactions were performed in duplicates.

Crystallization of HheG wild type and variants at different scales

Crystallization in 2 ul scale in 96-well plates

For initial crystallization screening, sitting-drop crystallization was performed in 2 pl scale using 96-
well CrystalQuick SW plates (Greiner Bio-one, Kremsmiinster, Austria). Droplets were produced by
mixing protein solutions of 18, 20, 22, or 24 mg/ml at a ration of 1:1 with crystallization buffer
containing 10 mM HEPES (pH 7.0, 7.3, or 7.5) and 2 to 16% (w/v) PEG4000. Reservoirs for sitting-drop
application contained 140 pl crystallization buffer. Different conditions were analyzed in triplicates and
crystallization success was determined after 72 h incubation at 8 °C using microscope SMZ-171-TLED

(Moticeurope, Barcelona, Spain).
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Crystallization in 20 ul scale in petri dishes

To determine crystallization parameters, crystallization was scaled up to 20 ul. Now, sitting-drop
crystallization was performed in 20 ul droplets containing optimized protein solution mixed with
crystallization buffer (1:1) (Table S2) on cover glass plates. For wild-type HheG, a protein concentration
of 32 mg/ml was used in contrast to 24 mg/ml for variant HheG D114C. As reservoir, 3 ml crystallization
buffer were placed in a separate, smaller petri dish. For 72 h at 8 °C, droplets (on cover glass) and
reservoir (in small petri dish) were placed in a standard petri dish that was sealed with parafilm until

microscopic documentation.

Crystallization in 200 ul scale in glass vials

For preparation of CLECs, crystallization conditions were scaled up to 200 pl. Here, precipitation
crystallization was performed for 24 h at 8 °C in 2 ml glass vials by mixing 100-150 ul protein solutions
(see above) with 50-100 pl crystallization buffer.

To determine the amount of crystallized protein crystals, samples were centrifuged for 3 min at 400 g
and the amount of crystallized protein was inferred from the remaining protein absorbance at 280 nm
in the supernatant. Crystal sizes were measured using ImagelJ software!*! to calculate crystal volumes

using the formula for a regular six-sided prism (Equation S1).

Cross-linking of HheG wild type and variant D114C

Cross-linking in 20 ul scale in petri dishes

After 72 h crystallization, mother liquor was removed from crystals via a paper towel and 20 pl cross-
linking solution containing 2 mM BMOE in crystallization buffer were added to collected crystals. After
cross-linking for 24 h at 8 °C, cross-linking mother liquor was removed via paper towel. Then, CLECs
were submerged in 5 pl 50 mM Tris:SO4 pH 7.0 and subsequently removed via paper towel. To monitor
CLEC stability, CLECs were placed in 20 pl 50 mM Tris:SO4 pH 7.0 and stored for 72 h at 8 °C following

microscopic inspection.

Cross-linking in 200 ul scale in glass vials

For the evaluation of CLECs under experimental conditions, cross-linking was scaled up to 200 pl by
removing crystallization mother liquor after 24 h via centrifugation for 3 min at 400 g. Then collected
crystals of wild-type HheG and variant D114C were submerged in 200 pl cross-linking solution
containing either 5 % (v/v) glutaraldehyde or 2 mM BMOE in crystallization buffer for 24 h at 8 °C.
Cross-linking mother liquor was removed from CLECs by centrifugation and rinsing with 200 pl 50 mM

Tris-SO4, pH 7.0. For the evaluation of CLEC thermal stabilities, different CLECs were generated by
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varying cross-linking parameters such as the concentration of BMOE (0.5, 1, 2, 5, 10, or 20 mM) and

the cross-linking time (3, 6, 18, 24, 48, or 72 h).

Temperature and pH profiles

To evaluate thermal stabilities, reactions of 1 ml were performed under standard conditions at
different temperatures (10, 20, 25, 30, 35, 40, 45, 50, and 60 °C). Samples were taken after 2 h and
subsequently analyzed as described above. Maximum conversion was set to 100% relative activity and
reactions were performed in duplicate.

Thermal shift assays were performed using a QuantStudio 1 Real-Time-PCR system (Thermo Fisher
Scientific) in 50 pul in MicroAmp Optical 96-Well Reaction plates (Thermo Fisher Scientific) containing
5-20 pg protein or CLEC (5 ul), 5 pl 50x concentrated SYPRO orange as fluorescent dye (Thermo Fisher
Scientific), and 40 ul TE buffer. Fluorescence (excitation: 580+10 nm, emission: 623+14 nm) was
monitored after increasing the temperature in 0.5 °C steps from 10 to 90 °C. The temperature at which
the maximum fluorescence change was observed, representing the melting temperature, and which
was calculated with the Protein Thermal Shift software (version 1.4, Thermo Fisher Scientific).

For obtaining melting temperatures with different co-solvents, thermal shift assays contained 10%
(v/v) of following solvents: ethanol, methanol, 2-propanol, acetonitrile, dimethylsulfoxide,
dimethylformamide.

For the determination of melting temperatures at other pH values, 40 pl of TE buffer were replaced by
buffers siuch as 50 mM citrate pH 4-6, 50 mM phosphate pH 6-7, 50 mM Tris-SO4 pH 7-8.5, or
glycine:NaOH pH 8.5-11.

Using the same selection of buffers, activity profiles for different pH values were collected as described
above with sampling after 2 h and achiral GC analysis to determine relative activities.

To determine thermal inactivation (Tso) values of soluble HheG D114C and CLECs, 100 ug of biocatalyst
was first incubated for 30 min at different temperatures (10, 20, 30, 32.9, 35.7, 38.6, 41.4, 44.3, 47.1,
50, 60, or 70 °C). Afterwards, residual activity was determined in the conversion of cyclohexene oxide
(1) with azide using standard reaction conditions (20 mM 1 and 40 mM azide in 50 mM Tris:SO4, pH 7.0

at 22°C and 900 rpm for 2 h). Samples were analyzed by achiral GC analysis (Table S7).

Determination of half-life times

Half-life times (t12) of soluble HheG D114C and D114C CLECs at 22 °C were obtained based on the
determination of deactivation rate constants (kq). Deactivation rate constants at 30, 32 and 34 °C for
soluble enzyme, and 36, 38, 40 °C for CLECs were determined by incubating the enzyme preparations
at respective temperatures (T). After 0, 15, 30, 60, 90, 120, 180 and 240 min of incubation, samples

were taken for reactions containing 50 ug soluble enzyme or 100 pg CLECs, 20 mM cyclohexene oxide
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(1) and 40 mM azide at 22 °C and 900 rpm to determine conversions after 30 min. As the performed
reaction of cyclohexene oxide (1) with azide can be described by a pseudo-first order reaction, the
natural logarithm of conversion was plotted against time to derive the corresponding deactivation rate
constant at a given temperature from the respective slope after linear regression. Plotting In(kq/T)
against 1/T in an Eyring plot (Figure S12) enabled determination of respective deactivation rate
constants of both enzyme preparations at 22°C based on the Eyring equation.?® Corresponding
deactivation energies (Eq) and half-life times (ti2) were calculated using Equations S4 and S5,

respectively.[3844

Reuseability

For the determination of D114C CLEC reuseability, consecutive batch reactions were performed in 1 ml
as described in activity section with 100 pg CLECs. After 24 h, samples were taken for achiral and chiral
GC analysis (Table S7). Then, remaining reaction mixture was centrifuged for 3 min at 400 g and new
reaction medium was added. This procedure was repeated for 21 days with daily sampling in
quintuplicates. Similarly, duplicate reactions of 10 mM phenylglycidylether (3), styrene oxide (5),
phenylpropylene oxide (7), or limonene oxide (9) with 20 mM azide and 200 pg CLECs were carried out
in 50 mM Tris-SO4 pH 7.0 for 24 h at 22 °C (900 rpm). For five days, daily samples were analyzed by

achiral GC and CLECs were reused as for epoxide 1.

Crystallization for structure determination

Crystallization was achieved in 96-well sitting-drop vapor diffusion plates at 277 K using 200 nL of
protein solution at a concentration of 23.4 mg/mL mixed with the same volume of precipitant. Plate
set-up was performed with a Crystal Gryphon robot (Art Robbins Instruments, Sunnyvale, USA).
Crystals were obtained after 24 h. For crosslinking crystals were soaked by adding 0.1 uL of a 0.88 pg/uL
BMOE-solution to the crystallization drop followed by 24 h incubation at 277 K. The harvested crystals
were cryoprotected in reservoir solution supplemented with 10 % (v/v) (2R,3R)-(-)-2,3-butanediol and

flash cooled in liquid nitrogen.

Diffraction data collection and structure determination

Diffraction data were collected with crystals grown in 46 mM HEPES pH 7.34, 5.33 % (w/v) PEG 8000
on beamline P11 (PETRA Ill synchrotron, DESY, Hamburg, Germany). Data indexing, integration, scaling
and reduction was done using the autoPROC pipeline.” Phasing was achieved by molecular
replacement with Phaser*® using the HheG wildtype structure (PDB ID: 5030) as a model. An initial

model was obtained using phenix.refine of the phenix software suite’”! and completed by manual
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adjustments with Coot!*®. Alternating rounds of manual optimization and phenix.refine were used for

further refinement. Data collection and refinement statistics are listed in Table S3.
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