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Linkers in Action: Exploring Fusion Enzymes for
Oxyfunctionlizations in Non-Conventional Media Through

Experiments and Simulations

Yu Ma,’! Jan Philipp Bittner,’®! Guillem Vernet,[! Ningning Zhang,*) and Selin Kara*/@ ¢

Baeyer-Villiger monooxygenases (BVMOs) are key for the selec-
tive oxidation of ketones into diverse (cyclic) esters. However,
challenges like oxygen and cofactor dependence and sub-
strate/product inhibition hinder their broader application. To
address some of these issues, nonconventional media have been
applied; still, they lack certain water required for enzyme hydra-
tion and cofactor regeneration, reducing activity and/or stability.
Fusion approaches enable efficient cofactor recycling by short-
ening the diffusion distance between enzyme active sites in
cascades, especially under low-water conditions. Trial-and-error
linker design and time-intensive construction of fusion enzymes
substantially slow down the development of fusion enzymes. In
this study, we present the work on the fusions of cyclohexanone

1. Introduction

Multienzymatic cascades represent a significant advancement in
chemical synthesis, offering a sustainable and efficient alterna-
tive to traditional methods by mimicking natural biosynthesis
with enzymes.'"! These biocatalytic reactions often involve oxi-
doreductases like Baeyer-Villiger monooxygenases (BVMOs) for
facilitating selective oxidation reactions to synthesize valuable
bioactive compounds or chiral precursors.*®! However, using
BVMOs encounters several challenges, chief among them being
their reliance on costly cofactors (i.e., nicotinamide adenine din-
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monooxygenase (CHMO) and alcohol dehydrogenase (ADH) with
linkers owing varying lengths and flexibility in both orienta-
tions in nonconventional media, focusing on understanding the
effects of linkers on the structural and catalytic properties of
fusion enzymes. As such, 12 new fusion enzymes were con-
structed and evaluated regarding the kinetics, specific activity,
and stability, identifying the optimal ones for the linear oxyfunc-
tionlization cascade in aqueous-organic biphasic systems. The
conformation and flexibility of linkers and the spatial arrange-
ment of fusion enzymes were studied with simulations, which
provides a deep understanding of linkers’ influence and offers
insights into the rational design of fusion enzymes.

ucleotide phosphate (NADPH), the need for efficient provision
of oxygen, and enzyme instability.”#] Moreover, their practical
use in aqueous media faces several limitations related to product
autohydrolysis, low oxygen solubility, and substrate and product
inhibition issues.

The use of nonconventional media for biocatalytic transfor-
mations emerges as a promising solution.”! This approach
has been proven to accommodate high substrate loadings,™!
enhance oxygen supply,™ and reduce the ecological footprint
(i.e., low values of E-factor),™! thereby contributing signifi-
cantly to sustainability. However, employing BYMO-based reac-
tions under nonconventional conditions brings about its own
set of challenges. One primary obstacle is the need for a mini-
mum amount of water to facilitate the diffusion of water-soluble
nicotinamide cofactors between the active sites of cascading
enzymes.”) Additionally, BVMOs exhibit relatively low stability
when exposed to high concentrations of organic solvents,™!
further complicating their implementation in non-aqueous envi-
ronments.

To address these challenges, a promising strategy lies
in utilizing fusion enzymes. Specifically, when dealing with
cofactor-dependent enzymes, the fused form can effectively
shorten the transport distance between the active sites of
enzymes,®?! simultaneously reducing the detrimental impact
of organic solvents on nicotinamide cofactors.!””’ Furthermore,
this approach can improve enzyme stability and catalytic effi-
ciency, while facilitating the establishment of self-sufficient in
situ cofactor regeneration systems.!??! The feasibility of employ-
ing fused enzymes has been widely demonstrated in aque-
ous media.®324 Until recently, the use of fused oxygenat-
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ing enzymes in low-water conditions has been on the rise.
Huang et al®! reported the first application of a fused type II
flavin-containing monooxygenase (FMO-E) and horse liver alco-
hol dehydrogenase (HLADH) with a flexible linker in diverse
organic solvents containing 5 vol.% buffer for the synthesis of
y-butyrolactone. In another example, Mourelle-Insua et al.l®’
achieved about 10% conversion with a fusion of formate dehy-
drogenase from Burkholderia stabilis (BsFDH) and cyclohexanone
monooxygenase from Thermocrispum municipale (TmCHMO) in
1 vol.% 1,4-dioxane, while fusing phosphite dehydrogenase from
Pseudomonas stutzeri (PsPTDH) with TmCHMO through short-
flexible linkers resulted in a full conversion. This underscores the
profound influence of linker design on the catalytic performance
of fusion enzymes in defined reaction systems. Recently, Vernet
et al!”! documented the use of the fusion enzyme TbADH-
TmCHMO (ADH from Thermoanaerobacter brockii) with a flexible
linker as cross-linked enzyme aggregates (CLEAs) in cyclopentyl
methyl ether (CPME) and methyl tert-butyl ether (MTBE) contain-
ing <5 vol.% buffer, showing promising operational and storage
stability. A recent work by us successfully demonstrated the first
use of fusion enzymes TbADH-TmCHMO in deep eutectic sol-
vents. 77! Although these studies highlight the great potential of
employing fusion enzymes in organic media, only a limited num-
ber of fusion enzymes have been explored. The dynamism and
effects of fusion enzyme systems in such environments remain
gaps in our knowledge.

Most fusion enzymes are generated through a genetic
approach, where linker peptides are pivotal in binding target
proteins.?2-3%1 The presence of linkers allows for the separation
of two enzymes and thus avoids mutual interference during pro-
tein folding and catalysis.?#?>3" There are at least two factors
to consider when designing a fusion enzyme: 1) which type of
linker to use and 2) in which order proteins should be placed.
For the first aspect, the composition and length of a linker are
the two determining factors of its physicochemical properties
(flexibility vs rigidity, and hydrophilicity vs hydrophobicity). They
can highly affect the spatial distribution of fused subunits. Many
studies demonstrated that fusion enzymes using various link-
ers can offer catalytic benefits such as higher product yields,
improved catalytic activity, and stability, but these advantages
are not always consistent across all fusion combinations.!303233
Some studies even showed a decrease in enzyme activity
or stability.[2%%! |n addition to these inconsistencies, linker
design has been a time-consuming trial-and-error approach,
which slows down the development of fusion enzymes. There-
fore, to simplify the generation of fusion enzymes, it's crucial
to understand how the order of enzymes and the selection
of linkers affect their catalytic properties, particularly for cer-
tain oxidoreductases that are currently under the spotlight,
like BVMOs.

To better understand the impact of linkers on fusion
enzymes, a combination of experiments and simulations is
required to achieve atomic-resolution insights. There have been
limited successful attempts to reveal the atomic and molecular-
level intricacies of fusion enzymes.**3! This challenge is pri-
marily due to the time- and labor-intensive obtention of fusion
enzymes, involving multiple tasks (e.g., protein expression, purifi-
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Scheme 1. Design of fused alcohol dehydrogenase (ADH) and
cyclohexanone monooxygenase (CHMO) for oxyfunctionlization of
cyclohexanol (CHL) to e-caprolactone (ECL).
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cation, and crystallization). As a complementary, the introduc-
tion of AlphaFold2 (DeepMind) represents a ground-breaking
advancement, enabling the rapid and precise prediction of pro-
tein structure modeling.%! The capabilities of AlphaFold2 extend
beyond single protein structures as it was also used to predict
the structures of complex protein assemblies, including those
affected by short peptide sequences (e.g., linkers).57-%%! This
achievement opens up an opportunity for the present research
to gain insights into the conformation of linkers and fusion
enzymes.

Building on the established fusion enzyme TbADH-TmCHMO
with a peptide linker of 14 amino acids,!”*"! we have expanded
the collection of innovative fusion enzymes of TbADH and
TmCHMO bridged by various linkers with different lengths and
flexibilities to two fusion orientations for the linear oxyfunction-
lization cascade of cyclohexanol to e-caprolactone (Scheme 1).
These new fusion enzymes were systematically evaluated regard-
ing stability and activity and applied in the redox-neutral linear
cascade reactions first in nonconventional media, specifically
aqueous-organic biphasic systems. With the aid of AlphaFold2,
the structures of the selected fusion enzymes with supe-
rior catalytic performance were predicted. Molecular dynamics
(MD) simulations were conducted to gain structural insights
into the enzyme conformation, flexibility, and the distance
between the active sites of the fusion enzymes. The combi-
nation of experimental and computational analyses provided
the first comprehensive understanding of the relation between
peptide linkers, fusion enzymes, and enzyme catalytic proper-
ties, contributing to the rational design of fusion enzymes for
biocatalysis.

2. Results and Discussion

2.1. Design and Construction of Fusion Enzymes

The design of efficient and stable fusion enzymes involves care-
fully considering two key factors: (i) the order in which enzymes
are placed and (ii) the characteristics of the linkers employed.
Six representative linkers were chosen to bridge TbADH and
TmCHMO, considering the intricate interplay between the linkers
and the diverse structures of fusion enzymes. These linkers were
identified based on previous research on performance enhance-
ment. Therefore, not all types of linkers are covered. The selected
linkers were categorized according to their length, composition,
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Table 1. Different linkers used in this study.
Entry Size Composition of Length Flexibility Abbreviation of Abbreviation of Ref.
Linkers Linkers Fusions
1 Small SRSAAG 6 Flexible 6F Tb-6F-Tm [42]
Tm-6F-Tb
2 WYH 3 Rigid 3R Th-3R-Tm [43]
Tm-3R-Tb
3 (WYH), 6 Rigid 6R1 Th-6R1-Tm /
Tm-6R1-Tb
4 WYHHHH 6 Rigid 6R2 Th-6R2-Tm [43]
Tm-6R2-Tb
5 WYHAAA 6 Rigid 6R3 Th-6R3-Tm [43]
Tm-6R3-Tb
6 Medium SSATGSATGSAG 12 Flexible 12F Tb-12F-Tm [42]
Tm-12F-Tb
7 SSGGSGGSGGSAGT 14 Flexible 14F Tbh-14F-Tm [20, 41]
and flexibility, as outlined in Table 1 (more details in Table S1). A ~©° B

Specifically, five small linkers (3-6 amino acid residues) are either
flexible or rigid, while two medium-sized linkers (>6 amino acid
residues) exhibit flexibility.

In this study, the fusion enzymes are named based on the
order of two fusion domains and the corresponding linker, that
is, Tb-linker-Tm or Tm-linker-Tb. The designation of the linker com-
prises the number (length) of amino acid residues it contains,
followed by its flexibility, denoted as either “F" for the flexible
or “R" for the rigid. Sequential labelling was used for the linkers
with the same number of amino acids and flexibility (entries 3-5).
New fusion enzymes were engineered in two orientations using
PCR amplification (Table S2), with their successful construction
confirmed through sequencing and subsequent transformation
into Escherichia coli (E. coli) top 10 cells. Fermentation productiv-
ity ranged from 7.6 to 21.6 g wet cells per liter culture (Table S3).
In addition, the expression of fusion enzymes was determined
by SDS-PAGE (Figure S1), which showed a band intensity discrep-
ancy at around 101 kDa. These results indicate the replacement
of the linker indeed exerted a discernible influence on enzyme
production. Overall, 12 new fusion enzymes were designed and
constructed, and Table 1 also contains the Tb-14F-Tm fusion
enzyme as a reference for comparison."!

2.2. Specific Activity Analysis of Fusion Enzymes

To assess the integrity of ThDADH and TmCHMO in these fusion
enzymes, the specific activity of both enzymes in cell-free
extract (CFE) was first studied. TODADH activity was determined
with cyclohexanol (CHL) as substrate, whereas TmCHMO activ-
ity was measured using thioanisole (MPS) as substrate to
avoid ADH cross-reactivity (Figure 1). The activity of CHMO
towards thioanisole proved comparable to its activity towards
cyclohexanone.*!! All fusion enzymes generally exhibited lower
CHMO activities (decreased from 3.8- to 9.4-fold) compared
to single TmCHMO. Regarding different fusion directions, no
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Figure 1. The specific activity of fusion enzymes in cell-free extract (CFE).
(A) Activity of CHMO and (B) activity of ADH. Reactions were performed in
1 mL KPi buffer (50 mM, pH 8) containing substrate (0.25 mM thioanisole or
10 mM cyclohexanol), and 0.1 mM NADPH or NADPT at 25 °C.

discernible trend in CHMO activity was observed (Figure 1A).
Notably, Tm-6F-Tb showed a higher CHMO activity than the orig-
inal Tb-14F-Tm, implying the potential of link 6F. Conversely, the
ADH activity of the fusion enzymes displayed remarkable vari-
ations (Figure 1B). A notable difference was observed between
N-terminal, which retained ADH activity, and C-terminal ADHs,
which showed almost no ADH activity. Specifically, N-terminal
ADHs exhibited reduced activity from 2.8- to 13.5-fold com-
pared to single TbADH. These findings are in line with the
previous research that ADH activity was lost when they were
fused at C-terminus.”” Only in the case of Tm-6F-Tb ADH activ-
ity could be detected, which is 4-fold lower in comparison to
the N-terminal ADH. These observations indicate that ADH is
more susceptible to fusion orientation and linker properties than
CHMO. After purification, the fusion enzymes retained CHMO
activity, but their ADH activity varied (Figure S2). Except for
Tb-6R3-Tm, all purified fusion enzymes with rigid linkers lost
ADH activity (Figure S2B), further highlighting the instability of
ADH post-fusion. Overall, four new fusion enzymes (namely Tm-

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

85U8017 SUOWILLOD A0 3ot dde au Ag pausenob a8 Ss il O ‘8sN JO s8N o} Akeiq 1 8UljuO A1 O (SUOTHPUOD-PUB-SWLBILOO" A3 1M Ae1q | Bu Uo//:SdnL) SUOIPUOD pue sWis 1 8y} 88S *[5zZ02/70/£2] Uo Areiqiauljuo AB|1M Yol jaicsgiseAlun BinquieH BISBAIUN 840SIUYI | Aq E68TOVZ0Z 9190/200T 0T/I0p/W0d" A8 1M AReiq1pul juo'adoune-Ais iwsyoy//:sdny woy pepeojum@ia ‘0 ‘66852981



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202401893

,\@ '\ /\(Q
'\é\ &

\qg ‘bqg’ Q)Q ;\VQI YQQ\ r{f< '\ Y.Q‘
A &j,/f\, ,(0 P\ ;\Q-—M B . /\’0 && ,(0 ,(O % M kDa
W ’ r «— 1048
«—720
T
«—242

Figure 2. (A) Blue native PAGE (4—15 vol.%) stained with Coomassie, and (B)
simultaneous zymography of fusion enzymes.

6F-Tb, Tb-6F-Tm, Tb-6R3-Tm, and Tb-12F-Tm) were identified as
prospective ones for further investigation.

The kinetics of fusion enzymes compared to the reference
construct Th-14F-Tm showed varying catalytic rates (Vinax) in the
range from 0.04 to 0.5 U/mg for CHMO and 0.2 to 3.7 U/mg
for ADH (Table S4). Linkers significantly influenced enzyme affin-
ity (Ku values of CHMO ranging from 0.05 to 02 mM for
thioanisole, and 1.8 to 31.0 mM for cyclohexanol in the case of
ADH) and catalytic efficiency (k..«/Kw values ranging from 1.5
to 67.5 mM/min for CHMO and from 0.01 to 113.5 mM/min for
ADH). Regarding ADH, although some fusion enzymes showed
improved efficiency (e.g., Tb-6F-Tm and Tb-6R3-Tm); others dis-
played decreased efficiency, notably Tb-12F-Tm due to the
increased Ky, (Table S4). These results further highlight the sig-
nificant impact of fusion linkers on catalytic performance and
enzyme-substrate interactions, especially for ADHs.

Typically, ADHs are dimeric or tetrameric forms, crucial for
enzyme stability and activity.!”) The observed activity reduc-
tion for C-terminal ADH can be attributed to the obstruction of
oligomerization, a crucial process for ADH functionality.[*4! To
gain insight into the oligomeric behavior of the fusion enzymes,
blue native polyacrylamide gel electrophoresis (BN-PAGE) was
conducted for several of the more active and the least active
(Tm-6R2-Tb) fusion enzymes (Figure 2A). Following BN-PAGE,
zymography was performed on the gel to visualize the active
ADH as dark purple bands (Figure 2B).

It is postulated that single TbDADH can form active tetramers,
resulting in a molecular weight of more than 400 kDa. Except for
Tm-6R2-Tb, all other fusion enzymes showing ADH activity are
clearly visible from the distinct dark band. Electrophoretic mobil-
ity differed among these selected fusion enzymes: Tb-12F-Tm
and Tb-6F-Tm showed reduced mobility compared to Th-14F-
Tm, hinting at a distinct structural organization. Interestingly, the
absence of a dark purple band for Tb-6R2-Tm signified a pro-
found structural alteration; this fusion enzyme appears to form
a “tie-like” larger complex that impedes its migration on the gel.
This may indicate an aggregated or oligomeric state different
from the expected tetrameric form.

2.3. Stability of Fusion Enzymes in Aqueous Media

To comprehensively assess the impact of linkers on fusion
enzymes, the stability defined as melting temperature (T.,)
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Figure 3. (A) Thermal unfolding curves of TNCHMO, TbADH, and the
selected fusion enzymes. (B) Melting temperature (T,,) of single or fused
TmCHMO (red) and TbADH (blue). (C) Half-life time (t;5) of TMCHMO,
TbADH, and the selected fusion enzymes after incubation in aqueous
systems.

and half-life time (t;,) for purified single enzymes and fusion
enzymes were evaluated in KPi buffer (50 mM, pH 8.0) (Figure 3).
The single enzymes showed typical transition curves whereas
most fusion enzymes displayed two transition points upon pro-
tein unfolding as temperature increased (Figure 3A, only selected
fusion enzymes were shown), from which T, values could be
derived (Figure 3B). Specifically, the first T,, corresponds to the
melting temperature of the TmMCHMO domain, while the latter T,
reflects the higher unfolding temperature of TbADH domain. The
single enzymes, TMCHMO and TbADH, serve as benchmarks with
their T, values noted at 58.6 and 87.7 °C, respectively (Figure 3B).
In terms of the first T, the single TNCHMO showed the high-
est T, value compared to the fusion enzymes, aside from a
slight increase in Tm-6R1-Tb at 59.4 °C. Among these fusion
enzymes, the longer flexible linkers (Tb-14F-Tm and Tb-12F-Tm)
resulted in relatively higher T,, values. As for the second T, five
fusion enzymes (Tb-14F-Tm, Tb-12F-Tm, Tb-6F-Tm, Tm-6F-Tb, and
Tbh-6R3-Tm) showed the T,, values for TbADH at slightly higher
temperatures, approximately 88 °C (Figure 3B). Notably, the other
six fusion enzymes that did not exhibit the second T, were the
exact fusion enzymes that lost ADH activity upon purification
(Figure S2B). This provides further evidence of the pronounced
instability shown by TbBADH upon fusion with these specific rigid
linkers.

The four fusion enzymes with superior specific activity and
T were subjected to the half-life time (t;,) analysis before their
application in the targeted cascade reaction. In general, the t;,
of ADH is superior to that of CHMO (Figure 3C). Specifically, the
fusion enzymes exhibit a diminished stability to single TnCHMO,
which aligns with the observed trends concerning specific activ-
ity and thermal stability (Figures 1A and 3B). Conversely, the
stability of ADH within these fusions has been enhanced by 0.1-
to 7.2-fold compared to single TbADH. In particular, Tb-6R3-Tm
demonstrates a remarkably elevated t;,, indicating that the rigid
linker is beneficial to the stability of ADH. Moreover, the fusion
enzymes employing flexible longer linkers (Tb-14F-Tm and Tb-
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Figure 4. (A) The reaction cascade starting with the oxidation of cyclohexanol (CHL) to cyclohexanone (CHO) and further to e-caprolactone (ECL) catalyzed
by fusion enzymes. Progressive curves of CHL, CHO, and ECL in KPi buffer (B—D). Reaction condition: 2 mL KPi system (50 mM, pH 8.0) or 5 mL biphasic
system with 40 mM CHL, 1 mM NADP™, 1 U/mL CHMO activity, and varying ADH activity, at 30 °C and 480 rpm. The results are the average values from

independent duplicate experiments.

12F-Tm) exhibit extended half-life times compared to those with
flexible shorter linkers (Th-6F-Tm). This trend is particularly evi-
dent for ADH but is precisely the opposite in CHMO. Such an
observation could be attributed to the enhanced structural flex-
ibility or spatial accommodation afforded by the longer linkers,
which may contribute to the stabilization of the enzyme’s active
conformation and thus prolong its lifespan.

2.4. The Cascade Reaction of Fusion Enzymes in Aqueous
Systems

According to the activity and stability analyses, three fusion
enzymes (Tb-12F-Tm, Th-6F-Tm, and Th-6R3-Tm) were chosen for
further study in the linear cascade, referencing Tb-14F-Tm for
comparison. The linear cascade consists of the stepwise oxida-
tion of cyclohexanol (CHL) to cyclohexanone (CHO) and finally to
e-caprolactone (ECL), which is catalyzed by TbDADH and TmCHMO
respectively involving a circular consumption and regeneration
of NADP*/NADPH (Figure 4A). Given the CHMO-catalyzed reac-
tion is the rate-limiting step,’?” a unified amount of TMCHMO
activity (1 U) in CFE was used to have a fair comparison and this
resulted in distinct activity ratios for ADH to CHMO for fusion
enzymes: 2.2 for Tb-6F-Tm, 1.7 for Tb-6R3-Tm, 0.82 for Th-14F-Tm,
and 0.15 for Tb-12F-Tm. The progressive curves of the substrate
(CHL), intermediate (CHO), and product (ECL) are shown in
Figure 4. Specifically, the fusion enzymes led to a similar gradual
depletion of CHL with a slower decline in Tb-L6R3-Tm, indicating
it is less efficient than others (Figure 4B). In terms of CHO accu-
mulation, a different trend was observed as Tb-L6R3-Tm resulted
in the highest amount of CHO followed by 6F, 12F, and 14F
(Figure 4C). This result indicates the different catalytic activity of
CHMO in these fusion enzymes. Correspondently, ECL formation
increased steadily in the opposite order of 14F > 12F > 6F > 6R3
(Figure 4D), which was caused by the known inhibitory impact of
accumulated CHO on CHMO activity.'%¥”! Remarkably, Tb-12F-Tm
achieved the highest ECL concentration after 36 h, suggesting
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its potential as an efficient candidate for the cascade. These
results indicate that longer flexible linkers are beneficial to the
biocatalytic performance of Tb-Tm. Notably, the decline of ECL
concentration, in the end, is due to its auto-hydrolysis to form
side product 6-hydroxyhexanoic acid, as proven by a drop in pH
from 8.0 to 6.2, which is aligned with the previous research.!"”!
This subsequently slows down the pH-dependent alcohol oxi-
dation by ADHs as alcohol deprotonation is favored at higher
pHs,'?! thus resulting in decreased CHO accumulation.

2.5. Structural Insights into the Selected Fusion Enzymes and
MD Simulations

To fully understand the effects of linkers and fusion orientation
on the catalytic performance of fusion enzymes, the structures
of single TMCHMO and TbADH, as well as several selected fusion
enzymes—the reference (Tb-14F-Tm), the best performing one
(Tb-L6F-Tm), the least effective one (Tm-6R2-Tb), and their Tm-
Thb counterparts, were predicted via AlphaFold2. These predicted
structures were the foundation of molecular dynamics (MD) sim-
ulations of the linkers in aqueous solutions to understand the
underlying phenomena on the molecular level.

First, the marked difference in the activity of fusion enzymes
observed between Th-Tm and Tm-Tb underlines the significance
of enzyme arrangement on the functionality of fusion enzymes.
Specifically, CHMO activity was retained in both cases regard-
less of its position at the C- or N-terminus. This is due to the
fact TNMCHMO has a monomeric structure, in which both ter-
mini are free and exposed to the surrounding solution while the
internal active site is safeguarded by the external structural shell
(Figure 5A).1**1 In contrast, ThADH functions as a homotetramer
and its oligomerization crucially depends on the interactions
between the specific structural features of one monomer (8-
sheet 12 and a-helix «9) with the corresponding structures of
another monomer (Figure 5B).[*8%°1 These unique structural fea-
tures of ADH result in a significant difference between Tb-Tm
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Figure 5. The quaternary structure of (A) TmCHMO (PDB: 5M10) and (B)
TbADH (PDB: 1BZX) showing N- and C-terminus and close-up view of the
active site. (C) The predicted quaternary structures of the fusion enzymes
using the linker 6F. The secondary structures of the linkers in the fusions of
(D) Tb-Tm and (E) Tm-Th. The blue dashed line represents the H-bond. All
images were generated by ChimeraX (version 1.7.1).

and Tm-Tb. Most Tb-Tm fused with ADH at N-terminus retained
ADH activity indicating the proper oligomerization. In the case
of Tm-Tb, fusing ADH at the C-terminus potentially disrupts
the oligomerization interfaces between the subunits,“® thus
hindering the correct assembly of ADH to form a functional
tetramer, and finally leading to a significant reduction or com-
plete loss of ADH activity. The oligomerization disruption of
ADHs by different fusion directions was also documented in
other studies, resulting in activity loss.!*® The BN-PAGE analysis
corroborated the structural changes by showcasing variations in
oligomerization levels of different fusion enzymes (Figure 2).

A notable observation is how the conformations of the link-
ers change upon fusion. For example, the linker 6F (SRSAAG)
displays predominantly flexible loops in Tb-6F-Tm, as expected,
as it contains a 50% proportion of glycine (Gly) and serine
(Ser) residues that naturally form unconstrained random coils
to provide flexibility between enzyme domains (Figure 5C, left).
However, the fusion orientation matters. For Tm-6F-Tb, the C-
terminal Gly of 6F becomes part of the 8-sheet 1 of TBADH, while
the other end forms a short a-helix via the lateral interactions
with the C-terminal Glu-Arg-Ala (535—537) motif of TmCHMO,
thereby introducing rigidity (Figure 5C, right). This arrangement
may allow the fusion enzyme to achieve the required con-
formation for its existence while ensuring proximity between
TbADH and TmCHMO, but, at the same time, it compromises the
oligomerization of TbADH. Similarly, the longer flexible linkers,
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(Figure 5D), while in Tm-Tb, they form a more pronounced and
stiffer a-helix with the residues (525-541) at the end of TMCHMO
compared to 6F, highly limiting the spatial movement of both
enzymes (Figure 5E). The rigid linkers, 6R2 and 6R3, show the
intended rigidity in both Tb-Tm and Tm-Tb (Figure 5D,E). In addi-
tion, they form a helical structure with two complete turns,
which may render ADH inactive. Not only does the fusion orien-
tation and the linker flexibility profoundly affect the activity of
the fusion enzyme, but the intrinsic structure of the protein also
reciprocally affects the conformation of the linker. The structural
conformation of the studied linkers corresponds to the catalytic
property, the more flexible the linker, the more active the fusion
enzyme.

To further unravel the flexibility of the fusion enzymes, the
MD simulations were performed for the selected linkers and
analyzed regarding the root-mean-square fluctuations (RMSF)
(Figure 6), with additional replicas shown in Figure S3 and
root-mean-square deviations (RMSD) (Figure S4). Intriguingly,
MD simulations showed that the averaged flexibility of TObADH
in the fusion enzymes changed drastically compared to the
single enzyme, especially in the specific region of residues 97—
104 (Figure 6A,B). This region was found to be located at the
entrance to the active pocket and involved in substrate recog-
nition, as well as assisting substrate access to the active site.[*"’
Upon closer inspection in more active Th-Tm fusion enzymes,
averaged RMSF values in this region were followed in the order
of 6F > 14F > 6R3 > 12F (Figure 6A), suggesting improved
substrate binding and orientation, aligning with the experimen-
tal observations of specific activities (Figure 1B). In contrast, no
significant flexibility change of this region was observed for Tm-
Tb that were less active (Figure 6B). Compared to TbADH, the
RMSF values for TnCHMO remained constantly stable, suggest-
ing the fusion enzymes are not significantly affected by either
linker properties or fusion orientation concerning CHMO activ-
ity (Figure 6C). As for the linkers themselves, the longer flexible
linker 14F induced the highest RMSF and RMSD values (Figure 6D
and Figure S4), implying a greater degree of movement and
conformational changes for both enzymes. Conversely, the short
rigid linker 6R2 led to lower RMSF values, indicating a more
rigid structure that restricts the movement between the fused
enzymes. These findings are consistent with the experiment
analyses of the activities.

In addition to enzyme flexibility, the distance between the
active sites of the fused two enzymes can play a pivotal role
in the catalytic efficiency due to the altered reactant trans-
portation. Therefore, the distance between the active sites of
TbADH (His59 and Asp150) and TmCHMO (Asp59 and Arg329)
were calculated from MD simulations (Figure 7A). A closer dis-
tance was noted in Tb-14F-Tm (52 A) and Tb-6F-Tm (51 A)
(Figure 7B), which may favor to shorten thetransfer path of
the intermediates CHO and NADPH regenerated by ADH to
CHMO. Therefore, it seems that the flexible glycine linkers are
envisioned to be more favorable to maintain the flexibility of
both enzymes and shorten the diffusion distance of interme-
diates. Surprisingly, Tm-6R2-Tb with the small-size linker dis-
played the farthest distance of 73 A. These findings suggest
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Figure 7. (A) The averaged distance between the active sites of TDADH and
TmCHMO. (B) View of labeled minimum distances between the active sites
of TbADH and TmCHMO in Tb-6F-Tm.

that shorter linkers do not necessarily lead to closer proxim-
ities of fusion enzymes per se (individual enzyme), and the
flexibility of the linker can highly influence the arrangement of
the fused enzymes. This contradicts the intuitive assumption
that reducing the length of linkers spontaneously shortens the
distance between the active sites of fused enzymes, thereby
enhancing substrate transfer efficiency. Instead, linkers’ flexibility
and structural compatibility are paramount in determining the
spatial arrangement of fusion enzymes,®® underscoring the sig-
nificance of rational linker design in achieving desired enzyme
activity.

A detailed analysis of the mean smallest distance between
all residues within the individual enzymes and their respective
fusion constructs was performed to better understand the inter-
actions between the monomers upon fusion (Figures S5-5S15).
Notably, the strength of these interactions was highly depen-
dent on the sequence orientation, with significant interactions
observed only when TbADH was positioned at the N-terminus,
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particularly in the construct Th-6F-Tm (Figure S10), Tb-6R3-Tm
(Figure S14), and Tb-12F-Tm (Figure S15). This finding aligns with
experimental results demonstrating a complete loss of TbADH
activity when fused at the C-terminus. Additionally, visualiza-
tions of the linkers and their hydrogen-bonding (HB) networks
with both enzymes provide further structural insights into their
flexibility (Figures S16 and S17). In general, an extensive HB net-
work within the linker can reduce flexibility, potentially affecting
substrate accessibility and enzyme dynamics.®” The HB network
analysis revealed that when TbADH was positioned at the C-
terminus, particularly in the construct Tm-6R2-Tb, the highest
number of HB interactions were observed, explaining its reduced
flexibility and diminished activity.

2.6. The Cascade Reaction of Fusion Enzymes in Biphasic
Systems

To explore the potential of the fusion enzymes, the opti-
mal fusion constructs (Tb-6F-Tm, Tb-12F-Tm, and Tb-14F-Tm)
were evaluated in a biphasic system containing KPi buffer and
50 vol.% cyclopentyl methyl ether (CPME), with the progres-
sive curves shown in Figure 8 and mass balance in Figure S18.
Herein, CPME was chosen as it is recognized as an eco-friendly
solvent®! and has documented superior performance for bio-
catalytic reactions.'”?! The results show that ECL progressively
accumulates more than pure buffer in the biphasic system over
a longer reaction time (144 h) (Figure 8D). This highlights the
importance of introducing organic media for this reaction, as
the extraction of the lactone to CPME in the biphasic system
minimized the auto-hydrolysis of ECL.[>*!
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In detail, Tb-6F-Tm gave rise to the highest ECL concentration
(15.7 mM), which is 2.7 times of aqueous medium. Following Tb-
6F-Tm, Tb-14F-Tm achieved a 1.4-fold increase in ECL formation
(10.9 mM), while Tb-12F-Tm was the least efficient. The catalytic
performance of these fusion enzymes regarding ECL formation
aligns with their respective ADH/CHMO activity ratios (6F, 14F,
12F, 22 > 0.8 > 0.2). With the same CHMO activity, a higher
ADH activity led to a higher CHO accumulation; however, much
of which was extracted to the organic phase, thus mitigating
the CHO inhibition on CHMO.”?! These findings are in contrast
to the studies in aqueous media, where the optimal activity
ratio of ADH/CHMO was reported to be 1:3 for purified single
enzymes®! and 1:10 for the enzymes in whole cells.!*”! In aque-
ous media, a higher CHMO activity is preferred to accelerate
the oxidation of CHO to form ECL, which in turn abates the
CHO inhibition but intensifies ECL inhibition on CHMO. The use
of aqueous-organic biphasic systems can overcome all these
inhibitory effects thanks to the altered partitioning of all reac-
tants, hence enhancing overall reaction efficiency. In summary,
the selected fusion enzymes functioned well in biphasic systems
and led to improved ECL productivity following the order of
Tb-6F-Tm, Tb-14F-Tm, and Tb-12F-Tm. This trend aligns with MD
simulations showing that the 6F linker minimized the active-site
distance between the fused enzymes reducing intermediate dif-
fusion by facilitating direct substrate transfer. In addition to the
activity ratio of ADH/CHMO, the “reactant channeling” between
the enzyme domains of fusion enzymes is assumed to play a
significant role, which is determined by the structural conforma-
tions of linkers and fusion enzymes and thus needs to be further
investigated in depth.

Overall, the obtained experimental and computational
results provide compelling evidence to support the catalytic
superiority of the fusion enzymes with the flexible linkers. These
findings are consistent with the previous studies that compared
the enzyme activity and catalytic efficiency of oxidoreductases
fused by flexible!™?* and rigid linkers.>">>! Some discrepan-
cies can be attributed to several factors, including specific
enzyme pairings and target reactions. The intricate interplay
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between these variables exerts a significant influence on the
overall catalytic performance of fusion enzymes. Nevertheless,
the exploration of suitable peptide linkers for fusion enzymes
to offer superior catalytic properties is worthwhile but still
challenging.

3. Conclusion

This study targeted the intricate challenge of designing fusion
enzymes through a combination of experiments and simula-
tions, emphasizing the impact of fusion orientation and the
need to strike a delicate balance between flexibility and rigid-
ity by selecting suitable linkers. Twelve novel fusion enzymes of
TmCHMO and TbADH with various linkers in two directions were
constructed and assessed regarding their catalytic performance.
TmCHMO retained its activity across all the fusion enzymes, while
TbADH was inactivated in some specific cases, especially when
fused at the C-terminus. Due to its intrinsic tetrameric structure,
TbADH is more susceptible to the effects of linkers. Specifi-
cally, the rigid linkers (e.g., 6R2) enhance the thermal stability of
TbADH, but at the same time reduce activity by compromising
structural flexibility or steric adaptability due to the formation
of a-helical structures. The flexible linkers (e.g., 6F and 14F) form
random coil structures that benefit the flexibility of the critical
region at N-terminus and substrate accessibility, thereby improv-
ing catalytic efficiency. Significantly, the conformations of linker
and fusion enzymes mutually influence each other, thus affect-
ing the proximity of the active sites and flexibility of the two
enzymes. Furthermore, applying the optimal fusion enzymes in
the linear cascade reaction for synthesizing e-caprolactone using
both aqueous and biphasic systems with 50 vol.% CPME, demon-
strates the potential advantages of combining fusion enzymes
with nonconventional media.

In summary, this study underscores the importance of inte-
grating empirical research with computational strategies when
designing fusion enzymes, shedding light on optimizing cat-
alytic efficiency in biotechnological applications. Careful design
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of such bifunctional enzymes has proved challenging, both to
optimize stability and promote effective channeling of substrates
and cofactors within the fusion complex. In addition, a compre-
hensive investigation involving different nonconventional media
and varied reaction conditions is imperative for future studies.
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