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Here, we report a novel strategy to site-specifically couple multiple enzymes using
two compatible click chemistries and site-specific incorporation of a clickable non-
natural amino acid.
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A method to site-specifically couple multiple enzymes is reported.
The approach is based on site-specific incorporation of a clickable
non-natural amino acid into enzymes and two compatible click
reactions. The multi-enzyme reaction system generated exhibited
the enhanced catalytic efficiency over the respective free enzymes.

In nature, multiple enzymes in one metabolic pathway often form
enzyme complexes to efficiently catalyze cascade reactions via
intermediate channelling effect. Similarly, covalent coupling of
multiple enzymes is considered a very promising strategy to
enhance the enzymatic reaction efficiency for production of value-
added chemicals.”? Although genetic fusion and covalent coupling
of enzymes at amines or thiol groups were utilized to construct
multiple-enzyme complexes,ll'9 these techniques have poor control
over the coupling site and crosslinking process. Coupling at multiple
sites inevitably generate a mixture of enzyme conjugates with
varying compositions.10 Furthermore, conjugation to the enzyme
active site most likely compromises the catalytic activities. In order
to enhance the control over the coupling site and enzyme-complex
configuration, several elegant approaches were developed such as
co-immobilization on a DNA scaffold, residue-specific incorporation
of a non-natural amino acid, and enzyme-mediated conjugation.l’ 1

However, there was still some restriction in choosing coupling
sites.

In this study, we designed a strategy to achieve an efficient,
convenient conjugation of multiple enzymes with an absolute site-
specificity using two compatible click reactions as well as site-
specific incorporation of a clickable non-natural amino acid (Fig. 1A
and 1B). First, a clickable p-azido-L-phenylalanine (AZF) was
introduced into two enzymes (enzymes A and B) with the retained
catalytic activity. Then, two clickable hetero-bifunctional linkers
(HBL-1 and HBL-2) were conjugated to two different enzymes via
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Fig. 1 Schematics showing the click reactions, construction of a multi-enzyme

system, and coupled enzyme reactions. (A) Two bioorthogonal click chemistries—

strain promoted azide-alkyne cycloaddition (SPAAC) and inverse electron-demand
Diels-Alder reaction (IEDDA). (B) A strategy to construct a multi-enzyme reaction
system by conjugating two enzymes via consecutive click reactions (SPAAC and
IEDDA). NAA, Non-natural amino acid containing an azido group; HBL-1, Hetero-
bifunctional linker containing dibenzocyclooctyne (DBCO) and tetrazine; HBL-
2, Hetero-bifunctional linker containing DBCO and trans-cyclooctene (TCO)
groups. (C) The enzymatic D-mannitol synthetic reaction coupled with
cofactor regeneration catalyzed by formate dehydrogenase (FDH) and
mannitol dehydrogenase (MDH).

the first click reaction strain-promoted azide-alkyne cycloadditior
(SPAAC), respectively. Finally, two enzyme-linker conjugates wei »
coupled via the second click reaction, inverse electron-demar. 1
Diels-Alder reaction (IEDDA), to generate a multi-enzyme reaction
system (Fig. 1B).

Recently, site-specific conjugation of enzymes receives great
attraction, because enzyme conjugation can be made at permissi\ 2
sites. Once a clickable non-natural amino acid was introduced ....c
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enzymes, a click reaction, such as copper-catalyzed azide-alkyne
cycloaddition (CuAAC) or SPAAC, was employed to immobilize
enzymes onto solid surface.”” When a conjugation site was
carefully chosen, the enzyme retained the catalytic activity even
after the conjugation.18 Bundy et al. previously reported that two
clickable non-natural amino acids, p-propargyloxy-L-phenylalanine
and p-azido-L-phenylalanine, were introduced into two proteins,
respectively, for direct protein-to-protein conjugation via CuAAC.”
Despite its simplicity and site-specificity of coupling, the application
of this technique to enzymes seems limited due to a potential issue
of activity loss caused by copper ions.

In this study, site-specific coupling of multiple enzymes were
achieved via two consecutive click reactions in order to achieve the
absolute site-specificity in coupling site and retained enzyme
activity (Fig. 1B). As a model system, we chose a pair of formate
dehydrogenase (FDH) and mannitol dehydrogenase (MDH). FDH is a
homodimer with a molecular mass of 45 kDa for a single subunit
originating from Thiobacillus sp. KNK65MA, and catalyzes the
conversion of formate into carbon dioxide by reducing cofactor
NAD" into NADH.?*?* MDH, derived from Pseudomonas fluorescens,
is @ monomer with a molecular mass of 55 kDa, and catalyzes the
reduction of D-fructose to D-mannitol by consuming NADH.?** In
the cascade reactions consisting of FDH and MDH (Fig. 1C), NADH is
regenerated by FDH-cataltyzed formate oxidation, thereby
continuously fueling MDH-catalyzed D-mannitol production. In the
presence of excess substrates, formate and D-fructose, for both
enzymes, the transfer of NADH between the active sites of FDH and
MDH governs the overall cascade reaction efficiency.

As a first step to construct FDH-MDH conjugates, conjugation
sites were carefully chosen. Several factors were taken into
consideration. First, in order to avoid the activity loss upon coupling,
coupling sites should not be involved in a native function. Second,
in order to minimize the structural perturbation upon incorporation
of AZF, residues with a hydrophobic side chain, such as
phenylalanine, tryptophan, and valine, were chosen as strong
candidates. Third, in order to achieve an efficient coupling, residues
with a relatively high solvent accessibility were selected. Solvent
accessibility of residues ranging from 0 (no accessibility) to 1 (full
accessibility) was evaluated by ASA-View web-based program.24
According to our previous results, residues with the ASA value
greater than 0.4 were suitable as a conjugation site.’ *® 2 2% Baged
on these criteria, the valine at position 237 of FDH (0.423 ASA index)
and the valine at position 417 of MDH (0.462 ASA index) were
determined as coupling sites (Fig. 2A).

Site-specific genetic incorporation of AZF was performed by
introduction of an amber codon into predetermined sites of FDH-
and MDH-encoding genes. Host cells were induced to express an
orthogonal pair of amber suppressor tRNA and tRNA synthetase as
well as the target gene in the presence of AZF in culture medium.
The expression yield of AZF-bearing FDH and MDH was 5 and 8
mg/L, respectively. Purified FDH and MDH variants were analyzed
by dye labeling and mass spectrometry to verify the bioorthogonal
reactivity and site-specific incorporation of AZF, respectively. In
contrast to the wild-type FDH (FDH-WT) and MDH (MDH-WT)
showing no fluorescence when mixed with a DBCO-functionalized
fluorescence dye, variants exhibited a strong fluorescence (Fig. S1).
MALDI-TOF mass spectra of tryptic fragments demonstrated the

2 | J. Name., 2012, 00, 1-3

ChemComm

v

high fidelity incorporation of AZF in response to the amber codu:
at position 237 for FDH and position 417 for MDH, respectively (Fi .
2B). To investigate the effect of AZF incorporation on the nati\
activity, variants were subjected to the enzymatic activity asse, *
comparison to the wild type enzymes (Fig. 4A). Both varian.:
containing AZF (FDH-AZF and MDH-AZF) retained enzymatic
activities comparable to that of their respective wild-type.

Since genetically encoded AZFs have been found to be situated at
chemically well-defined positions and have bioorthogonal reactivi y
towards SPAAC, variants of FDH and MDH provide a modular
platform to generate FDH-MDH conjugates, through a chemical
linker. To cross-link FDH-AZF to MDH-AZF, FDH-AZF was reacteu
with a DBCO-tetrazine linker (Fig. 3A) through SPAAC to genera’ .
FDH-TET, and desalted to remove residual linkers. Likewise, MD}"
AZF was conjugated to a DBCO-PEG12-TCO linker to generate MDF’
TCO (Fig. 3A). The majority of catalytic activity of each enzyme we
retained even upon the linker conjugation (Fig. 4A). A sec
bioorthogonal reaction, IEDDA, was carried out to covalently link
FDH-TET to MDH-TCO to generate the FDH-MDH conjugate (Fig. "
In SDS-PAGE analysis of the reaction mixture, a single band slightly
larger than the 200 kDa-standard protein was detected, indice*"™ -
the FDH-TET reacted with MDH-TCO to form FDH-MDH (Fig. S2). \
slower migration than expected from the total molecular weight of
the monomeric FDH-MDH conjugate, 110 kDa, resulted from a lor 2
and flexible PEG spacer which retarded mobility through the g-l
matrix. The FDH-MDH conjugate was isolated from the reactica
mixture by performing an anion exchange chromatography. Sinc :
the FDH dimer became dissociated in SDS-PAGE, two discrete banc.
were resolved with the upper band corresponding to th.
monomeric FDH conjugated to MDH while the lower band showin,
the same molecular weight with the unmodified monomeric FD’.
(Fig. S2). An apparent size increase upon FDH-MDH conjugation wa.
confirmed in comparison to dimeric FDH and MDH by size-exclusic .
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Fig. 2 Genetic incorporation of AZF and validation of its site-specificity. (A, left) /
dimeric form of FDH in complex with a cofactor (blue) was derived from Proteir
Data Bank (PDB ID: 3WR5). The AZF incorporation site, V237, is highlighted in
magenta. (A, right) MDH in complex with a cofactor (blue) was derived from
Protein Data Bank (PDB ID: 1LI8). AZF incorporation site, V417, is highlighted it
magenta. (B) MALDI-TOF MS analyses of trypsin-digested FDH-WT, MDH-WT, ana
their variants.
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Fig. 3 Synthesis and size characterization of the FDH-MDH conjugate. (A) Chemical
formulae of AZF and DBCO-derivatized bifunctional linkers. The DBCO group reacted
with AZF incorporated into FDH and MDH via SPAAC. The conjugation between FDH
and MDH was mediated by IEDDA between tetrazine and TCO. (B) The entire
structure of the conjugate focused on the formula for the chemical linker bridging
FDH and MDH. (C) The elution profile of the conjugate by size-exclusion
chromatography in comparison to unmodified FDH-WT and MDH-WT.

chromatography (Fig. 3C). The conjugate exhibited a sharp and
symmetric peak with an elution time earlier than its parents
without any detectable impurity, indicating its high homogeneity
and purity. The reaction yield at each step of the conjugate
synthesis is summarized in Table S1.

Due to dimeric nature of FDH, however, the FDH-MDH conjugate
may display two different configurations, i.e. a single MDH attached
to either subunits of a dimeric FDH or double MDHs attached to
both subunits. In order to examine its organization, the formate
oxidation activity and the D-mannitol reduction activity of the FDH-
MDH conjugate were individually measured and then fit to
respective linear functions relating enzymatic activities to molar
concentrations. The FDH-MDH conjugate solution was found to
have the formate oxidation activity corresponding to 5.6 uM of a
monomeric FDH-AZF, i.e. 2.8 uM of a dimeric FDH-AZF, and the D-
fructose reduction activity corresponding to 2.5 uM of MDH-AZF,
demonstrating a 2:1 molar species—a dimeric FDH-AZF cross-linked
to a single MDH-AZF—was dominant over a 1:1 molar species.

In the presence of a saturating amount of the substrates D-
fructose and formate, an efficient transfer of NADH generated by
FDH to the active site of MDH is a rate-limiting step in the
enzymatic production of D-mannitol (Fig. 1C). In order to investigate
the importance of multi-enzyme conjugation on NADH transport,
the multi-enzyme cascade reaction was conducted without
agitation in the presence of either the FDH-MDH conjugate at a
concentration corresponding to 5 nM MDH-AZF or a free enzyme
mix of FDH-WT (5.5 nM as a dimer) and MDH-WT (5 nM) as well as
an excess of substrates and NAD'. A low concentration of enzymes
and the absence of turbulent stirring should create a locally
diffusion-controlled cascade reaction system in which interenzyme
transport of NADH determines the rate of mannitol production,
thereby facilitating the observation of enhanced catalytic
performance contributed by site-specific enzyme tethering. At 3
and 6 hrs after the reaction began, the samples were taken from

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Enzymatic activity assays. (A) Catalytic activities of FDH and MDH variants
plotted in comparison to those of their respective wild-type (100%). (B) Catal
performance of the FDH-MDH conjugate relative to free enzymes in the multi-
enzyme reaction system for D-mannitol production. The FDH-MDH conjugate
the basis of 5 nM MDH) or a comparable amount of unconjugated FDH and MDH
(5.5 nM dimeric FDH and 5 nM MDH) was subjected to the cofactor-regenerating
cascade reaction in the presence of 500 uM NAD" and 50 mM of formate anc o
fructose, respectively. Concentrations of the product, D-mannitol, were measurec
at 3 and 6 hrs after the reaction began.

the reaction solution and subjected to the D-mannitol assay (Fig
S3). In the presence of the FDH-MDH conjugate, 25 uM of [ -
mannitol was produced for 3 hrs, whereas only 13 uM with free
enzymes (Fig. 4B). At 6 hr, a similar trend was observed. In tf :
presence of the FDH-MDH conjugate or free enzymes, 42 and 2u
UM of D-mannitol were detected, respectively. The apparent y
higher
unconjugated enzymes can be attributed to proximity channeling «
NADH between the two enzymes, when there is no stirring to
thoroughly mix components in reaction solutions. Regardless ~*
enzyme concentrations, the conjugated FDH has the subsequc.
enzyme, MDH, in proximity within the spatial radius set by the
chemical linker. The proximity effect by the enzyme conjugation, in

reaction efficiency of the FDH-MDH conjugate ove:

comparison to free enzymes, became more pronounced when tt 2
intermolecular distance was greater (Fig. S4A), or lessened at 1
higher concentration of enzymes (Fig. S4B). To summarize, thesc
results clearly demonstrated that multiple enzymes
conjugated at specific sites with the retained activities, and tt .
enzyme conjugate showed the enhanced catalytic efficiency ow

we :

free enzymes by proximity-enhanced NADH processing.

In this study, we developed a strategy to construct the mult
enzyme reaction system using two orthogonal click reacticns
(SPAAC and IEDDA) as well as site-specific incorporation of a | on-
natural amino acid (AZF). Introduction of a SPAAC-clickable azi.._
function group to permissive sites of FDH and MDH served as .
chemical handle for IEDDA-clickable linker conjugation. Then, th
two enzyme-linker conjugates were connected via IEDDA clic
reaction. The multi-enzyme conjugate (FDH-MDH conjugate) wa-
successfully isolated through standard chromatographic prote.»
purification procedures. The FDH-MDH conjugate exhibite
enhanced D-mannitol production rate compared to free FDH ant
MDH likely due to cofactor shuttling between FDH and MDH. Since
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the technique and strategy described here are very general, they
would be applicable to conjugation of other multiple enzymes
aiming for enhanced catalytic properties. More broadly, this
strategy would enable a convenient protein-to-protein conjugation
without significant perturbations of protein conformation.
Development of new bioorthogonal chemistries”” % will fuel
applications of multi-enzyme reaction systems in more diverse
fields.

The authors acknowledge financial support from the National
Research Foundation of Korea (NRF) funded by the Ministry of
Science, ICT & Future Planning (Grant No. 2014R1A2A1A11050322).
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