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We demonstrate a recycling system for synthetic nicotinamide cofactor
analogues using a soluble hydrogenase with turnover number of
>1000 for reduction of the cofactor analogues by H,. Coupling this
system to an ene reductase, we show quantitative conversion of
N-ethylmaleimide to N-ethylsuccinimide. The biocatalyst system
retained >50% activity after 7 h.

Oxidoreductases catalyse an impressive array of redox reactions
with exquisite selectivity, however an estimated 50% are depen-
dent on the nicotinamide adenine dinucleotide cofactors
(NADH or NADPH, Fig. 1a(i)). There is increasing interest in
replacing these expensive biological cofactors by synthetic,
artificial cofactors, Fig. 1a(ii).' ™ Although these artificial cofac-
tors can be produced cost-effectively, it is still undesirable to
use them at stoichiometric levels due to poor atom economy
imposed on the reaction, the cost of product clean-up and
possible inhibition of enzymes at high cofactor concentrations.
For these reasons, methods for recycling the artificial cofactors
are required."”

Methods for recycling NADH and NADPH, are well-established
and employ a second enzyme (most commonly glucose dehydro-
genase, GDH, or formate dehydrogenase, FDH) acting on a
sacrificial substrate (glucose or formate, respectively), Fig. 1b.>°
These enzymes tend to be highly cofactor-specific. At present, there
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are conflicting reports in the literature as to whether these
enzymes are able to recycle artificial cofactor analogues. Here
we investigate the activity of a GDH and a FDH for artificial
cofactor recycling and show that neither of the enzymes is able
to act on the set of artificial cofactors trialled in this study.
Non-enzymatic routes to recycling the reduced artificial cofac-
tors have been reported, but are limited to non-selective
chemical methods and use of iridium-based homogeneous
catalysts and none have been able to convincingly show multi-
ple turnovers.” GDH from Sulfolobus sulfataricus (SsGDH)
showed promise for acting on artificial cofactors, however a
double variant 1192T/V306I only slightly improved the catalytic
efficiency to 1.64 x 10 > mM ' s~ (turnover frequency TOF of
0.54 min ") for generating the reduced artificial cofactor 1-benzyl-
1,4-dihydronicotinamide (BNAH) or 5.17 x 10 > mM ' s™" (TOF of
2.52 min~") for generating 1-phenethyl-1,4-dihydronicotinamide
(P2NAH), compared to the wild type enzyme forming NADH with
catalytic efficiency of 15.94 mM ' s™' (TOF of 407 min )5
An engineered F,,,-NADPH oxidoreductase from Thermobifida
fusca (TfuFNO, G29W variant) provided a TOF of 252 min~" for
reducing the cofactor mimic 1-benzyl-3-acetylpyridine BAP"),
yet also requires glucose-driven recycling of the F,,, cofactor.”

Here, we establish a H,-driven biocatalytic system for redu-
cing nicotinamide cofactor analogues, and demonstrate it as a
catalytic recycling system by coupling it to an ene reductase
from the Old Yellow Enzyme (OYE) family. OYEs are becoming
established as selective catalysts for the reduction of activated
C=C-double bonds.’**? Catalysis by these enzymes occurs in
two steps; a hydride transfer from NAD(P)H to reduce the flavin
prosthetic group, followed by hydride transfer from the prosthetic
flavin to the substrate, generating the product with potentially two
stereogenic centres, in a trans-addition fashion."

Many OYEs show cofactor promiscuity,’**” with reduced
flavins also shown to be able to act as reductants.’®>' OYEs
are well-known to accept reducing equivalents from artificial
cofactors, and in some cases show preference for them over
the native nicotinamide cofactors."*'® Tolerance of OYEs for
a range of reductants can be explained by their stepwise
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Fig. 1 (a) Structure of (i) native and (ii) artificial nicotinamide cofactors.
(b) Industry standard cofactor recycling enzymes operate via direct hydride
transfer between a substrate and a cofactor. (c) Cofactor recycling using a
metallo-enzyme, where electrons from a redox partner (Mo-formate
dehydrogenase, or hydrogenase unit) transfer via a FeS cluster chain for
reduction of an enzyme bound flavin able to reduce NAD* to NADH, thus
coupling an oxidative half reaction at one catalytic moiety, to cofactor
recycling in an NAD™* reductase moiety.

Redox partner NAD* reductase

Mo-formate dehydrogenase
Hydrogenase

mechanism which involves no direct contact between the
cofactor/reductant and the alkene substrate.'*™*® In contrast,
GDH and FDH rely on direct hydride transfer between the
oxidised cofactor and the sacrificial substrate meaning that
favourable orientation of the two molecules within the enzyme
active site is critical for hydride transfer to take place, Fig. 1b,
and hence they are not easily adapted for recycling artificial
cofactor analogues.

With these observations in mind, we sought to investigate
three NAD"-linked metallo-enzymes that contain a conserved
flavin (FMN) active site for NAD'/NADH cycling, hypothesising
that reduction of the artificial cofactor analogues might be
possible at the bound flavin active site. In these enzymes,
oxidation of a reductant (H, or formate) at one metallo-
catalytic moiety releases electrons which are transferred, via
an internal iron-sulfur cluster electron-transport chain, to the
enzyme-bound flavin, the site of cofactor reduction, Fig. 1c.
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We demonstrate here that these flavin-containing enzymes are
able to accept a number of artificial cofactors and form a viable
recycling system for them. We have previously demonstrated
use of soluble hydrogenases (SHs) in H,-driven NAD(P)H
recycling.”>** When coupled to an NADH-dependent enzyme,
this facilitates atom-efficient biocatalysis with both protons and
electrons from H, being incorporated into the final product.
An SH has also been employed in H,-driven recycling of
reduced flavin.>' Here, we find that the soluble hydrogenases
can be re-purposed to supply reduced artificial cofactor to
the OYE from Thermus scotoductus (TsOYE) for carvone or
N-ethylmaleimide reduction, with catalytic turnover of the
artificial cofactor by the SH.

Initially, the activity of five enzymes for reduction of each of
the artificial cofactors was investigated. The enzymes chosen
are: a standard FDH(Evocatal) and GDH (Johnson Matthey),
the NAD'-linked soluble hydrogenase (SH) enzymes from
Hydrogenophilus thermoluteolus (HtSH) and Ralstonia eutropha
(also known as Cupriavidus necator) (ReSH) and the NAD'-
linked Mo-formate dehydrogenase from Rhodobacter capsulatus
(Mo-FDH) (see ESI, General information for details of enzyme
sources.) The activities of FDH and GDH were first investigated
using standard solution assays monitored with UV-visible
spectroscopy using a plate reader. The activities towards
NAD" were 0.25 and 8.0 U mg ™' for FDH and GDH, respectively.
However, no activity was observed for either of these enzymes
with the synthetic cofactors, BNA', BAP", BCNP', BCAP" or
BuNA" (see structures in Fig. 1(a)(ii) for the corresponding
reduced forms, BNAH, BAPH, BCNPH, and BCAPH or Fig. S1 (ESIY)
for BUNAH). Results are shown in the ESI,} Fig. S1. These results
are consistent with several earlier reports that alcohol dehydro-
genases are generally not able to accept synthetic cofactors.**

To analyse the activity of HtSH and ReSH towards the native
and artificial cofactors, reaction mixtures containing oxidised
cofactors (2 mM) were prepared in H,-saturated buffer (50 mM
MOPS-NaOH pH 7, 25 °C for ReSH and 50 mM Tris-HCI pH 8,
50 °C for HtSH) containing DMSO (2% v/v). These conditions
were chosen based on conditions found to favour NAD'
reduction by each SH. The reactions were initiated by addition
of SH (40 ng) to the sealed reaction mixtures, with H, con-
tinually bubbling through the headspace, according to pre-
viously published procedures.>® The reactions were monitored
using in situ UV-Vis spectroscopy (ESL,t Fig. S2).

The time course data from these experiments was used to
determine the activity of the soluble hydrogenase, calculated
using literature extinction coefficients at /imac for each
cofactor.?® The results are summarised in Table 1. The highest
activities were observed for HtSH with BAP" and BCNP”, so these
combinations were taken forward for further work. The SH
enzymes act via direct hydride transfer from a bound flavin which
is re-reduced by electrons from H, oxidation at a separate catalytic
hydrogenase moiety, Fig. 1(b). This supports the hypothesis that
flavin active sites facilitate use of artificial cofactors.

To further probe this, a molybdenum-containing formate
dehydrogenase which operates with a similar mechanism was
chosen. R. capsulatus Mo-FDH is shown to be able to catalyse
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Table 1 Summary of activity measurements for ReSH and HtSH towards
oxidised artificial cofactors

Enzyme Cofactor  Temperature (°C) pH  Activity (mU mg )

ReSH NAD" 32 8 20000
BCNP* 32 8 5.1
AmNA* 32 8 3.8
BCAP" 32 8 3.0
BAP" 20 8 3.1
BAP" 32 8 9.6
BAP" 32 7 5.2

HtSH NAD"* 50 7 9400
BAP" 50 7 92.6
BAP" 60¢ 7 102.9
BCNP" 50 7 206.8
AmNA* 50 7 56.7

Reactions were performed in 50 mM MOPS-NaOH buffer, pH 7.0 or
50 mM Tris-HCI buffer pH 8.0 according to the pH indicated.  Cofactor
degradation occurred above 60 °C. See Fig. 1 for the structures of the
reduced forms.

formate-driven reduction of BCNP*, BNA* and BAP*. However,
in each case the reactions stop after about 3 min, showing that
the enzyme has a short half-life under these conditions (see
ESL,t Fig. S3). Therefore, although this Mo-FDH is able to act on
the artificial cofactors, it is not suitable for application in
cofactor recycling. Due to this limitation, further characterisa-
tion was not carried out.

To demonstrate that the reduced artificial cofactor produced
by SH is suitable for biocatalysis, H,-driven cofactor generation
was coupled with the thermostable ene reductase, TSOYE, for
the chemoselective reduction of carvone. Use of the thermo-
stable HtSH and TsOYE required experiments to be performed
at elevated temperatures (50 °C).

Initially, HtSH was supplied with oxidised cofactor (BCNP",
2 mM) in the presence of H,. In situ UV-vis spectroscopy was
used to monitor the generation of reduced cofactor (Fig. 2a).
At ca. 50 min, after an initial lag phase, the concentration of
reduced BCNPH approached 1 mM. Aliquots of TSOYE (2 uM)
and carvone (1 mM) were injected into the cuvette. An immedi-
ate drop in the concentration of BCNPH was observed, suggest-
ing that the reduced cofactor had been completely consumed
by the ene reductase for the reduction of carvone over 15 min. A
sample was taken for analysis by GC, confirming complete
conversion of carvone to (+)-dihydrocarvone (Fig. 2b, red line).
This demonstrates that BCNPH produced by H¢SH is compa-
tible with the ene reductase.

Experiments were designed to achieve cofactor turnover by
increasing the substrate concentration and lowering the cofactor
loading. Due to the relatively low activity of native HtSH towards
the artificial cofactor, significant evaporation of carvone occurred
on the time scale required for H,-driven batch reactions, compli-
cating analysis. An alternative substrate, N-ethylmaleimide, was
chosen and shown to be relatively stable with respect to evapora-
tion and hydrolysis over an hour at 50 °C, although some loss was
observed by 2 h (see ESL¥). The product was determined to be
stable under the same conditions over 2 h. To avoid hydrolysis
and/or evaporation of N-ethylmaleimide over longer timeframes,
the reaction was carried out as a fed-batch reaction. The fed-batch
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Fig. 2 (a) Time course for H,-driven generation of BCNPH by HtSH

(0.2 mg mL™) before and after addition of TsOYE (2 pM) and carvone
(1 mM), indicated by the red triangle (V). Reaction performed in 50 mM
MOPS-NaOH buffer, pH 7.0 and 50 °C, and BCNP* (2 mM). H, was flowed
through the headspace throughout the experiment. (b) Gas chromato-
grams of (i) (R)-carvone and (i) (+)-dihydrocarvone standards and of (iii)
reaction mixture after 62 min, corresponding to the last time point in (a),
red square at 62 min.

reaction was monitored using UV-Vis spectroscopy to ensure a
build-up of reduced cofactor to a concentration of ca 0.2 mM,
before addition of an aliquot of N-ethylmaleimide (0.22 mM
injections, red arrows, Fig. 3a). After the first injection of
substrate, the concentration of reduced artificial cofactor
dropped nearly to zero, suggesting that it had been consumed
by TsOYE for conversion of N-ethylmaleimide to N-ethyl-
succinimide. The concentration of reduced cofactor then imme-
diately increased, demonstrating that the N-ethylmaleimide had
been completely consumed, such that a build-up of reduced
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Fig. 3 Fed-batch reaction for H,-driven artificial cofactor recycling using
HtSH (208 pg) coupled to N-ethylmaleimide reduction by TsOYE (2 uM). (a)
Time course for concentration of BAPH, monitored in situ. Injections of
substrate (0.22 mM) denoted by red triangles and arrows. (b) The sum of
BAPH recorded concentration and N-ethylmaleimide injected over time
giving the total concentration of reduced products (black dots). Percent
activity of HtSH remaining for each cycle compared to the first (red
squares). Reaction performed in 50 mM MOPS-NaOH buffer pH 7.0 and
50 °C in the presence of BAP* (0.5 mM), with H, flowing through the
headspace.
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cofactor could occur again. Further injections of N-ethylmale-
imide were made, in each case the concentration of reduced
cofactor drops to around zero, before increasing again. This
result suggests that the cofactor can be efficiently cycled between
the two enzymes.

The sum of the concentrations of N-ethylmaleimide injected
and BAPH recorded gives a predicted product concentration
over time (Fig. 3b, black circles). After 8 injections the
N-ethylsuccinimide concentration was determined to be 1.9 mM
(see ESLY), confirming full conversion of substrate to product
and complete compatibility of the artificial cofactor in this two-
enzyme system. Since the concentration of artificial cofactor used
was 0.5 mM, this demonstrates a TONgsp of >3. The HtSH
activity can be calculated from the build-up of BAPH, and is
calculated for each cycle compared to the first (Fig. 3b, red
squares). The HtSH activity is approximately constant at
30 mU mg " for the first 2 h, this is a third of the maximum
activity observed in Table 1, likely due to the lower cofactor
concentration used (0.5 mM compared with 2 mM). This activity
corresponds to a HtSH turnover frequency of >1.6 s~ and leads
to a total turnover of >1400 mol product mol~ " HtSH after ca.
8 h. There is a modest drop in activity over time, with more than
50% activity retained after 7 h.

Overall, these results demonstrate a H,-driven enzymatic
recycling system for artificial cofactors, that is highly atom-
efficient when coupled to C=C-bond reductions, and operates
at relatively low cofactor concentrations. This system therefore
overcomes key limitations with implementing artificial cofactors
for biocatalysis.

The GDH and FDH tested in this study showed no activity
for the set of artificial cofactors. However the fact that activity
for the artificial cofactors was observed with Mo-FDH and two
hydrogenases, each of which has a flavin active site for NAD"/
NADH cycling, lends support to the idea that the artificial
cofactors are best tolerated by enzymes with an exposed flavin
prosthetic group. The Mo-FDH showed poor longevity during
catalytic reduction of the artificial cofactors, but the hydro-
genases, in particular HtSH, showed promising stability, even
at 50 °C. It is likely that the activity of these enzymes for the
artificial cofactors could be improved further by enzyme engi-
neering to boost affinity for the artificial cofactors. To conclude,
we showcase a proof-of-concept system for H,-driven recycling
of synthetic analogues of NAD(P)H.
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