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List of abbreviations for cofactors 
 

NAD+ Nicotinamide adenine dinucleotide (oxidized form) 

[4-2H]-NAD+ Nicotinamide adenine dinucleotide (oxidized form), 

deuterated at 4-position of nicotinamide ring 

NADH Nicotinamide adenine dinucleotide (reduced form) 

[4-2H]-NADH Nicotinamide adenine dinucleotide (reduced form), singly 

deuterated at 4-position of nicotinamide ring. Unspecified 

stereochemistry. 

[4R-2H]-NADH Nicotinamide adenine dinucleotide (reduced form), singly 

deuterated at 4-position of nicotinamide ring. (R)-form. 

[4S-2H]-NADH Nicotinamide adenine dinucleotide (reduced form), singly 

deuterated at 4-position of nicotinamide ring. (S)-form. 

[4-2H2]-NADH Nicotinamide adenine dinucleotide (reduced form), 

doubly deuterated at 4-position of nicotinamide ring.  

 

 

 
Fig. S 1 NAD+ (upper) and NADH (lower) in full and abbreviated forms
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S.1 Materials and Methods 

S.1.1 Solvents, reagents, and catalysts 

S.1.1.1 General reagents  
All commercial reagents were used as received and without further purification, unless 
specified otherwise. NAD+ and NADH were purchased from Prozomix, Pt/C 
(HiSPECTM 3000, nominally 20 wt%) from Alfa Aesar, carbon black particles (Black 
Pearls 2000, BP2000) from Cabot Corporation, and all others from Sigma Aldrich. 
Deionised MilliQ water (Millipore, 18 MΩcm) was used for non-deuterated solutions, 
and 2H2O (99.98 %, Sigma Aldrich) was used for deuterated solutions. Deuterated 
buffers were prepared as described previously.1 All aqueous solutions were sparged 
with dry N2 for 60 minutes prior to use in order to deoxygenate them.  

S.1.1.2 Enzymes 
The hydrogenase (Escherichia coli hydrogenase 1, molecular weight 100 kDa per 
HyaAB unit), and NAD+ reductase (I64A variant of the soluble hydrogenase from 
Ralstonia eutropha, in which the inherent hydrogenase moiety is inactivated, 
molecular weight 170 kDa)2 were isolated and purified following published protocols.3 
Commercial samples of alcohol dehydrogenases (R)-ADH (ADH101) and (S)-ADH 
(ADH105) and ene-reductase (ENE101) (Johnson Matthey) were received in their 
lyophilised forms and used without further purification. The (R)- and (S)-descriptors of 
the ADH enzymes refer to their selectivities in the reduction of acetophenone to form 
the corresponding enantiomers of 1-phenylethanol, as determined previously.4  

S.1.1.3 Catalyst preparation 
All catalysts were prepared in a glovebox in deoxygenated (non-deuterated) Tris-HCl 
buffer (100 mM, pH 8.0) under a protective N2 atmosphere (O2 < 0.1 ppm). When 
catalysts were required for deuteration reactions, they were exchanged into (2H5)-Tris-
2HCl (100 mM, p2H 8.0) by centrifugation (10 000 × g, 5 mins), removal of the 
supernatant, and re-suspension. For all of the enzymatic catalysts, the loss of the 
brown/amber colouring of the supernatant from the starting solution was a sign of the 
high immobilization of the enzyme, further evidenced by the disappearance of solution 
enzyme activity as determined by standard benzyl viologen assays.5  

 

Electro-Chemo system (Pt/C on graphite electrode): prepared by sonication of a  
20 mg mL-1 suspension of platinum on activated carbon (nominally 20 wt%) in  
Tris-HCl (100 mM, pH 8.0) for 5 × 15 minutes (with agitation of the solution in between). 
An aliquot (1 μL) of the Pt/C solution was then dried on to the surface of a freshly 
polished pyrolytic graphite ‘edge’ rotating disc electrode. The additional carbon 
support enabled high catalyst loadings on a small geometrical electrode area.  

 

Electro-Enzymatic system (NAD+ reductase on carbon on graphite electrode): 
prepared by sonication of a 20 mg mL-1 suspension of BP2000 carbon black in Tris-
HCl buffer for 5 × 15 minutes (with agitation of the solution in between). An aliquot of 
the carbon suspension was then added to an equal volume of NAD+ reductase (1.4 
mg mL-1) and a small amount (1 μL) of the resulting mixture was partially dried on to 
the surface of a freshly polished pyrolytic graphite edge rotating disc electrode, taking 
care not to fully dry out the protein.  
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Bio system (hydrogenase and NAD+ reductase on carbon): prepared by sonication of 
a 20 mg mL-1 suspension of BP2000 carbon black in Tris-HCl buffer for 5 × 15 minutes 
(with agitation of the solution in between). Equal volumes of hydrogenase (4 mg mL-1) 
and NAD+ reductase (1.4 mg mL-1) were then pre-mixed together, and added 
immediately to an aliquot of sonicated carbon. After standing at 4 ˚C for 60 minutes, 
the solid catalyst was then removed from the preparatory suspension by centrifugation 
(10, 000 × g, 5 mins) before being re-suspended in deuterated or non-deuterated 
buffer as required. Enzyme loadings: hydrogenase loading of 333 pmoles per 100 µg 
of carbon, NAD+ reductase loading of 110 pmoles per 100 µg of carbon. 

 
Chemo-Bio system (platinum and NAD+ reductase on carbon): prepared by 
sonication of a 20 mg mL-1 suspension of Pt/C (nominally 20 wt%) in Tris-HCl (100 
mM, pH 8.0) for 5 × 15 minutes (with agitation of the solution in between). An aliquot 
of NAD+ reductase (1.4 mg mL-1) was subsequently added to the necessary volume 
of Pt/C suspension and allowed to stand at 4 ˚C for 60 minutes. The solid catalyst was 
then removed from the preparatory suspension by centrifugation  
(10, 000 × g, 5 mins) before being re-suspended in deuterated or non-deuterated 
buffer as required. Catalyst loading: NAD+ reductase 110 pmoles per 100 µg of carbon 
and Pt 100 nmoles per 100 µg carbon (equating to an enzyme to metal mass ratio of 
approximately 1.0). Other enzyme/metal mass ratios were explored (see Section 
S.2.2). 

 

Chemo system (Pt/C): prepared by sonication of a 20 mg mL-1 suspension of platinum 
on carbon (nominally 20 wt%) in Tris-HCl (100 mM, pH 8.0) for 5 × 15 minutes (with 
agitation of the solution in between). The catalyst suspension was stood for 20 hours 
prior to centrifugation (10, 000 × g, 5 mins), removal of the liquid, and resuspension in 
deuterated or non-deuterated buffer as required. Catalyst loading: Pt 100 nmoles per 
100 µg carbon. 

 

S.1.2 Procedures for conducting and analyzing 2H-labeling reactions 

S.1.2.1 Typical reaction conditions 
Electrode-driven reaction: An electrochemical cell was set up to allow for bulk 
electrolysis reactions. The cell contained a pyrolytic graphite edge rotating disc 
working electrode6 (coated in the appropriate catalyst as described above), a 
saturated calomel reference electrode (SCE), and a platinum wire (0.4 mm diameter) 
counter electrode, all connected to a potentiostat. The rotation of the working electrode 
(3000 rpm) was sufficient to ensure the reaction mixtures were well mixed, without the 
need for additional stirring. In order to prevent reaction of the cofactor molecules at 
the counter electrode, the platinum wire was separated from the rest of the solution by 
means of a plastic sheath tipped with a molecular sieve frit. The deoxygenated 
deuterated buffer was added ([2H5]-Tris.2HCl, 5 mL, 50 mM, p2H 8.0) and a cyclic 
voltammogram (10 mV s-1, electrode rotation 3000 rpm) was recorded over the 
potential range under investigation in order to provide a “blank” trace. The NAD+ was 
then added to the solution (4 mM) and mixed thoroughly, prior to the re-recording of 
the cyclic voltammogram to establish the presence of a catalytic current above any 
background current observed in the blank. Following initial cyclic voltammetry, the 
electrode was poised at a chosen potential and the current recorded over 8 hours 
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(chronoamperometry). A small aliquot of the reaction solution was collected before 
and after the potential was applied, and analyzed using the methods described in SI 
Sections S.1.2.2 - S.1.2.4.  

 

H2-driven reactions: All reactions were set up in a glovebox under a protective N2 
atmosphere (O2 < 0.1 ppm) and were conducted on a 500 μL scale in sealed 0.5 mL 
micro-centrifuge tubes (Eppendorf) punctured with five holes in the lid (Ø 1.0 mm). 
Solid catalysts were added at a loading of 100 - 400 μg carbon mL-1. Reaction mixtures 
were pre-saturated with reductant gas (1H2 or 2H2) and the cofactor dissolved prior to 
the addition of the catalyst, to ensure that both enzymes were exposed to substrate 
simultaneously. In order to help dissolve organic compounds (2H6)-dimethylsulfoxide 
(DMSO) was included in the reactions as required (1-5 vol.%). Deuterated DMSO was 
used instead of unlabelled DMSO for analytical purposes, and these 2H atoms did not 
play a part in the reactions. 

The sealed tubes were then transferred to specially adapted shaker plate, which 
allowed for a steady flow of H2 across the headspace. Alternatively, if a pressurized 
H2-atmosphere was required, a Tinyclave pressure vessel (BUCHI) was used, and 
rocked back and forth at 15 rpm whilst the reactions took place. Following the reaction, 
solid catalyst was removed by two rounds of centrifugation (10, 000 × g, 5 mins), and 
the solution was analyzed by the methods described in SI Sections S.1.2.2 - S.1.2.4.   

 

S.1.2.2 Procedure for analyzing reaction products by 1H NMR 
spectroscopy 
Following removal of the catalyst particles by filtration or centrifugation, 450 μL of the 
sample solution was transferred to a Norell® SelectSeries™ 5 mm 400 MHz sample 
tube. A further 50 μL of 2H2O was added for field locking purposes and, when required, 
0.5 mM of acetone was also included to act as a reference.  

1H NMR spectroscopy was carried out on either a Bruker Avance III HD nanobay (400 
MHz) or Bruker Avance III (500 MHz), with samples for direct comparison always being 
run on the same machine. Both machines were equipped with 5 mm z-gradient 
broadband multinuclear probes. Spectra were acquired at 293 K using standard 1-
dimensional techniques, including water suppression (Bruker noesygppr1d pulse 
sequence) as required (full Spectrometer parameters are tabulated elsewhere).1 Data 
were processed in MestReNova after application of the Bruker proc_1d or 
proc_1dakps processing algorithms, with manual re-phasing being conducted where 
necessary. A multipoint baseline correction was also applied across the entirety of the 
spectral window and a line broadening corresponding to 0.5 Hz was applied to each 
spectrum to improve the S/N ratio. Signals were referenced against an appropriate 
signal: acetone (δ = 2.22 ppm), (2H5)-dimethylsulfoxide (δ = 2.71), or the Tris peak (δ 
= 3.70 ppm), all of which were referenced originally to 4,4-dimethyl-4-silapentane-1-
sulfonic acid (δ = 0.00 ppm). 

The spectra of nicotinamide cofactors and their deuterated analogues were assigned 
according to well-established literature arguments.7,8 The peak(s) between 2.64 – 2.84 
ppm (corresponding to the 4-position of the dihydronicotinamide ring, Fig. S 1) were 
used to discern relative abundance of the various isotopologues of NADH according 
to the method in Fig. S 2 and accompanying equations.  
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In order to verify that the relationships in Fig. S 2 were independent of the isotopic 
constitution of the sample solvent, an additional calibration was carried out. Here, a  
3 mM sample of NADH was prepared in solutions of varying %2H2O (from 100 vol.% 
1H2O to 100 vol.% 2H2O). The relative areas of peaks A, B, C, and D measured in 
each solution were plotted (Fig. S 3) and, within experimental error, the isotopic 
constitution of the NMR solvent was found to have no bearing on the result. 

 

 

 
Fig. S 2 Diagnostic signal for the interpretation of 1H NMR spectra of reduced nicotinamide cofactors 
containing different deuterium labels (2H2O, p2H 8.0, 400 MHz, 293 K). (a) NADH at natural isotopic 
abundance, (b) [4S-2H]-NADH, and (c) [4R-2H]-NADH. (d) The equations used to quantitatively 
determine the proportion of each form of the cofactor, where A, B, C, and D represent the integrals of 
the peaks defined in (a).  
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Fig. S 3 Results from a control experiment to determine the variation of peak areas in the 1H NMR 
spectra of unlabeled NADH acquired in aqueous solutions of varying %2H2O (p2H 8.0, 400 MHz,  
293 K). Within error, it can be seen that the areas of diagnostic peaks A, B, C, and D (defined in  
Fig. S 2) are reproducible across all of the solvent mixtures, and are unaffected by the differing levels 
of solvent signal suppression used. 

 

S.1.2.3 Procedure for analyzing reaction products by HPLC  
All HPLC was conducted on a Shimadzu UFLC LC-20AD Prominence liquid 
chromatograph equipped with a dual wavelength UV-spectrophotometric detection. 
MilliQ water and HPLC grade solvents were used throughout. The HPLC method was 
as follows, unless specified otherwise: 

Description: Hydrophilic Interaction Liquid Chromatography (HILIC) for cofactor 
analysis 
Pre-treatment: Reactions containing just NAD+/NADH were first filtered through a 
nylon syringe filter (Gilson, 0.22 μm), and then centrifuged at 18, 800 × g for 5 minutes 
to remove any smaller particulates. Samples were transferred to glass HPLC vials 
without further dilution. 
Column: SeQuant® ZIC®-HILIC, 5 μM particle size, 200 Å pore size, 20 × 2.1 mm bed 
Buffer A: 90 vol.% acetonitrile (Honeywell, CHROMASOLV® 99.9%): 10 vol.% MilliQ 
water, 20 mM ammonium acetate, pH 7.5 
Buffer B: 100 vol.% MilliQ water, 20 mM ammonium acetate, pH 7.5 
Column temperature = 40 ˚C 
Flow rate = 1 mL min-1 
Injection volume = 10 μL 
Detection = 260 and 340 nm 
Solvent profile: 0  1 mins: 100% A, 0% B (isocratic); 1  31 mins: 100% A, 0% B 
to 20% A, 80% B (linear gradient), 31  33 mins: 20% A, 80% B (isocractic), 33  35 
mins: 100% A, 0% B (isocratic). 
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S.1.2.4 Procedure for analyzing reaction products by UV-vis spectroscopy 
Reactions which resulted in changes in the relative concentration of NAD+/NADH 
could be followed be UV-vis spectroscopy. Typically, solid particulates were removed 
by filtration or centrifugation (as described above) and the sample diluted in MilliQ 
(1H2O) water so that the cofactors were in the range 0.1 – 0.2 mM.  A background 
spectrum of pure MilliQ was subtracted from that acquired for the sample. 
Measurements were made in a quartz cuvette (path length 1 cm, Hellma) on a Cary 
60 UV/Vis spectrophotometer (Agilent). The ratio of NAD+ to NADH could then be 
determined by measuring the ratio A260 nm : A340 nm, as described previously.2  

S.2 Supplementary Results and Discussion 

S.2.1 Screening Electro-Chemo and Electro-Enzymatic catalyst 
systems  
Electrochemical reduction and deuteration of NAD+ by each of the Electro-Enzymatic 
and Electro-Chemo catalysts was investigated according to the procedure described 
in Section S.1.2.1. The electrochemical traces from these investigations are shown in 
Fig. S 4, and the analysis of the products by UV/Vis and HPLC are shown in Fig. S 5.  

 

The Electro-Enzymatic system shows considerable catalytic reduction current in the 
presence of NAD+ (Fig. S 4 (a) and (b)), with an onset potential of around -340 mV 
versus SHE (no catalytic current was detected in the absence of NAD+). 
Chronoamperometry at -560 mV versus SHE (Fig. S 4 (d)) was used to drive NAD+ 
reduction over an 8 hour reaction, and the Electro-Enzymatic system gave rise to 
NADH, evidenced by UV/Vis (Fig. S 5 (a) and (b)) and HPLC (Fig. S 5 (d)). Further 
analysis by 1H NMR (see SI Section S.1.2.2) showed that only [4S-2H]-NADH was 
formed.  

 

The Electro-Chemo system (Pt/C on an electrode) shows a catalytic reduction current 
at -560 mV, with a more negative onset potential than in the Electro-Enzymatic case. 
The catalytic current is present both with and without NAD+, and chronoamperometry 
at this potential (Fig. S 4 (c)) does not give rise to detectable product formation by 
UV/Vis (Fig. S 5 (a) and (b)). Hence, the large catalytic currents observed for the Pt/C 
system are attributed to deuteron (2H+) reduction. Poising the electrode at lower 
potentials (-760 mV versus SHE) does give rise to a small amount of NAD+ reduction, 
but analysis by UV/Vis (Fig. S 5 (a) and (b)) and HPLC (Fig. S 5 (c)) show that very 
little product is 1,4-NADH, and the major additional peak can be attributed to one of 
six possible NAD2 dimers.9–11 

 

The unmodified (bare) carbon electrode does not show catalytic current in the 
presence of NAD+ across the potential window investigated (Fig. S 4 (a)). Application 
of a more negative potential (Fig. S 4 (c)) gave rise to a yellowing of the solution, 
indicative of the degradation of the cofactor to non-biological dimeric forms. 
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Fig. S 4 Traces from the electrochemical experiments in the presence of NAD+ in 2H2O for a range of 
electrode systems. (a) Cyclic voltammograms (10 mV s-1) for the bare carbon electrode and Electro-
Enzymatic and Electro-Chemo catalytic systems in the presence (or absence) of NAD+. The highlighted 
region in (a) is expanded in (b). The traces show a catalytic current for the Electro-Enzymatic and 
Electro-Chemo (Pt/C) systems at -560 mV (versus SHE) in the presence of NAD+. A similar current for 
the Electro-Chemo system is also observed in the absence of NAD+, indicating that significant deuteron 
reduction is occurring. The bare carbon electrode does not show any catalytic current down to -960 mV 
(versus SHE). (c) Chronoamperometry traces for the Electro-Chemo system at different potentials and 
bare carbon electrode at -960 mV (versus SHE), and (d) chronoamperometry trace for the Electro-
Enzymatic system at -560 mV (versus SHE). The reactions were carried out in deoxygenated 
deuterated buffer ([2H5]-Tris.2HCl, 5 mL, 50 mM, p2H 8.0) in a bulk electrolysis cell with stirring at 20 °C, 
with NAD+ (4 mM) included in the reaction where specified. 
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Fig. S 5 Analysis of the products of electrocatalytic reduction of NAD+. (a) UV/Vis analysis of the 
products of the Electro-Enzymatic and Electro-Chemo reactions. The highlighted region in (a) is 
expanded in (b). The Electro-Enzymatic reaction at -560 mV (versus SHE) gives rise to a peak at 340 
nm, indicating NADH formation, whilst the Electro-Chemo reaction shows no products until a lower 
potential (-760 mV versus SHE) is applied. (c) and (d) HPLC analysis of the products of the Electro-
Chemo reaction at -760 mV versus SHE (c), and the Electro-Enzymatic reaction at -560 mV versus 
SHE (d). In the Electro-Chemo case, there is considerable side-product formation, which is likely a 
biologically inactive NAD2 dimer. 
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S.2.2 Screening Chemo, Chemo-Bio, and Bio catalyst systems 
The Chemo-, Chemo-Bio-, and Bio- catalysts were all screened initially for their ability 
to generate the correct form of NADH (1,4-NADH) when supplied with 1H2 gas. Here, 
100 μg of the relevant catalyst was shaken with 4 mM NAD+ ([2H5]-Tris.2HCl, 100 mM, 
p2H 8.0) for 16 hours under 2 bar 1H2. The Chemo and Chemo-Bio systems proceeded 
to >90% conversion, and the Bio system to around 60% (though additional 
experiments demonstrated that the latter system could proceed to >90% conversion 
without change in selectivity). Subsequent HPLC-UV (λ = 260 nm) analysis (Fig. S 6 
(a)(i)) illustrates that the Bio system form only 1,4-NADH, where the Chemo system 
also gives rise to significant quantities of a side product (retention time 9.6 minutes). 
The side product was confirmed as 1,6-NADH by reducing NAD+ with NaBH4 to 
generate a mixture of NADH isomers,12 which was analysed by HPLC and assigned 
using the known UV absorptions.10 The chemoselectivity for 1,4-NADH:1,6-NADH 
could then be quantified by using the peak areas of the HPLC traces (λ = 260 nm), 
after correcting for the difference in molar extinction coefficients at that wavelength.10 
Additionally, 1H NMR spectroscopic analysis of the same experiments (Fig. S 6 (a)(ii)) 
illustrate that the Bio and Chemo-Bio catalysts form only [4S-2H]-NADH, whilst the 
Chemo system forms a mixture of [4S-2H]-, [4R-2H]-, and unlabeled NADH (following 
the analytical arguments in SI Section S.1.2.2). 

In the development of the Chemo-Bio catalyst, an experiment to determine the effect 
of the ratio of NAD+ reductase : Pt was carried out. Here, a series of catalysts ranging 
from 0.0 to 2.0 μg of NAD+ reductase per 1.0 μg of Pt (representing the transition from 
the full Chemo system to the final Chemo-Bio system) were tested under the same 
conditions as previously. The results were analyzed by HPLC and 1H NMR 
spectroscopy (Fig. S 6 (b)).The resulting data demonstrate the increasing chemo- and 
isotopic selectivity of the system as the proportion of NAD+ reductase is increased, 
until a point (around 0.5 μg of NAD+ reductase per 1.0 μg of Pt) where [4S-2H]-NADH 
was the sole product (corresponding to Figure 2B in the main manuscript). 

Finally, additional experiments were carried out to ascertain the initial activity of the 
Chemo, Chemo-Bio, and Bio systems for the reduction of NAD+ in 2H2O and under 
1H2(g). The NAD+ reductase/Pt mass ratio for the Chemo-Bio catalyst in this case was 
0.5, corresponding to the lowest ratio at which only one product ([4S-2H]-NADH) is 
formed. The experiments were conducted in buffered solutions (Tris, 50 mM) of 2H2O 
at pD 6.0 and pD 8.0, and in pure unbuffered 2H2O. The buffers were sparged with N2 
(60 mins) prior to the addition of 0.1 mM of NAD+. The reaction solution was then 
added to a quartz cuvette (600 μL), sealed, and then sparged for another 15 mins 
under a steady flow of H2(g). Upon addition of the catalyst (50 μg), the H2 delivery 
needle was moved out of the solution and into the headspace of the cuvette, and the 
UV spectra was recorded every 30 seconds (see Fig S 7). Here it was found that the 
Chemo-Bio catalyst more closely resembles the purely Bio system, both in terms of 
activity and sensitivity to pD. Given that the Pt wt.% loading was identical in the Chemo 
and Chemo-Bio experiments, the addition of the NAD+ reductase can be seen to 
enhance the activity of the Pt/C alone. 
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Fig. S 6 (a)(i) HPLC-UV and (ii) 1H NMR spectroscopic analysis (2H2O, p2H 8.0, 500 MHz, 293 K) of 
nictotinamide cofactors following the reduction of NAD+ by H2 in the presence of different catalyst 
systems (Chemo, Bio, and Chemo-Bio). The Bio and Chemo-Bio systems selectively form [4S-2H]-
NADH, where the Chemo system does not. (b)(i) HPLC-UV and (ii) 1H NMR spectroscopic analysis 
(2H2O, p2H 8.0, 500 MHz, 293 K) demonstrating the effects of varying the mass ratio of  
NAD+ reductase : Pt on the selectivity of H2-driven NAD+ reducation in 2H2O. The results show that, as 
the ratio of NAD+ reductase increases, the formation of products other than [4S-2H]-NADH decreases. 
Experimental detail provided in SI Section S.1.2.1, and 1H NMR spectroscopic interpretation provided 
in SI Section S.1.2.2.  
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Fig. S 7 Kinetic traces of the reduction of NAD+ the (a) Bio, (b) Chemo, and (c) Chemo-Bio catalyst 
systems in 2H2O under 1H2(g). The 2H2O reaction solution was either unbuffered (gray), or buffered to 
pD 6.0 (light trace) or pD 8.0 (dark trace). The reactions were carried out in cuvettes with 600 μL of 
reaction solution (0.1 mM NAD+) pre-saturated with 1H2(g), and with a headspace of 1H2(g) maintained 
throughout. A catalyst loading of 50 μg of carbon was used, and an identical amount of Pt was present 
in the Chemo and Chemo-Bio systems. The enhancement in activity of the Chemo-Bio system is 
therefore attributable to the addition of the NAD+ reductase to the Pt/C (at a mass ratio of 0.5 
enzyme/metal in this case).  
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S.2.3 Isotopostereoselectivity of the NAD+ reductase enzyme  
The positioning of nicotinamide cofactor relative to the flavin mononucleotide (FMN) 
active site of the NAD+ reductase moiety, HoxF, was examined in silico. No crystal 
structure is available for the soluble hydrogenase of Ralstonia eutropha, HoxHYFU. 
We therefore prepared a homology model for HoxF using two published crystal 
structures of the hydrophilic portion of Complex I from Thermus thermophilus (PDB 
accession numbers 2FUG and 3IAM as templates.13,14 The Nqo1 subunit of T. 
thermophilus Complex I shows 62% sequence similarity with the C-terminal part of 
HoxF. Fig. S 8 (a) and (b) confirm that the hydride from FMN is delivered to the si face 
of the cofactor. The homology modelling was performed using SWISS-MODEL.15 A 
mechanism is therefore proposed in Fig. S 8 (c) to illustrate how the NAD+ reductase 
utilises electrons and 2H+ from solution to generate a deuteride equivalent (2H-), which 
is added to the si face of NAD+ to yield the [4S-2H]-NADH product. 

 

 
Fig. S 8 (a) X-ray crystal structure of the NAD+ binding site of complex 1 from Thermus thermophilus 
(PDB code: 2FUG; dark gray), overlaid by a homology model for the R. eutropha HoxF subunit (light 
gray). The FMN and NADH structures (shown as sticks) are taken from PDB entry 3IAM - the FMN is 
underneath the NADH. The black dotted line indicates the atoms in FMN and NADH which are directly 
involved in hydride transfer, showing that the hydride on FMN will be delivered to the si-face of the 
nicotinamide ring. An expanded view of the NADH and FMN is provided in panel (b). The figure was 
generated using the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. (c) An 
overview of the mechanism by which the deuteride equivalent (2H-) is formed and transferred from the 
FMN cofactor of the NAD+ reductase to an NAD+ molecule to selectively form [4S-2H]-NADH. 
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S.2.4 Cofactor facioselectivity of alcohol dehydrogenases  
As explained in the text, different NADH-dependent enzymes have varying selectivities 
for the face of the dihydronicotinamide ring from which they abstract a hydride 
(facioselectivity). For NADH of natural isotopic abundance, this selectivity is not 
manifested in the final product, however, for [4-2H]-NADH the choice determines 
whether the 2H label is transferred or not. In order to determine the facioselectivites of 
the two ADH enzymes selected for study ((R)- and (S)-ADH), a series of stoichiometric 
reactions were carried out (Fig. S 9). Reactions were performed in 0.5 mL of 2H2O 
containing [2H11]-Tris2HCl (100 mM, p2H 8.0), 10 mM acetophenone (AcPH), 2 vol.% 
[2H6]-DMSO and 4 mM of the required cofactor (either [4S-2H]-NADH prepared using 
the Bio catalyst system, or commercial NADH of natural isotopic abundance). To this 
mixture, 100 μg of the chosen ADH was added and the progress of the formation of  
1-phenylethanol (1-PhEtOH) followed by 1H NMR spectroscopy. Time courses are 
shown in Fig. S 10 for the following reactions: 

A. (R)-ADH + unlabeled NADH + AcPh  (R)-1-PhEtOH + NAD+ (Fig. S 10(a)) 
B. (R)-ADH + [4S-2H]-NADH + AcPh  [1R-2H]-PhEtOH + NAD+ (Fig. S 10(b)) 
C. (S)-ADH + unlabeled NADH + AcPh  (S)-1-PhEtOH and NAD+ (Fig. S 10(c)) 
D. (S)-ADH + [4S-2H]-NADH + AcPh  (S)-1-PhEtOH + [4-2H]-NAD+ (Fig. S 10(d)) 

 
 

 

 

Fig. S 9 Summary of the selectivities of the two commercial ADH enzymes used in this study when 
provided with substrate (AcPh) and either unlabeled NADH or deuterium labeled [4S-2H]-NADH.  
1H NMR spectroscopic time courses shown in Fig. S 10. 
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Fig. S 10 1H NMR spectra (2H2O, p2H 8.0, 400 MHz, 293 K) of reaction mixtures containing excess 
AcPh with (a) unlabeled [4-1H2]-NADH and (R)-ADH, (b) [4S-2H]-NADH and (R)-ADH, (c) unlabeled [4-
1H2]-NADH and (S)-ADH, and (d) [4S-2H]-NADH and (S)-ADH.  
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S.2.5 Analyzing the role of cofactor turnover number (ToN)   
As was established in SI Section S.2.4, the (S)-ADH has the incorrect facioselectivity 
with regards to NADH in order to transfer the deuterium atom from [4S-2H]-NADH to 
the target compound (acetophenone in this case). However, as was explained in the 
main manuscript in Figure 4 and associated discussion, multiple turnovers of the 
cofactor molecule can give rise to the desired [2H]-labelled product. Hence, by 
maximising the cofactor turnover number, the unlabeled [1H]-labelled product can be 
“diluted” by subsequent [2H]-product formation. To demonstrate this principle a 
reaction was carried out with H2-driven reduction of AcPh by (S)-ADH in 2H2O with the 
cofactor ToN varying from 0.4 to 70. Reactions were performed in 0.5 mL of 2H2O 
containing [2H5]-Tris.2HCl (100 mM, p2H 8.0) to which 10 mM acetophenone (AcPH), 
2 vol.% [2H6]-DMSO and 0.1 - 25 mM of the NAD+ was added. To this mixture 500 μg 
of the (S)-ADH was added, followed by 400 μg of the Bio catalyst. The reaction was 
shaken at 500 rpm for 16 hours under a flow of 1H2(g), prior to removal of the catalysts 
and analysis by 1H NMR spectroscopy (Fig. S 11). All reactions proceeded to ≥ 70% 
conversion, and the precise cofactor ToN was subsequently determined. Analysis of 
the peak corresponding to the methyl group of 1-PhEtOH (δ = 1.47 ppm) allowed for 
a calculation of the %2H at the α-position, according to previous arguments.1 The 
results are plotted in the main manuscript, Figure 4C.   

                                

Fig. S 11 1H NMR spectroscopic analysis (2H2O, p2H 8.0, 500 MHz, 293 K) of the 1-PhEtOH product of 
the H2-driven reductive deuteration of AcPh by (S)-ADH with different cofactor turnover numbers. The 
upper trace shows an isotopically pure standard of commercial [1S-1H]-PhEtOH, and the lower traces 
indicate an increasing %2H in the 1-PhEtOH product with increasing cofactor ToN. 
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S.2.6 Production of 2H-labeled chemicals by the Chemo-Bio system  
Following successful demonstration of the Chemo-Bio system for generating  
[4S-2H]-NADH, it was coupled to a series of NADH-dependent dehydrogenase 
enzymes in order to demonstrate cofactor recycling to produce [2H]-labelled chemicals 
as follows: 

• With (R)-ADH to convert AcPh to [1R-2H]-PhEtOH (Scheme S1)  

• With (S)-ADH to convert AcPh to [1S-2H]-PhEtOH (Scheme S2) 

• With ene-reductase to convert cinnamaldehyde to  [2,3-2H2]-hydrocinnamaldehyde 
(Scheme S3)  

 

Reactions were conducted in 0.5 mL of (2H5)-Tris-2HCl (100 mM, p2H 8.0) containing 

5 mM substrate, 2 vol.% [2H6]-DMSO, 0.5 mM NAD+, and 500 μg of (S)- or (R)-ADH, 
or ene-reductase. The mixture was presaturated with H2 gas prior to addition of the 
Chemo-Bio catalyst at a loading of 400 μg. The reactions were shaken at 500 rpm 
under a steady flow of H2 for 16 hours. The ADH reactions were analyzed by chiral 
HPLC (Fig. S 12) and 1H NMR spectroscopy (Fig. S 13), according to the procedures 
for similar reactions reported previously.1 The ene reductase reactions were analyzed 
by GC (Fig. S 14) and 1H NMR spectroscopy (Fig. S 15), according to the procedures 
for similar reactions reported previously.1 The analysis revealed that the reactions 
proceeded to > 90% conversion, with only a single product being formed in each case, 
without the occurrence of side reactions which could plausibly occur at the platinum 
sites. The incorporation of 2H at the target sites was also >95% in all cases. 

 

 

 



 

 

S20 
 

0 2 4 6 8 10 12 14

A
2
1
0
 n

m

retention time / minutes

(R)+(S) PhEtOH

(S)-ADH
(R)-ADH

AcPh

(S) PhEtOH

 

Fig. S 12 Chiral-HPLC analysis of the products of the H2-driven reductive deuteration of AcPh by the 
Chemo-Bio system coupled to either the (S)- or (R)-ADH. Commercial standards of the substrate AcPh 
(black) and of racemic PhEtOH (light grey) and (S)-PhEtOH (dark grey) are shown as the upper traces. 
The lower traces show the reaction products, demonstrating the high conversion and perfect 
enantioselectivity of the Chemo-Bio/ADH system. 
 
   

 

Fig. S 13 1H NMR spectroscopic analysis (2H2O, p2H 8.0, 500 MHz, 293 K) of the H2-driven reductive 
deuteration of AcPh by the Chemo-Bio system coupled to (R)- and (S)-ADH enzymes. (a) A commercial 
sample of unlabeled PhEtOH. (b) The reaction product from (R)-ADH. (c) The reaction product from 
(S)-ADH. The spectra demonstrate the >95% 2H incorporation achieved by the Chemo-Bio system.    
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Fig. S 14 GC analysis of the product from the H2-driven reductive deuteration of cinnamaldehyde by 
the Chemo-Bio system coupled to an ene-reductase. (a), (b), and (c) show potential products, and (d) 
shows the starting material; (e) shows the product from the reaction, and demonstrates the high 
conversion and chemoselectivity for hydrocinnamaldehyde.    
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Fig. S 15 1H NMR spectroscopic analysis (2H2O, p2H 8.0, 500 MHz, 293 K) of the H2-driven reductive 
deuteration of cinnamaldehyde by the Chemo-Bio system coupled to an ene-reductase. (a) A 
commercial sample of unlablled hydrocinnamaldehyde. (b) The ene-reductase reaction product. The 
spectra demonstrate the >95% 2H incorporation achieved by the Chemo-Bio system.    
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