
 

 

MOLECULAR BASIS OF ENE-REDUCTASES 

REACTIVITY AND SELECTIVITY TOWARDS 

NICOTINAMIDE COENZYMES 

 

 

A THESIS SUBMITTED TO THE UNIVERSITY OF MANCHESTER FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN THE FACULTY OF SCIENCE AND ENGINEERING 

 

 

 

 

2019 

 

 

ANDREEA I. IORGU 

SCHOOL OF CHEMISTRY 



 
2 

 

Contents 

List of figures ................................................................................................................ 5 

List of tables ................................................................................................................. 9 

Abstract ...................................................................................................................... 11 

Declaration ................................................................................................................. 12 

Copyright statement .................................................................................................. 12 

Acknowledgements .................................................................................................... 13 

Preface and thesis structure ...................................................................................... 16 

1. Introduction ........................................................................................................... 18 

1.1. Background ..................................................................................................... 18 

1.2. Fast protein dynamics and biological hydride transfer ................................... 23 

1.3. The versatility of flavin cofactors and flavoenzymes ....................................... 26 

1.4. The Old Yellow Enzyme family of ene-reductases ........................................... 30 

1.5. Pentaerythritol tetranitrate reductase ............................................................ 35 

1.6. The use of NMR to study protein structure and dynamics ............................. 38 

1.7. Aims of the thesis ............................................................................................ 39 

2. Isotopically labelled flavoenzymes and their uses in probing reaction mechanisms

 ................................................................................................................................... 41 

2.1. Abstract ........................................................................................................... 42 

2.2. Introduction .................................................................................................... 42 

2.3. PETNR as a model flavoenzyme from the OYE family ..................................... 45 

2.4. Expression and purification of isotopically labelled PETNR in E. coli ............... 46 

2.4.1. Assembly of M9 minimal media for isotopic labelling of PETNR ............... 47 

2.4.2. Overexpression and purification of isotopically labelled PETNR ............... 49 

2.5. Spectral characteristics and quality control of isotopically labelled PETNR .... 51 



 
3 

 

2.6. Analysis of deuterium-hydrogen exchange of backbone amides in PETNR .... 53 

2.7. Spectroscopic characterisation of the equilibrium unfolding behaviour of 

PETNR ..................................................................................................................... 54 

2.8. Differential labelling of PETNR – exchanging the FMN cofactor ..................... 57 

2.9. Uses of isotopically labelled PETNR in probing biological hydride transfer 

mechanisms ........................................................................................................... 58 

2.10. Conclusions ................................................................................................... 59 

3. 1H, 15N and 13C backbone resonance assignments of pentaerythritol tetranitrate 

reductase from Enterobacter cloacae PB2 ................................................................. 60 

3.1. Abstract ........................................................................................................... 61 

3.2. Biological context ............................................................................................ 61 

3.3. Methods and experiments .............................................................................. 63 

3.4. Resonance assignment and data deposition ................................................... 64 

4. Nonequivalence of second sphere ‘noncatalytic’ residues in pentaerythritol 

tetranitrate reductase in relation to local dynamics linked to H-transfer in reactions 

with NADH and NADPH coenzymes ........................................................................... 68 

4.1. Abstract ........................................................................................................... 69 

4.2. Introduction .................................................................................................... 70 

4.3. Results and discussion ..................................................................................... 73 

4.4. Concluding remarks......................................................................................... 89 

4.5. Supporting information ................................................................................... 90 

4.5.1. Experimental section ................................................................................ 90 

4.5.2. Static UV-visible absorption spectroscopy data ........................................ 93 

4.5.3. Crystallography data ................................................................................. 94 

4.5.4. Concentration dependence studies .......................................................... 97 

4.5.5. Tabulated rate constants from temperature dependence studies ........... 98 

4.5.6. Additional kinetic analysis ....................................................................... 102 



 
4 

 

4.5.7. Additional NMR analysis ......................................................................... 106 

5. Selectivity through discriminatory induced fit enables switching of NAD(P)H 

coenzyme specificity in Old Yellow Enzyme ene-reductases ................................... 109 

5.1. Abstract ......................................................................................................... 110 

5.2. Introduction .................................................................................................. 111 

5.3. Results and discussion ................................................................................... 114 

5.4. Conclusions ................................................................................................... 122 

5.5. Experimental section ..................................................................................... 123 

5.6. Supporting information ................................................................................. 125 

5.6.1. Multiple sequence alignment of selected OYEs ...................................... 125 

5.6.1. Multiple structural alignment of selected OYEs ...................................... 126 

5.6.3. Primer sequences used for mutagenesis ................................................ 127 

5.6.4. NADH and NADPH concentration dependence studies for the RHR of PETNR 

variants ............................................................................................................. 128 

5.6.5. Extended kinetic investigations indicate no role for other (functional) 

residues in governing coenzyme specificity in PETNR ...................................... 138 

5.6.6. NADH and NADPH concentration dependence studies for the RHR of MR 

variants ............................................................................................................. 141 

5.6.7. Steady-state kinetics for the reaction of MR variants with 2-cyclohexen-1-

one .................................................................................................................... 144 

5.6.8. Tabulated kinetic parameters for the RHR of PETNR and MR variants ... 145 

6. Conclusions and future directions ........................................................................ 148 

7. References ........................................................................................................... 154 

Appendix .................................................................................................................. 169 

 

Word count: 46,767  



 
5 

 

List of figures 

Figure 1.1. The classical transition state theory model of catalysis……………………………21 

Figure 1.2. The energy landscape of a protein represented through the amplitude and 
timescale of protein motions………………………………………………………………………………..…22 

Figure 1.3. Simplified illustration of quantum mechanical tunnelling in enzymatic H-
transfer.......……………………………………………………………………………..……………………………..24 

Figure 1.4. The structure of natural flavins………………………………………………………….……27 

Figure 1.5. The general catalytic cycle of flavoenzymes, comprising of a reductive half-
reaction and an oxidative half-reaction…………………………………………………………….……..28 

Figure 1.6. The different redox and protonation states of flavin cofactors………………..29 

Figure 1.7. Structural architecture of OYE ene-reductases……………………………………....33 

Figure 1.8. General catalytic cycle of OYE ene-reductases, comprising of a reductive 
half-reaction and an oxidative half-reaction…………………………………………………………….34 

Figure 1.9. Active site of PETNR flavoenzyme……………………………………………………..……36 

Figure 2.1. UV-Vis absorbance spectra of unlabelled, 15N-labelled, 2H,15N-labelled and 
2H,13C,15N-labelled PETNR……………………………………………………………………………………….52 

Figure 2.2. 1H 1D NMR spectra of PETNR samples of various PETNR isotopologues…..53 

Figure 2.3. Comparison between 1H-15N TROSY spectra of 15N-labelled PETNR 
recorded in H2O and D2O buffers……………………………………………………………….……………55 

Figure 2.4. Characterisation of the behaviour of PETNR in the presence of gradually 
increasing concentrations (0-4 M) of guanidine hydrochloride………………………………..56 

Figure 2.5. “Heavy” enzyme KIEs on the RHR of PETNR with NADPH…………………………59 

Figure 3.1. 1H-15N TROSY spectrum of 1 mM uniformly 2H,13C,15N-labelled 
PETNR:FMNox complex…………………………………………………………………………………………..65 

Figure 3.2. Cartoon representation of the crystal structure of the PETNR:FMNox 
complex, highlighting the extent of backbone amide resonance assignments………….66 

Figure 3.3. Backbone secondary structure prediction of PETNR in the PETNR:FMNox 
complex obtained with TALOS-N software using the backbone 1HN, 15N, 13Cα 13Cβ and 
13C’ chemical shifts………………………………………………………………………………………………….69 

Figure 4.1. Crystal structure of the PETNR:NADH4 complex showing the location of 
residues L25 and I107, which have been targeted for mutagenesis………………………….72 



 
6 

 

Figure 4.2. Stopped-flow kinetic traces showing FMN reduction for the PETNR variants 
with NADPH and NADH, at selected representative temperatures..............................76 

Figure 4.3. Manifestation of multiple reactive configurations as a function of 
temperature for investigated PETNR variants………………………….………………………………77 

Figure 4.4. Arrhenius plots of the observed rate of hydride transfer from NADPH, (R)-
[4-2H]-NADPH, NADH and (R)-[4-2H]-NADH to FMN in studied PETNR variants……..….80 

Figure 4.5. The relationship between the differences (coenzyme KIE) in apparent 
activation enthalpy (ΔΔHT0⧧) and entropy, and correlations between ΔΔHT0⧧ and 
observed rate constant during H-transfer for the PETNR variants…………………………….81 

Figure 4.6. Observed changes in chemical shift for PETNR upon binding the NADH4 or 
the NADPH4 coenzyme analogues……………………………………………………….…………………..84 

Figure 4.7. Structural mapping of absolute chemical shift differences for backbone 
amide 15N atoms plotted onto the structure of the PETNR:NADH4 complex……………..85 

Figure S4.1. UV-visible absorption spectra of the PETNR variants…………………………….93 

Figure S4.2. X-ray crystal structures of investigated PETNR variants…………………………96 

Figure S4.3. Electron density for each site of mutation in PETNR………………………………97 

Figure S4.4. Concentration dependence of FMN reduction in the PETNR variants with 
NADPH and NADH, recorded at 25 °C………………………………………………………………………97 

Figure S4.5. Manifestation of multiple reactive configurations as a function of 
temperature for the PETNR variants during FMN reduction with (R)-[4-2H]-NADPH and 
(R)-[4-2H]-NADH…………………..……………………………………………………………………………….102 

Figure S4.6. Raw kinetic transients showing the temperature dependence of the 
reduction of I107A and I107L with NADH coenzyme……………………………………………...103 

Figure S4.7. Temperature dependence of the observed primary kinetic isotope effects 
(KIEs) for FMN reduction in the PETNR variants with NADPH and NADH………...........104 

Figure S4.8. Temperature dependence of the KIEs for the slow observed rate (kobs2) of 
FMN reduction in the PETNR variants with NADPH……….………………………………………104 

Figure S4.9. The relationship between the apparent activation enthalpy and entropy 
values determined for the reactions of NADPH, (R)-[4-2H]-NADPH, NADH and (R)-[4-
2H]-NADH with the PETNR variants…….………………………………………………………………….105 

Figure S4.10. Histograms of backbone amide proton (1HN) and backbone amide 
nitrogen (15N) residue-specific chemical shift changes that occur upon binding NADH4 
and NADPH4 to PETNR and the chemical shift differences between the 
PETNR:NAD(P)H4 complexes…....................................................................................106 



 
7 

 

Figure S4.11. Structural representation of regions affected by NAD(P)H4 binding to 
PETNR……………………………………………………………………………………………………………………107 

Figure S4.12. Distribution of 1H linewidth values from 1H-15N TROSY spectra of PETNR 
and PETNR:NAD(P)H4 complexes……………………………………………………………………….….107 

Figure S4.13. Line broadening analysis indicates regions affected by slow (μs-ms) 
dynamics in PETNR and the PETNR:NAD(P)H4 complexes………………………………….……108 

Figure 5.1. Overlaid structures of coenzyme-free and coenzyme-bound 
pentaerythritol tetranitrate reductase….………………………………………………………………113 

Figure 5.2. Observed kinetic parameters for the RHR of WT, R130L, R130M and R130E 
PETNR variants with NADH and NADPH…………………………………………………………………115 

Figure 5.3. Observed kinetic parameters for the RHR of WT, R142L and R142E PETNR 
variants with NADH and NADPH……….…………………………………………………………………..118 

Figure 5.4. Overlay of the X-ray crystal structures of PETNR:NADH4 and MR:NADH4 
complexes showing the active site and β-hairpin flap…………………………………………….120 

Figure S5.1. Multiple sequence alignment of selected ene-reductases from class I, II 
and III of the OYE family…………………………………………………………………………………….…..125 

Figure S5.2. Multiple structural alignment of selected OYEs……………………………….….126 

Figure S5.3. Concentration dependence of FMN reduction in WT PETNR variant with 
NADH and NADPH………………………………………………………………………………………………...128 

Figure S5.4. Concentration dependence of FMN reduction in R130L PETNR variant 
with NADH and NADPH………………………………………………………………………………………….129 

Figure S5.5. Concentration dependence of FMN reduction in R130M PETNR variant 
with NADH and NADPH………………..............................................................................130 

Figure S5.6. Concentration dependence of FMN reduction in R130E PETNR variant 
with NADH and NADPH………………………......................................................................131 

Figure S5.7. Concentration dependence of FMN reduction in R142L PETNR variant 
with NADH and NADPH………………………......................................................................132 

Figure S5.8. Concentration dependence of FMN reduction in R142E PETNR variant 
with NADH and NADPH………………………......................................................................133 

Figure S5.9. Concentration dependence of FMN reduction in R324M PETNR variant 
with NADH and NADPH………………………………………………………………………………………….134 

Figure S5.10. Concentration dependence of FMN reduction in R324E PETNR variant 
with NADH and NADPH………………………………………………………………………………………….135 



 
8 

 

Figure S5.11. Concentration dependence of FMN reduction in H181N PETNR variant 
with NADH and NADPH………………………………………………………………………………………….136 

Figure S5.12. Concentration dependence of FMN reduction in D274A PETNR variant 
with NADH and NADPH………………………………………………………………………………………….137 

Figure S5.13. Localization of the residues targeted for mutagenesis within the active 
site of PETNR and observed kinetic parameters for the RHR of WT, R324M, R324E, 
H181N and D274A PETNR variants with NADH and NADPH……………………………………139 

Figure S5.14. Concentration dependence of FMN reduction in WT MR, E134R MR and 
L146R MR variants with NADH……………………………………………………………………………...141 

Figure S5.15. Concentration dependence of FMN reduction in WT MR, E134R MR and 
L146R MR variants with NADPH………………………………………………………………………….…142 

Figure S5.16. Steady-state kinetics for the reduction of 2-cyclohenexen-1-one with 
WT, E134R and L146R MR variants……………………………………………………………………….144 

Figure A1. Chemical structures of NADH and NADPH…………..…………………….………...169 

Figure A2. Chemical structures of pentaerythritol tetranitrate, morphinone and 2-
cyclohenexen-1-one………………………………………………………………………………………….....169 

Figure A3. Chemical structures of NADH4 and NADPH4…………..…………………...……….170 

 

  



 
9 

 

List of tables 

Table 2.1. Components for 1 litre of modified M9 minimal medium………………………...48 

Table 2.2. Recipe for the preparation of 100 mL 5000 × trace metals solution…….……48 

Table 4.1. Observed rates of FMN reduction at 25 °C for PETNR variants with NADPH 
and NADH……………………………………………………………………………………………………………….75 

Table 4.2. Extracted parameters from kinetic and thermodynamic studies……………...79 

Table S4.1. Data collection statistics for the crystal structures of L25A and L25I PETNR 
variants….……….……………………………………………………………………………………..……..………..94 

Table S4.2. Data collection statistics for the crystal structures of I107A and I107L 
PETNR variants………………………………………………………………………………………………………..95 

Table S4.3. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for WT PETNR with NADPH and (R)-[4-2H]-NADPH……………………………………98 

Table S4.4. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for L25A PETNR with NADPH and (R)-[4-2H]-NADPH…………………………….…..98 

Table S4.5. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for L25I PETNR with NADPH and (R)-[4-2H]-NADPH………………………………….99 

Table S4.6. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for I107A PETNR with NADPH and (R)-[4-2H]-NADPH.……………………………..99 

Table S4.7. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for I107L PETNR with NADPH and (R)-[4-2H]-NADPH………………………………..99 

Table S4.8. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for WT PETNR with NADH and (R)-[4-2H]-NADH……………………………………100 

Table S4.9. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for L25A PETNR with NADH and (R)-[4-2H]-NADH……………………………….….100 

Table S4.10. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for L25I PETNR with NADH and (R)-[4-2H]-NADH……….………………………….100 

Table S4.11. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for I107A PETNR with NADH and (R)-[4-2H]-NADH………………………….………101 

Table S4.12. Temperature dependence of the observed rate constants (kobs) of FMN 
reduction for I107L PETNR with NADH and (R)-[4-2H]-NADH……………………………..…..101 

Table S5.1. Forward and reverse primers sequences used for site-directed 
mutagenesis of PETNR and MR……………………………………………………………………………..127 



 
10 

 

Table S5.2. Kinetic parameters for the reductive half reaction of PETNR variants with 
NADH…………………………………………………………………………………………………...………………145 

Table S5.3. Kinetic parameters for the reductive half reaction of PETNR variants with 
NADPH……………….……………………………………………………………………………………..………….146 

Table S5.4. Kinetic parameters for the reductive half reaction of MR variants with 
NADH……………..…………………………………………………………………….………………………………147 

Table S5.5. Kinetic parameters for the reductive half reaction of MR variants with 
NADPH……………….………………..………………………………………………….…………………..……….147 

 

  



 
11 

 

Abstract 

Understanding the physical basis of enzyme catalysis is critical for deciphering the 

physiological function of enzymes, and for driving developments in contemporary 

areas of research, including de novo enzyme design for biotechnology and synthetic 

biology applications. The increasing knowledge of enzyme structure and mechanisms 

has led to a shift in the production of fine chemicals from traditional synthetic 

methods to more environmentally friendly and sustainable approaches. One of the 

most widely employed chemical reaction in industry for which biocatalytic routes are 

greatly explored is the asymmetric reduction of activated C═C bonds, which can be 

catalysed by members of the Old Yellow Enzyme family of ene-reductases. One such 

member is pentaerythritol tetranitrate reductase (PETNR), a flavin mononucleotide 

(FMN)-dependent enzyme that uses NADPH (and, less efficiently, NADH) as ancillary 

hydride donor. Previous kinetic studies of PETNR have inferred that quantum 

mechanical tunnelling and fast protein dynamics contribute to the enzymatic hydride 

transfer step from NAD(P)H to the FMN cofactor. Herein, the molecular basis of 

PETNR reactivity and specificity towards nicotinamide coenzymes is addressed using 

a wide range of experimental techniques, including mutagenesis, stopped-flow rapid 

kinetics, X-ray crystallography, temperature dependence/kinetic isotope effect 

studies of reaction rates, and NMR spectroscopy. 1H, 15N and 13C backbone 

resonance assignments of PETNR are reported, along with NMR studies evaluating 

the differences in binding modes of NADPH and NADH coenzymes to PETNR. An 

investigation of H-transfer mechanism in PETNR through mutagenesis of second 

sphere ‘noncatalytic’ residues (L25 and I107) is also presented, and it is the first study 

probing the role of (rather distal) hydrophobic side chains and dynamics in 

controlling rates of enzymatic H-transfer catalysed by PETNR. The last section details 

kinetic studies of rationally designed variants of PETNR and morphinone reductase 

(MR), another member of the OYE family, which enabled determination of the basis 

of coenzyme recognition in these two ene-reductases. The approaches developed 

herein should find wider application in related studies of enzymatic H-transfer 

reactions and coenzyme specificity studies of other OYE ene-reductases.  
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1. Introduction 

Understanding the physical basis of enzyme catalysis is a central goal of modern 

enzymology, and it could further development in contemporary areas of research, 

such as biotechnology and synthetic biology. Much or our understanding of enzyme 

function is derived from traditional biochemical kinetic studies, and it is now 

exponentially amplified by the large availability of novel cell biology, spectroscopic 

and crystallographic techniques. We are getting closer and closer to develop 

(bio)physical models that provide answers to the central fundamental question that 

concerns every enzymologist: What makes enzymes Nature’s best catalysts? 

However, is it likely that the answer might not be universal, as a growing number of 

studies are unravelling an expanding complexity of physical phenomena governing 

enzyme catalysis. This thesis is only a small contribution towards understanding the 

physical basis of enzyme catalysis (and, naturally, adding a bit more complexity to it), 

and dives into using this understanding for contemporary goals, such as developing 

better biocatalysts. In particular, the thesis addresses the molecular basis of ene-

reductases reactivity and specificity towards nicotinamide coenzymes. This 

introductory section, far from being exhaustive, provides general context to the 

experimental work undertaken. 

1.1. Background 

Proteins are one of the four classes of biomacromolecules essential for life. Acting as 

sophisticated molecular machines, proteins are involved in virtually every biological 

process, from maintaining the electrochemical potential across cell membranes1 to 

catalysing a myriad of chemical reactions that make up the cellular metabolism.2,3 At 

primary level, proteins can be defined as a series of L-amino acids sequentially linked 

through peptide bonds in a definite sequence. Almost universally, this amino acid 

sequence, and mainly the arrangement of the amino acid side chains, determines 

the unique three-dimensional (3-D) structure of each protein, also known as the 

native state of the protein (i.e. the folded operative form that provides the protein 

function).4 Protein folding happens concomitantly to protein synthesis (translation) 



 1. Introduction 

 
19 

 

at the ribosome, and it is characterised by a specific conformational sampling 

processes through a rugged energy landscape, which allows for the energy-rich, 

disordered polypeptide chain to adopt a defined 3-D structure characterised by a 

free energy minimum.5–9 The molecular understanding of protein folding, structure 

and function was revolutionized by the seminal X-ray crystallography studies 

performed on myoglobin, the first globular protein for which a 3-D model was 

proposed in 1958.10 Apart from being a stepping stone to a whole new field of 

structural protein studies by X-ray diffraction, this pivotal work anticipated the 

intricacies of protein folding that are still baffling scientists. Referring to the structure 

of the small globular myoglobin protein, Kendrew et al. wrote: “Perhaps the most 

remarkable features of the molecule are its complexity and its lack of symmetry. The 

arrangement seems to be almost totally lacking in the kind of regularities which one 

instinctively anticipates, and it is more complicated than has been predicated by any 

theory of protein structure”.10 Since the first pioneering insights into the tertiary and 

quaternary features of proteins,10–12 the development of state-of-the-art X-ray 

crystallographic methods and equipment, as well as the advances in novel structural 

biology techniques, such as nuclear magnetic resonance spectroscopy (NMR) and 

electron microscopy, have furthered our understanding of protein structure. 

However, despite this wealth of structural data (> 100,000 protein structures in the 

Protein Data Bank13), the prediction of protein folding from amino acid sequence is 

still a major challenge for structural and computational biologists.14 Moreover, the 

prediction of protein function from structure is equally challenging.15,16  

A particularly important class of proteins are the enzymes, which provide the 

essential role of catalysing chemical reactions in cells. Enzymes are able to catalyse 

biochemical reactions with extraordinary selectivity and specificity and, in some 

cases, with extreme efficiency (rates > 1021 order of magnitude higher than for the 

non-catalysed solution reaction have been reported).17–19 Intrinsically, 

understanding the physical basis of enzyme catalysis is critical for deciphering the 

physiological function of enzymes, and for broader scope, such as in drug discovery 

and for driving developments in contemporary areas of research, including de novo 

enzyme design for biotechnology and synthetic biology applications. Similar to all 
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protein-ligand interactions, the mechanism of interaction of an enzyme with its 

substrate has been historically described by two main models. The “lock-and-key” 

model, which was initially proposed by Fischer in 1894, emphasized the importance 

of shape complementarity between the two structures.20 However, the observed 

structural changes between the bound form of a protein and the unbound, ligand-

free form, indicated the invalidity of this early model of enzymatic catalysis, and led 

to the proposition of the “induced fit” model by Koshland in 1958.21 This latter model 

accounts for this type of plasticity (flexible binding of proteins), in which the ligand 

is postulated to induce a conformational change at the interaction site upon binding. 

Although the latter accounts for protein conformational changes, both models 

suppose that proteins exist in a single, defined stable conformation. However, 

proteins have been observed to sample a vast ensemble of conformations,22 and are 

now accepted to have inherent “dynamic personalities”.23–32 Thus, the alternative 

“conformational selection” model for protein-ligand interactions has emerged, 

which accounts for the conformational heterogeneity of proteins in solution, and 

proposes that higher energy conformations (though less populated) could be 

responsible for ligand recognition.33 Overall, this shift in concept illustrates the 

gradual recognition of dynamic contributions to protein function and enzyme 

catalysis.34–38 

When it comes to understanding the (sometimes astonishing) efficiency of enzymes 

at catalysing chemical reactions, Pauling’s transition state (TS) theory is the best 

known model of enzyme action.39 The trajectory of a chemical reaction, i.e. 

substrate-to-product transformation, is accepted to (almost always) involve passing 

through a transition state, which can be defined as an unstable structure poised 

between the chemical structures of the substrates and products.40 The TS can be 

regarded as the configuration along the reaction coordinate that bears the highest 

potential energy. Enzymes are recognised to work by lowering the activation energy 

of a chemical reaction (Figure 1.1), and their mechanism of action is known to involve 

stabilization of the transition state through electrostatic contributions and hydrogen 

bonding.41–43  
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Figure 1.1. The classical transition state theory model of catalysis. The curves represent a two-

dimensional potential energy surface for an enzymatic catalysed reaction (green) and for the same 

chemical reaction in solution (blue). The energy maxima along the reaction coordinate is the transition 

state (denoted TS). According to the TS theory, the enzyme contributes to catalysis by stabilizing the 

TS, thus lowering the energy required by the reactants to reach TS. 

The transition state is thought to be essential for the biological function of enzymes, 

so the design of TS analogues as powerful enzymatic inhibitors is one of the most 

researched avenues in pharmaceutical industries (as up to one-third of current drugs 

act as enzyme inhibitors).44–46 Enzyme transition states are, however, very short 

lived, having typically femtoseconds (fs) lifetimes (the time required for bond 

breaking/formation and electron distribution),47,48 while the functional turnover 

number of an enzyme is usually 1012 longer, often on the millisecond (ms) 

timescale.44 While characterisation of the catalytic turnover of an enzyme can be 

done effortlessly in most of the cases, the very short lived nature of the TS makes it 

highly challenging to trap actual enzymatic TS complexes using available 

crystallographic techniques (though a recent study making use of genetically 

encoded noncanonical amino acids exemplifies the direct observation of the TS for 

biphenyl bond ration in a computationally designed protein49). 

From the first proposition in 1958 by Koshland of the “induced fit” model for protein-

ligand interactions,21 a growing number of experimental studies (often supported by 

computation) have indicated the contribution of protein dynamics in enzyme 
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turnover.50–59 However, the study of protein dynamics is still a challenging area of 

research, as conformational changes can occur over a broad range of timescales and 

directionalities, and no single spectroscopic method can cover the whole fs-s array 

whilst allowing atomic visualisation of a molecule (Figure 1.2). 

 

Figure 1.2. The energy landscape of a protein represented through the amplitude and timescale of 

protein motions. (A) One-dimensional cross section of the multidimensional energy landscape of a 

protein. The equilibrium between two conformational states (depicted herein in blue and green) can 

be perturbed by temperature, pressure, mutagenesis, ligand binding, etc. (B) Timescale of dynamic 

processes in proteins. 

Slow (ms-s) protein conformational transitions have been shown to facilitate gating 

of chemical steps and substrate binding/products release steps, through productive 

positioning of cofactors, catalytic residues or inorganic ions. These type of motions, 

often attributed to large-scale protein domain motions, have been often identified 

using NMR methodologies.60,61 In contrast, the role of fast protein motions, occurring 

on the picosecond-nanosecond (ps-ns) timescale, in enzymatic catalysis is more 
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contentious, as currently available spectroscopic probes are not allowing their direct 

observation. Therefore, direct coupling of fast (fs-ns) dynamics to chemistry is mostly 

inferred from kinetic isotope effect (KIE) studies and predicted by computational 

analysis such as transition path sampling,62–67 but this area of research is still under 

intensive debate (with others questioning the validity of models of catalysis involving 

dynamic contributions68–70). Regardless, it is becoming rather apparent that our 

inability to predict protein folding from amino acid sequence or protein function and 

enzymatic mechanisms from structure is highly related to our limited understanding 

of the contribution of protein dynamics to all these (bio)chemical events. 

1.2. Fast protein dynamics and biological hydride transfer 

Hydrogen transfer is one of the most ubiquitous biological reactions. In recent years, 

particular attention has been given to assess relative contributions of protein 

dynamics to enzymatic catalysis involving hydrogen transfer steps. Biological 

hydrogen transfer can refer to the transfer of a hydride, a hydrogen atom or a 

proton. Hydride transfer (further denoted as H-transfer) is usually defined as the 

transfer of two electrons and one proton from a donor molecule to an acceptor 

molecule. This definition distinguishes hydride transfer from two other similar 

biological reactions, hydrogen atom transfer (involving transfer of one proton and 

one electron from a donor to an acceptor) and proton-coupled electron transfer 

(PCET, involving the coupled transfer of protons and electrons coming from different 

donors to an acceptor).71  The properties of hydrogen, relating to the wave-particle 

duality of matter and largely dictated by its small mass, enable effects such as 

quantum mechanical tunnelling (QMT) to play important roles in H-transfer catalysis. 

Tunnelling can be described as a phenomenon in which a particle crosses the energy 

barrier between the reactant and products without needing to acquire the energy 

required to reach the TS (Figure 1.3). Tunnelling is a mass-dependent phenomenon 

often investigated through KIE studies, the measure of ratio of reaction rates using 

different isotopes (e.g. hydrogen/deuterium).72 
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Figure 1.3. Simplified illustration of quantum mechanical tunnelling in enzymatic H-transfer. The 

classical view of TS theory considers reactions proceed by overcoming an energy barrier, equal to the 

difference between the energy of the TS and the ground state of the reactants. Thus, the rate 

determining factor is given by this energy difference (the height of the potential energy barrier). 

Contrary, QMT supposes the crossing of a particle through the potential energy barrier, as an effect 

of the wave-particle duality formalism, making the width of the barrier the key determinant of the 

reaction rate. As a mass dependent phenomenon, tunnelling is less likely for a heavy isotope (2H, blue 

dashed line) than for a 1H (green dashed line). Thus, QMT explains what gives rise to elevated KIEs. 

The ensemble of reactants that achieve the energetics and distances compatible with tunnelling is 

often referred to as “tunnelling-ready” configurations.  

The enhancement of enzymatic reaction rates as a results of significant QMT 

contributions cannot be readily explained by the TS theory, which led to the 

emergence of many theories that consider QMT of the transferred particle.73 It is 

now widely accepted that quantum mechanical tunnelling (QMT) plays an important 

role in enzymatic reactions.74 In recent years, new theoretical frameworks that 

couple QMT with protein motions have been developed.75–78 Temperature 

dependence studies of kinetic isotope effects (KIEs) for many biological reactions 

have shown that KIE values exhibited cannot be explained by corrected transition 

states theories that take into account QMT. Thus, new models such as the 

environmentally coupled hydrogen tunnelling models have been developed, which 

take into consideration the contribution of protein dynamics to the reaction rate.78 

Although there is a general acceptance (with few exceptions79) of the contribution 
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of H-tunnelling to the reaction rate of enzymatic reactions, the role of protein 

motions in catalysis is still under debate.69,70 

The majority of studies that infer a direct coupling between fast (fs-ns) protein 

dynamics and reaction chemistry are based on the interrogation of reaction 

mechanisms through the use of kinetic isotope effects (KIE), and are often supported 

by computational analysis such as transition path sampling. Overall, experimental 

work involves perturbation of dynamics modes through mutagenesis and through 

mass perturbation. The use of isotopically labelled substrates to probe reaction 

mechanism has the major advantage of offering special resolution, as deviations in 

kinetics can be directly attributed to perturbation induced by the isotopically 

substituted atom. Moreover, the temperature dependence of KIEs on reaction 

kinetics is the most widely used probe of quantum mechanical tunnelling (QMT) in 

H-transfer reactions. Some interpretations of the temperature dependence of KIEs 

have inferred a role for distance sampling dynamical contributions to facilitate the 

tunnelling reaction.65–67,80,81 The temperature dependence of the KIE has also been 

attributed to modulation of donor-acceptor distance (DAD) distributions and 

perturbation of high-frequency motions, or disruption of dynamic networks that 

extend to remote residues within the enzyme.82,83 Many of these studies involved 

variant enzymes, which have also been used to perturb active site structure and 

probe effects on reaction mechanism/dynamical contributions using a number of 

enzyme systems. Several studies have addressed these topics, and model enzyme 

systems that have been probed through mutagenesis include dihydrofolate 

reductase, soybean lipoxygenase-1, thymidylate synthase and morphinone 

reductase.84–88 More recently, experimental KIE measurements have been 

diversified through the use of high pressure and “heavy enzymes” (2H, 13C, and/or 

15N isotopically labelled enzymes).89–96 For the particularities of H-transfer reactions, 

it can be observed that the debates regarding the role of protein dynamics in these 

reactions are only challenging the development of better experimental and 

theoretical tools to address this topic.64,97  
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1.3. The versatility of flavin cofactors and flavoenzymes 

A vast proportion of enzymes require cofactors to be functional. Cofactors can thus 

be defined as “co-catalysts” that are required for the activity of an enzyme, and can 

be broadly classified in two groups: coenzymes (organic non-protein molecules that 

are released during the catalytic cycle, e.g. NAD(H) and NADP(H)) and prosthetic 

groups (small molecules bound to the protein, often in a non-covalent manner). With 

an estimated 1% of the total eukaryotic and prokaryotic genome encoding flavin-

binding proteins, flavin cofactors are one of the most prevalent prosthetic groups 

found in proteins.98–100 Flavin-binding proteins are at the heart of a plethora of 

biological redox reactions, and are recognised to be involved in a wide variety of 

biological processes, such as protein folding, cell signalling, cell metabolism, immune 

defence, drug and xenobiotic metabolism, chromatin modification, biodegradation, 

DNA repair, energy production, light sensing and apoptosis.99,101–105 

Flavins cofactors are derived from riboflavin (vitamin B2) and have a yellow colour in 

their oxidised state. The two well-characterised flavin cofactors are flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD),105,106 with their 

structure shown in Figure 1.4. More recently, a third type of flavin cofactor (prenyl-

FMN) has been discovered.107–109 Prenyl-FMN is used by members of the UbiD family 

of reversible decarboxylases, which have been observed to be involved in ubiquinone 

biosynthesis, biological decomposition of lignin, and biotransformation of aromatic 

compounds.110 The catalytic core of flavin cofactors is the tricyclic dimethyl-

isoalloxazine ring, with the N5, C4a, C10a and N1 atoms as catalytically reactive 

positions (Figure 1.4), while the additional functional groups are typically responsible 

for anchoring the cofactor in the active site of the protein. Both FMN and FAD contain 

the flavin, ribitol and phosphate moieties, with FAD having an additional adenosine 

monophosphate (AMP) moiety. Even though they share the same catalytic core (the 

flavin isoalloxazine ring system), flavoenzymes are highly distinct from other 

cofactor-dependent enzymes, as they are involved in varied biological processes 

(while other cofactor-dependent systems are known to catalyse similar type of 

chemical reactions). This versatility of flavins is a result of the interaction of the 
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molecule with the active site of the protein. Flavins are typically found in non-

covalent attachment to their respective apoproteins, but covalent interactions 

between active-site residues (tyrosine, histidine or cysteine) and the flavin cofactor 

have also been observed.105 

 

Figure 1.4. The structure of natural flavins. The atomic numbering of the isoalloxazine ring (oxidized 

state) is shown on the riboflavin structure and the most relevant reactive atoms are highlighted in 

blue. The differentiating moieties of FMN and FAD cofactors are shown in green and pink, 

respectively. 

Flavoenzymes have been traditionally defined as oxidoreductases that require the 

flavin prosthetic group for their biological activity. While it is true that, for most of 

flavin-bound enzymes, the catalytic cycle consists of the oxidation of substrate, 

followed by the reaction of the reduced flavin with an electron-accepting substrate, 

(e.g. oxygen, which regenerates the oxidized state), the definition of flavoenzymes 

as oxidoreductases might be an oversimplification, given the broad variability of this 
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redox model. Regardless, a general catalytic cycle for flavoenzymes can be described 

by two half-reactions – a reductive and an oxidative half reaction, during which the 

flavin alternates between oxidized and reduced states (Figure 1.5).111 Typically, in the 

reductive half reaction (RHR), an electron/hydride donor (e.g. NADH) reduces the 

flavin cofactor, while the oxidative half reaction (OHR) involves electron/hydride 

transfer from the reduced flavin to an electron accepting partner (e.g. molecular 

oxygen). Depending on the substrate, enzyme and environmental factors (such as 

pH), the catalytic cycle of flavoenzymes can occur either through a ternary complex 

or a bi-bi ping-pong mechanism.98 In the ternary complex, the electron acceptor 

reacts with the enzyme-product complex of the RHR, while the ping-pong 

mechanism involves reaction of the electron acceptor species after subsequent to 

product release. 

 

Figure 1.5. The general catalytic cycle of flavoenzymes, comprising of a reductive half-reaction and an 

oxidative half-reaction. 

The versatility of flavins could be considered intriguing, given they all share the same 

isolloxazine ring system. However, it is the complexity of the isoalloxazine 

heterocycle that enables flavoenzymes to accept so many diverse substrates and 

perform such distinct reaction chemistries, coupled with the ability of the flavin 

molecule to exist in various redox and protonation states (Figure 1.6).112,113 This 

diversity is also augmented by the protein environment surrounding the flavin 
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cofactor, with hydrogen bonding, π-stacking, hydrophobic interactions and solvent 

accessibility ultimately governing flavin chemistry.98,114 

 

Figure 1.6. The different redox and protonation states of flavin cofactors. 

Another special feature of flavin chemistry is their ability to react with molecular 

oxygen.115 Thus, flavoproteins have been traditionally classified based on their 

reactivity towards molecular oxygen, and three main groups are defined based on 

the rate of reaction with O2 and the nature of the product. The first group comprises 

the flavin-dependent dehydrogenases/reductases, which do not react with O2, or 

react very slowly to form H2O2 (or less often, a superoxide anion such as O2
-•) as 

reaction product.115 The second and third groups comprise of the oxidases and 

monooxygenases, which readily react with molecular oxygen to form the oxidised 

flavoprotein and convert their substrates (typically amino acids or amines). Flavin-

dependent oxidases use O2 as an electron acceptor to produce H2O2, while 

monooxygenases react with O2 to yield a C(4a)−(hydro)peroxide flavin intermediate, 

which is subsequently used to insert an oxygen atom in the substrate, while 
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concurrently reducing the other oxygen atom to water.115 Compared to the latter 

classes, the lack of sensitivity of flavin-dependent dehydrogenases/reductases 

towards molecular oxygen enables these enzymes to catalyse complex redox 

reaction without the formation of radical oxygen species. 

Apart from being involved in a plethora of vital biological processes, which has driven 

a lot of research into understanding mechanistic aspects of catalysis, flavoenzymes 

are highly important for more contemporary scopes, as their versatility indicates 

suitability for use in biocatalytic processes.114 In particular, ene-reductases from the 

Old Yellow Enzyme family of oxidoreductases are one of the classes of flavin-

dependent proteins widely studied for their biocatalytic potential, and more details 

regarding their structure and mechanism is provided in the following subsection. 

1.4. The Old Yellow Enzyme family of ene-reductases 

Several families of enzymes are able to catalyse the stereoselective reduction of 

alkenes bearing an electron-withdrawing group (EWG). These enzyme families are 

known under the umbrella term of “ene-reductases” (ERs).116–118 The large majority 

of ERs belong to the NAD(P)H-dependent (NADPH- or/and NADH- dependent), FMN-

containing Old Yellow Enzyme (OYE) family of oxidoreductases.118 OYEs possess a 

very broad substrate scope, and preferentially catalyse the reduction of α,β-

unsaturated compounds bearing aldehydes, ketones or nitro functions as EWG.118 

The oxygen-sensitive clostridial enoate reductases (which contains FAD- and 

[4Fe−4S]- prosthetic groups) are another family of ERs, which show high specificity 

for substrates with carboxyl or ketone functionalities (rather weak EWG).119,120 Other 

known ERs are flavin-independent enzymes that belong to the leukotriene B4 

dehydrogenase subfamily of medium-chain dehydrogenases/reductases and the 

salutaridine/menthone reductase-like subfamily of short-chain 

dehydrogenases/reductases, enzymes that prefer aromatic and monocyclic alkenes 

bearing aldehydes or ketones EWG as substrates.121,122 

The asymmetric reduction of activated C═C bonds is a widely employed chemical 

reaction in industry for which biocatalytic routes are intensively explored. This shift 
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from traditional synthetic methods to more environmentally friendly and sustainable 

approaches in the production of chemicals has been driven by increasing knowledge 

of enzyme structure and mechanisms, augmented by developments in metabolic 

engineering and synthetic biology techniques.123–126 Therefore, extensive research 

has been dedicated to the use of ERs for the manufacture of fine chemicals. More 

and more studies have investigated the use of ERs as potential catalysts in individual 

biocatalytic reactions127, as part of enzymatic and chemo-enzymatic cascade 

reactions,128–133 , in whole cell biotransformation reactions, and in integrated 

synthetic biology pathways.134–136 ERs have also been the subject of many studies 

dedicated to improving the chemo-, regio-, and stereoselectivity of target 

compounds, or expanding the substrate scope for asymmetric bioreductions through 

site-directed mutagenesis.137–146  

As mentioned above, the majority of known ene-reductases are homologues of the 

OYE family of oxidoreductases. This family of ERs is named after its first discovered 

member, known as old yellow enzyme (OYE1), which was isolated from 

Saccharomyces pastorianus in 1932.147 OYEs are a large family of FMN-dependent 

enzymes that use NADH or NADPH nicotinamide coenzymes as ancillary hydride 

donors (see Figure A1 in Appendix for chemical structures of the coenzymes). 

Phylogenetic analysis of 63 members of this family148 revealed that OYEs can be 

classified in three classes (an updated view compared to the previous thermophilic-

like’ and ‘classical’ OYEs classification149). Class I consists mainly of monomeric OYEs 

originating from plants and bacteria that prefer α-methylated enones as substrates. 

Members of this class include pentaerythritol tetranitrate reductase (PETNR) from 

Enterobacter cloacae PB2 and morphinone reductase (MR, name given for its ability 

to reduce morphinone, see Figure A2 in Appendix) from Pseudomonas putida M10 

(both classified as EC 1.6.99.1). Based on this classification, class II OYEs are mainly 

derived from fungal species (e.g. OYE1), and suggested to have developed in a co-

driven evolution from class I. The last class comprises mostly of thermophilic-like and 

mesophilic OYEs (such as thermophilic old yellow enzyme, TOYE, from 

pseudethanolicus E39) that could have evolved convergent to class I/II, preferring 

maleimides as substrates and forming high oligomeric species in solution.148 
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OYEs share a common (α,β)8-barrel structural scaffold (a tertiary fold consisting of an 

8-fold repeat of linked α-helix and β-sheet structures), also known as 

triosephosphate isomerase (TIM) barrel.106,150,151 The particular features of this fold 

are represented by the radial arrangement of the α,β-units around a central axis, 

with the α-helices located on the outside of the barrel structure (being mainly 

solvent-exposed) and the β-sheets creating an inner hydrophobic cavity (Figure 1.7). 

The wide-open active site pocket of OYEs is mainly assembled with aromatic residues 

and it is located at the C-terminal end of this hydrophobic cavity, which contains the 

non-covalently bound FMN cofactor.152,153 The re side of the flavin prosthetic group 

is in contact with strand β1 and facing the protein (completely hidden from the active 

site), while the si side is facing the solvent access channel comprising the active 

site.154 Homologues of this family also share another structural feature, consisting of 

a large polypeptide excursion between β3 strand and α3 helix of the TIM barrel 

structure (Figure 1.7). This latter feature is, however, less conserved in terms of 

structural identity (with variants encompassing β-hairpin structural motifs or limited 

helical features148), but is theorised to regulate substrate entry to the active site.  

Despite sharing a highly conserved monomer architecture (the TIM barrel fold), OYEs 

members show rather diverse oligomeric states (ranging from monomeric solution 

states to dodecameric quaternary arrangements), and possess limited conservation 

of sequence identity (with < 15% residues conversed across all three 

classes).116,118,148 However, the residue similarity is more accentuated in the active 

site pocket. For example, the FMN cofactor is tethered by an extensive network of 

hydrogen bonds with the side chains of Thr/Cys26, His191, Arg243 and Arg348 in 

OYE1, and similar residues can be identified in the majority of OYE homologues.154 

Moreover, the His191/Asn194 pair (OYE1 numbering) is known to be involved in 

binding of both the reductive and oxidative substrates.155 The His191 residue is fully 

conserved across all OYEs, while the Asn194 (present in OYE1 and MR) is replaced 

with a histidine for other homologues, such as PETNR.148 Other moderately 

conserved residues include Tyr196, observed to function as the proton donor for the 

oxidative half-reaction in some cases (e.g. in the catalytic cycle of OYE1156). 
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Figure 1.7. Structural architecture of OYE ene-reductases. Several representative enzymes from this 

family are shown: (A) XenA (PDB:3L5L), (B) YqjM (PDB:1Z41), (C) OYE1 (PDB:1OYA), (D) PETNR 

(PDB:5LGX), (E) MR (PDB:1GWJ) and (F) TOYE (PDB:3KRU). The structure of the OYEs is illustrated in 

cartoon form (coloured orange, with the β-sheets shown in green, highlighting the TIM-barrel 

architectural fold). The FMN cofactor is shown as yellow sticks, and the polypeptide excursion 

between the β3 strand and α3 helix of the TIM barrel is shown in blue.  
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The catalytic cycle of OYEs occurs by a single-site ping-pong mechanism, comprising 

of a reductive half-reaction and an oxidative half-reaction, in the same manner as 

described in Section 1.3 for all flavoenzymes. In particular, the RHR in OYEs consists 

of hydride transfer from the C4 pro-R hydrogen atom of the NAD(P)H coenzyme to 

the N5 atom of the FMN cofactor,157 while the OHR comprises transfer of reducing 

equivalents from FMN to an oxidizing substrate, typically an α,β-unsaturated alkene 

(Figure 1.8). 

 

Figure 1.8. General catalytic cycle of OYE ene-reductases, comprising of a reductive half-reaction and 

an oxidative half-reaction. The RHR is represented by H-transfer from a nicotinamide coenzyme to the 

flavin cofactor, while the OHR comprises of asymmetric hydrogenation of an α,β-unsaturated 

substrate bearing an electron-withdrawing group (denoted as X). 

The catalytic mechanism has been thoroughly investigated in many OYEs, as many of 

these steps can be readily observed using UV-vis spectroscopic techniques (in 

particular, stopped-flow spectroscopy), given the colour transition of the FMN 

cofactor from yellow (in oxidized form) to almost colourless (in reduced form). 

Briefly, the initial step of coenzyme binding can be observed by the formation of a 

charge (CT) transfer complex that absorbs light in the 520-600 nm range when rapidly 

mixing an OYE with the NAD(P)H.158–160 The increase in absorbance at ~ 555 nm upon 

coenzyme binding can be tracked experimentally, enabling determination of the 

rates of CT complex formation (which are normally > 100 s-1).159 Moreover, the 

relative change in the extinction coefficient at 555 nm was reported to correlate with 

changes in the donor-acceptor distance in the enzyme:coenzyme complex, which 
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enables deeper understanding of the reaction chemistry.161 Upon formation of the 

CT complex, the hydride transfer between coenzyme and the FMN cofactor takes 

place, which can be kinetically resolved from the decay in absorbance at 464 nm, the 

spectral characteristic maxima for protein-bound FMN.158,160 Prior to the OHR, 

dissociation of the NAD(P)+ from the active site takes place. Next, hydride transfer 

from the reduced FMN cofactor (along with proton transfer from an active site 

residue or bulk solvent) to the α,β-unsaturated substrate closes the catalytic cycle, 

restoring the oxidised form of the enzyme.  

The versatility of OYEs comes from their remarkable ability to accept a very wide 

range of oxidising substrates. The main requirement for the substrate is the presence 

of activating electron-deficient group. OYEs have been observed to drive the 

reduction of α,β-unsaturated aldehydes, ketones, carboxylic acids, and other 

substrates, such as nitrate esters, nitroaromatic explosives and cyclic triazines.117,149 

During reduction of an α,β-unsaturated substrate, the activating EWG facilitates the 

asymmetric reduction of the C═C bond, with a trans-addition of 2 H: the proton from 

the N5 atom of the reduced FMN is transferred to the Cβ of the substrate and a 

protein/solvent-derived proton is transferred to the Cα atom.149 This step is the 

slowest in the reaction cycle, and considered rate-limiting in the catalytic turnover 

of OYEs. 

1.5. Pentaerythritol tetranitrate reductase 

PETNR is a monomeric 40 kDa flavoenzyme and is one of the well-characterised 

members of the Old Yellow Enzyme family of ene-reductases. PETNR was originally 

isolated from an Enterobacter cloacae PB2 strain, a bacteria that was thriving on soil 

contaminated with explosives.162 The name of the enzyme was given upon 

observation of its ability to degrade nitrate esters, such as pentaerythritol 

tetranitrate (PETN, see Figure A2 in Appendix), and to use these explosive substrates 

as sole source of nitrogen. Similar to the OYE class of enzymes, catalysis by PETNR 

takes place via a ping-pong mechanism, using NADPH as the preferred hydride donor 

source. However, PETNR has dual-specificity, as it can also be reduced by NADH 

(although less efficiently). As for the majority (if not all) of the enzymes belonging to 



 1. Introduction 

 
36 

 

the OYE family, the specific biological role and physiological substrate for PETNR are 

unknown. Nevertheless, PETNR possesses a broad substrate specificity, and it can 

catalyse the reduction of a wide variety of α,β-unsaturated compounds, often with 

high enantioselectivity towards desired products.138,163,164 The substrate scope 

includes 2-cyclohexenone (a highly generic target for many OYEs, see Figure A2 in 

Appendix), several steroids, cyclic triazines, various explosives (e.g. PETN, 

trinitrotoluene) and nitrate esters (e.g. nitroglycerin).145 Moreover, several studies 

have shown that broadening of the substrate scope for asymmetric bioreductions, 

as well as improvements in the chemo-, regio- and stereoselectivity of target 

compounds, can be achieved through mutagenesis of relevant active-site 

residues.138 This versatility of PETNR, along with its high stability and ease of 

production, offers it high potential to be used in biocatalytic processes. 

The crystal structure of PETNR has been elucidated and is highly representative of 

the TIM barrel fold characteristic to all OYEs (Figure 1.7 and 1.9). The distinguishing 

feature is the presence of a β-hairpin motif that is capping the active-site channel, 

which is located along the polypeptide excursion between the β3 strand and α3 helix 

of the TIM barrel. 

 

Figure 1.9. Active site of PETNR flavoenzyme. The FMN cofactor and relevant active-site residues are 

shown as sticks (yellow and pink carbons, respectively), with secondary structural features shown as 

cartoons (PDB:5LGX). 
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Initial studies of the reductive half-reaction of PETNR have shown that the hydride 

transfer proceeds ~15X slower when NADH is used as coenzyme instead of NADPH, 

even though the binding mechanism is thought to be almost identical for both 

substrates.159 Temperature and pressure dependence studies of primary KIEs 

suggest that the H-transfer from NADPH is facilitated by a “soft” promoting vibration, 

while in the case of NADH reaction, there is either a “hard” promoting vibration or 

there is no vibration connected to the reaction coordinate.95 The existence of 

promoting vibrations that assist H-tunnelling in the hydride transfer from NADPH to 

the flavin in PETNR is inferred from the temperature dependent KIE values and also 

from the pressure dependence data, which presents a positive curvature in the 

KIE.165 Furthermore, the role of fast protein dynamics in H-transfer reactions can also 

be probed by comparing temperature dependencies of KIEs between a wild-type 

enzyme and its corresponding “heavy” (13C, 15N, and 2H) isotope labelled variant, as 

the overall structure of the protein and the reaction geometry is not affected by 

isotope labelling. The KIE temperature dependence for FMN reduction with NADPH 

is perturbed in the case of heavy labelled PETNR, with a direct correlation between 

mass of the enzyme and the temperature dependence of KIEs, which accounts for a 

direct coupling between protein vibrations and the reaction coordinate.166 A recent 

study involving PETNR isotopologues (in which the protein and/or the FMN cofactor 

are 2H, 15N, and 13C isotopically labelled) suggests that vibrations local to the active 

site play a role in the H-transfer chemistry.96 Moreover, fluorescence lifetime 

measurements of the FMN cofactor show differences between the different PETNR 

isotopologues (“light” vs. “heavy” enzyme) on the ns-ps timescale, suggesting 

isotope effects could arise from the contribution of protein vibrations on these fast 

timescales.96 
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1.6. The use of NMR to study protein structure and dynamics 

Nuclear magnetic resonance spectroscopy is a powerful experimental technique for 

studying both protein structure and dynamics, as it covers a timescale of over 17 

orders of magnitude (10-12 to 105 s), enabling visualization of dynamics from fast 

backbone and side chain motions to large scale domain motions.60 Using innovative 

labelling strategies, almost any atomic site can be probed by NMR and, most often, 

the kinetic and thermodynamic profile of the processes involved can be studied. The 

recent advances in NMR have made it possible to determine protein structures at a 

resolution comparable to that obtained from crystal structures, using higher 

dimensional techniques (2D, 3D and 4D NMR).167,168 The main steps in structure 

determination by NMR consists of sequential resonance assignment, torsion angle 

determination, stereospecific assignment at chiral centres, identification of 

connectivities between protons through space and calculation of 3D structures using 

experimental NMR restraints.169 Protein dynamics studies seek an in-depth 

understanding of the atomic vibrations that proteins undergo, from picosecond 

backbone and side chain fluctuations to slow breathing modes that occur on the 

second-minutes timescale. On the ps-ns timescale, fast backbone and side chain 

motions can be readily followed using spin relaxation techniques, by measuring the 

longitudinal relaxation rate (R1), the transverse relaxation rate (R2) and the Nuclear 

Overhauser Effect (NOE).170 Moreover, relaxation dispersion NMR experiments can 

detect conformational exchange on a slower timescale, being able to grasp 

information about “excited” states (transient conformational species with <1% 

population and μs-ms lifetime) that are essential for protein function.171 Another 

new tool used in NMR to study structure and function of proteins in solution is 

represented by residual dipolar couplings (RDCs). RDCs are complementary to the 

use of NOEs to provide structural insight and restraints in molecular dynamics 

simulations, providing information about long-range distance restraints, like angles 

between bond vectors.172–175 Enzymes can be regarded as highly dynamics systems 

and NMR, as an ensemble technique, can provide a vast complexity of information 

in the current era of enzyme dynamics.  
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1.7. Aims of the thesis 

The overarching objective of the project is to understand the molecular basis of ene-

reductases specificity towards nicotinamide coenzymes. Specifically, the focus of 

these studies is on the reductive half-reaction of PETNR (with limited studies of MR 

presented in Section 5). The preferred reactivity and specificity of PETNR towards 

NADPH, when compared to NADH, is addressed using a wide range of experimental 

techniques, such as mutagenesis, stopped-flow rapid kinetics, X-ray crystallography, 

isotope/temperature dependence studies of reaction rates and NMR spectroscopy. 

Some of the work described in the thesis are developments of previous NMR and 

stopped-flow studies176,177, and expand the array of methods used to probe H-

tunnelling mechanism on PETNR (as detailed in Sections 1.3 and 1.5) through the use 

of NMR and mutagenesis probes. A more detailed depiction of the aims of the thesis, 

along with how these aims are covered in the following experimental sections 

(Sections 2-5), is provided below. 

Section 2 presents methodologies for isotopic labelling of flavoenzymes and their use 

in probing reaction mechanisms through NMR and KIEs studies. The approaches 

described herein establish a strong foundation for the work undertaken in Sections 

3-4. In particular, a detailed description of developed experimental strategies that 

ensure appropriate levels of back exchange of amide protium atoms for 2H, 13C, 15N-

labelled flavoenzymes can be found within this section. 

Section 3 presents the 1H, 15N and 13C backbone resonance assignments of PETNR. 

Backbone resonance assignment are the basis of any protein structural NMR study, 

and this is the first report of an NMR structural study of a member of the OYE family 

of ene-reductases. Near-complete, sequence-specific 1H, 15NH, 13Cα, 13Cβ and 13C’ 

backbone resonance assignments of PETNR (holoenzyme form) are reported, with 

details regarding the methodology used, which involves the use of heteronuclear 

multidimensional NMR spectroscopy. This section provides a basis for Section 4, 

which conveys further structural and functional NMR studies of PETNR. 
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Section 4 presents the investigation of H-transfer mechanism in PETNR through 

mutagenesis of second sphere ‘noncatalytic’ residues (L25 and I107). The effect of 

mutagenesis on the RHR of PETNR is probed using a combination of experimental 

approaches that enable analysis of subtle kinetic changes. This is the first study of H-

transfer mechanism in PETNR through mutagenesis, and discusses the role of (rather 

distal) hydrophobic side chains and dynamics in controlling rates of enzymatic H-

transfer. The section exemplifies how the use of synergistic experimental approaches 

can aid interpretation of kinetic data and unmask kinetic complexities that are 

normally hidden in traditional H-transfer studies, such as those involving steady-

state turnover measurements. 

Section 5 addresses a central question regarding the OYE family: What determines 

coenzyme specificity in this large family of ene-reductases? Structural NMR data 

(presented in Sections 3-4) and previously reported X-ray crystallographic data are 

used to rationally design variants of PETNR and MR, two homologues belonging to 

the OYE family. Stopped-flow spectroscopic studies of the RHR of PETNR enable 

determination of the basis of coenzyme recognition in PETNR. Furthermore, the 

findings are used to rationally tune and switch coenzyme specificity by protein 

engineering in the related NADH-dependent morphinone reductase. The section 

illustrates how protein engineering can be used to tune coenzyme specificity across 

the OYE family of oxidoreductases to facilitate future applications in biocatalysis and 

cell factory engineering. 
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2.1. Abstract 

The incorporation of stable isotopes into proteins is beneficial or essential for a range 

of experiments, including NMR, neutron scattering and reflectometry, proteomic 

mass spectrometry, vibrational spectroscopy and “heavy” enzyme kinetic isotope 

effect (KIE) measurements. Here, we present detailed protocols for the stable 

isotopic labelling of pentaerythritol tetranitrate reductase (PETNR) via recombinant 

expression in E. coli. PETNR is an ene-reductase belonging to the Old Yellow Enzyme 

(OYE) family of flavoenzymes, and is regarded as a model system for studying hydride 

transfer reactions. Included is a discussion of how efficient back-exchange of amide 

protons in the protein core can be achieved and how the intrinsic flavin 

mononucleotide (FMN) cofactor can be exchanged, allowing the production of 

isotopologues with differentially labelled protein and cofactor. In addition to a 

thorough description of labelling strategies, we briefly exemplify how data analysis 

and interpretation of “heavy” enzyme KIEs can be performed. 

2.2. Introduction 

The substitution of natural abundance isotopes within a biomacromolecule with 

their heavier counterparts (such as 2H, 3H, 13C, 14C, 15N, 18O, etc.) has enabled a 

deeper understanding of the structure and function of a wealth of biological systems. 

The use of isotopically labelled proteins (and, in particular, of deuterated proteins) 

originated in the 1960s from the need to reduce complexity and increase resolution 

of nuclear magnetic resonance (NMR) spectra.178–181 Starting as a necessity to access 

structural information from NMR studies, stable isotope labelling of 

biomacromolecules, along with developments in NMR methodologies, enabled an 

exponential expansion in the number of studies dedicated to the structure and 

function of proteins in solution. Concomitant with the advances in NMR techniques, 

developments in molecular biology resulted in E. coli becoming a preferred organism 

of choice for the production of recombinant proteins (or at least, for those proteins 

that do not require post-translational modifications). As one of the most 

characterised protein synthesis machineries, E. coli is also the most utilised system 
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for expressing isotopically labelled proteins, given its relatively rapid growth in 

minimal media, including 2H2O (D2O) solutions.182  

The necessity to study eukaryotic proteins that are not readily expressed in E. coli or 

other bacterial strains has recently driven developments in heavy atom labelling 

using insect cells or mammalian expression systems (such as adenoviral vector-based 

systems) as expression hosts.183,184 Furthermore, a growing number of publications 

feature cell-free expression systems.185,186 Apart from the now vast choice of 

expression hosts available that can incorporate heavy atoms, there are many 

variations in which proteins can be labelled with stable isotopes: uniform or partial 

isotopic labelling,187 site-specific labelling,188 selective labelling92,189 and segmental 

labelling.190 It seems that there is a lot of choice available when it comes to selecting 

methods of producing isotopically labelled proteins, and also types of labelling 

schemes, as required for particular techniques. Nevertheless, peculiarities still exist 

for each class of proteins, and it is not uncommon to notice that a highly established 

protocol for incorporating heavy atoms into one protein could not be readily 

replicated for another related protein. 

While a wealth of developments has stemmed from the need to facilitate structural 

and dynamic NMR studies, the use of isotopic labelling schemes for proteins has 

expanded well beyond this primary scope. Isotopically labelled biomacromolecules 

are now commonly used in studies involving a large number of techniques, including 

small-angle neutron scattering, proteomic mass spectrometry, neutron 

reflectometry and site-directed vibrational spectroscopy.188,191–193 Recently, the 

scope of isotopically labelled enzymes has extended even further, with “heavy” 

(primarily 2H, 13C and 15N labelled) enzymes being now used to probe dynamical 

effects on the chemical step. This approach was popularised by Silva et al. in 2011, 

with the introduction of the concept of a Born-Oppenheimer enzyme.91 A Born-

Oppenheimer enzyme can be defined as an enzyme that is labelled with heavy atoms 

(2H, 13C and 15N), and the isotopic substitution is postulated to reduce femtosecond 

bond vibration frequencies, while not affecting electrostatic properties of the 

enzyme. These experiments showed that, as computationally predicted, the increase 
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in the mass of the purine nucleoside phosphorylase (PNP) enzyme by isotopic 

substitution led to a decrease in the rate of the chemical step as a result of the 

decreased probability of transition-state barrier crossing.91 The observation is 

consistent with coupling of the vibrational modes of the protein with the transition 

state, which is distorted in the “heavy” enzyme (compared to the “light”, natural 

abundance unlabelled enzyme). Since this first study, more studies have been 

dedicated to probing the role of dynamics in the phosphorolysis step catalysed by 

PNP.54,63,92,194 Moreover, several other enzyme systems catalysing diverse catalytic 

steps, such as proton transfer,195 hydride transfer,94,96,166,196,197 and hydrolysis198,199 

have been investigated using isotopically labelled enzymes, and measurements of 

the enzyme isotope effect have shown that catalytic rates are typically affected by 

isotopic substitution. The approaches used and the findings of these studies have 

been recently reviewed by Kholodar et al. and Swiderek et al.200,201 

Herein, we will focus on discussing methodologies we have employed for the isotopic 

labelling of pentaerythritol tetranitrate reductase (PETNR), an ene-reductase from 

the Old Yellow Enzyme (OYE) family of flavoenzymes. PETNR is regarded as a model 

system for studying hydride transfer reactions, and is a flavin mononucleotide 

(FMN)-containing enzyme, which catalyses hydride transfer (H-transfer) from 

NAD(P)H to a wide range of activated α,β-unsaturated substrates via a bi-bi ping-

pong mechanism that uses the FMN cofactor.157,159,160 The H-transfer mechanism 

from NAD(P)H coenzyme to the FMN cofactor (known as the reductive half-reaction 

of the catalytic cycle, RHR) has been extensively studied using temperature and 

pressure dependence studies of coenzyme deuterium kinetic isotope effects 

(KIEs).95,166 More recently, KIEs between “heavy” and “light” PETNR have been 

studied,166 and differential labelling of the enzyme was used to study the different 

contribution of protein and cofactor vibrational modes to catalysis.96 Moreover, 

PETNR is the first enzyme belonging to the OYE family of ene-reductases for which 

near-complete 1H, 15N and 13C backbone resonance assignments have been reported, 

which opens new avenues for investigating functional dynamics through structural 

NMR studies.202 In this chapter, we will describe experimental methods used for 

isotopic labelling of PETNR, from production of the labelled enzyme to efficient 
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methods used for FMN exchange, which enable kinetic studies of PETNR 

isotopologues (such as “light” apoenzyme-“heavy” FMN). We will also cover aspects 

regarding the distribution of “heavy” atoms in PETNR, and present methods for 

efficient deuterium-hydrogen (D-H) exchange of backbone amides, which are 

essential for structural NMR studies. These methods can be readily applied to other 

enzymes from the Old Yellow Enzyme (OYE) family of oxidoreductases, given their 

highly similar architecture,118,148 and we expect that the protocols presented herein 

can be readily adapted for efficient labelling/cofactor exchange of other 

flavoenzymes. The last section of this chapter is dedicated to the recent applications 

of “heavy” PETNR in studying dynamical contribution to enzyme catalysis and will 

focus on data analysis and interpretation of KIEs when using “heavy” enzymes. 

2.3. PETNR as a model flavoenzyme from the OYE family 

PETNR is a monomeric 40 kDa enzyme that possesses broad substrate specificity, and 

it can catalyse the reduction of a wide variety of α,β-unsaturated compounds, often 

with high enantioselectivity towards desired products.138,163,164 This promiscuity 

gives PETNR high potential to be used in biocatalytic processes. Moreover, PETNR is 

regarded as a model system for studying biological hydride transfer mechanisms. 

Several kinetic studies have indicated that quantum mechanical tunnelling 

contributes to the enzymatic hydride transfer step from NAD(P)H to the FMN 

cofactor, and fast (ps-ns) protein dynamics have been inferred to contribute to 

catalysis from the temperature and pressure dependence of the deuterium KIE on 

the RHR.95,157,203 Recently, we developed an approach to generate isotopologues of 

PETNR in which the apoprotein and/or the FMN cofactor have been labelled with 

different isotopes.96 These were studied  using temperature dependence KIE studies 

along with fluorescence lifetime measurements in order to dissect whether 

dynamical contributions coupled with the H-transfer chemistry catalysed by PETNR 

arise from the apoenzyme alone and/or the FMN cofactor. These studies suggested 

that vibrations local to the active site (which appear to be on the 10-100 ps timescale) 

play a role in the H-transfer chemistry, with observed isotope effects arising from 

both the protein and FMN cofactor.96 Having assigned the 1H, 15NH, 13Cα, 13Cβ and 13C′ 
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backbone resonances in the NMR spectra of PETNR to a great extent,202 we are now 

on the cusp of unravelling more information regarding the role of functional 

dynamics in the H-transfer chemistry catalysed by PETNR, through more detailed 

NMR studies (Iorgu et al., in preparation). In the next sections, we will present details 

regarding the production of different PETNR isotopologues and strategies for 

determination of efficient conditions for D-H backbone amide exchange.  

2.4. Expression and purification of isotopically labelled PETNR in E. coli 

Throughout our studies, we used two different constructs for overexpression in E. 

coli. One expression system involves production of PETNR using the pBlueScript II 

SK(+) plasmid encoding the pONR1 gene. pBlueScript II SK(+) is a legacy plasmid, used 

since the first isolation of PETNR from soil contaminated with explosives in the mid-

1990s.162 Many of the early kinetic studies on this enzyme, along with the more 

recent NMR studies, were performed with recombinant PETNR expressed from this 

plasmid. More recently, we moved to use a more convenient expression plasmid 

(pET21a), from which a C-terminal His8-tagged version of PETNR can be produced 

and easily purified via nickel-affinity chromatography. As we are now aware that 

there are no major differences in the kinetics and structure between PETNR and His-

tagged PETNR,96,137 we would suggest production (and, in particular, purification) of 

PETNR using the pET21a vector is more straightforward (and therefore, preferable) 

than using the pBlueScript II SK(+) plasmid. However, it is likely that, for other 

enzymes, a His tag is not desirable to be used, so we will describe herein both 

protocols. We will focus on the preparation and use of 2H,13C,15N-labelled PETNR for 

NMR studies, which require a uniformly deuterated sample in which all backbone 

amides are back- exchanged (at least partially) to protium atoms (D-H exchange). As 

we have previously encountered difficulties in developing efficient methods for this 

D-H exchange, we aim to provide as many details as possible to perform backbone 

amide exchange on the PETNR system and, by extension, on other flavoenzymes. 

Labelling of flavoenzymes with heavy atoms (such as 2H, 13C and 15N) in E. coli can be 

done using well-established techniques that are applicable to a vast majority of 

soluble proteins. The common route for expression of isotopically labelled 
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flavoenzymes in E. coli involves the use of M9 minimal media (M9mm), which 

contains salts and trace elements required for bacteria growth. This basic M9mm is 

then supplemented with carbon and nitrogen sources, which can be either of natural 

abundance (leading to expression of unlabelled proteins) or isotopically labelled with 

specific heavy atoms. Expression of 2H-lablled proteins is achieved using media 

prepared in D2O (cf. H2O). In the cases where uniform 2H incorporation 

(perdeuteration) is required for the target protein, a 2H-labelled carbon source is also 

required. The most common carbon source used for isotopic labelling in E. coli is 13C6-

D-glucose, which is replaced with 2H7,13C6-D-glucose when expressing uniformly 

2H,13C-labelled proteins. 

2.4.1. Assembly of M9 minimal media for isotopic labelling of PETNR 

The expression in E. coli of isotopically labelled PETNR involves the use of a modified 

M9mm, which is prepared following a combination of protocols developed for 

growth in supplemented minimal growth medium.204,205 Strategies for the 

preparation of various isotopically labelled M9mm that we use for overexpression of 

PETNR are presented below. 

15N-labelled M9mm. First, 6 g Na2HPO4, 3 g KH2PO4 and 0.5 g NaCl are dissolved in 

~900 mL double-distilled (dd) H2O. The pH of the solution is then adjusted to 7.4 

(using concentrated KOH), followed by dilution to 980 mL and sterilization (autoclave 

at 121 °C for 15 minutes). Under sterile conditions, the following components are 

further added to the 980 mL of M9mm salts solution: 1 mL ampicillin solution (0.1 

g/mL), 500 μL 1M MgSO4 solution, 500 μL thiamine solution (1 mg/mL), 100 μL 1M 

CaCl2 solution, 200 μL trace metals solution, 3 g glucose (15 mL 20% (w/v) solution) 

and 1 g 15NH4Cl (5 mL 20% (w/v) solution). The overall composition of 15N M9mm is 

detailed in Table 2.1. The trace metals solution (5000 × stock solution) is prepared 

using a combination of metal salts, as presented in Table 2.2. The stock solutions 

used above are prepared individually and filter-sterilised prior to use in M9mm 

assembly. The final concentration of antibiotic used in the medium is 0.1 mg/mL. 
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2H,15N-labelled M9mm. The preparation of 2H,15N-labelled M9mm is the same as for 

15N labelled M9mm, except 2H7-D-glucose is used as a carbon source and all reagents 

are dissolved in D2O (except for the 5000 × trace metals solution). The solution is 

sterilized by vacuum filtration using a vacuum filter system with a 0.2 μM pore size 

membrane, and is not autoclaved. Also, given the medium consists of D2O solution, 

the pH is adjusted to pHread = 6.99, as the actual pD of the solution is pD = pHread + 

0.41. 

2H,13C,15N-labelled M9mm. Preparation is the same as for 2H,15N-labelled M9mm, 

with the only difference being the use of 2H7,13C6-D-glucose as a carbon source 

instead of 2H7-D-glucose. 

Table 2.1. Components for 1 litre of modified M9 minimal medium. 

Component Amount 

Na2HPO4 6 g 

KH2PO4 3 g 

NaCl 0.5 g 

MgSO4 1 mL of 1M solution 

thiamine 1 mL of 1 mg/mL solution 

CaCl2 100 μL of 1M solution 

trace metals solution 200 μL 

D-glucose 15 mL of 20% solution (3 g) 

15NH4Cl 5 mL of 20% solution (1 g) 

Table 2.2. Recipe for the preparation of 100 mL 5000 × trace metals solution. 

Trace metal Stock solution Volume (mL) 

Iron 0.1 M FeCl3 in 0.1 M HCl 50 

Manganese 1M MnCl2 1 

Zinc 1M ZnSO4 1 

Cobalt 0.2M CoCl2 1 

Copper 0.1M CuCl2 2 

Nickel 0.2M NiCl2 1 

Molybdenum 0.1 M Na2MoO4 2 

Selenium 0.1M Na2SeO3 2 

Boron 0.1M H3BO3 2 

- dd H2O 38 
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2.4.2. Overexpression and purification of isotopically labelled PETNR 

Our procedure for production of 2H,13C,15N-labelled PETNR, which is similar to the 

production of 2H and 2H,15N-labelled PETNR, is presented below. 

1. The E. coli strain JM109 is transformed with 1-100 ng of pBlueScript II SK(+) 

plasmid encoding the pONR1 gene used for PETNR overexpression expression, 

following the protocols provided by the manufacturer. Cells are plated on LB agar 

containing ampicillin (0.1 mg/mL) and incubated at 37 °C for ~ 16h. 

2. A single cell colony is selected from the plate and used to inoculate 5 mL of 15N 

M9mm containing ampicillin (0.1 mg/mL). Cells are grown at 37 °C with shaking 

at 200 rpm, until an OD600 of >0.5 is reached. Following growth of the starting 

culture, 10-100 mL of 2H,13C,15N M9mm (containing ampicillin) are inoculated in 

a 1:100 dilution with cells from the starting culture. Cells are further grown at 37 

°C with shaking at 200 rpm until the OD600 reaches 0.8-1 (or overnight). 

3. Final cultures, containing 500 mL of 2H,13C,15N M9mm and ampicillin, are 

inoculated in a 1:50-1:100 dilution with cells from the intermediate culture, and 

grown at 37 °C with shaking at 200 rpm until the OD600 reaches 0.8-1. 

Overexpression of PETNR is then induced by addition of 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG, final concentration, added as 500 µL of freshly 

prepared and filter-sterilised 0.5 M IPTG stock in D2O). At this point, the 

temperature is lowered to 25 °C. Cells are harvested after a further 24-36h 

growth by centrifugation at 3000 g for 10 min at 4 °C. 

Purification of PETNR enriched with heavy atoms (2H, 13C and/or 15N) is performed in 

the same manner as for unlabelled PETNR samples and is performed with buffers 

made in H2O, not D2O. The methodology for separating PETNR produced in JM109 

cells has been previously described in detail,153,162,202 and involves purification by 

affinity exchange chromatography, using a Mimetic Orange 2 column, followed by 

Source 15Q anion exchange chromatography. In the case of C-His8 tagged PETNR 

expressed in NiCo(DE3) cells, purification of the target enzyme is performed using a 

HisTrap HP nickel-charged IMAC column. Usually, given that the yields are relatively 
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high (> 200 mg purified protein/L of culture), the C-His8 tagged PETNR purification is 

performed with only one chromatographic step, and PETNR is found to be >95 % 

pure following purification, as judged by SDS-PAGE analysis. However, in line with 

the NiCo(DE3) cell user manual, if contaminants are found after nickel affinity 

purification, an extra step using chitin affinity chromatography can be added to 

remove the three well expressed E.coli proteins that contain sequences that bind to 

the chitin column. If purified proteins are being used for crystallography, enzymes 

from both purification methods (His-tagged or not) can be further purified using a 

gel filtration step. As all the purification steps are done in protiated buffers, the 

backbone amide groups that are solvent exposed in the 2H labelled PETNR samples 

will undergo D-H exchange. If a completely 2H labelled sample is required for further 

experiments, we would suggest that, rather than using expensive perdeuterated 

buffer solutions for purification, it would be more economical to purify the protein 

in protiated buffer and, following purification, exchange the solvent-exchangeable 

backbone amides back to 2H by using a perdeuterated buffer in the last step. 

Notes: 

 For the production of C-His8 PETNR, E. coli strain NiCo21(DE3) is transformed with 

1-100 ng of pET21a plasmid encoding the C-His8 PETNR gene, following the 

protocols provided by the manufacturer. All subsequent steps are identical for 

when the JM109 cells are used. 

 We usually observe that expression yields are higher when the temperature is 

lowered to 20-25 °C following induction with IPTG (or, ideally, one-two hours 

before induction). 

 Extra glucose (1-3 g/L culture) can be added at the IPTG induction stage to afford 

higher cell density and, therefore, higher yields of target protein. 

 The main difference between using the NiCo21(DE3) and JM109 cells is related 

to the doubling time of the cells: JM109 cells grow about 2 × slower than 

NiCO21(DE3). Also, although it is well known cells grow slower in deuterated 
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medium, the time necessary to reach induction point, as compared to growth in 

rich supplemented medium, is specific to each cell line. JM109 E. coli cells grow 

6 × slower in deuterated M9mm than in protiated M9mm: 36-40 hours for 

2H,15N/2H,13C,15N-labelled M9mm to OD600 of 0.8-1.0, as compared to 5-6 hours 

for 15N-labelled M9mm/LB Broth (growth from 1:100 dilution in final flasks). It 

was observed that deuteration influences both the timescale of growth, but also 

the maximal cell density (2-2.5 g of cell pellet/ L of 2H,15N or 2H,13C,15N M9mm, 

as compared to 4.8 g/L 15N media). Typical yields for PETNR production in JM109 

and NiCo21(DE3) cells are commonly in the range of 70-100 and 200-250 mg of 

purified PETNR /L of culture, respectively.  

 As yields of protein expression can be very high, especially when using 

NiCo21(DE3) cells for C-His8 PETNR production, we often observe that a 

significant fraction of purified PETNR does not contain bound FMN. We suspect 

this arises through an inability of the host to produce sufficient quantities of 

FMN. Thus, FMN incorporation is required at the purification stage and can be 

done at the lysis stage: the lysis buffer is supplemented with 0.5-1 mM FMN, 

which will enable rapid incorporation of FMN into the apoenzyme following cell 

lysis, and the excess FMN will be washed off when loading the protein sample 

onto the column. It is worth nothing that this step should be done in this manner 

if the labelling of the FMN cofactor is not relevant for further experiments, as 

unlabelled FMN will be introduced (in some proportion) in the samples. 

2.5. Spectral characteristics and quality control of isotopically labelled PETNR 

An interesting observation for 2H-labelled PETNR is the presence of a blue-shift of 

the FMN absorption (Figure 2.1). While the origin of this shift is uncertain, it indicates 

that there is a perturbation to the environment of the FMN cofactor in the 

deuterated samples. This could be an effect of deuteration on the hydrogen bonding 

interaction between the FMN cofactor and the enzyme, and must involve 

exchangeable protons, as the effect is lost following D-H exchange of backbone 

amides. 



2. Isotopically labelled flavoenzymes 

 
52 

 

 

Figure 2.1. UV-Vis absorbance spectra of unlabelled, 15N-labelled, 2H,15N-labelled and 2H,13C,15N-

labelled PETNR. The spectra are normalized to a maxima corresponding to the 277 nm peak. The insert 

shows the blue-shifted FMN absorbance in the deuterated samples. 

The assessment of isotopic composition of a protein that was grown in media 

supplemented with heavy atoms is most commonly checked by mass spectrometry 

and/or 1H-15N TROSY NMR spectroscopy. While the first technique allows one to 

confirm the quantitative incorporation of the stable isotopes, the NMR spectra of a 

2H,13C,15N-labelled protein allows qualitative visualisation of the absence (or 

presence) of deuterium atoms in exchangeable backbone amide groups. Moreover, 

inspection of the 1H NMR spectrum of the protein can indicate if a high degree of 

sample deuteration was achieved. As it can be observed in Figure 2.2., the region 

between -1 and 4 ppm in the 1D 1H NMR spectrum of 15N-labelled PETNR is highly 

populated with signals arising from the aliphatic region of the enzyme (e.g. protium 

atoms from side chain methyl groups), while in the case of 2H,15N and 2H,13C,15N-

labelled PETNR, this region has no visible signals present, suggesting effective 

incorporation of deuterium atoms into the enzyme. 

Isotopic labelling of PETNR using the expression protocol discussed in Section 2.4.2. 

was also previously investigated using QTOF mass spectrometry, with mass increases 

of 9.8-10.3%, 5.3% and 1.3% observed for 2H,13C,15N-labelled, 2H,15N-labelled and 

15N-labelled PETNR, respectively, when compared to “light” unlabelled PETNR.96,166 

These results are consistent with expected/calculated values of protein mass 

increase upon isotopic substitution, and similar values have been observed for 

several other systems.200  
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Figure 2.2. 1H 1D NMR spectra of PETNR samples of various PETNR isotopologues. Spectra were 

recorded at 298 K on an 800 MHz Bruker Avance III spectrometer. 

Apart from quantifying the degree of isotopic enrichment through the use of mass 

spectrometry, the conservation of the structural features and thermal stability of 

isotopically labelled enzymes, when compared to their corresponding “light” 

isotopologues, can be interrogated through the use of a range of methods including 

circular dichroism spectroscopy, differential scanning calorimetry, differential 

scanning fluorimetry and NMR spectroscopy. More details regarding the use of these 

techniques for assessing structural similarity (or otherwise) between “heavy” and 

“light” enzyme are summarised by Kholodar et al.200 Comparison of the NMR 

temperature coefficients (the temperature dependencies of the backbone NH 

chemical shifts) is a powerful probe for structure perturbation. In the case of PETNR, 

we have previously shown evidence for the isostructural nature of 2H,13C,15N-labelled 

PETNR and 15N-labelled PETNR by correlating the NMR temperature coefficients for 

the backbone residues of both isotopologues.166 

2.6. Analysis of deuterium-hydrogen exchange of backbone amides in PETNR 

Large proteins (>25 kDa) require uniform deuteration in order to be structurally 

studied by NMR, as 2H side-chain labelling increases significantly the sensitivity of 3D 

NMR experiments designed for backbone assignments.206 However, maximum 
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sensitivity can only be achieved if complete re-protonation of all amide groups can 

be performed. With a molecular weight of 40 kDa, PETNR belongs to the class of 

relatively large proteins that require 2H labelling for such measurements. The PETNR 

structure comprises of an (α,β)8-barrel structural scaffold, a tertiary fold consisting 

of an 8-fold repeat of linked α-helix and β-sheet structures, typical to all enzymes 

belonging to the OYE family.148,207 This structural feature means the enzyme contains 

a highly hydrophobic, solvent-inaccessible core, with the re side of the flavin 

prosthetic group completely hidden from the active site, as it is located at the C-

terminal end of this hydrophobic cavity. This structural feature makes exchange of 

amide backbone protons very slow. In order to anticipate and avoid problems in the 

sequential backbone assignment of the enzyme caused by lack of proton signals 

arising from deuteration, we initially analysed the 1H-15N TROSY spectrum of a 

protonated 15N-labelled PETNR sample and studied its H-D exchange behaviour. We 

observed that more than 70 backbone amides (peaks) are essentially non-

exchangeable over a period of 3 days (Figure 2.3). These peaks were later mapped, 

almost exclusively, to residues located in the β-barrel of the protein. The results 

indicated a necessity for the use of a denaturant that would enhance flexibility in the 

core of the enzyme. We thus studied the equilibrium unfolding curve of the enzyme 

in presence of guanidine hydrochloride in order to determine what conditions could 

be use that would enable efficient D-H exchange, while avoiding irreversible 

unfolding of the protein. 

2.7. Spectroscopic characterisation of the equilibrium unfolding behaviour of 

PETNR 

Initial trials to determine the unfolding-refolding behaviour of PETNR showed that 

after adding moderate concentrations of guanidine hydrochloride (GuHCl) solutions 

(2-4 M), irreversible precipitation of the protein occurs during the refolding step. 

Therefore, we decided to perform a thorough analysis of the unfolding behaviour of 

PETNR, monitoring the changes in UV-vis, fluorescence emission and circular 

dichroism spectral features when the enzyme is subjected to gradually increasing 

concentrations of GuHCl denaturant (Figure 2.4). 
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Figure 2.3. Comparison between 1H-15N TROSY spectra of ~1 mM 15N-labelled PETNR recorded in A) 

standard buffer conditions (50 mM potassium phosphate buffer, pH 7.0, supplemented with 1mM 

NaN3 and 10% D2O) and B) 50 mM potassium phosphate buffer, pD 7.0, supplemented with 1 mM 

NaN3, constituted in 100% D2O. The spectrum in D2O was recorded on an enzyme samples that was 

exchanged by repeated steps of concentrating by centrifugation into the desired deuterated buffer, 

starting from standard buffer conditions. Before recording the spectrum, the sample was left at 298 

K for 72 hours to promote D-H exchange. The 15N-labelled samples was expressed and purified as 

described for 2H,13C,15N-labelled PETNR, except that unlabelled nitrogen and carbon sources were 

used during cell overexpression. Both spectra were recorded at 298 K on an 800 MHz Bruker Avance 

III spectrometer. 

UV-vis absorption shows that FMN gradually loses the vibrational features 

characteristic of the bound flavin (peak with a maxima at 465 nm with two shoulders 

on both sides of the peak) with increasing concentrations of denaturant. At 1 M 

GuHCl concentration, the spectral features of the sample are suggestive of complete 

dissociation of the FMN into solution. The same pattern is observed in the 

fluorescence emission from the FMN, where a steep increase in fluorescence is 

observed when the denaturant concentration is above 0.75 M. This is in contrast to 

the fluorescence emission observed in the enzyme in the absence of any denaturant, 

in which case efficient quenching of the FMN is observed.208 The circular dichroism 

data shows a gradual loss in the secondary structure of the enzyme as the GuHCl 

concentration is increased, and suggests that some secondary structure is present in 

the apoenzyme in 1M GuHCl. 
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Figure 2.4. Characterisation of the behaviour of PETNR in the presence of gradually increasing 

concentrations (0-4 M) of guanidine hydrochloride. The equilibrium unfolding was monitored using 

UV-vis absorption (A and B), fluorescence emission upon excitation at 465 nm (C) and circular 

dichroism spectroscopy (D). The samples for UV-vis and CD spectroscopy contained 25 μM PETNR in 

a solution comprising 50 mM potassium phosphate buffer, pH 7.0 and various concentrations of 

GuHCl. A concentration of 8.3 µM PETNR was used for fluorescence experiments to prevent inner 

filter effects. UV-vis spectra were collected on a Cary 50 UV-vis spectrophotometer (Agilent Tech., 

UK), using a 1-cm two-window quartz cell. Fluorescence emission spectra of PETNR were recorded at 

298 K using an FLS920 fluorescence spectrometer (Edinburgh Instruments, UK), with 1 nm excitation 

and 1 nm emission slit-widths in 1 mL quartz cells (1 cm excitation path length). Circular dichroism 

measurements were performed on an Applied Photophysics (Leatherhead, UK) Chirascan qCD 

spectrometer using a sealed cuvette with a 0.1 mm path length. 

We also investigated how the samples behaved when subjected to the refolding 

procedure (fast dilution into native buffer) and found that the samples with 

concentrations of GuHCl higher than 0.875 M precipitated completely after dilution. 

Together, the data indicated that complete unfolding of the enzyme is unadvisable, 

as rapid refolding fails when the FMN cofactor is unbound. Therefore, we made a 

compromise, using 0.75 M GuHCl to promote back-exchange, which leads to a partial 
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D-H exchange. Overall, the main observation is that the loss of much of the secondary 

structure is concomitant with the loss of the bound FMN, which makes refolding 

difficult. Therefore, a successful unfolding-refolding procedure can only be 

performed by partially unfolding of PETNR under conditions where the FMN remains 

predominantly bound to the protein. Fortunately, this method enabled the partial 

protonation of all amide groups in the enzyme (all peaks were essentially visible in 

the 1H-15N TROSY spectra of back-exchanged 2H,13C,15N-labelled PETNR when 

compared to the spectrum of protonated 15N-labelled PETNR; data not shown), and 

ultimately enabled the near-complete sequential backbone assignment of PETNR, 

with 333 out of 344 non-proline residues successfully assigned in the 1H–15N TROSY 

experiment.202 

2.8. Differential labelling of PETNR – exchanging the FMN cofactor 

As mentioned in Section 1.3, we have recently developed a strategy to generate 

isotopologues of PETNR in which the protein and/or the intrinsic FMN cofactor are 

isotopically labelled.96 This was achieved by binding the His8-tagged PETNR to a 

HisTrap HP nickel-charged IMAC column, previously equilibrated with 50 mM sodium 

acetate, pH 5.5. Next, the FMN cofactor was removed by passing over the column a 

solution consisting of 2 M KBr, 50 mM sodium acetate, pH 5.5 until no yellow colour 

can be observed on the column and in the eluent. The apoenzyme (which was 

retained on the column) is then washed with 50 mM potassium phosphate, pH 7.0. 

PETNR is reconstituted with FMN by recirculating a solution of 0.1 mM FMN in 50 

mM potassium phosphate, pH 7.0 through the column for several hours (until 

complete binding is observed). Next, the column is washed with 50 mM potassium 

phosphate, pH 7.0, in order to remove any unbound FMN prior to eluting the protein 

with 200 mM imidazole, 50 mM potassium phosphate, pH 7.0. This method enables 

almost complete incorporation of an unlabelled FMN cofactor into an isotopically 

labelled PETNR. It is possible to incorporate “heavy” labelled FMN into PETNR, but 

first the “heavy” FMN must be obtained by removing it from a “heavy” labelled 

PETNR sample as described above. This “heavy” FMN can then be incorporated into 

another sample by diluting the FMN-containing solution (which has 2 M KBr) by 
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approximately a third with non-denaturing buffer (50 mM potassium phosphate, pH 

7.0). Thus, a lower concentration of KBr will enable subsequent rebinding of FMN. 

2.9. Uses of isotopically labelled PETNR in probing biological hydride transfer 

mechanisms 

“Heavy” isotopically labelled enzymes can be used to measure “heavy” enzyme KIEs. 

In this case, the KIE is simply the ratio of rate constants measured with two protein 

isotopologues and is expressed as KIE = k”light”/k”heavy”. “Heavy” enzyme KIEs have 

been measured in several enzymatic systems, including PNP,54,63,92,194 HIV-1 

protease,198,199 alanine racemase,195 dihydrofolate reductase,94,196 and PETNR. The 

“heavy” enzyme KIEs are relatively small and it can be challenging to measure 

significant KIEs. The RHR of OYEs such as PETNR are particularly amenable to 

characterisation using anaerobic  stopped-flow spectroscopy, which monitors the 

absorbance associated with the redox state of the bound FMN and/or the charge 

transfer complex formed between the FMN and NAD(P)H in the Michaelis 

complex.95,157,159,160,166,203,209 In the case of PETNR, primary and secondary deuterium 

KIEs can be measured using this approach with a precision of 2-3%.203 To date, the 

magnitude of the “heavy” enzyme KIEs measured on PETNR96,166 and the homologue 

morphinone reductase (unpublished) have been typically no greater than 5% (0.95 - 

1.05), which makes their individual significance questionable. However, by 

measuring the temperature dependence of these KIEs and by measuring primary KIEs 

(with deuterated NAD(P)H) with “heavy” enzymes, we can also consider the “heavy” 

enzyme KIEs on the apparent activation enthalpy and entropy (ΔH‡ and ΔS‡; Figure 

2.5). By combining these data, we have made the case that isotopic labelling of the 

protein and/or FMN cofactor of PETNR leads to a measurable alteration in RHR 

kinetics, consistent with some vibrational coupling between protein, FMN and the 

reaction coordinate.96 

Future work could include the specific uniform labelling of specific amino acid type(s) 

by adding labelled amino acid(s) to the expression medium, as recently employed by 

the Schramm et al.,210 or in a cell-free expression system. More sophisticated 

experiments could employ specific incorporation of individual isotopically labelled 
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non-natural amino acid(s) using an orthogonal tRNA/aminoacyl-tRNA synthase pair 

encoded by an amber codon suppression.211 In both cases, there is no apparent 

reason why such protocols could not be carried out using flavoenzymes such as 

PETNR. 

Figure 2.5. “Heavy” enzyme KIEs on the RHR of PETNR with NADPH. Left, the temperature 

dependence of the reaction of “light” and “heavy” 2H,13C,15N-labelled PETNR with 5 mM NADPH fitted 

to the nonlinear Eyring-based equation,212,213 yielding ΔH‡ and ΔS‡ = 6.0 ± 0.6 kJ mol-1 and 4.1 ± 1.9 J 

mol-1 K-1 for the “light” enzyme and 6.9 ± 0.9 kJ mol-1 and 7.8 ± 3.2 J mol-1 K-1 for the “heavy” enzyme. 

The heavy enzyme KIE calculated with these data is shown in the right panel. Data are taken from 

Longbotham et al.96 

2.10. Conclusions 

In summary, we have described some uses of stable isotopically labelled 

flavoenzymes, focusing on NMR and “heavy” enzyme KIE measurements with PETNR. 

Other experiments that require or benefit from such samples that are not discussed  

include neutron diffraction, proteomic mass spectrometry, and site-directed 

vibrational spectroscopy.188,191–193 Detailed protocols for the preparation of 

isotopically labelled PETNR via recombinant expression in E. coli are provided with 

the hope they will be simply adapted to use with other flavoenzymes. 
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3.1. Abstract 

Pentaerythritol tetranitrate reductase (PETNR) is a flavoenzyme possessing a broad 

substrate specificity and is a member of the Old Yellow Enzyme family of 

oxidoreductases. As well as having high potential as an industrial biocatalyst, PETNR 

is an excellent model system for studying hydrogen transfer reactions. Mechanistic 

studies performed with PETNR using stopped-flow methods have shown that 

tunnelling contributes towards hydride transfer from the NAD(P)H coenzyme to the 

flavin mononucleotide (FMN) cofactor and fast protein dynamics have been inferred 

to facilitate this catalytic step. Herein, we report the near-complete 1H, 15N and 13C 

backbone resonance assignments of PETNR in a stoichiometric complex with the 

FMN cofactor in its native oxidized form, which were obtained using heteronuclear 

multidimensional NMR spectroscopy. A total of 97% of all backbone resonances were 

assigned, with 333 out of a possible 344 residues assigned in the 1H–15N TROSY 

spectrum. This is the first report of an NMR structural study of a flavoenzyme from 

the Old Yellow Enzyme family and it lays the foundation for future investigations of 

functional dynamics in hydride transfer catalytic mechanism. 

3.2. Biological context 

Pentaerythritol tetranitrate reductase (PETNR, EC 1.6.99.1) is a monomeric 

flavoenzyme that possesses a broad substrate specificity and is a member of the Old 

Yellow Enzyme (OYE) family of oxidoreductases.149 PETNR was originally isolated 

from an Enterobacter cloacae PB2 strain that was thriving on soil contaminated with 

explosives by exploiting nitrate esters as metabolic nitrogen sources.162 The catalytic 

cycle of PETNR has been thoroughly investigated using stopped-flow 

techniques157,160,214 and it is understood that the reaction chemistry takes place via 

a bi-bi ping-pong mechanism, with NADPH as the preferred coenzyme (NADH also 

supports catalysis, but in a less efficient manner). The first catalytic step, described 

as the reductive half-reaction, consists of the formation of a charge-transfer complex 

upon NAD(P)H binding, which enables subsequent hydride transfer from the 

nicotinamide ring C4 atom of NAD(P)H to the N5 atom of oxidized FMN (FMNox). The 

second step of the reaction, the oxidative half-reaction, is represented by hydride 
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transfer from the N5 atom of reduced FMN to an α,β-unsaturated substrate and, in 

some cases, additional proton transfer from a solvent molecule. The specific 

biological role of PETNR is unknown, as for all members of the OYE family of 

oxidoreductases.207 However, whilst the biological substrate has yet to be 

discovered, many studies have unveiled the promiscuous nature of PETNR, as it 

catalyses the reduction of a wide variety of α,β-unsaturated compounds, often with 

high specificity and enantioselectivity towards desired products.138 PETNR acts as an 

ene-reductase, by reducing 2-cyclohexenone and several steroids to their 

corresponding alkanes, but also catalyses the reduction of cyclic triazines, various 

explosives (e.g. pentaerythritol tetranitrate and trinitrotoluene) and nitrate esters 

(e.g. nitroglycerin). Several mutagenesis studies have highlighted the versatility of 

PETNR in the asymmetric reduction of C═C bonds, leading to an increased interest in 

understanding the physical basis of the catalytic power of this enzyme.138,145,215 

As well as having high potential to be used in biocatalytic processes, PETNR is an 

excellent model system for studying hydride transfer reactions. Previous kinetic 

studies have revealed that quantum mechanical tunnelling contributes to the 

enzymatic hydride transfer step from NAD(P)H to the FMN cofactor, as the reaction 

manifests elevated kinetic isotope effects.157 Moreover, fast protein dynamics have 

been inferred to contribute to catalysis from various temperature and pressure 

dependence studies, coupled with the use of different isotopic labelling 

strategies.95,96,166 However, the difference in reactivity of PETNR towards NADPH and 

NADH is still not clearly understood and the role of fast protein dynamics in catalytic 

events requires an atomistic description of the enzyme, as kinetic data alone cannot 

pinpoint or specifically isolate time-resolved structural changes. Herein, we report 

the near-complete, sequence-specific 1H, 15NH, 13Cα, 13Cβ and 13C’ backbone 

resonance assignments of PETNR in the PETNR:FMNox complex. The assignments 

provide a basis for further structural and functional studies by NMR spectroscopy, 

enabling more complex dynamic studies that can advance our understanding of 

enzymatic hydride transfer reactions. 
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3.3. Methods and experiments 

All reagents were of analytical grade and were purchased from Sigma-Aldrich (UK), 

except for 15NH4Cl and 2H2O (>99.9% purity), which were procured from Goss 

Scientific Ltd. (UK) and 2H7,13C6-D-glucose (>98% purity), which was purchased from 

Cambridge Isotope Laboratories (USA). 

Recombinant PETNR is expressed and purified as a tight non-covalently bound 

PETNR:FMNox complex. A pBlueScript II SK(+) plasmid encoding the pONR1 gene was 

used for PETNR overexpression. The 2H,13C,15N-labelled PETNR:FMNox complex (40 

kDa) was expressed in JM109 E. coli cells grown in 100% 2H2O modified minimal 

media, using 15NH4Cl and 2H7,13C6-D-glucose as nitrogen and carbon sources, 

respectively. Cells were incubated at 37 °C with shaking at 200 rpm, until OD600nm = 

0.8-1.0, after which the temperature was lowered to 25 oC and PETNR 

overexpression was induced by the addition of 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). Cells were grown for a further 24 h before being 

harvested by centrifugation (6000 rpm for 15 min at 4 °C). All purification steps, 

which include affinity chromatography using a Mimetic Orange 2 column followed 

by Source 15Q anion exchange chromatography, were performed at 4 °C, as 

previously described.152,162 A final yield of approximately 70 mg pure PETNR per litre 

of cell culture was obtained. 

Following purification, back exchange to amide protium atoms in the 2H,13C,15N-

labelled PETNR:FMNox complex was promoted by mild destabilization using 

guanidine hydrochloride (GuHCl) as a denaturing agent, followed by rapid protein 

refolding. Partial unfolding of PETNR was initiated by mixing the sample (0.25 mM) 

in a 1:1 ratio with 1.5 M GuHCl solution in 50 mM potassium phosphate buffer (pH 

7.0), followed by incubation at room temperature for 120 min. Refolding of PETNR 

was achieved by rapid 30-fold dilution into 50 mM potassium phosphate buffer (pH 

7.0), under vigorous stirring. The resulting sample was filtered using a 0.2 μm filter-

syringe to remove any precipitates, buffer-exchanged (to remove GuHCl) and 

concentrated using a Vivaspin 20 concentrator (10 kDa MWCO, Sigma-Aldrich, UK). 



3. Backbone resonance assignments of PETNR 

 
64 

 

The concentration of the PETNR:FMNox complex was estimated by measuring the 

FMN-specific absorbance peak at 464 nm (ε = 11.3 mM-1 cm-1). 

All NMR experiments were conducted with samples containing 1 mM 2H,13C,15N-

labelled PETNR:FMNox complex in 50 mM potassium phosphate buffer (pH 7.0) 

supplemented with 1 mM NaN3, 10% (v/v) 2H2O for the deuterium lock and 0.5% 

(v/v) trimethylsilyl propanoic acid (TSP) for chemical shift referencing. The samples 

(300 μL) were centrifuged for 10 min at 13,000 rpm before being transferred to 5-

mm Shigemi tubes (Sigma-Aldrich, UK). All NMR experiments were recorded at 298 

K on an 800 MHz Bruker Avance III spectrometer running TopSpin version 3.2, 

equipped with a 5-mm 1H/13C/15N TCI cryoprobe and a Z-field gradient coil. The 

backbone resonance assignment of PETNR was achieved using standard Bruker 1H-

15N TROSY and TROSY-based 3D HNCA, HNCACB, HN(CO)CACB, HN(CA)CO and HNCO 

triple resonance experiments.168 The 3D experiments were acquired using non-

uniform sampling with a sine-weighted multidimensional Poisson Gap scheduling 

strategy.216 1H chemical shifts were referenced relative to the internal TSP signal, 

whereas 15N and 13C chemical shifts were referenced indirectly using nuclei-specific 

gyromagnetic ratios.217 NMR data were processed using TopSpin software version 

3.2 and analysed using CcpNmr Analysis software version 2.4.218 

3.4. Resonance assignment and data deposition 

Using conventional TROSY-based 3D heteronuclear experiments, sequential 

backbone assignment of PETNR in the PETNR:FMNox complex was achieved to a great 

extent, with 97% of backbone amide groups successfully assigned (333 out of 344 

non-proline residues) in the 1H-15N TROSY spectrum (Figure 3.1). A similar degree of 

assignment (97%) was achieved for the corresponding 13Cα, 13Cβ and 13C’ resonances: 

354 out of all 364 Cα atoms, 320 out of all 330 Cβ atoms and 354 out of all 364 C’ 

atoms. The chemical shift assignments have been deposited in the Biological 

Magnetic Resonance Bank (BMRB: http//www.bmrb.wisc.edu/) under the accession 

number 27224. 
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Figure 3.1. 1H-15N TROSY spectrum of 1 mM uniformly 2H,13C,15N-labelled PETNR:FMNox complex in 

50 mM potassium phosphate buffer (pH 7.0), recorded at 298 K on an 800 MHz spectrometer. The full 

spectrum (A) and two expansions of the crowded regions (B) are shown. The assignment of the 

backbone amide resonances are indicated by sequence number and residue type 

The assignment extends the list of large molecular systems that have undergone 

essentially complete backbone assignment, at a time where limits are being pushed 

with studies of very large biological systems.219 The assignment of PETNR was 

facilitated by the wide dispersion and favourable line shape of the resonances in the 

1H-15N TROSY spectrum, attributed to the globular folded structure, isotopic labelling 

strategy and correlation time of the complex (21 ns). There are ten residues that 

remain unassigned in the 1H-15N TROSY spectrum (A2, G34, G115, H184, S206, E272, 

T273, D274, L275 and A276), which are mainly located in a mobile loop (E272-Y281), 
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at the N-terminus and in other solvent-exposed regions of PETNR (Figure 3.2). The 

E272-Y281 loop is located at the edge of the substrate-binding pocket of the active 

site, but is solvent exposed in the PETNR:FMNox complex and residues T273-A284 

have high temperature factors and limited secondary structure, as it has been 

observed from crystallographic data.152 Thus, both conformational exchange and 

solvent exchange are probably the source of signal attenuation beyond detection in 

the 1H-15N TROSY spectrum for residues E272, T273, D274, L275 and A276. Residue 

A2, located at the N-terminus, and residues G34, G115 and S206, located at the 

surface of PETNR, could not be assigned since their 1H-15N TROSY correlations are 

likely attenuated due to fast exchange with solvent. Residue H184 is known to be 

involved in substrate coordination152 and, in the absence of bound substrate, will 

probably be undergoing conformational exchange on the millisecond timescale. 

 

Figure 3.2. Cartoon representation of the crystal structure of the PETNR:FMNox complex (PDB: 5LGX 

220), highlighting the extent of backbone amide resonance assignments. Assigned residues are 

coloured light orange (for α-helices and loops) and pale green (for β-strands), with unassigned 

residues shown in red and proline residues in purple. The non-covalently bound FMN cofactor is 

depicted as yellow sticks 

An empirical prediction of the secondary structure elements of PETNR in the 

PETNR:FMNox complex was performed by uploading the backbone 1HN, 15N, 13Cα, 13Cβ 
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and 13C’ chemical shift assignments to the TALOS-N webserver.221 The results of the 

prediction are illustrated in Figure 3.3, along with a comparison of the secondary 

structure present in the crystal form of the complex. The prediction derived from the 

NMR data is in very good agreement with the crystallographic data, with all the 

specific elements of the eight-stranded α/β barrel (TIM barrel) predicted accurately. 

The results provide high confidence in the assignments of the PETNR:FMNox complex. 

 

Figure 3.3. Backbone secondary structure prediction of PETNR in the PETNR:FMNox complex obtained 

with TALOS-N software221 using the backbone 1HN, 15N, 13Cα 13Cβ and 13C’ chemical shifts. The 

secondary structure prediction is depicted as red bars and blue bars for α-helices and β-strands, 

respectively, with the height of the bars reflecting the probability of each element, as assigned by the 

software. As a comparison, the secondary structure observed in the crystal form of the PETNR:FMNox 

complex (PDB: 5LGX 220) is shown at the top of the figure in the same colour representation 
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4.1. Abstract 

Many enzymes that catalyse hydride transfer reactions work via a mechanism 

dominated by quantum mechanical tunnelling. The involvement of fast vibrational 

modes of the reactive complex is often inferred in these reactions, as in the case of 

the NAD(P)H-dependent pentaerythritol tetranitrate reductase (PETNR). Herein, we 

interrogated the H-transfer mechanism in PETNR by designing conservative (L25I and 

I107L) and side-chain shortening (L25A and I107A) PETNR variants and using a 

combination of experimental approaches (stopped-flow rapid kinetics, X-ray 

crystallography, isotope/temperature dependence studies of H-transfer and NMR 

spectroscopy). X-ray data show subtle changes in the local environment of the 

targeted side-chains, but no major structural perturbation caused by mutagenesis of 

the two residues located along the reaction coordinate in PETNR:NAD(P)H 

complexes. However, temperature dependence studies of H-transfer revealed a 

coenzyme-specific and complex thermodynamic equilibrium between different 

reactive configurations in PETNR–coenzyme complexes. We find that mutagenesis of 

these second sphere ‘noncatalytic’ residues affects differently the reactivity of 

PETNR with coenzymes NADPH and NADH. We attribute this to subtle, dynamic 

structural change in the PETNR active site, the effects of which impact differently in 

the nonequivalent reactive geometries of PETNR:NADH and PETNR:NADPH 

complexes. This inference is confirmed through changes observed in the NMR 

chemical shift data for PETNR complexes with unreactive 1,4,5,6-tetrahydro-NAD(P) 

analogues. We show that H-transfer rates can (to some extent) be buffered through 

entropy-enthalpy compensation, but that use of ‘sharp’ experimental tools reveals 

hidden complexities that implicate a role for dynamics in this relatively simple H-

transfer reaction. Similar approaches are likely to be informative in other enzymes 

to understand the relative importance of (distal) hydrophobic side-chains and 

dynamics in controlling the rates of enzymatic H-transfer. 
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4.2. Introduction 

Understanding the physical basis of enzyme catalysis is important from a 

fundamental point of view, and also to drive applications in contemporary areas of 

research, such as biotechnology and synthetic biology. The development of 

sustainable and clean chemical manufacturing practices requires deep appreciation 

of the physical basis of enzyme catalysis that enables us to mimic and improve 

Nature’s catalysts. Enzymes catalyse many chemical reactions with extraordinary 

selectivity and specificity and, in some cases, extreme efficiency.17–19 Whilst it is 

difficult to pinpoint the exact origin of the catalytic effect for even one particular 

enzyme, the importance of electrostatic contributions,222 i.e. stabilization of the 

transition state, and hydrogen bonding,43 has long been recognized. Diverse 

experimental and theoretical methods have been used to probe chemical steps and 

have contributed to debates relating to physical models of catalysis, in some cases 

moving beyond traditional semi-classical frameworks for enzyme catalysis.25,27,32,223 

A fast-growing number of experimental studies indicate that protein dynamics might 

play a role in catalysis, across a hierarchy of timescales.50–54 Beyond experimental 

approaches, the involvement of dynamics has been supported also by 

computation.55–59 Slower (µs-ms) dynamics attributed to large-scale protein domain 

motions have been identified using NMR methodologies. Direct coupling of fast (fs-

ns) dynamics to chemistry is mostly inferred from kinetic isotope effect (KIE) studies 

and supported by computational analysis such as transition path sampling.62–64 The 

temperature dependence of KIEs is regarded as a “gold standard” for probing 

quantum mechanical tunnelling (QMT) for H-transfer reactions and some 

interpretations have inferred a role for distance sampling dynamical contributions to 

facilitate the tunnelling reaction65–67,80,81 (although others have questioned these 

models68,70,224). Studies with variant enzymes have led to models in which the 

temperature dependence of the KIE has been attributed to modulation of donor-

acceptor distance (DAD) distributions and perturbation of high-frequency motions,82 

or disruption of dynamic networks83 that extend to remote residues within the 

enzyme. Mutagenesis has been used to perturb active site structure and probe 

effects on H-transfer and inferred dynamical contributions using a number of 
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enzyme systems (e.g. dihydrofolate reductase,84 soybean lipoxygenase-1,85 

thymidylate synthase,86 ene-reductases87). Experimental KIE measurements have 

also been extended to include the use of high pressure89,90 and “heavy enzymes” (2H, 

13C, and/or 15N stable isotope-labelled),91–96 to probe these effects further, and 

supported using computational simulations. Much of our current understanding of 

enzymatic catalysis has come from probing the effects of mutagenesis on catalytic 

rates and from computational simulations. For H-transfer reactions, this has opened 

up debates on the relative importance of dynamics in these reactions and challenged 

the community to develop integrated experimental97 and theoretical64 approaches 

to address this problem. 

Old Yellow Enzymes (OYEs) are an intensively investigated class of ene-reductases, 

which catalyse the asymmetric reduction of a wide variety of activated α,β-

unsaturated compounds, with high specificity for substrates bearing nitro- or keto- 

groups.118 While their physiological role and natural substrates are often not 

known,207 OYEs are particularly attractive to study from a mechanistic perspective, 

and for their biocatalytic potential. Pentaerythritol tetranitrate reductase (PETNR) is 

one such enzyme. PETNR has dual-specificity, and is reduced by both NADH and 

NADPH, but with a preference towards the latter coenzyme.159 The basis of this dual 

specificity is not well understood. The catalytic cycle of PETNR follows a single-site 

ping-pong mechanism. The first step (the reductive half-reaction) involves hydride 

transfer from the C4 pro-R hydrogen atom of the NAD(P)H coenzyme to the N5 atom 

of the noncovalently-bound flavin mononucleotide (FMN) cofactor.157 QMT 

contributes to this catalytic step95, and several experimental studies have suggested 

an involvement of fast (ps-ns) dynamics in the H-transfer reaction65,96,166. Here, we 

interrogated the H-transfer mechanism in PETNR by designing four variants of two 

second sphere residues (L25 and I107), positioned axially either side of the FMN-

NAD(P)H reaction coordinate (Figure 4.1), as inferred from the structure of PETNR in 

complex with the unreactive NADH analogue 1,4,5,6-tetrahydro-NAD.95 L25 is 

located below the reaction coordinate, with the side-chain in van der Waals contact 

with the isoalloxazine ring of the FMN cofactor, while the side-chain of I107 is 

positioned above the nicotinamide ring of the coenzyme. These residues are ‘non 
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catalytic’ and are assumed not to contribute to major active site electrostatic effects. 

We have altered these residues by making conservative (L25I and I107L) and side-

chain length shortening (L25A and I107A) variants of PETNR, with the objective of 

understanding how second sphere residues influence catalysis, H-tunnelling and any 

vibrational modes linked to H-transfer. We used X-ray crystallography to assess the 

impact of mutagenesis on overall structural properties and stopped-flow 

spectroscopy to analyse the kinetics of hydride transfer through a combination of 

concentration and temperature dependence studies with both coenzymes (NADPH 

and NADH). Building on the recent NMR work in which a full sequential backbone 

assignment of PETNR holoenzyme was undertaken,202 we also used the coenzyme 

analogues 1,4,5,6-tetrahydro-NAD(P) (NAD(P)H4, see Figure A3 in Appendix) to 

investigate coenzyme binding modes in the ground-state PETNR:NADPH4 and 

PETNR:NADH4 complexes. Our overall aim was to understand how localized 

dynamics can impact H-transfer in each of these complexes, and to investigate how 

perturbation of second sphere residues through mutagenesis impacts QMT and 

active site dynamics associated with this reaction with both NADPH and NADH. 

 

Figure 4.1. Crystal structure of the PETNR:NADH4 complex (PDB: 3KFT),95 showing the location of 

residues L25 (red) and I107 (blue), which have been targeted for mutagenesis. Residues located 5 Å 

away from the reaction coordinate are represented as wireframes in the right panel of the figure. 

Residue L25 is located at a ~4 Å distance from the FMN cofactor (yellow), with the side-chain pointing 

directly below the H-transfer coordinate, while I107 is located ~8 Å above the coenzyme site (green) 

and is positioned above two bulky side-chains (Y68 and Y186) that form one side of the active site 

hydrophobic cavity. 
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4.3. Results and discussion 

First, to ensure that mutagenesis of PETNR had not influenced the coordination of 

the noncovalently bound FMN cofactor, we recorded UV-visible absorption spectra 

of the PETNR variants. All variants displayed the same spectroscopic features as wild-

type PETNR (WT PETNR), with full FMN occupancy in the active site, and maintaining 

the characteristic PETNR-bound FMN spectral signature, with maxima at 380 nm and 

465 nm (Figure S4.1). To assess any impact of mutagenesis on the general structure 

of the enzyme, we determined X-ray crystallographic structures for all variant forms 

isolated (Figures S4.2-S4.3 and Tables S4.1-S4.2). When compared to WT PETNR 

(PDB: 3P62), the RMSD values based on Cα positions corresponding to each variant 

were in the range 0.3-0.4 Å, indicating a high degree of similarity. No major 

reorientations occurred in the loops bearing the side-chain mutations and 

superpositions of all the structures indicates the tertiary TIM-barrel fold and external 

secondary features were largely unaffected by mutagenesis. Despite the overall 

structures of each of the four variants remaining largely unperturbed by mutagenesis 

some subtle shifts in side-chains are observed. One key shift in the I107A variant has 

led to a reorientation of the side-chain of Q241 (highlighted in Figure S4.2). Removal 

of the I107 side-chain bulk allows the side-chain of Q241 to rotate towards the 

vacated space, leading to a slight increase in the coenzyme binding pocket in this 

region. Altogether, the spectroscopic and structural evidence support the hypothesis 

that the targeted residues are not directly involved in FMN binding and that the 

mutations do not affect the overall architecture of the enzyme. Secondary impacts 

of these mutations resulting in subtle alterations within the active site are 

investigated below. 

One of the benefits in using PETNR to study enzymatic hydride transfer mechanisms 

is that individual catalytic steps can be accessed by stopped-flow measurements that 

track changes in FMN absorbance during the reductive half-reaction of the enzyme 

catalytic cycle. The loss of FMN absorbance during reduction of PETNR by NAD(P)H 

reports directly on the hydride transfer step, which is essentially irreversible. The 

observed limiting rate constant (kred) at saturating coenzyme concentration is 
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therefore the rate of hydride transfer, from which the intrinsic KIE values can also be 

obtained when using deuterated coenzyme (note that previously we have not 

observed evidence for other processes affecting the kinetics of H-transfer in OYEs, 

e.g. isomerization of the enzyme-substrate complex; we believe that the measured 

KIE is therefore an intrinsic value but we accept that the absence of evidence cannot 

be taken as proof).209 This simplifies analysis compared to other enzymes, where 

studies of H-transfer are often performed under steady-state turnover conditions. 

For the PETNR variant enzymes, the coenzyme concentration dependencies of 

hydride transfer were recorded (Figure S4.4). H-transfer was monitored by following 

the quenching of PETNR-bound FMN absorbance at 465 nm when mixing the enzyme 

with NAD(P)H (for representative kinetic traces, see Figure 4.2), as described 

previously.96,166 Limiting rate constants (kred) and apparent saturation constants (KS) 

at 25 °C for PETNR-catalysed hydride transfer are shown in Table 4.1. Although a 

plethora of data is available for WT PETNR from previous investigations, we re-

examined all the kinetics of the WT enzyme for the purpose of this study to eliminate 

any possible disparities arising from slightly different conditions, coenzyme purity or 

experimental setup. We were able to confirm that there is no difference between 

the kred and KS values obtained in this study and those previously published for WT 

PETNR.159 

The kinetic traces measured at 25 °C were adequately fit using a single exponential 

function for WT PETNR and for some variants. However, the behaviour of a number 

of variants was found to be more complex (vide infra for a more detailed analysis), 

with the majority of the reaction transients fitting to a double exponential function, 

comprising a fast rate (kobs1) and a slow rate (kobs2 < 5 s-1). The values presented in 

Table 4.1 reflect only the fast rate of the reaction, as extracted from the fits of the 

concentration dependence studies (Figure S4.4). By determining the saturation 

constant (KS) for each variant, we noticed that there is no major difference in the 

apparent affinity for NADPH, with the I107L variant having the same affinity (107 ± 5 

µM) as WT PETNR (103 ± 4 µM), while the other variants have slightly higher values 

for KS, with the most prominent change for L25A PETNR, which exhibits a two-fold 

increase (KS = 199 ± 6 µM).  
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Table 4.1. Observed rates of FMN reduction at 25 °C for PETNR variants with NADPH and NADHa. 

 kred (s-1) KS (µM) kred/KS (s-1 µM) 

PETNR variant NADPH   

WT 33.43 ± 0.22 103 ± 4 (3.25 ± 0.13)×10-1 

L25A 55.75 ± 0.35 199 ± 6 (2.80 ± 0.09)×10-1 

L25I 29.49 ± 0.49 130 ± 8 (2.27 ± 0.14)×10-1 

I107A 21.22 ± 0.25 130 ± 9 (1.63 ± 0.11)×10-1 

I107L 28.37 ± 0.20 107 ± 5 (2.65 ± 0.12)×10-1 

 NADH   

WT 2.03 ± 0.01 1067 ± 13 (1.90 ± 0.03)×10-3 

L25A 3.62 ± 0.04 2294 ± 91 (1.58 ± 0.06)×10-3 

L25I 1.74 ± 0.04 306 ± 40 (5.69 ± 0.94)×10-3 

I107A 2.05 ± 0.04 329 ± 37 (6.23 ± 0.71)×10-3 

I107L 1.94 ± 0.02 889 ± 36 (2.18 ± 0.09)×10-3 
acalculated from fitting data presented in Figure S4.4 to kobs1 = kred[NAD(P)H]/(KS + [NAD(P)H]); reaction 
conditions: 50 mM potassium phosphate buffer (pH 7.0), 20 µM enzyme concentration, [NAD(P)H] ranging 0.1 – 
50 mM, 25 °C. 

Analysing the limiting rate of reduction, we observed correlations between the size 

of the side-chain and the H-transfer rates: whilst the conservative (L25I and I107L) 

mutations have only a minor effect on the rate of FMN reduction, the alanine 

substitutions impose a markedly modified reaction rate. The rate of H-transfer is 60% 

faster for the L25A variant than for WT PETNR, while a 40% reduction in rate is 

observed for the I107A variant (Table 4.1). This suggests that an increase in the 

mobility of the FMN binding site, caused by shortening the L25 side-chain, is 

enhancing catalytic rates, while a larger void above the NADPH substrate, induced 

by truncation of I107 side-chain, is decreasing catalytic rates. While the L25A and 

L25I variants exhibit a very similar change in rate for the reaction with NADH (when 

compared to NADPH), the mutations introduced at the I107 site do not affect the 

limiting rate constant and, moreover, afford better binding of NADH. When 

comparing kred/KS (which reports, in this case, on the efficiency of each variant to 

perform the reductive half-reaction), we conclude that the increase in rate for L25A 

variants comes with a cost of lower binding affinity, leading to a slightly less efficient 

enzyme. We have noticed similar compensatory behaviour in the reaction of other 

OYEs with nicotinamide coenzyme biomimetics, where elevated catalytic rates are 

associated with inverse changes in binding affinity.225 The I107A variant is more 

efficient in the reaction with NADH and is noticeably less efficient for performing H-
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transfer from NADPH. Further, we performed temperature dependence studies of 

the rate of FMN reduction with both NADPH and NADH coenzymes, along with their 

corresponding deuterated forms, in the range of 5-40 °C. The unusual behaviour of 

the variants is first noticed through the shape of the transients observed, with all 

variants manifesting multiple kinetic phases at elevated temperatures (Figure 4.2). 

In general, the kinetic traces could be fitted to a single exponential function for low 

temperatures (<20 °C), while at higher temperatures the FMN reduction takes place 

with multiple resolvable kinetic phases. 

 

Figure 4.2. Stopped-flow kinetic traces showing FMN reduction for the PETNR variants with NADPH 

(top panel) and NADH (bottom panel), at selected representative temperatures (5, 25 and 40 °C). All 

absorbance values were normalised for a better comparison. Conditions: 50 mM potassium 

phosphate buffer (pH 7.0), 20 µM enzyme, 10 mM NADPH or 25 mM NADH (final concentrations). 

It was observed that the amplitude of the slow kinetic components increases with 

increasing temperature (Figure 4.3), with the effect being more pronounced for the 

L25A and I107A variants in the case of PETNR reduction by NADPH (~40% of the total 

absorbance change attributed to kobs2 at 40 °C). The reduction with deuterated 

substrates follows closely that observed for NADPH (Figure S4.5 and Tables S4.3-

S4.12). This suggests that the reaction chemistry (H vs. D transfer) is not kinetically 

controlled, and the differences observed are solely attributed to perturbations in the 

enzyme-coenzyme complex arising from mutagenesis of PETNR. FMN reduction 

follows the same trend with NADH for L25A and L25I variants, with multiple reactive 

configurations (MRCs) at elevated temperature and similar changes of amplitude 

contributions for each kinetic component. However, the mutagenesis of the I107 site 
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does not induce the formation of MRCs in reactions with NADH (the kinetic traces fit 

to a single exponential function across the studied temperature range, Figure 4.3 and 

S4.6), a contrasting behaviour when compared to reduction by NADPH. This indicates 

that truncation of I107 site has no detrimental effect on H-transfer from NADH 

coenzyme, whilst the NADPH reaction is noticeably affected. This suggests truncation 

of the I107 side-chain induces propagated effects (which extend beyond the tilting 

of the Q241 side-chain observed from X-ray data) on the structure (and dynamics) of 

the enzyme. 

 

Figure 4.3. Manifestation of multiple reactive configurations as a function of temperature for 

investigated PETNR variants. For variants manifesting MRCs, the relative amplitude of the slow kinetic 

phase (kobs2) during FMN reduction of PETNR variants by NADPH and NADH is increasing with 

temperature. The relative amplitude is reporting on the change in amplitude corresponding to the 

slow kinetic phase out of the total change in amplitude measured during FMN reduction. For L25A 

variant, the amplitude value at 40 °C represents the sum of two slow kinetic phases (kobs2 and kob3, see 

Tables S4.4 ad S4.9). 

We have previously detected MRCs in the N189A variant of morphinone reductase 

(MR), another enzyme belonging to the OYE family, in which four detectable MRCs 

could be kinetically resolved.87 Likewise, the data for the reduction of PETNR variants 

suggests that NADPH and NADH are able to bind in multiple conformations in the 

active site of PETNR variants, which leads to different competent states of the 

enzyme-coenzyme complex that are able to perform H-transfer, observed as 

multiple kinetic phases bearing KIEs (Figures S4.7-S4.8). While the kred value is highest 

for L25A, this fast reactive conformation is very slowly interconverting (< 1 s-1) with 
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another slow reactive conformation. In our previous work involving MR,87 we were 

able to corroborate that the resolved kinetic phases represent different 

configurations of the enzyme-coenzyme complex using computational methods. 

Herein, we propose that our observations with PETNR are consistent with those we 

have reported previously with MR. This inference is consistent with the available 

evidence (KIEs observed on each kinetic phase for PETNR). However, we cannot 

exclude other explanations at this stage, e.g. a mechanism involving multiple free 

enzyme species that have different reactivities. 

Given the KIE values at 25 °C are only slightly affected by mutagenesis, with small 

differences between the studied variants (Figure S4.7), we consider that a better way 

to interpret the data (as we have recently described elsewhere96) is by comparing 

the activation parameters (presented in Table 4.2). We analysed the thermodynamic 

parameters of the H-transfer reaction by fitting the Arrhenius plots of kobs1 (Figure 

4.4) to the nonlinear Eyring-based function: 

ln𝑘obs = ln (
𝑘B𝑇

ℎ
) −

∆𝐻𝑇0
‡ + ∆𝐶p

‡(𝑇−𝑇0)

𝑅𝑇
+

∆𝑆𝑇𝑜
‡ +∆𝐶p

‡ ln(
𝑇

𝑇0
)

𝑅
                 (4.1) 

where ΔHT0⧧ and ΔST0⧧ are the apparent activation enthalpy and entropy, 

respectively, at a reference temperature (T0, 298 K in this study), ΔCp⧧ is the 

difference in heat capacity between the reactant and transition states and kB, h, and 

R are the Boltzmann, Planck, and ideal gas constants, respectively.212,213. This model 

has recently been used for interpreting curvatures observed in Eyring plots for a 

number of enzymes,226,227 and recent computational work suggests changes in ΔCp⧧ 

are related to dynamical changes during catalysis, and these changes are attributed 

from contributions of not only active site regions, but also distal domains of the 

enzyme (dynamical changes that are dispersed throughout the entire structure).228 
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Table 4.2. Extracted parameters from kinetic and thermodynamic studies. 

PETNR 
variant 

ΔHT0⧧ 

(kJ mol-1) 

ΔST0⧧ 

(J mol-1 K-1) 

ΔCp⧧ 

(kJ mol-1 K-1) 

ΔHT0⧧ 

(kJ mol-1) 

ΔST0⧧ 

(J mol-1 K-1) 

ΔCp⧧ 

(kJ mol-1 K-1) 

 NADPH   NADH   

WT 30.4 ± 0.3 -113.9 ± 0.9 -0.50 ± 0.05 35.4 ± 0.1 -120.5 ± 0.5 0.39 ± 0.03 

L25A 23.3 ± 1.2 -133.7 ± 4.1 -0.92 ± 0.12 33.6 ± 0.5 -122.1 ± 1.7 0.28 ± 0.05 

L25I 30.4 ± 0.6 -114.9 ± 2.0 -0.43 ± 0.07 42.7 ± 1.7 -97.7 ± 6.0 0.32 ± 0.18 

I107A 17.8 ± 2.3 -160.2 ± 7.7 -1.08 ± 0.23 46.4 ± 1.1 -83.8 ± 3.6 -0.47 ± 0.22 

I107L 31.5 ± 0.7 -111.6 ± 2.4 -0.44 ± 0.08 38.7 ± 0.2 -110.0 ± 0.8 0.23 ± 0.04 

 (R)-[4-2H]-NADPH (R)-[4-2H]-NADH 

WT 36.8 ± 0.3 -108.0 ± 0.1 -0.32 ± 0.04 40.3 ± 0.1 -120.4 ± 0.5 0.46 ± 0.02 

L25A 31.9 ± 1.1 -120.5 ± 3.7 -0.78 ± 0.15 40.3 ± 1.1 -115.7 ± 3.8 0.42 ± 0.14 

L25I 36.7 ± 0.5 -109.5 ± 1.6 -0.53 ± 0.09 44.9 ± 0.2 -106.8 ± 0.8 0.30 ± 0.07 

I107A 19.0 ± 0.2 -172.6 ± 0.7 -1.43 ± 0.02 53.5 ± 1.7 -77.0 ± 5.6 0.17 ± 0.22 

I107L 35.7 ± 0.4 -112.9 ± 1.4 -0.65 ± 0.07 45.4 ± 0.3 -103.9 ± 0.9 0.43 ± 0.07 

 Isotope effect: (R)-[4-2H]-NADPH  -  NADPH Isotope effect: (R)-[4-2H]-NADH  -  NADH 

WT 6.4 ± 0.4 5.8 ± 1.5 0.18 ± 0.06 4.9 ± 0.2 0.1 ± 0.7 0.07 ± 0.04 

L25A 8.6 ± 1.27 13.3 ± 5.6 0.14 ± 0.19 6.6 ± 1.2 6.4 ± 4.2 0.13 ± 0.15 

L25I 6.3 ± 0.7 5.4 ± 2.5 -0.11 ± 0.11 2.3 ± 1.8 -9.2 ± 6.0 -0.03 ± 0.19 

I107A 1.2 ± 2.3 -12.3 ± 7.7 -0.35 ± 0.23 7.1 ± 2.0 6.8 ± 6.7 0.64 ± 0.31 

I107L 4.2 ± 0.8 -1.3 ± 2.8 -0.22 ± 0.11 6.7 ± 0.4 6.1 ± 1.2 0.19 ± 0.08 
 

For the reactions with NADPH and (R)-[4-2H]-NADPH, the apparent activation 

enthalpy values for WT PETNR are identical with those previously reported, with a 

coenzyme isotope effect of 6.4 ± 0.4 kJ mol-1, which we previously inferred to be an 

evidence of a “soft” promoting motion contributing to catalysis.95 The kinetic isotope 

effect on the FMN reduction with NADH and (R)-[4-2H]-NADH in WT PETNR manifests 

less temperature independence (ΔΔHT0⧧ = 4.9 ± 0.2 kJ mol-1) when compared with 

the KIE on the NADPH reaction (note that early work indicated a measurable 

temperature independent KIE, which we now believe was underestimated95). 

Overall, when comparing the apparent activation enthalpies and entropies for the 

PETNR variants, we observed a strong compensatory behaviour (Figure S4.9). This 

linear enthalpy-entropy compensation was recently observed in a study involving 

“heavy” PETNR isotopologues.96 This compensation effect is closely observed for 

ΔΔHT0⧧ and ΔΔST0⧧: changes in ΔΔHT0⧧ values are reflected by similar changes in 

ΔΔST0⧧ (Figure 4.5A). Moreover, for the NADPH reaction, there is a strong correlation 

between the rate of the reaction and the coenzyme KIEs (differences in the apparent 

activation enthalpy, (R)-[4-2H]-NADPH – NADPH), but there is no correlation for the 

NADH reaction (Figure 4.5B). 
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Figure 4.4. Arrhenius plots of the observed rate of hydride transfer from (A) NADPH and (R)-[4-2H]-

NADPH and (B) NADH and (R)-[4-2H]-NADH to FMN in studied PETNR variants; plots of kobs1, data from 

Tables S4.3-S4.12. See Table 4.2 for extracted parameters. Note: the decrease in kobs1 values for I107A 

PETNR reaction with NADPH and (R)-[4-2H]-NADPH at 35-40 °C suggests a different mechanism at 

elevated temperatures, hence the data was omitted during the fitting. 

The more prominent changes in ΔCp⧧ are observed for the variants with side-chain 

truncations (L25A and I107A), which manifest a more negative ΔCp⧧ when compared 

to WT PETNR. A recent study of ketosteroid isomerase and α-glucosidase MalL 

showed that the decrease in ΔCp⧧ can be explained through significant dynamical 

contributions of regions remote from the active site.228 In the case of PETNR, the 

effect of side-chain truncation on catalytic rates, enthalpy values, coupled with the 

nonequivalence in reactivity towards the two coenzyme and changes in ΔCp⧧, could 

inform on vibrational coupling (previously observed in “heavy enzyme” studies59,166) 

that is extended beyond the mutagenesis site(s). While it is assumed that ΔCp⧧ values 

are negative for enzyme systems in which the chemical reaction is rate limiting (as 
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the heat capacity for enzyme-substrate complex is larger than for the enzyme-

transition state complex),228 most of the data for PETNR reduction by NADH show 

negative values for ΔCp⧧. 

 

Figure 4.5. The relationship between the differences (coenzyme KIE) in apparent activation enthalpy 

(ΔΔHT0⧧) and entropy (A) and correlations between ΔΔHT0⧧ and observed rate constant (B) during H-

transfer for the PETNR variants. 

The kinetic and thermodynamic analysis of the reduction of FMN in the PETNR 

variants reveals coenzyme-specific perturbations to the H-transfer chemistry and 

thermal equilibrium of reactant states. The current knowledge we have at hand to 

rationalize these findings comes mainly from crystallographic studies (presented 

herein) and previously performed molecular dynamics (MD) simulations. The MD 

data suggest a similar binding mode for both NADPH and NADH coenzymes in the 

active site of PETNR,95 which makes it difficult to rationalize the differences in H-

transfer chemistry and thermal conformation equilibrium presented above. 

Although the crystal structure of the PETNR:NADH4 complex (PDB: 3KFT95) provides 

valuable insight into the structural proximity of reacting groups in the active site, π-

π stacking between the symmetry-related adenosine moieties of NADH4 in the two 
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PETNR:NADH4 monomers present in the asymmetric unit of the crystal lattice results 

in the pyrophosphate and adenosine groups of NADH4 being poorly coordinated by 

PETNR. The absence of such interactions limits predictions and analyses that can be 

made regarding the conformational preferences of NADPH4 binding to PETNR. 

Despite numerous attempts, we have been unable to crystallize the PETNR:NADPH4 

complex, which limits further structural and computational investigations. 

Consequently, we pursued NMR studies of WT PETNR, and recently reported the 1H, 

15N and 13C sequential backbone resonance assignments of the holoenzyme.202 

Building on this recent work, we have now performed near-complete backbone 

resonance assignments of the ground state PETNR:NADH4 and PETNR:NADPH4 

complexes at saturating concentrations of either NADH4 or NADPH4, which we 

further used to inspect differences in the binding modes between the coenzymes. 

Given the large size of PETNR (40 kDa), TROSY-based 3D heteronuclear experiments 

were acquired and analysed, which enabled a highly successful degree of assignment 

(97%) of the 1H–15N TROSY spectrum for each complex. Compared to the extent of 

assignment achieved for PETNR (333 residues), in the case of the PETNR:NADH4 

complex, 334 residues were successfully assigned, as H184 could be identified as a 

sharp and intense peak after ligand addition. Further assignment of one more 

residue of the flexible loop (D274) was also achieved, however residue R164 could 

not be assigned, most probably due to peak overlap. The PETNR:NADPH4 complex 

was assigned to the greatest extent (335 residues), with all residues identified as in 

the PETNR:NADH4 complex, as well as the additional assignment of residue R164. 

In order to assess the impact of the NAD(P)H4 coenzyme analogue binding on the 

PETNR structure, we comparatively analysed the 1H-15N TROSY spectrum of PETNR 

with 1H-15N TROSY spectra of the PETNR:NADH4 and PETNR:NADPH4 complexes. 

Overall, the changes in chemical shift for 1HN and 15N are limited to similar residue 

segments for all complex comparisons (Figure S4.10). The differences in combined 

chemical shift between each complex and PETNR, and a visual mapping of these 

changes onto the crystal structure of the PETNR:NADH4 complex (PDB: 3KFT95) is 

illustrated in Figure 4.6. It can be observed that, whilst the majority of the peaks are 

essentially not sensitive to coenzyme analogue binding, localized areas of PETNR are 
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noticeably affected by the addition of either NADPH4 or NADH4 (see Figure S4.11 for 

a structural overview of notably affected regions). Most of the changes that occur in 

PETNR upon binding of the coenzyme analogues are localized approximately 5 Å 

away from either NADH4 or the FMN cofactor, with similarly affected sites for both 

the NADPH4 and NADH4 analogues. The regions that are affected significantly by 

binding of NAD(P)H4 are depicted in Figure 4.6B. These encompass several loop 

regions (with maximum chemical shift differences recorded at residues T26, Y68, 

T104, Q241, G277, A302, Y351), a histidine “patch” that is known from 

crystallographic data to coordinate the NADH4 coenzyme analogue152 (denoted the 

H184 patch) and an α-helix found in close contact with the FMN cofactor (denoted 

the R324 helix). Coenzyme analogue binding is also observed to cause significant 

chemical shift changes in the β-hairpin flap (a region encompassing N126-T147), 

suggesting a major role of this structural motif in binding the NAD(P)H coenzyme in 

the active site. The significant differences in chemical shift between PETNR and the 

PETNR:NAD(P)H4 complexes observed in the β-sheet containing A58 and the loop 

involving Y351 (which are known to coordinate the FMN cofactor152), along with 

differences located at the top of the β-barrel that is in close proximity to FMN, 

suggest that NAD(P)H4 binding induces FMN repositioning within the active site for 

efficient H-transfer. This is supported by the formation of a charge-transfer complex 

between NAD(P)H4 and FMN, resulting in changes to the electrostatic distribution 

within the system, which contributes to the observed differences in chemical shift. 

For T26, the large difference in chemical shift can be explained by the formation of a 

hydrogen bond between the sidechain hydroxyl group of T26 and the NH2 group of 

the carboxamide function of the nicotinamide ring in NAD(P)H4 and by perturbations 

in the hydrogen bond between the backbone amide proton of T26 and the N5 atom 

of FMN. For the resonances assigned in the G277 loop, the NMR data suggest that 

coenzyme analogue binding induces a dramatic reorganization of the loop. This 

effect is propagated into the α-helix from which the G277 loop emerges, which is 

also moderately affected by NAD(P)H4 binding, even though it is positioned far away 

from the active site. 
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Figure 4.6. Observed changes in chemical shift for PETNR upon binding the NADH4 or the NADPH4 

coenzyme analogues. A) Histograms of the residue-specific chemical shift changes for the backbone 

amide groups in PETNR upon binding NADH4 (red) or NADPH4 (blue). The absolute chemical shift 

changes were calculated using the following equation: ΔδX = [(δHNPETNR  δHNX)2 + (C(δNPETNR  

δNX))2]1/2, where δHN is the backbone amide proton chemical shift, δN is the backbone amide nitrogen 

chemical shift, C value is 0.12 (for rescaling of δN values), and X is either the PETNR:NADH4 complex 

or the PETNR:NADPH4 complex. The lower histogram shows the residue-specific chemical shift 

differences between the PETNR:NADH4 complex and the PETNR:NADPH4 complex, with red and blue 

bars indicating larger changes in PETNR upon binding NADH4 or NADPH4, respectively. The absolute 

chemical shift differences between the PETNR:NAD(P)H4 complexes were calculated as Δδ = 

[(ΔδPETNR:NADPH4  ΔδPETNR:NADH4)2]1/2. The secondary structure of PETNR is shown at the top of the figure 

with gray helices denoting -helices and white arrows indicating -strands. Regions with significant 

 values are highlighted with segment labels. B) Distributions of Δδ values plotted onto the structure 

of the PETNR:NADH4 complex (PDB: 3KFT). Residues with significant δ values are coloured red 

(PETNR:NADH4 - left panel) and blue (PETNR:NADPH4 – right panel). The FMN cofactor is shown as yellow 

sticks, the NADH4 coenzyme analogue is shown as green sticks and the mutation sites (L25 and I107) 

are depicted as purple sticks. The central panel encompasses a zoomed-in view of the active site and 

highlights the  values between the two complexes (red – larger  upon PETNR:NADH4 complex 

formation; blue – larger Δδ upon PETNR:NAPDH4 complex formation) and is a structural visualization 
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of the data in the lower histogram. Sidechains are shown as gold wireframes and regions with 

significant  values are highlighted with segment labels. Proline residues, unassigned residues and 

residues with Δδ < 0.04 ppm (the standard deviation) are left blank in the representation, while 

residues with Δδ ≥ 0.04 ppm are coloured as described above, with a stronger intensity of colour 

representing a higher Δδ value. In the central panel, no cut-off was applied for . 

Overall, similar residue segments show differences in backbone amide 15N chemical 

shifts between the PETNR:NADH4 and PETNR:NADPH4 complexes (Figure 4.7). 

Analysis of amide 15N chemical shift changes (N) can provide valuable information 

on the location of conformational differences between the complexes, as they report 

mainly on changes in backbone torsion angles. The only structural difference 

between the coenzyme analogues is the presence of a 2’-phosphate group on the 

ribose ring of the adenosine moiety in NADPH4. Therefore, N values reported 

between these analogues reflect how PETNR specifically modifies its conformational 

and dynamic preferences to accommodate NADPH4 binding in the active site. 

 

Figure 4.7. Structural mapping of absolute chemical shift differences for backbone amide 15N atoms 

calculated as: N = [(δNPETNR:NADPH4 - δNPETNR:NADH4)2]1/2 plotted onto the structure of the 

PETNR:NADH4 complex (PDB: 3KFT) (Figure S4.10). Residues with significant N values are coloured 

red, with a stronger intensity of colour representing a higher N value, with a cut-off of 0.1 ppm 

applied. The side-chains are shown as wireframes in the putty representation of the protein, the FMN 

cofactor is shown as yellow sticks, the NADH4 coenzyme analogue is shown as green sticks and the 

mutation sites (L25 and I107) are depicted as purple sticks. The zoomed-in view of the β-hairpin flap 

highlights the Nvalues between the two complexes, and identifies the location of R130 and Q241, 

which are residues with significant differences between the two complexes. 
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The residue with the largest N value involves T131, present in a cluster of 

contiguous residues (T129-R134 and A140-T147 of the β-hairpin flap), which have 

significant 15N chemical shift differences (Figure 4.7, Figure S4.10). Although the 

R130 side-chain and the putative location of the 2’-phosphate group are not within 

hydrogen bonding distance in the crystal structure of the PETNR:NADH4 complex, it 

is likely that bond rotation would allow productive coordination of these groups in 

solution. Structural perturbations within the β-hairpin flap are propagated to Y68 

and also to Q241 via a network of side-chain hydrogen bonds involving Y186, which 

are positioned directly over the face of the nicotinamide ring of NADH4 in close 

proximity to I107. Conformational differences within the β-hairpin flap are also 

propagated through side-chain hydrogen bonding with R134 to the L25-I31 and 

E348-G352 regions. For the D274-G277 loop with missing structural density in the 

crystal, chemical shift differences in the G278-E283 region indicate that the loop 

likely coordinates the coenzyme. Remarkably, chemical shift perturbations are also 

noted for G301-A302 and F322-G323 which are residues that coordinate the 

phosphate group present in FMN, indicating that conformational and dynamic 

preferences for NADH4 and NADPH4 coordination by PETNR are propagated through 

the charge transfer complex formed with FMN. 

Based on the differences in chemical shift observed between PETNR and the 

PETNR:NAD(P)H4 complexes, we can now rationalize, in part, the kinetic behaviour 

of the investigated variants. Residue L25 presents large differences in chemical shift 

for both PETNR:NADH4 and PETNR:NADPH4 complexes, and these observations are 

most readily explained by its close proximity to T26, which is a residue directly 

involved in FMN cofactor binding.152 In the crystal structure, residue I107 is 

positioned ~8 Å away from the face of the NADH4 nicotinamide ring and is 

sandwiched between Y68, Y186 and Q241, which make direct contact with the 

coenzyme analogue and a segment of the β-hairpin flap. I107 is slightly affected by 

NADPH4 binding, but not by NADH4 binding, suggesting that the presence of 

phosphate in the coenzyme analogue contributes to a more pronounced 

reorientation of the loop containing I107. Overall, the structural features in the 

vicinity of the FMN cofactor (and residue L25) are highly affected by both coenzymes, 
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with higher chemical shift changes occurring upon NADH4 addition, while the regions 

affected more by NADPH4 binding are situated in the vicinity of residue I107 (Figure 

4.6B). The fact that residue I107 is not affected by NADH4 binding, and H-transfer 

kinetics are also not majorly affected for the reduction with NADH (i.e. FMN 

reduction occurs in a single phase), as in contrast with NADPH4, informs clearly about 

differences in the binding modes of the two coenzymes, which have consequences 

on the H-transfer mechanism. Along with the observed reorientation of Q241 side-

chain in I107A variant, the NMR and thermodynamic data suggests extended 

vibrational coupling is present during H-transfer from NADPH to PETNR. 

To further the analysis of the binding modes of the two coenzymes, we performed 

an analysis of the 1H linewidth of peaks in the 1H-15N TROSY spectra (Figure S4.12), 

which enables detection of residues that have a significant exchange contribution to 

the transverse relaxation rate (R2). Broadening of the linewidth suggests 

conformational exchange between two or more species on the μs-ms NMR 

timescale.229 It can be observed that PETNR exhibits a high degree of conformational 

exchange on this timescale, with most of the regions affected being located around 

the active site (Figure S4.13). A reduction in the exchange contribution to R2 can be 

observed for some residues following addition of NADH4, such as those situated in 

the G277 loop. The minimization of this dynamic behaviour is even more pronounced 

in the case of the PETNR:NADPH4 complex, for which most of these slow 

conformational exchange processes are removed. The data indicate that the NADPH4 

coenzyme mimic is interacting more tightly with PETNR than its non-phosphorylated 

counterpart, which explains the higher affinity of PETNR for NADPH than for NADH 

(Table 4.1). The mutations chosen for kinetic studies are located on the edge of these 

regions that exhibit μs-ms conformational exchange in PETNR. Residue I107 is not a 

dynamic centre, but it is located in a region with moderate dynamic behaviour in 

PETNR, while linewidths for residues in the vicinity of L25 are considerably 

broadened. Both regions around the targeted residues show a restriction in 

conformational exchange on addition of coenzyme, suggesting an important role of 

binding in controlling enzyme motions on the μs-ms timescale. 
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This study was undertaken to investigate how second sphere ‘noncatalytic’ residues 

influence vibrational modes linked to H-transfer and H-tunnelling in PETNR. The use 

of a combination of ‘sharp’ experimental tools (e.g. stopped-flow rapid kinetics, 

isotope/temperature dependence studies of H-transfer and NMR spectroscopy) 

allowed us to underpin a complex, coenzyme-specific kinetic and thermodynamic 

equilibrium during H-transfer in the investigated variants. The side-chain 

modifications (L25I, L25A, I107A and I107L PETNR) were designed based on their 

location within the active site (situated along the reaction coordinate in the 

PETNR:NAD(P)H complexes). The hypothesis that the targeted side-chains are not 

involved in major electrostatic interactions within the active site was confirmed 

through stationary UV-visible spectroscopy and crystallographic data. The side-chain 

modifications are very subtle, but they prompt changes to the conformational 

landscape of the enzyme that can be observed during the reductive half-reaction 

using stopped-flow techniques. Broadly, H-transfer rates are maintained through 

enthalpy-entropy compensation and any small changes in H-transfer rate can be 

correlated with truncation of the residue side-chains and their position in the active 

site. However, temperature dependence studies of H-transfer revealed a coenzyme-

specific and complex thermodynamic equilibrium between different reactive 

configurations in PETNR–coenzyme complexes. We find that mutagenesis of these 

second sphere ‘noncatalytic’ residues (L25 and I107) affects differently the reactivity 

of PETNR with coenzymes NADPH and NADH. The thermal equilibrium between the 

multiple reactive states is considerably shifted in the case of alanine variants (L25A 

and I107A). Moreover, this equilibrium of MRCs is thermally activated and 

coenzyme-specific, as it does not occur in the FMN reduction of I107 variants with 

NADH. We attribute these differences to subtle, dynamic structural changes in the 

PETNR active site, the effects of which impact differently in the nonequivalent 

reactive geometries for PETNR:NADH and PETNR:NADPH complexes. This inference 

is confirmed in chemical shift data for PETNR:NADH4 and PETNR:NADPH4 complexes 

obtained from NMR analysis. Further NMR and computation studies focusing on the 

variants investigated herein could enable us to determine whether the 

thermodynamically-controlled MRCs are caused by shifts in the enzyme population 
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(changes in the conformational landscape of the enzyme) or/and perturbations of 

distance sampling of the donor-acceptor coordinate. 

4.4. Concluding remarks 

Enzymes have evolved to catalyse chemical reactions with extraordinary selectivity 

and specificity, and it is often assumed that predominantly one configuration of the 

enzyme-substrate complex will be the catalytically active one. This hypothesis has a 

strong physical basis for the reaction of WT enzymes with their natural substrates. 

However, when dealing with enzyme variants, the perturbation of the finely tuned 

enzyme structure by mutagenesis can change the conformational flexibility and 

geometries in the enzyme to the extent that multiple reactive conformations are 

populated. To date, kinetic studies of OYEs have allowed us to demonstrate that 

variants of two enzymes in this family (N189A variant of MR87 and this study) exhibit 

shifted distributions of reactive conformational states, when compared to the 

corresponding WT enzymes. While the N189A variant of MR could be considered a 

disruptive mutation (N189 is intimately involved in coenzyme binding through H-

bonding), it is not the case for the variants described in the current study. Herein, 

the synergistic use of complementary spectroscopic techniques has allowed us to 

unravel the nonequivalence of second sphere ‘noncatalytic’ residues in PETNR. The 

complex kinetic behaviour observed upon truncation of L25 and I107 side-chains 

indicates long-range cooperativity throughout the active site. We suggest that 

formation of MRCs could be a common feature when investigating variant enzymes, 

and other authors have pointed towards the existence of parallel reaction pathways 

during catalysis.230,231. Moreover, kinetic complexities on H-transfer caused by 

(distal) mutagenesis have been observed in dihydrofolate reductase catalysis,82 and 

these effects have been correlated with protein dynamics contributions.81,84,232–234  

While we are aware of the experimental challenges that would allow us to visualize 

MRCs in a wider range of H-transfer enzymes, we believe that synergistic 

experimental approaches should aid interpretation of kinetic data. This study is an 

illustration of how the use of ‘sharp’ experimental tools can uncover details often 

masked in more traditional studies of H-transfer (e.g. those reliant only on the use 
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of steady-state turnover studies with isotopically-labelled substrates). These 

approaches are needed to identify these hidden complexities even for relatively 

simple reactions such as H-transfer. Similar approaches are therefore likely to be 

informative with other enzymes to understand the relative importance of small-scale 

dynamics in controlling enzymatic rates of reaction. 

4.5. Supporting information 

4.5.1. Experimental section 

Materials. All reagents were of analytical grade and were purchased from Sigma-

Aldrich (Dorset, UK), except for NADP+, NADH and NADH, which were obtained from 

Melford Laboratories (Chelsworth, U.K.). All isotopically enriched compounds (2H2O, 

15NH4Cl and 2H7,13C6-D-glucose) used for 2H,13C,15N-labelled PETNR overexpression 

were obtained from Goss Scientific Ltd. (Crewe, U.K.). 

Preparation of deuterated and reduced coenzymes. (R)-[4-2H]-NADPH and (R)-[4-

2H]-NADH were synthesized by enzymatic stereospecific reduction of NADP+ or NAD+ 

and purified as previously described (purity determination by 1H NMR spectroscopy 

confirmed isotopic purity >98.5%).235 NAD(P)H4 was synthesized by reduction of 

NAD(P)H with hydrogen using palladium-activated charcoal, and isolated as 

described before.235 

Overexpression and purification of variant enzymes. The desired mutations were 

introduced into the PETNR-containing pONR1 gene using the Stratagene QuikChange 

II Site-Directed Mutagenesis Kit (Stockport, UK), with custom primers ordered from 

Eurofins Genomics (Ebersberg, Germany). The correct mutations were confirmed by 

DNA sequencing (Eurofins Genomics), and the variant enzymes were overexpressed 

and purified as described before for WT enzyme.152,162 2H,13C,15N-labelled PETNR 

samples that were used in NMR experiments were prepared as previously 

described.202  

Extinction coefficients. Enzyme concentrations were determined using a molar 

extinction coefficient of 13.3 mM-1 cm-1 at 464 nm. NAD(P)H and (R)-[4-2H]-NAD(P)H 
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concentrations were determined using a molar extinction coefficient of 6.22 mM-1 

cm-1 at 340 nm, while NAD(P)H4 concentrations were determined using a molar 

extinction coefficient of 16.8 mM-1 cm-1 at 289 nm.235 

Stopped-flow spectroscopy. All kinetic measurements were performed using a Hi-

Tech Scientific (TgK Scientific, Bradford on Avon, U.K.) stopped-flow 

spectrophotometer, which had the sample handling unit placed inside a Belle 

Technology anaerobic glovebox (<5 ppm of O2). All buffer solutions (50 mM 

potassium phosphate buffer, pH 7.0) used for the measurements were degassed by 

bubbling nitrogen gas through the solution for 1 hour prior to transfer to the 

glovebox, and were left overnight to equilibrate in the glovebox and ensure removal 

of all oxygen traces. All concentration dependence measurements were performed 

at 25 °C, using a constant (~20 µM) enzyme concentration throughout, and with 

varying NADPH or NADH concentrations (0.1 – 20 mM and 0.3-50 mM final 

concentration, respectively). Temperature dependence measurements were 

performed using a constant enzyme concentration (20 µM) and a constant 

concentration of NADPH and NADH (10 mM and 25 mM final concentration, 

respectively), in order to ensure pseudo-first order kinetics for all variants 

throughout the whole temperature range (5-40 °C). All absorption traces were 

analysed and fitted with standard exponential decay functions, using OriginPro 9.1 

(OriginLab Corporation, MA, USA). The reported observed rate constants represent 

the mean average of 3-6 individual measurements, and the error bars are plotted as 

± 1 standard deviation. 

Crystallography. The crystallization conditions used were similar to those previously 

reported.152 Sitting drop vapor diffusion was used to obtain crystals by mixing 200 nl 

of 15 mg/ml protein (20 mM Tris/HCl, pH 8.0 at 4 °C) with 400 nl of a reservoir 

containing 25 % (w/v) PEG 3000, 17 % (v/v) isopropanol, 0.1 M trisodium citrate, 0.1 

M cacodylic acid (pH 6.5). Plates were incubated at 21 °C and crystal formation was 

observed after 48 hours. Individual crystals were harvested and cryo-cooled by 

plunging into liquid nitrogen prior to data collection at Diamond Light Source. Single 

cryo-cooled crystals of each of the four PETNR variants were used to collect complete 
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data sets, which were subsequently scaled and integrated using Xia2.236 Structures 

were solved by molecular replacement in Phaser237 using a search model derived 

from the wild type PETNR structure (3P62). Iterative cycles of model building and 

refinement were performed using COOT and Phenix.238,239 Validation with 

MOLPROBITY240 and PDB-REDO241 was integrated into the iterative rebuilding and 

refinement process. Complete data collection and refinement statistics are 

presented in Tables S4.1-S4.2. 

NMR spectroscopy. Sequential backbone assignment of the PETNR:NAD(P)H4 

complexes was performed using an enzyme:ligand ratio of 1:10, to ensure the 

presence of a high population of saturated complex (Kd values for the PETNR:NADPH4 

and PETNR:NADH4 complexes are 0.13 mM and 0.14 mM, respectively).159 As the 

coenzyme analogues have a limited stability, as previously observed for the NAD(P)H 

coenzymes, the samples were prepared just prior to NMR spectral acquisition. All 

NMR experiments were conducted under identical conditions to those recently 

reported for the PETNR holoenzyme.202 In summary, samples of approximately 1 mM 

2H,13C,15N-labelled PETNR, in 50 mM potassium phosphate buffer, pH 7.0, 

supplemented with 1 mM NaN3 and containing 10 mM NAD(P)H4 coenzyme analogue 

were used. All samples contained 10% (v/v) 2H2O, added as an internal lock, and 0.5% 

(v/v) trimethylsilyl propanoic acid (TSP), used for chemical shift referencing. 1H 

chemical shifts were referenced relative to the internal TSP signal, whereas 15N and 

13C chemical shifts were indirectly referenced using the nuclei-specific gyromagnetic 

ratios.217 NMR experiments were recorded at 298 K on an 800 MHz Bruker Avance III 

spectrometer (Bruker Corp., U.S.A.), equipped with a 5 mm 1H/13C/15N TCI cryoprobe 

and a Z-field gradient coil, running Topspin v.3.2 (Bruker Corp., U.S.A.). The backbone 

assignment of the PETNR:NAD(P)H4 complexes was achieved using 1H-15N TROSY 

HSQC and TROSY versions of HNCACB, HN(CO)CACB, HNCA, HN(CA)CO and HNCO 

triple resonance experiments.168 NMR data were processed using Topspin v.3.2 

software and analysed using CCpNmr Analysis v.2.4 software.218 The chemical shift 

assignments for PETNR:NADPH4 and PETNR:NADH4 complexes have been deposited 

in the Biological Magnetic Resonance Bank (BMRB: http://www.bmrb.wisc.edu/) 

under the accession numbers 27469 and 27470, respectively. 
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4.5.2. Static UV-visible absorption spectroscopy data 

 

Figure S4.1. UV-visible absorption spectra of the PETNR variants. The broad absorbance peaks at 380 

nm and 465 nm are characteristic of the oxidized form of PETNR-bound FMN, and it can be noted 

there are no observable changes in the shape of the spectra upon mutagenesis. For a better 

comparison, all spectra are vertically shifted, with the absorbance scale correlated with the WT PETNR 

data. Conditions: 30 µM enzyme, 50 mM potassium phosphate buffer (pH 7.0), 25 °C. 
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4.5.3. Crystallography data 

Table S4.1. Data collection statistics for the crystal structures of L25A and L25I PETNR variants. 
 

L25A (PDB: 6GI8) L25I (PDB: 6GI7) 

Wavelength 0.9763 0.92 

Resolution range 54.44  - 1.42 
(1.471  - 1.42) 

48.5  - 1.3 
(1.346  - 1.3) 

Space group P 21 21 21 P 21 21 21 

Unit cell 56.808 68.875 88.874 90 90 90 57.76 70.53 89.31 90 90 90 

Total reflections 532239 (52383) 1623254 (156692) 

Unique reflections 66485 (6534) 89476 (8544) 

Multiplicity 8.0 (8.0) 18.1 (18.3) 

Completeness (%) 99.97 (99.98) 98.93 (95.65) 

Mean I/sigma(I) 15.88 (2.16) 22.94 (9.68) 

Wilson B-factor 14.71 7.32 

R-merge 0.08077 (0.917) 0.08843 (0.2971) 

R-meas 0.08634 (0.9803) 0.09105 (0.3054) 

R-pim 0.03014 (0.3435) 0.02141 (0.0697) 

CC1/2 0.999 (0.682) 0.998 (0.985) 

CC* 1 (0.9) 1 (0.996) 

Reflections used in refinement 66464 (6534) 89319 (8544) 

Reflections used for R-free 3377 (330) 4545 (446) 

R-work 0.1323 (0.1969) 0.1108 (0.0947) 

R-free 0.1798 (0.2504) 0.1396 (0.1351) 

CC(work) 0.968 (0.903) 0.972 (0.976) 

CC(free) 0.961 (0.797) 0.965 (0.961) 

Number of non-hydrogen atoms 3409 3751 

macromolecules 2855 3035 

ligands 35 35 

solvent 519 681 

Protein residues 363 362 

RMS(bonds) 0.016 0.012 

RMS(angles) 1.62 1.56 

Ramachandran favoured (%) 97.22 97.22 

Ramachandran allowed (%) 2.78 2.78 

Ramachandran outliers (%) 0 0 

Rotamer outliers (%) 1.02 0.64 

Clashscore 2.45 5.26 

Average B-factor 19.19 10.56 

macromolecules 16.95 8.09 

ligands 12.34 6.21 

solvent 31.96 21.81 
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Table S4.2. Data collection statistics for the crystal structures of I107A and I107L PETNR variants. 
 

I107A (PDB: 6GIA) I107L (PDB: 6GI9) 

Wavelength 0.92 0.9686 

Resolution range 37.39  - 1.7 
(1.761  - 1.7) 

37.54  - 1.45 
(1.502  - 1.45) 

Space group P 21 21 21 P 21 21 21 

Unit cell 56.8716 69.1394 88.8937 90 90 90 57.32 70.32 88.78 90 90 90 

Total reflections 134933 (13196) 227721 (22053) 

Unique reflections 39076 (3865) 63458 (6292) 

Multiplicity 3.5 (3.4) 3.6 (3.5) 

Completeness (%) 99.39 (99.41) 98.68 (99.31) 

Mean I/sigma(I) 14.92 (3.54) 13.19 (2.16) 

Wilson B-factor 16.27 13.03 

R-merge 0.05966 (0.4119) 0.06332 (0.6041) 

R-meas 0.07095 (0.4883) 0.07426 (0.7131) 

R-pim 0.03781 (0.2585) 0.03787 (0.3706) 

CC1/2 0.99 (0.778) 0.998 (0.728) 

CC* 0.997 (0.936) 1 (0.918) 

Reflections used in 
refinement 

39050 (3861) 63456 (6292) 

Reflections used for R-free 1919 (194) 3221 (334) 

R-work 0.1453 (0.1571) 0.1248 (0.2076) 

R-free 0.2033 (0.2581) 0.1641 (0.2616) 

CC(work) 0.970 (0.934) 0.973 (0.909) 

CC(free) 0.935 (0.839) 0.968 (0.872) 

Number of non-hydrogen 
atoms 

3240 3393 

macromolecules 2818 2850 

ligands 35 35 

solvent 387 508 

Protein residues 362 363 

RMS(bonds) 0.009 0.013 

RMS(angles) 1.32 1.52 

Ramachandran favoured (%) 96.39 98.06 

Ramachandran allowed (%) 3.61 1.94 

Ramachandran outliers (%) 0 0 

Rotamer outliers (%) 0.69 1.36 

Clashscore 1.06 1.4 

Average B-factor 19.74 16.68 

macromolecules 18.68 14.25 

ligands 14.62 10.44 

solvent 27.93 30.75 
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Figure S4.2. X-ray crystal structures of investigated PETNR variants. Each of the four variant PETNR 

crystal structures has been superimposed onto the WT PETNR structure (PDB: 3P62), and the C-alpha 

RMSD values are presented in the top right table. The C-alpha traces for each of the five structures 

are shown top left, coloured according to the convention adopted throughout this manuscript. To 

highlight the coenzyme binding region, the PETNR:NADH4 complex structure (PDB: 3KFT) was also 

superimposed onto the WT structure (3P62) and NADH4 from this structure is shown in purple CPK 

representation. The sites of mutation along with residue Q241 are shown in ball and stick 

representation. The side chain of Q241 has moved ~1.83Å relative to the position observed in the wild 

type structure for the I107A variant. Movement at Q241 will influence the spatial freedom available 

to the nicotinamide coenzyme. All variant structures show an alternative primary conformation at C5 

of the FMN cofactor compared to that observed in WT PETNR. However, despite this variability, the 

hydrogen bonding networks of the FMN are maintained and consistent with those in WT PETNR. 
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Fo-Fc Omit Electron Density for each site of mutation - 2 sigma contouring 

 
   

L25A L25I I107A I107L 

 

Figure S4.3. Electron density for each site of mutation in PETNR. Each of the four mutations are 

displayed in ball and stick representation and coloured according to the convention adopted 

throughout the manuscript. 

4.5.4. Concentration dependence studies 

 

Figure S4.4. Concentration dependence of FMN reduction in the PETNR variants with NADPH (A) and 

NADH (B), recorded at 25 °C. Conditions: 50 mM potassium phosphate buffer (pH 7.0), 20 µM enzyme 

and varying coenzyme concentrations. In the cases where the reaction is multiphasic, only the fast 

observed rate constants (kobs1) are represented and fitted. Note: For the variants exhibiting 

multiphasic behaviour at 25 °C (see below in Tables S4.3-S4.12), the slow observed rate constants 

(kobs2) have constant values and amplitudes (within error) throughout the range of NAD(P)H 

concentrations studied, suggesting the Ks for kobs2 is very low (<10 µM). This observation ensures that 

further (i.e. temperature dependence) experiments are recorded under saturating conditions for all 

kinetic phases observed. 
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4.5.5. Tabulated rate constants from temperature dependence studies 

Table S4.3. Temperature dependence of the observed rate constants (kobs) of FMN reduction for WT 

PETNR with NADPH and (R)-[4-2H]-NADPH. 

 NADPH (R)-[4-2H]-NADPH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2* (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 11.31 ± 0.09 - - 1.51 ± 0.01 - - 

10 15.23 ± 0.15 - - 2.13 ± 0.01 - - 

15 20.32 ± 0.25 - - 2.90 ± 0.01 - - 

20 26.28 ± 0.31 - - 3.95 ± 0.02 - - 

25 33.74 ± 0.46 - - 5.20 ± 0.04 - - 

30 41.64 ± 0.20 - - 6.59 ± 0.04 - - 

35 50.46 ± 0.75 1.19 ± 0.92 1.41 ± 0.23 8.48 ± 0.03 1.22 ± 0.45 2.54 ± 0.53 

40 58.49 ± 0.50 1.09 ± 0.16 2.29 ± 0.35 9.96 ± 0.18 1.11 ± 0.24 3.41 ± 0.65 

*A2 represents the change in amplitude corresponding to kobs2, out of the total change in absorbance (A464nm). 

Table S4.4. Temperature dependence of the observed rate constants (kobs) of FMN reduction for L25A 

PETNR with NADPH and (R)-[4-2H]-NADPH. 

 NADPH (R)-[4-2H]-NADPH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 19.18 ± 0.22 
0.65 ± 
0.215 

2.93 ± 0.55 2.37 ± 0.01 - - 

10 26.03 ± 0.17 1.85 ± 0.64 2.70 ± 0.56 3.33 ± 0.03 - - 

15 34.93 ± 1.25 3.75 ± 3.25 4.36 ± 2.77 4.59 ± 0.03 - - 

20 43.51 ± 0.64 2.42 ± 0.48 3.58 ± 0.47 6.14 ± 0.04 - - 

25 53.77 ± 1.15 1.54 ± 0.45 4.73 ± 0.26 8.01 ± 0.22 0.03 ± 0.03 8.80 ± 4.08 

30 59.63 ± 2.29 0.64 ± 1.50 7.50 ± 0.21 10.24 ± 0.05 0.16 ± 0.03 5.83 ± 0.60 

35 68.39 ± 8.69 0.51 ± 0.17 16.48 ± 0.53 11.89 ± 0.07 0.17 ± 0.01 14.06 ± 0.45 

40* 71.16 ± 6.56 0.26 ± 0.06 25.54 ± 0.91 12.39 ± 0.22 0.26 ± 0.02 31.19 ± 1.07 

*A third phase is observed at 40 °C for the reaction with NADPH with kobs3 of 3.55 ± 1.03 and A3 = 19.34 ± 0.54. 
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Table S4.5. Temperature dependence of the observed rate constants (kobs) of FMN reduction for L25I 

PETNR with NADPH and (R)-[4-2H]-NADPH. 

 NADPH (R)-[4-2H]-NADPH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 10.12 ± 0.04 - - 1.26 ± 0.02 - - 

10 13.47 ± 0.06 - - 1.79 ± 0.01 - - 

15 18.07 ± 0.05 - - 2.46 ± 0.01 - - 

20 24.33 ± 0.52 2.25 ± 2.63 3.28 ± 1.62 3.42 ± 0.03 0.19 ± 0.04 2.63 ± 0.15 

25 30.24 ± 0.42 3.74 ± 1.20 3.96 ± 0.87 4.50 ± 0.02 0.27 ± 0.03 3.59 ± 0.27 

30 36.74 ± 0.28 2.57 ± 0.62 4.00 ± 0.57 5.72 ± 0.06 0.28 ± 0.01 4.31 ± 0.37 

35 43.84 ± 0.36 1.99 ± 0.12 5.72 ± 0.36 7.20 ± 0.07 0.42 ± 0.07 7.05 ± 0.36 

40 49.82 ± 1.14 2.06 ± 0.19 10.89 ± 0.63 8.66 ± 0.09 0.66 ± 0.01 12.46 ± 0.45 

Table S4.6. Temperature dependence of the observed rate constants (kobs) of FMN reduction for I107A 

PETNR with NADPH and (R)-[4-2H]-NADPH. 

 NADPH (R)-[4-2H]-NADPH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 8.45 ± 0.08 1.46 ± 0.12 6.12 ± 0.67 1.01 ± 0.01 - - 

10 11.05 ± 0.13 2.60 ± 0.28 7.02 ± 0.79 1.43 ± 0.03 0.42 ± 0.26 4.21 ± 2.11 

15 14.31 ± 0.34 3.29 ± 0.54 9.94 ± 2.01 1.90 ± 0.02 0.42 ± 0.16 3.81 ± 1.16 

20 17.69 ± 0.14 3.29 ± 0.18 12.53 ± 0.12 2.39 ± 0.01 0.33 ± 0.05 3.56 ± 0.33 

25 22.08 ± 0.55 4.31 ± 0.18 22.89 ± 1.963 2.87 ± 0.04 0.24 ± 0.03 5.16 ± 0.27 

30 22.75 ± 0.34 3.90 ± 0.107 32.66 ± 0.61 3.19 ± 0.02 0.28 ± 0.03 8.70 ± 0.69 

35 18.23 ± 0.58 3.57 ± 0.20 38.27 ± 1.59 3.31 ± 0.02 0.38 ± 0.01 15.07 ± 0.95 

40 12.15 ± 0.43 2.42 ± 0.18 32.08 ± 1.75 3.08 ± 0.1 0.46 ± 0.10 20.99 ± 0.65 

Table S4.7. Temperature dependence of the observed rate constants (kobs) of FMN reduction for I107L 

PETNR with NADPH and (R)-[4-2H]-NADPH. 

 NADPH (R)-[4-2H]-NADPH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 9.05 ± 0.07 - - 1.23 ± 0.03 - - 

10 12.34 ± 0.156 - - 1.74 ± 0.01 - - 

15 16.65 ± 0.21 - - 2.42 ± 0.01 - - 

20 21.84 ± 0.34 - - 3.31 ± 0.02 - - 

25 27.36 ± 0.40 - - 4.37 ± 0.02 - - 

30 33.87 ± 0.50 - - 5.52 ± 0.04 - - 

35 43.71 ± 1.29 4.22 ± 1.79 6.81 ± 1.84 7.05 ± 0.13 1.05 ± 0.26 4.43 ± 1.03 

40 47.70 ± 2.88 3.37 ± 0.90 12.22 ± 2.91 8.14 ± 0.12 1.19 ± 0.10 10.87 ± 0.74 
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Table S4.8. Temperature dependence of the observed rate constants (kobs) of FMN reduction for WT 

PETNR with NADH and (R)-[4-2H]-NADH. 

 NADH (R)-[4-2H]-NADH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 0.73 ± 0.01 - - 0.091 ± 0.001 - - 

10 0.92 ± 0.01 - - 0.119 ± 0.001 - - 

15 1.17 ± 0.01 - - 0.156 ± 0.001 - - 

20 1.51 ± 0.01 - - 0.204 ± 0.002 - - 

25 1.95 ± 0.01 - - 0.274 ± 0.001 - - 

30 2.53 ± 0.02 - - 0.366 ± 0.002 - - 

35 3.30 ± 0.01 - - 0.499 ± 0.011 - - 

40 4.25 ± 0.02 - - 0.673 ± 0.005 - - 

Table S4.9. Temperature dependence of the observed rate constants (kobs) of FMN reduction for L25A 

PETNR with NADH and (R)-[4-2H]-NADH. 

 NADH (R)-[4-2H]-NADH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 1.27 ± 0.01 - - 0.162 ± 0.002 - - 

10 1.61 ± 0.01 - - 0.211 ± 0.002 - - 

15 2.03 ± 0.01 - - 0.275 ± 0.004 - - 

20 2.63 ± 0.03 - - 0.360 ± 0.004 - - 

25 3.33 ± 0.07 0.09 ± 0.06 2.29 ± 0.92 0.495 ± 0.002 - - 

30 4.23 ± 0.06 0.08 ± 0.01 4.93 ± 0.85 0.612 ± 0.042 - - 

35 5.20 ± 0.11 0.11 ± 0.01 12.72 ± 0.74 0.885 ± 0.018 0.11 ± 0.03 15.60 ± 2.69 

40* 6.74 ± 0.37 0.13 ± 0.01 20.40 ± 1.48 1.070 ± 0.054 0.17 ± 0.01 34.60 ± 0.91 

*A third phase is observed at 40 °C for the reaction with NADH with kobs3 of 1.10 ± 0.0 and a %A of 19.01 ± 3.17. 

Table S4.10. Temperature dependence of the observed rate constants (kobs) of FMN reduction for L25I 

PETNR with NADH and (R)-[4-2H]-NADH. 

 NADH (R)-[4-2H]-NADH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 0.49 ± 0.01 - - 0.062 ± 0.001 - - 

10 0.66 ± 0.01 - - 0.083 ± 0.001 - - 

15 0.90 ± 0.01 - - 0.113 ± 0.002 - - 

20 1.20 ± 0.01 - - 0.160 ± 0.001 - - 

25 1.77 ± 0.06 0.36 ± 0.10 6.40 ± 2.07 0.223 ± 0.003 - - 

30 2.39 ± 0.06 0.39 ± 0.09 6.86 ± 1.61 0.306± 0.005 - - 

35 3.26 ± 0.07 0.49 ± 0.07 8.92 ± 1.01 0.418 ± 0.001 - - 

40 4.26 ± 0.13 0.58 ± 0.05 12.28 ± 1.93 0.604± 0.066 - - 
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Table S4.11. Temperature dependence of the observed rate constants (kobs) of FMN reduction for 

I107A PETNR with NADH and (R)-[4-2H]-NADH. 

 NADH (R)-[4-2H]-NADH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 0.42 ± 0.01 - - 0.053 ± 0.001 - - 

10 0.62 ± 0.01 - - 0.075 ± 0.003 - - 

15 0.92 ± 0.01 - - 0.115 ± 0.001 - - 

20 1.35 ± 0.01 - - 0.172 ± 0.005 - - 

25 1.97 ± 0.02 - - 0.261 ± 0.007 - - 

30 2.75 ± 0.02 - - 0.391 ± 0.004 - - 

35 3.63 ± 0.01 - - 0.545 ± 0.008 - - 

40 4.29 ± 0.03 - - 0.673± 0.013 - - 

Table S4.12. Temperature dependence of the observed rate constants (kobs) of FMN reduction for 

I107L PETNR with NADH and (R)-[4-2H]-NADH. 

 NADH (R)-[4-2H]-NADH 

T (°C) kobs1 (s-1) kobs2 (s-1) A2 (%) kobs1 (s-1) kobs2 (s-1) A2 (%) 

5 0.61 ± 0.01 - - 0.073 ± 0.003 - - 

10 0.81 ± 0.01 - - 0.102 ± 0.002 - - 

15 1.06 ± 0.01 - - 0.136 ± 0.003 - - 

20 1.40 ± 0.01 - - 0.185 ± 0.004 - - 

25 1.87 ± 0.01 - - 0.263 ± 0.003 - - 

30 2.49 ± 0.01 - - 0.357 ± 0.010 - - 

35 3.30 ± 0.03 - - 0.504 ± 0.001 - - 

40 4.25 ± 0.02 - - 0.685± 0.019 - - 
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4.5.6. Additional kinetic analysis 

 

Figure S4.5. Manifestation of multiple reactive configurations as a function of temperature for the 

PETNR variants during FMN reduction with (R)-[4-2H]-NADPH and (R)-[4-2H]-NADH. For the variants 

exhibiting multiple reactive configurations, A2 (the amplitude of slow observed rate, kobs2) is increasing 

with increasing temperature, in the same manner as for the reduction of the variants with non-

deuterated coenzymes. 
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Figure S4.6. Raw kinetic transients showing the temperature dependence of the reduction of I107A 

(A) and I107L (B) with NADH coenzyme. The transients are represented as a scatter plot, with single 

exponential fitting functions depicted as thin lines of the same colour. Note that all transients fit to 

single exponential decay functions across the temperature range studied, and the total change in 

absorbance is constant, eliminating the possibility of other secondary reactive (or unreactive) species 

(this would lead to a decrease in the total change with increasing temperature, as the amplitude of 

the second phase would increase, which is not the case herein). 
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Figure S4.7. Temperature dependence of the observed primary kinetic isotope effects (KIEs) for FMN 

reduction in the PETNR variants with NADPH (A) and NADH (B). The solid lines are linear fits of each 

data set (for visual guidance). Note: The values presented in the current figure correspond to the KIE 

on the fast observed rate, kobs1. See Figure S4.8 for KIEs on the slow observed rate, kobs2. 

 

 

Figure S4.8. Temperature dependence of the KIEs for the slow observed rate (kobs2) of FMN reduction 

in the PETNR variants with NADPH. The solid lines are linear fits of each data set (for visual guidance). 

While the presence of KIEs on kobs2 confirms (among other things) that the reduction of the enzyme 

occurs through different reactive configurations, with the multiphasic FMN reduction representing 

parallel pathways for H-transfer, the KIEs for kobs2 are not analysed further, as the interpretation is 

limited by the small amplitudes and low values for kobs2, which give rise to very high errors. Note (for 

NADH reactions): Although during the reactions with (R)-[4-2H]-NADH it is expected to observe 

multiple phases, fitting could only be typically done using single exponential functions, and no KIEs 

could be extracted. This is expected, as the second phases for the deuterated coenzyme would 

probably have rate constants < 0.05 s-1. 
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Figure S4.9. A) The relationship between the apparent activation enthalpy and entropy values 

determined for the reactions of NADPH and (R)-[4-2H]-NADPH with the PETNR variants. The solid lines 

are linear fits of each data set to guide the eye. B) The same relationship illustrated for the reactions 

with NADH and (R)-[4-2H]-NADH coenzymes. 
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4.5.7. Additional NMR analysis 

 

Figure S4.10. Histograms of (A) backbone amide proton (1HN) and (B) backbone amide nitrogen (15N) 

residue-specific chemical shift changes that occur upon binding NADH4 (red) and NADPH4 (blue) to 

PETNR and the chemical shift differences between the PETNR:NAD(P)H4 complexes (gray). The 

absolute chemical shift differences were calculated using the following equations: ΔδX = [(δX(PETNR) 

– δX(PETNR:NAD(P)H4))2]1/2, where X = HN or N; ΔδX = [(δX(PETNR:NADPH4) – δX(PETNR:NADH4))2]1/2, 

where X = HN or N. The chemical shift assignments used for PETNR (holoenzyme) were previously 

deposited at BMRB (accession number 27224).202 
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Figure S4.11. Structural representation of regions affected by NAD(P)H4 binding to PETNR. The crystal 

structure of the PETNR:NADH4 complex (PDB: 3KFT), with highlighted regions that are substantially 

affected by NAD(P)H4 binding. The FMN cofactor is show as yellow sticks and the NADH4 coenzyme 

analogue is shown as green sticks. 

 

 

Figure S4.12. Distribution of 1H linewidth values from 1H-15N TROSY spectra of PETNR and 

PETNR:NAD(P)H4 complexes. The spectrum of each species was processed in an identical manner 

before analysis. Overlapped peaks were excluded from the data. 
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Figure S4.13. Line broadening analysis indicates regions affected by slow (μs-ms) dynamics in PETNR 

and the PETNR:NAD(P)H4 complexes. Structural mapping of residues that exhibit line broadening 

depicted onto the crystal structure of PETNR (PDB:1H50) or PETNR:NADH4 (PDB: 3KFT). The average 

linewidth and the standard deviation (σ) from the average for each residue-specific linewidth value 

were calculated (Figure S4.12). The residues that presented a 1H linewidth value higher than the 

average value plus one standard deviation were considered broadened and are depicted as coloured 

spheres at the Cα position. Three different sizes were used for the spheres, with the largest size 

depicting residues with significant broadening (values higher than average value plus 3 × σ). 

 

 

 

 



5. Probing ene-reductases specificity towards nicotinamide coenzymes 

 
109 

 

5. Selectivity through discriminatory induced fit enables switching 

of NAD(P)H coenzyme specificity in Old Yellow Enzyme ene-

reductases 

 

 

Publication status: under review 

Authors: Andreea I. Iorgu, Tobias M. Hedison, Sam Hay, Nigel S. Scrutton 

Running header: Probing ene-reductases specificity towards nicotinamide coenzymes 

Contributions: A.I.I. wrote the paper, with contributions from all authors. A.I.I. 

conducted all experiments and data analysis. T.M.H. helped A.I.I. with data analysis 

and interpretation. A.I.I. designed the project, under supervision of S.H. and N.S.S. 

 

  



5. Probing ene-reductases specificity towards nicotinamide coenzymes 

 
110 

 

5.1. Abstract 

The vast majority of ene-reductases belong to the Old Yellow Enzyme (OYE) family of 

flavin-dependent oxidoreductases. OYEs use nicotinamide coenzymes as ancillary 

hydride donors to catalyse the reduction of a broad range of alkenes that bear an 

electron withdrawing group, making them of potential interest for use in industrial 

processes. Despite a vast number of previous investigations into the structure and 

catalytic mechanism of a large number of OYEs, a central question remains 

unanswered: what determines coenzyme specificity in this large family of ene-

reductases? Herein, to investigate the role of specific residues in nicotinamide 

coenzyme selection, we have used available X-ray crystallographic and structural 

NMR data to rationally design variants of two OYEs, pentaerythritol tetranitrate 

reductase (PETNR) and morphinone reductase (MR). PETNR is a dual-specificity OYE, 

which reacts with both NADH and NADPH, while MR accepts only NADH as a hydride 

donor. Using stopped-flow spectroscopy, we investigated the coenzyme specificity 

in these enzymes by designing variants targeting a β-hairpin motif in an active site 

loop of both PETNR and MR. We found that R130 governs the kinetic preference of 

PETNR for NADPH and the neighbouring R142 coordinates the pyrophosphate linker 

of both coenzymes. We then used these findings to switch coenzyme specificity in 

MR, by replacing either E134 or L146 with an arginine, which led to increased affinity 

towards NADH and, moreover, enabled MR to also use NADPH as a reducing 

coenzyme. Thus, we have shown how structure-led design can address the long-

standing question of coenzyme specificity in OYEs. This approach is general and can 

be further used towards improving and switching selectivity in other homologues of 

OYE family of ene-reductases. 
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5.2. Introduction 

In recent years, there has been a shift from traditional synthetic methods to more 

environmentally friendly and sustainable approaches in the production of fine 

chemicals.123–126 The development of novel chemoenzymatic approaches for 

manufacturing of high value chemicals is driven by ever increasing knowledge of 

enzyme structures and mechanisms, coupled with advances in metabolic 

engineering and synthetic biology. The asymmetric reduction of activated C═C bonds 

is one of the most widely employed chemical reactions in industry for which 

biocatalytic routes are intensively explored.242,243 The stereoselective reduction of 

alkenes bearing an electron-withdrawing group is catalysed by a large family of 

enzymes, known under the umbrella term of “ene-reductases”.116–118 The majority 

of known ene-reductases are homologues of the Old Yellow Enzyme (OYE) family of 

oxidoreductases.118,148 OYEs are a large family of flavin mononucleotide (FMN)-

dependent enzymes based on the (α,β)8-barrel structural scaffold, which use NADH 

and/or NADPH nicotinamide coenzymes as ancillary hydride donors.148,149,207,244 

Extensive research has contributed to a wide range of catalysis applications 

employing OYEs, including their use in individual biocatalytic reactions127 or as part 

of multiple enzymatic128–132 and chemo-enzymatic cascade reactions,133 and in whole 

cells biotransformation reactions.134 These studies have also driven the development 

of effective nicotinamide coenzyme recycling systems,245–247 biomimetic 

counterparts and the use of coenzyme-independent reduction methods.225,248–251 

The use of coenzyme biomimetics and coenzyme-free reduction systems is highly 

attractive for biocatalytic reduction of activated alkenes. However, their use is 

limited in cell factory engineering applications where natural coenzymes are 

required to drive flux through natural and engineered metabolic pathways, enable 

coenzyme cycling and to maintain redox balance. In these cases, there is a need to 

use self-sufficient closed-loop recycling systems and to have the ability to predictably 

engineer the coenzyme specificity of ene-reductase biocatalysts to meet pathway 

and cellular requirements. The broadening of substrate scope for asymmetric 

bioreductions and improvements in the chemo-, regio-, and stereoselectivity of 

target compounds has been extensively reported for engineering studies with 
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OYEs.128,137,146,138–145 However, despite this achievements, there remains little 

understanding of the molecular basis of coenzyme discrimination in OYEs. Most OYEs 

use NADPH as the preferred hydride donor, but several display higher affinity and/or 

reactivity with NADH.252–254 Conversely, others can use both nicotinamide 

coenzymes (NADH and NADPH) as hydride donors225. The sequence identity across 

different members of the OYE family is not generally conserved (< 15% conserved 

residues across all three classes of OYEs148), and quaternary structures range from 

monomers to dodecamers148 (Figure S5.1). However, most OYE enzymes share a 

highly conserved monomer architecture, the (α,β)8-barrel structure (also known as a 

TIM fold150,151), with the FMN cofactor bound non-covalently at the C-terminal region 

of the β-strands (Figure 5.1 and Figure S5.2). Despite this similarity, the amino acid 

residues and/or structural motifs that direct coenzyme specificity are not known. In 

other dehydrogenases/reductases (e.g. based on the Rossmann fold), coenzyme 

discrimination is driven in part by interactions with the adenine 2′-phosphate 

(NADPH) or the adenine 2′-hydroxyl (NADH; see Figure 5.1 for numbering).255,256 

Recent studies have also suggested that coenzyme specificity could be engineered 

through heuristic-based approaches involving structure-guided, semi-rational 

strategies for enzyme engineering.257 In the ene-reductases class, X-ray 

crystallographic data is available for several OYEs in complex with reduced coenzyme 

mimics (e.g. 1,4,5,6-tetrahydro-NAD(P) (NAD(P)H4); Figure S5.2), but insight from 

these structures is limited. While the stacked arrangement of the nicotinamide 

moiety of NAD(P)H and the isoalloxazine ring of the FMN cofactor is conserved across 

these structures, the coenzyme ‘tail’ (Figure 5.1) is often disordered, or in different 

conformations (some artificially induced by coenzyme-coenzyme stacking 

interactions in crystallo). It is this ‘tail’ moiety that differs between NADH and 

NADPH, and thus, the interaction(s) of the enzyme with this moiety must underpin 

coenzyme selectivity. 
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Figure 5.1. Overlaid structures of coenzyme-free and coenzyme-bound pentaerythritol tetranitrate 

reductase. The structures of oxidized PETNR (PDB:5LGX)220 and PETNR:NADH4 complex (PDB:3KFT)95 

are shown as pink and teal cartoons, respectively, with the β-hairpin structural motif highlighted in 

red. The middle panel encompasses a more detailed view of the active site and the β-hairpin motif, 

with the FMN cofactor (yellow), the NADH4 coenzyme mimic (blue) and two arginine residues from 

the β-hairpin motif (green in holoenzyme, orange in coenzyme-bound PETNR) highlighted as sticks. 

NAD(P)H structure is shown in the right panel (R = H (NADH) or R = PO3
2- (NADPH)), with the ‘tail’ 

moiety shown in blue and key atoms labelled. 

In recent work, we have reported the first structural NMR studies of an OYE family 

member, pentaerythritol tetranitrate reductase (PETNR).202 PETNR is a widely 

studied ene-reductase with a broad substrate scope. It is a monomeric 40 kDa 

enzyme, which uses both coenzymes NADH and NADPH, but reacting more quickly 

with NADPH.95,162,166 Like all OYEs, the reaction catalysed by PETNR occurs by a single-

site ping-pong mechanism comprising a reductive half-reaction (RHR; hydride 

transfer from the C4 pro-R hydrogen atom of NAD(P)H to the FMN N5 atom) and an 

oxidative half reaction (hydride transfer from the FMN N5 and proton transfer from 

solvent to an oxidizing substrate, typically an α,β unsaturated alkene).157,159 A range 

of NMR chemical shift perturbations in the enzyme active site were observed upon 

coenzyme binding. However, these data also revealed a large reorientation of a β-

hairpin structural motif (residues T129-T147; Figure 5.1) on coenzyme binding, 

suggestive of an induced fit mechanism. Major chemical shift perturbations were 

observed in particular for T131 and the neighboring R130, with more pronounced 

effects with NADPH4 compared to NADH4. (Section 4.3). This coenzyme-specific 
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binding by induced fit contrasts with a previous X-ray crystal structure, which now 

appears to be in an ‘open’ conformation.95 

Informed by our NMR studies, we set out to determine the basis of coenzyme 

recognition in PETNR and to rationally tune and switch coenzyme specificity by 

protein engineering of PETNR and the related NADH-dependent morphinone 

reductase (MR).153,254 We have identified the structural determinants of coenzyme 

specificity in these OYEs in a flexible and poorly conserved coenzyme-binding pocket, 

and suggested how protein engineering can be used to tune coenzyme specificity 

across other OYE oxidoreductases to facilitate future applications in biocatalysis and 

cell factory engineering. 

5.3. Results and discussion 

Residue R130 from the β-hairpin flap governs PETNR specificity towards NADPH. 

Recent 1H-15N TROSY NMR studies of the PETNR:NAD(P)H4 complexes have 

suggested a potential role of R130 in differentiating between binding of the NADPH 

and NADH to PETNR. Apart from the perturbations observed in localized areas of the 

active site upon binding of either NADH4 or NADPH4, significant chemical shift 

perturbations are also observed in the β-hairpin structural motif (Figure 5.1, Section 

4.3). Within this β-hairpin flap, significant differences in chemical shift were observed 

between the two complexes, indicating each of the coenzyme alters the orientation 

of the structural motif in different ways, possibly suggesting an interaction between 

R130 and the 2′-phosphate group of NADPH. However, upon inspection of the X-ray 

crystal structures of PETNR and NADH4-bound PETNR (Figure 5.1), an interaction 

between R130 and the bound coenzyme would seem unlikely. The X-ray crystal 

structure of PETNR bound to NADH4 indicates the side chain of R130 is facing the 

outer side of the active site channel and points away from the tail of the nicotinamide 

coenzyme. Specifically, the guanidino moiety of R130 is > 7 Å away from the 

pyrophosphate and > 10 Å away from the 2′-hydroxyl group of the bound NADH4. To 

investigate the interaction of R130 with NAD(P)H, the neutral variants R130M, R130L 

and the negatively charged variant R130E were created. The RHR of each variant was 

characterised by stopped-flow spectroscopy. Coenzyme NADH and NADPH 
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concentration dependencies of the rate of FMN reduction at 25 °C were determined 

(Figures S5.3-S5.6), and the kinetic parameters obtained by fitting the observed rate 

constants to Eq 5.1 are shown in Figure 5.2. 

𝑘obs = 𝑘rev +
𝑘red [NAD(P)H]

𝐾S+[NAD(P)H]
                 (5.1) 

 

Figure 5.2. Observed kinetic parameters for the RHR of WT, R130L, R130M and R130E PETNR variants 

with (A) NADH and (B) NADPH. The kinetic parameters are represented as bars, with same the 

logarithmic y axis maintained for both panels for a better comparison. *The kinetics of FMN reduction 

in R130E PETNR with NADPH follow a second-order reaction, with a rate constant k represented 

instead of the kred/KS value. **In this case, the kred constant has a theoretical value calculated by 

multiplying the second-order rate constant (k) by the maximum solubility limit of NADPH in solution 

(KS ~ 150 mM), and the KS value representing the solubility limit is shown as bars crossed out with 

black lines. Kinetic parameters for WT PETNR (data taken from Section 4) are shown for comparison.  

Wild-type (WT) PETNR is reduced by both NADH and NADPH, with NADPH having a 

limiting rate constant (kred) value 17-fold higher than NADH and 10-fold higher 

affinity towards NADPH (KS of 0.1 mM) than for NADH. Consequently, NADPH is the 

preferred coenzyme for WT PETNR, with an overall efficiency for performing the RHR 

(kred/KS) 170× higher than NADH. However, by mutating the R130 site of PETNR, we 

can observe significant coenzyme-dependent changes to these kinetic parameters 

(Figure 5.2). The values of all kinetic parameters for the reactions of R130L, R130M 
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and R130E PETNR with NADH are broadly maintained and the only notable 

differences are the presence of two kinetic phases for the reduction of FMN in R130L 

and R130M PETNR (Figures S5.3-S5.6.) and a ~3-fold decrease in NADH affinity (KS) 

and efficiency (kred/KS) for R130E. These results suggest that R130 does not play a 

major role in NADH binding to PETNR and it is likely that the modest changes 

observed in the kinetic parameters are a propagated effect of the substitution, i.e. 

causing other nearby residues with a functional role to adopt a different 

conformation, or creating a slight electrostatic repulsion in the case of R130E variant.  

On the contrary, both R130L and R130M PETNR variants show noticeably decreased 

rates of hydride transfer in the reaction with NADPH, with the presence of a 

reversible rate of reaction (krev = 0.46 ± 0.11 s-1 for both variants) and a striking > 80-

fold reduction in affinity values towards the phosphorylated coenzyme. This reduces 

the efficiency of the RHR (kred/KS) to values similar as for the reaction of WT, R130L 

and R130M PETNR with NADH. The most pronounced effect on the affinity of NADPH 

to PETNR is seen in the R130E variant. In this case, the substitution of the positively 

charged guanidino moiety with a negatively charged carboxylate moiety prevents 

the formation of a stable Michaelis complex. Instead, FMN reduction by NADPH in 

R130E PETNR is a second-order reaction, with a rate constant of 0.09 ± 0.01 s-1 mM-

1, and a theoretical kred value of ~ 13.5 s-1 (assuming a maximum solubility of NADPH 

in buffer solution of 150 mM). 

Since NADH and NADPH coenzymes are isostructural except for 2′-

hydroxyl/phosphate group, the striking differences in affinity towards the 

coenzymes observed in the variants indicate that R130 likely coordinates the 2’-

phosphate group of NADPH. Replacement of R130 with a neutral amino acid of 

similar length (Met or Leu) leads to essentially no discrimination between the two 

coenzymes, with similar kred/KS values for NADH and NADPH. This is mostly caused 

by changes in affinity, with the rates of FMN reduction by NADPH being higher than 

the ones for the reaction with NADH in all variants, suggesting the R130 site is mainly 

involved in binding preferentially the NADPH coenzyme, and having limited effect on 
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the arrangement of the nicotinamide for efficient H-transfer (i.e. not affecting the 

binding site of the nicotinamide moiety). 

Residue R142 from the β-hairpin flap in PETNR coordinates the pyrophosphate 

group of the nicotinamide coenzyme(s). The observation that R130E showed a 

significant reduction in affinity towards NADH suggested that the R130E carboxylate 

may also perturb both NADH and NADPH binding through electrostatic repulsion 

with the pyrophosphate linker. Significant NMR chemical shift perturbations of I141 

(also in the β-hairpin flap) have been observed upon NADH binding (Section 4.3), 

suggesting charged residue(s) in this loop are likely to be involved in coenzyme 

binding. The most likely candidate, R142, was next targeted for mutagenesis and we 

followed a similar strategy as for R130, substituting R142 with Leu and Glu before 

characterising the RHR of R142L and R142E using stopped-flow spectroscopy (Figures 

S5.7-S5.8). The kinetic parameters representing the FMN reduction in these variants 

are presented in Figure 5.3. 

A notable feature of the reaction of R142L PETNR with both NADH and NADPH is the 

presence of two kinetic phases that contribute to the total change in amplitude at 

465 nm. In the case of the reduction with NADH, one of the phases bears similar 

kinetic parameters as WT PETNR, and the other, which has a larger amplitude, 

manifests a reduced kred (0.82 ± 0.06 s-1) and an increased KS (5.07 ± 1.87 mM), 

leading to a significantly impaired reaction efficiency. The reaction of R142L with 

NADPH is similar, with a minor phase showing kinetic parameters comparable to WT 

PETNR and a dominant kinetic phase, which is apparently second-order (k = 0.025 ± 

0.001 s-1 mM-1). The RHR of R142E PETNR with NADH is monophasic and almost 

completely impaired, with FMN reduction following a second-order reaction with k 

= 0.034 ± 0.002 s-1, comparable to the dominant kinetic phase of R142L PETNR with 

NADPH. The reaction of R142E PETNR with NADPH is even more significantly 

impaired with a second-order k = 0.008 ± 0.002 s-1 mM-1, consistent with an 

electrostatic clash between R142E and the NADPH 2′ phosphate. For reference to 

the WT reactions, theoretical maximal first-order kred values of ~ 5 s-1 and 0.4 s-1 can 
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be estimated for the RHRs of R142L PETNR with NADH and NADPH, respectively at 

saturating (150 mM) concentrations of NAD(P)H. 

 

Figure 5.3. Observed kinetic parameters for the RHR of WT, R142L and R142E PETNR variants with (A) 

NADH and (B) NADPH. The R142L_1 and R142L_2 denote the two different kinetic phases observed 

for the FMN reduction in the R142L PETNR variant. The kinetic parameters are represented as bars, 

with the same y axis maintained for both panels for a better comparison. *In these cases, the kinetics 

of FMN reduction follow a second-order reaction, with a rate constant k represented instead of the 

kred/KS value. ** kred constants are theoretical values, calculated by multiplying the second-order rate 

constant (k) by the maximum solubility limit of NAD(P)H in solution (KS ~ 150 mM), and the KS value 

representing the solubility limit is shown as bars crossed out with black lines. 

The removal of the positive charge of the R142 side chain leads to notable reduction 

in the ability of the enzyme to bind both NADH and NADPH. These data are consistent 

with R142 stabilizing bound NAD(P)H through electrostatic interactions with the 

coenzyme pyrophosphate linker. The differences between the reactions of R142E 

PETNR with NADH and NADPH and the multiple kinetic phases observed in the 

reactions of R142L PETNR may arise through an alternative (and poorly reactive) 

coenzyme binding conformation where the pyrophosphate linker forms ionic bond(s) 

with R130. Again, these data are consistent with an induced fit mechanism. 

In order to test whether the selectivity of PETNR towards the nicotinamides is 

governed by an induced fit mechanism controlled by the whole active site pocket 
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(and not just the β-hairpin flap), we extended investigations of RHR for other PETNR 

variants, by targeting three other active site residues (H181, D274, R324) that are 

hypothesized to have catalytic roles. The concentration dependence data for NADPH 

and NADH with the designed variants showed that the RHR of PETNR is affected by 

mutagenesis of the above active-site residues, but not in a coenzyme-specific 

manner. Thus, the data indicates that coenzyme specificity is not altered by 

mutagenesis of other functional residues in PETNR (see the relevant detailed section 

in the Supporting Information and Figures S5.9-S5.13). 

Lessons from PETNR – towards switching coenzyme specificity of an NADH-

dependent ene-reductase, MR. R130 is located in the β-hairpin flap, which is part of 

a large polypeptide excursion situated between the β3 strand and α3 helix of the TIM 

barrel structure of PETNR (Figure S5.1). The sequence identity of this loop is not 

conserved between members of the OYE family of ene-reductases, which explains 

why a common coenzyme-specific binding sequence motif has not been identified 

for OYEs. This leads to the question, is there likely to be an equivalent residue(s) to 

R130 in other OYEs, and how would one identify such a residue(s) in order to engineer 

new coenzyme selectivity?  

MR is a dimeric member of the OYE family, which uses NADH in its RHR.153,254 MR 

shares 51% sequence identity with PETNR and the X-ray crystal structures of the two 

OYEs are highly similar, with MR also possessing a β-hairpin flap in a similar position 

to PETNR. Upon comparison of the β-hairpin flaps of PETNR and MR, it is apparent 

that MR does not possess equivalent residues to PETNR’s R130 and R142. Instead, 

MR possesses of an acidic residue (E134) in place of R130, and the neutral side chain 

of L146 at the same position as the guanidino group of R142 in PETNR (Figure 5.4A). 

We reasoned that as R130 confers coenzyme specificity in PETNR and that the R130E 

PETNR variant does not accept NADPH as hydride donor, MR is NADH-specific due to 

the presence of E134. To test this hypothesis, we created two MR variants, E134R 

and L146R. Again, the RHR of these variants was characterised using stopped-flow 

spectroscopy, with the resulting kinetic parameters presented in Figure 5.4B. 
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The RHR of WT MR with NADH proceeds with kred = 55.44 ± 0.41 s-1 and KS = 89 ± 4 

µM.59,157 The limiting rate of reaction of E134R and L146R MR with NADH are similar 

to WT with kred = 44.64 ± 0.07 and 61.69 ± 0.22 s-1, respectively. However, the 

introduction of an arginine at either site leads to a dramatic increase in binding 

affinity towards NADH, with estimated KS values of 6 and 5 ± 1 µM for E134R and 

L146R, respectively. These are likely to be an upper limit due to experimental 

limitations of the experiment (Figure S5.14). Again, these results are consistent with 

coenzyme binding through ionic interactions between the NAD(P)H pyrophosphate 

moiety and the guanidine side chain(s) of arginine residues in the β-hairpin flap. The 

small differences in H-transfer rates (kred) between MR variants may be attributed to 

subtle perturbations of the nicotinamide moiety of the NADH in each Michaelis 

complex. 

 

Figure 5.4. (A) Overlay of the X-ray crystal structures of PETNR:NADH4 (teal cartoon, orange sticks, 

PDB code: 3KFT) and MR:NADH4 complexes (yellow cartoon, magenta sticks, PDB code: 2R14) showing 

the active site and β-hairpin flap. The NADH4 conformation in PDB: 3KFT is displayed in line form. (B) 

The observed kinetic parameters of FMN reduction in the MR variants with NADH (top) and NADPH 

(bottom) are represented as bars, with the same logarithmic y axis maintained for both panels for a 

better comparison. 

Finally, we investigated whether NADPH could reduce any of the MR variants. While 

it was previously reported that WT MR does not react with NADPH,254 we were able 

to observe slow RHR kinetics at very high concentrations of NADPH (kred = 0.86 ± 0.15 
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s-1, KS = 38.5 ± 12.6 mM). Along with this slow phase, a minor fast phase was 

observed, which we attribute to a small amount of NADH impurity (0.05-0.1%) in the 

NADPH stock (Figure S5.15). The reactions of E134R and L146R MR with NADPH show 

greatly improved RHR kinetics, with reaction efficiencies, kred/KS = 55- and 20-fold 

greater than WT MR, respectively (Figure 5.4). As improvements in both kred and KS 

were observed, improved NADPH binding did not impair the rate of this reaction. 

Further, the E134R and L146R MR variants also manifest a 10- and 20-fold increase 

in kred/KS for the RHR with NADH, respectively, when compared to WT MR. Together, 

these results show that the introduction of an arginine at either of the targeted sites 

(R130 and R142 in PETNR) leads to improved RHR kinetics in MR. 

This leads to an intriguing biological question: why haven’t PETNR and MR evolved 

to bind nicotinamide coenzymes more tightly? First, we suggest that there is no 

evolutionary constraint to achieve values <100 µM, as NADH is often detected at 

concentrations above 100 µM in vivo.258,259  Secondly, the very tight binding of 

NAD(P)H may also lead to tight binding of the NAD(P)+ product, preventing its fast 

release from the active site and thus, slowing the rate of turnover. Finally, the β-

hairpin flap may also have a role in binding the oxidative substrate, so improved 

NAD(P)H binding may only be possible if binding of the oxidative substrate can be 

compromised. 

To test the last scenario, we investigated the steady state kinetics of E134R and 

L146R MR with NADH and the generic OYE substrate 2-cyclohexen-1-one. Similar 

kinetics to WT MR153,157 were observed (Figure S5.16) and the oxidative half-reaction 

was rate-limiting in all cases. These results demonstrate that improved coenzyme 

affinity does not necessary lead to impaired oxidative kinetics in MR, and by 

extension to other OYEs. Also, as the E134R and L146R MR variants have greatly 

enhanced NADH affinity and an ability to work with NADPH, they are likely to offer 

real improvements to both in vitro and in vivo biocatalysis applications.  
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5.4. Conclusions 

The construction of efficient metabolic pathways requires the ability to control 

enzymatic nicotinamide coenzyme utilization, but also to engineer or reverse 

coenzyme preference in oxidoreductases, one of the largest class of enzymes 

frequently used in biocatalytic processes. Efforts are made towards understanding 

and switching coenzyme preference of oxidoreductases, in particular for the 

dehydrogenase family.255,257,260,261 Despite being targets for a vast number of 

biocatalytic processes, there is a lack of understanding regarding the molecular basis 

of NAD(P)H/specificity in OYEs, the largest group of enzymes in the ene-reductase 

class of oxidoreductases. 

Herein, we have demonstrated that charged residues in the β-hairpin flap of two 

OYEs are largely responsible for the tight and selective binding of nicotinamide 

coenzymes in these ene-reductases. We show that the β-hairpin structural motif 

dictates the affinity of PETNR towards NADPH through electrostatic interactions 

between two arginine residues (R130 and R142) and the pyrophosphate linker and 

the 2′-phosphate group of the coenzyme. Inspection of conserved structural (but not 

sequence) motifs in MR and PETNR allowed the identification of two residues in MR 

(E134 and L146), which control binding affinity and coenzyme selectivity in this 

enzyme. Thus, we have shown how structure-led design can address the long-

standing question of coenzyme specificity in two OYEs. The majority of OYE ene-

reductases have a similar loop emerging between the between the β3 strand and α3 

helix of the TIM barrel. While sequence similarity might not be conserved in this 

region, the approach used herein should allow tuning of nicotinamide affinity and 

selectivity in other members of the OYE family. 
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5.5. Experimental section 

Materials. All commercial reagents were of analytical grade and were purchased 

from Sigma-Aldrich (Dorset, UK), unless otherwise stated. NADH and NADPH were 

procured from Melford Laboratories (Chelsworth, U.K.). 

Cloning, overexpression and purification of variant enzymes. PETNR from 

Enterobacter Cloacae PB2 and MR from Pseudomonas putida were overexpressed 

from C-terminal His6-tagged constructs cloned into pET21a plasmids. The desired 

mutations were introduced into PETNR and MR genes using the Q5® Site-Directed 

Mutagenesis Kit from New England BioLabs (Hitchin, UK), with custom primers 

ordered from Eurofins Genomics (Ebersberg, Germany). The designed non-

overlapping primers used for each variant are presented in Table S5.1. All mutations 

were confirmed by DNA sequencing (Eurofins Genomics). NiCo21(DE3) E. coli cells 

were used for overexpression of all variant enzymes. The His6-tagged enzymes were 

isolated by affinity chromatography, using HisTrap HP nickel-charged IMAC columns 

from GE Healthcare (Little Chalfont, U.K.). 

Extinction coefficients. NADH and NADPH concentrations were determined using a 

molar extinction coefficient of 6.22 mM-1 cm-1 at 340 nm.235 PETNR and MR enzymes 

concentrations were determined using a molar extinction coefficient of 13.3 mM-1 

cm-1 at 464 nm (the same value was used for all enzyme variants, as they presented 

the same UV-vis spectral features as the WT enzymes, with mutagenesis not 

affecting the characteristic spectra of PETNR/MR-bound FMN). 

Stopped-flow spectroscopy. The RHR of the ene-reductases (PETNR and MR) with 

NADH and NADPH was investigated using a Hi-Tech Scientific (TgK Scientific, Bradford 

on Avon, U.K.) stopped-flow spectrophotometer, which had the sample handling unit 

placed inside a Belle Technology anaerobic glovebox (<5 ppm of O2). All experiments 

were performed in 50 mM potassium phosphate buffer solution, pH 7.0, which was 

degassed prior to the experiments, as previously described (Section 4). All 

concentration dependence measurements were performed at 25 °C, using a ~20 µM 

enzyme (final concentration, after mixing of the two reactant solutions), and with 
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various NADPH or NADH concentrations (7-12 different concentrations for each 

concentration dependence, 0.1 – 25 mM final coenzyme concentration). FMN 

reduction was observed by continuously monitoring the decrease in absorbance at 

464 nm (maximum peak for oxidized flavin-bound enzyme, same for both PETNR and 

MR). All transient kinetic traces were analysed and fitted with standard 1st, 2nd or 3rd-

order exponential decay functions (depending on the number of phases observed), 

using OriginPro 9.1 (OriginLab Corporation, MA, USA). The reported observed rate 

constants (kobs) represent the mean average of 3-6 individual measurements, with 

error bars plotted as ± 1 standard deviation. The limiting rate constant (kred) and the 

apparent saturation constant (KS) for the RHR of each mutant with NAD(P)H were 

determined by fitting the kobs values at varying coenzyme concentration to a 

hyperbolic function (Eq 5.1). 

Steady-state kinetics. The reduction of 2-cyclohexen-1-one using MR variants was 

followed by monitoring the oxidation of NADH (marked by the decrease in 

absorbance at 340 nm). All measurements were carried out at 25 °C in 50 mM 

potassium phosphate buffer solution, pH 7.0, using a saturating concentration of 

NADH (200 µM). All experiments were performed anaerobically, using a Hi-Tech 

Scientific stopped-flow spectrophotometer, by mixing a reactant solution consisting 

of 0.2 µM enzyme and 150 µM NADH (prepared prior to the stopped-flow mixing) 

with a reactant solution containing variable concentrations (0.5-50 mM) of 2-

cyclohexen-1-one. All 2-cyclohexen-1-one reactant solutions were freshly prepared 

just before use, and 3-6 traces were recorded for each substrate concentration. All 

transient kinetic traces were fitted with a standard linear function, using OriginPro 

9.1. The maximum velocity (Vmax) and the Michaelis constant (KM) were determined 

by fitting the initial reaction rates at varying 2-cyclohexen-1-one concentrations to 

the Michaelis-Menten equation (Eq 5.2). 

𝑉0 =
𝑉max [2-cyclohexen-1-one]

𝐾M+[2-cyclohexen-1-one]
                 (5.2) 
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5.6. Supporting information 

5.6.1. Multiple sequence alignment of selected OYEs 

 

Figure S5.1. Multiple sequence alignment of selected ene-reductases from class I, II and III (as 

classified in 148) of the OYE family. Residues highlighted in red are conserved among all selected OYEs, 

while those highlighted in yellow are only partially conserved/ sharing similar physico-chemical 

properties. The multiple sequence alignment was performed using the Clustal Omega web server,262 

and the alignment file was rendered using the ENDscript server.263 Each line on the first column of the 

figure is showing the Uniprot accession code followed by the name of each ene-reductase. 
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5.6.1. Multiple structural alignment of selected OYEs 

 

Figure S5.2. Multiple structural alignment of selected OYEs. OYEs are shown in coenzyme-free form 

in the left panel, with only one monomeric unit displayed for simplicity and one free FMN cofactor: 

XenA (green, PDB:3L5L), YqjM (blue, PDB:1Z41), TOYE (cyan, PDB:3KRU), OYE1 (orange, PDB:1OYA), 

PETNR (yellow, PDB:5LGX) and MR (magenta, PDB:1GWJ). The right panel illustrates the structures of 

coenzyme-bound OYEs (for which X-ray data are available): XenA:NADPH4 (green, PDB:5CPM), 

TOYE:NADH4 (cyan, PDB:3KRZ), PETNR:NADH4 (yellow, PDB:5KFT) and MR:NADH4 (magenta, 

PDB:2R14). For simplicity, only the FMN cofactor of PETNR (yellow) is shown as sticks in both panels. 

In the right panel, the bound coenzymes are represented as sticks, and coloured such as described 

above. As it can be observed, the NAD(P)H4 binding conformation is highly different across each of 

the complexes. 
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5.6.3. Primer sequences used for mutagenesis 

Table S5.1. Forward and reverse primers sequences used for site-directed mutagenesis of PETNR and 

MR. 

Enzyme 

variant 
Forward primer sequence Reverse primer sequence 

R130L PETNR 5′- CTGACTTCCCTGCGCGATGAAAAC -3′ 5′- GGTATTGGCGTTCAGGGCAGAGGC-3′ 

R130M PETNR 5′- ATGACTTCCCTGCGCGATGAAAAC-3′ 5′- GGTATTGGCGTTCAGGGCAGAGGC-3′ 

R130E PETNR 5′- GAAACTTCCCTGCGCGATGAAAAC-3′ 5′- GGTATTGGCGTTCAGGGCAGAGGC-3′ 

R142L PETNR 5′- CTGGTCGACACCACCACGCCAC-3′ 5′- GATCGCATTACCGTTTTCATCGCG-3′ 

R142E PETNR 5′- GAAGTCGACACCACCACGCCA-3′ 5′- GATCGCATTACCGTTTTCATCGCG-3′ 

R324M PETNR 5′- GCCTTTGGCATGGACTACATTG-3′ 5′- CACCGCGTCGATCAGGCC-3′ 

R324E PETNR 5′- GCCTTTGGCGAAGACTACATTG-3′ 5′- CACCGCGTCGATCAGGCC-3′ 

H181N PETNR 5′- AACTCTGCGCACGGTTACCTG-3′ 5′- AAGCTCAACCAGGTCGAAGCC-3′ 

D274A PETNR 5′- GCGTTGGCAGGCGGCAAG-3′ 5′- CGTCTCGGACATGTGCAGATAGGC-3′ 

E134R MR 5′- CGTTGCTTTGTCGAATTCGAA-3′ 5′- CGCACCCTCAGCTTTCAGTG-3′ 

L146R MR 5′- CGTCATCCGACCTCTACGCCGC-3′ 5′- ACCTGCGGTGCCGTCTTCGAA-3′ 
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5.6.4. NADH and NADPH concentration dependence studies for the RHR of PETNR 

variants 

 

Figure S5.3. Concentration dependence of FMN reduction in WT PETNR variant with NADH (left panel) 

and NADPH (right panel) – data taken from Section 4. 
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Figure S5.4. Concentration dependence of FMN reduction in R130L PETNR variant with NADH (left 

panel) and NADPH (right panel). Inserts: Concentration dependence of the amplitude of each 

observed kinetic phase. Note: the reactions are biphasic, and the observed rate constants for both 

phases could be fitted to a hyperbolic function. For the NADH reaction, the amplitudes of both phases 

remain largely unaffected throughout the whole concentration range, with values of 83 ± 3 % for A1 

and 17 ± 3 % for A2, and similar KS values of ~ 1.5 mM for both kinetic phases. For the NADPH reaction, 

the amplitude of the slow phase (kred2 = 1.47 ± 0.5 s-1, KS2 = 27.6 ± 16.4 mM) is decreasing with 

increasing NADPH concentration, with the fast phase being highly dominant for most of the 

concentration range studied. 
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Figure S5.5. Concentration dependence of FMN reduction in R130M PETNR variant with NADH (left 

panel) and NADPH (right panel). Inserts: Concentration dependence of the amplitude of each 

observed kinetic phase. Note: the reactions are biphasic, with the slow phase (averaging 0.36 ± 0.01 

s-1 and 0.26 ± 0.07 s-1 for NADH and NADPH reactions, respectively) manifesting a decrease in 

amplitude with increase in NADH concentration; only the fast phase can be observed at coenzyme 

concentrations higher than the KS of the fast phase. 
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Figure S5.6. Concentration dependence of FMN reduction in R130E PETNR variant with NADH (left 

panel) and NADPH (right panel).Insert for the left panel: Concentration dependence of the amplitude 

of each observed kinetic phase. Note: for the NADPH reaction, both phases could only be fitted to a 

linear function, suggesting the reaction follows second-order kinetics; second-order rate constants (k) 

were determined from the slope of the linear fit of the concentration dependence of the observed 

rate constants; a theoretical kred constant was calculated by multiplying k by the maximum solubility 

limit of NADPH in solution (KS ~ 150 mM). 
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Figure S5.7. Concentration dependence of FMN reduction in R142L PETNR variant with NADH (left 

panel) and NADPH (right panel). Inserts: Concentration dependence of the amplitude of each 

observed kinetic phase. Note: the reactions are biphasic, and the observed rate constants for both 

phases could be fitted to a hyperbolic/linear functions. For the NADH reaction, the amplitude of the 

slow phase (kred2 = 0.81 s-1, KS2 = 5.3 ± 1.0 mM) is decreasing with increasing NADH concentration. For 

the NADPH reaction, the amplitudes of both phases remain largely unaffected throughout the whole 

concentration range, with values of 27 ± 2 % for A1 and 73 ± 2 % for A2; the fast phase shows similar 

kinetic parameters to WT PETNR, while the slow dominant phase follows the kinetics of a second-

order reaction, with k = 0.026 ± 0.001 s-1). 
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Figure S5.8. Concentration dependence of FMN reduction in R142E PETNR variant with NADH (left 

panel) and NADPH (right panel) Note: the observed rate constants could only be fitted to a linear 

function, suggesting the reaction follows second-order kinetics; second-order rate constants (k) were 

determined from the slope of the linear fit of the concentration dependence of the observed rate 

constants; a theoretical kred constant was calculated by multiplying k by the maximum solubility limit 

of NADPH in solution (KS ~ 150 mM). 
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Figure S5.9. Concentration dependence of FMN reduction in R324M PETNR variant with NADH (left 

panel) and NADPH (right panel). 

  



5. Probing ene-reductases specificity towards nicotinamide coenzymes 

 
135 

 

 

 

Figure S5.10. Concentration dependence of FMN reduction in R324E PETNR variant with NADH (left 

panel) and NADPH (right panel). 
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Figure S5.11. Concentration dependence of FMN reduction in H181N PETNR variant with NADH (left 

panel) and NADPH (right panel). 
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Figure S5.12. Concentration dependence of FMN reduction in D274A PETNR variant with NADH (left 

panel) and NADPH (right panel). 
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5.6.5. Extended kinetic investigations indicate no role for other (functional) 

residues in governing coenzyme specificity in PETNR 

To expand our study, we have probed the effect of mutagenesis on other residues in 

PETNR that are hypothesized to have a role in binding the coenzyme or the FMN 

cofactor. We have thus selected an additional arginine residue (R324) that is known 

to be involved in coordinating the phosphate tail of the FMN cofactor,137 and 

performed mutagenesis by substituting this arginine with a glutamate (R324E 

PETNR) and with a neutral amino acid (R324M). We further targeted a histidine 

residue (H181), and replaced it with an asparagine (H181N PETNR). The H181 site is 

highly conserved across many members of the ene-reductase family of enzymes, and 

known to play a pivotal role in binding both the reductive (nicotinamide coenzyme) 

and the oxidative (activated alkene) substrate, and is hypothesized to interact with 

the O(2) atom of the FMN isoalloxazine ring.138,154,163 Another residue we have 

selected to study is D274, an aspartate residue located in a highly mobile loop that 

is missing structural density in the X-ray crystallographic structures and has been 

shown by NMR binding studies to dramatically reorganize upon coenzyme binding 

(Section 4.3). As the residue located in the loop that bears a charged functional 

group, and with a putative location that would probably electrostatically clash with 

the arrangement of NADH4 (as seen from an the crystal structure of PETNR:NADH4 

complex), we probed the possible interactions of this residue with the H-transfer 

reaction coordinate changing its side chain for a neutral one (D274A PETNR). The 

three targeted residues are highlighted in Figure S.5.13A. We performed 

concentration dependence studies of the rate of FMN reduction with NADH and 

NADPH for all the above variants (Figures S5.9-S5.12), with the kinetic parameters of 

these reactions summarised in Figure S.5.13B. 

It can be observed that the substitution of the R324 residue with either a methionine 

or a glutamate residues has a detrimental effect on H-transfer from the NAD(P)H 

coenzymes. The introduction of a methionine to the R324 site leads to a decrease in 

the kred values, coupled with an increase in KS values for the reduction of the enzyme 

by both NADPH and NADH coenzymes, causing a noticeable reduction in the 
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efficiency of hydride transfer from NAD(P)H to PETNR (as observed from the modest 

kred/KS values, compared to WT PETNR). The R324E variant shows the same 

behaviour during the RHR with both coenzymes, manifesting even lower binding 

affinity values than the R324M variant. The results suggest that removal of the 

positive R324 amino acid leads to impaired H-transfer rates (3-7x reduction in kred 

values) and also poor binding of the coenzyme(s). Based on our data and available 

crystal structures, we suggest that the R324 site plays an important role in 

positioning the non-covalently bound FMN cofactor in a favourable configuration for 

efficient H-transfer, but is not involved in the selectivity of the nicotinamide 

coenzymes. 

 

Figure S5.13. Localization of the residues targeted for mutagenesis within the active site of PETNR 

and observed kinetic parameters for the RHR of WT, R324M, R324E, H181N and D274A PETNR variants 

with NADH and NADPH. (A) An overlay of the structure of oxidized PETNR (shown in pink, PDB code: 

5LGX) and the structure of PETNR:NADH4 complex (teal, PDB code: 3KFT) is displayed, with a focus on 

the active site region encompassing the residues targeted for mutagenesis (represented as violet 

sticks). The FMN cofactor and the NADH4 coenzyme mimic are shown as yellow and green sticks, 

respectively. (B) The observed kinetic parameters of FMN reduction in the above-mentioned PETNR 

variants with NADH (top) and NADPH (bottom) are represented as bars, with the same logarithmic y 

axis maintained for both panels for a better comparison. 

Similar to the PETNR variants at the R324 site, the concentration dependence studies 

of the FMN reduction in H181N PETNR variant show that substitution of the arginine 

residue leads to noticeable increased KS values for both NADH and NADPH 
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coenzymes, when compared to WT PETNR. However, H-transfer rates are actually 

positively affected by the mutation, with ~ 2-fold increase in kred observed for both 

coenzymes (60.97 ± 0.34 s-1 and 4.43 ± 0.03 s-1 for NADPH and NADH reactions, 

respectively). Given that quantum mechanical tunnelling and fast dynamical effects 

have been proposed to play a role in the reaction of PETNR with various natural and 

synthetic nicotinamides,65,95,96,166 we hypothesize that the observed effect of a 

considerably higher reaction rate for H181N variant could arise from a more optimal 

reaction geometry achieved during H-transfer in this variant. However, to fully 

understand the exact mechanism for the increase in the kred values for this variant, 

additional kinetic measurements should be performed, making this variant an 

attractive target for the study of quantum mechanical tunnelling mechanism in 

PETNR. Lastly, the D274A variant is observed to be more efficient at performing the 

H-transfer step than WT PETNR. Specifically, our concentration dependent data for 

NADPH and NADH with D274A show that, while the limiting rate constant values are 

lowered by the side chain substitution, D274A variants exhibits very high affinity for 

NADPH (11 ± 1 µM), and also better binding of NADH (0.27 ± 0.01 mM) when 

compared to the WT enzyme. 

Overall, the variants targeting the R324 and H181 sites show decreased efficiency for 

H-transfer with both NADH and NADPH, when compared to WT PETNR, while D274A 

PETNR variant is more competent for performing H-transfer (that is, when 

considering the overall kred/KS values). The main observation from the kinetic studies 

of these variants that target the active site of PETNR is that all 4 mutations 

introduced (R324M, R324E, H181N and D274A) affect the RHR of PETNR, but not in 

a coenzyme-specific manner. Thus, while mutagenesis of any of these residues has 

an observable effect on H-transfer catalysis, coenzyme specificity is not altered by 

any of these (functional) residues. 
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5.6.6. NADH and NADPH concentration dependence studies for the RHR of MR 

variants 

 

Figure S5.14. Concentration dependence of FMN reduction in WT MR, E134R MR and L146R MR 

variants with NADH. The reaction present multiphasic behaviour, as previously reported.157 The two 

slow rates (kobs2 and kobs3) contribute only to about 10% of the total amplitude change throughout the 

whole coenzyme concentration range (and are probably noncatalytic) – see Table S5.4 for all extracted 

kinetic parameters.  
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Figure S5.15. Concentration dependence of FMN reduction in WT MR, E134R MR and L146R MR 

variants with NADPH. The reaction present multiphasic behaviour, with up to three observed rate 

constants determined. The very slow rates (kobs2 and kobs3) contribute only to about 10% of the total 

amplitude change throughout the whole coenzyme concentration range. The fast phase observed for 

WT MR (with an average kred value 18.13 ± 5.54 s-1 and no detectable KS value) shows a linear increase 

in contribution to the total change in amplitude with increase in NADPH concentration. A similar 
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phase was observed also in the reaction of NADPH with the other two variants (E134R and L146R), 

showing the same linear trend of increased contribution with increasing coenzyme concentration. 

Apart from a highly complex mechanism, which could not be readily explained, by applying Ockham's 

razor as a principle, a likely and feasible explanation for the presence of this phase is actually the 

contamination of a very small amount on NADH (~0.1%) impurity in the NADPH stock (which would 

explain the linear increase in contribution with increase in NADPH concentration and, thereby, of 

NADH impurity; moreover, the rates are similar to the kred values describing the reaction of the 

variants with NADH, and the very tight binding of NADH to all the variants supports the observed 

results). See Table S5.5 for all extracted kinetic parameters. 

  



5. Probing ene-reductases specificity towards nicotinamide coenzymes 

 
144 

 

5.6.7. Steady-state kinetics for the reaction of MR variants with 2-cyclohexen-1-

one 

 

Figure S5.16. Steady-state kinetics for the reduction of 2-cyclohenexen-1-one with WT, E134R and 

L146R MR variants. Fitting the observed rate constants to the Michaelis-Menten equation yields 

similar kinetic parameter values for all three variants (WT MR: kcat = 0.93 ± 0.06 s-1, KM = 8.54 ± 1.64 

mM, E134R MR: kcat = 1.18 ± 0.04 s-1, KM = 8.37 ± 0.84 mM, L146R MR: kcat = 1.41 ± 0.05 s-1, KM = 8.04 

± 0.77 mM, with the values being comparable to previously published data153,157). 
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5.6.8. Tabulated kinetic parameters for the RHR of PETNR and MR variants 

Table S5.2. Kinetic parameters for the reductive half reaction of PETNR variants with NADH. 

PETNR 

variant 

kred 

(s-1) 

KS 

(mM) 

krev 

(s-1) 

kred/KS 

(s-1 mM-1) 

k 

(s-1 mM-1) 

Additional 

comments 

WT 2.03 ± 0.01 1.07 ± 0.01 - 1.90 ± 0.03 - - 

R130L 2.13 ± 0.03 1.53 ± 0.03 - 1.40 ± 0.06 - 2 phases* 

R130M 2.24 ± 0.06 1.11 ± 0.10 - 2.01 ± 0.19 - 2 phases* 

R130E 3.27 ± 0.02 4.95 ± 0.08 - 0.66 ± 0.01 - - 

R142L_1 1.64 ± 0.06 0.53 ± 0.09 - 3.09 ± 0.53  2 phases* 

R142L_2 0.82 ± 0.06 5.07 ± 1.87 - 0.16 ± 0.06 - - 

R142E - - - - 0.034 ± 0.002 2nd-order* 

R324M 0.87 ± 0.01 3.18 ± 0.10 - 0.27 ± 0.01 - - 

R324E 1.17 ± 0.03 10.16 ± 0.59 - 0.12 ± 0.01 - - 

H181N 4.43 ± 0.03 4.63 ± 0.09 - 0.96 ± 0.02 - - 

D274A 1.40 ± 0.01 0.27 ± 0.01 - 5.20 ± 0.24 - - 

*For more details, see relevant figures in Section 4.6.4. 
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Table S5.3. Kinetic parameters for the reductive half reaction of PETNR variants with NADPH. 

PETNR 

variant 

kred 

(s-1) 

KS 

(mM) 

krev 

(s-1) 

kred/KS 

(s-1 mM-1) 

k 

(s-1 mM-1) 

Additional 

comments 

WT 33.43 ± 0.22 0.103 ± 0.004 - 324.6 ± 12.8 - - 

R130L 7.08 ± 0.45 8.20 ± 1.54 0.46 ± 0.11 0.9 ± 0.2 - 2 phases* 

R130M 21.39 ± 0.18 7.97 ± 0.21 0.46 ± 0.05 2.7 ± 0.07 - 2 phases* 

R130E - - - - 0.07 ± 0.01 2nd-order* 

R142L_1 30.51 ± 0.15 0.061 ± 0.006 - 496.5 ± 47.2  2 phases* 

R142L_2 - - - - 0.025 ± 0.001  

R142E - - - - 0.002 ± 0.001 2nd-order* 

R324M 6.51 ± 0.17 0.49 ± 0.05 - 13.2 ± 1.4 - - 

R324E 6.50 ± 0.22 0.75 ± 0.10 - 8.6 ± 1.1 - - 

H181N 60.97 ± 0.34 1.09 ± 0.02 - 55.7 ± 1.1 - - 

D274A 11.38 ± 0.02 0.011 ± 0.001 - 1055.3 ± 53.3 - - 

*For more details, see relevant figures in Section 4.6.4. 
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Table S5.4. Kinetic parameters for the reductive half reaction of MR variants with NADH. 

MR variant 
kred 

(s-1) 

KS 

(mM) 

kred/KS 

(s-1 mM-1) 

kobs2* 

(s-1) 

kobs3* 

(s-1) 

WT 55.44 ± 0.41 0.089 ± 0.004 623.7 ± 29.9 4.85 ± 3.63 0.17 ± 0.09 

E134R 44.64 ±0.07 0.006 ± 0.0001 6899.7 ± 472.5 2.40 ± 1.60 0.19 ± 0.09 

L146R 61.69 ± 0.22 0.005 ± 0.001 11682.9 ± 2084.2 3.93 ± 1.22 0.43 ± 0.05 

*kobs2 and kobs3 are average values observed throughout the whole concentration range, contributing by ~ 5% 
each to the total change in amplitude at 465 nm. 

Table S5.5. Kinetic parameters for the reductive half reaction of MR variants with NADPH. 

MR variant 
kred*  

(s-1) 

KS*  

(mM) 

kred/KS 

(s-1 mM-1) 

kobs1** 

(s-1) 

kobs3*** 

(s-1) 

WT 0.86 ± 0.15 38.5 ± 12.6 0.022 ± 0.008 18.13 ± 5.54 - 

E134R 4.96 ±0.31 4.09 ± 0.88 1.21 ± 0.27 19.98 ± 3.93 0.18 ± 0.09 

L146R 3.25 ± 0.06 7.85 ± 0.44 0.41 ± 0.02 38.17 ± 11.78 0.05 ± 0.01 

*calculated from the hyperbolic fit of kobs2 values; **kobs1 is proposed to be a phase observed due to the presence 
of a small amount of NADH impurity in the NADPH stock (see more details in the Figure S5.14 caption); ***similar 
phase observed in the reaction with NADH. 
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6. Conclusions and future directions 

Enzymes can be considered Nature’s best catalysts, as they are able to catalyse 

extremely diverse biochemical reactions with extraordinary selectivity and 

specificity. Extremely efficient enzymes can achieve rates 21 orders of magnitude 

higher than for the non-catalysed solution reaction.17–19 Concepts concerning the 

mode of action of enzymes have advanced a long way since the first proposition of 

the “lock-and-key” model by Fisher in 1894.20 A plethora of studies has 

demonstrated that enzymes are highly dynamic entities, and motions ranging from 

fast (ps-ns) bond vibrations to slow (ms-s) conformational transitions can facilitate 

diverse catalytic steps.50–53 New models of catalysis have been proposed recently, 

which recognise and incorporate dynamical contributions to catalysis,27,78 but the 

physical basis of enzyme catalysis (a general understanding of how enzymes achieve 

their catalytic power) is still not fully understood, and it might not be universal for 

every enzyme. In this thesis, the physical basis of enzyme catalysis has been 

addressed through experiments designed to test dynamical contributions to H-

transfer catalysis, and to unravel the molecular basis of coenzyme recognition in 

representative members belonging to the OYE family. In particular, the reactivity of 

PETNR (a model system for studying enzymatic H-transfer reactions) towards 

nicotinamide coenzymes has been addressed through site-directed mutagenesis of 

second sphere ‘noncatalytic’ residues (Section 4), complemented by novel structural 

NMR studies of the enzyme (Sections 3-4). The NMR data presented herein, along 

with previously reported X-ray crystallographic data, guided the rational design of 

PETNR and MR variants that were used to address the basis of coenzyme specificity 

in these two ene-reductases (Section 5). In this section, a summary of these findings, 

along with future perspectives, is presented. 

In Section 2, methodologies for isotopic labelling of PETNR have been presented, 

along with aspects regarding the distribution of “heavy” (in particular 2H) atoms 

within the enzyme upon production in E. coli. A very detailed method for determining 

optimal conditions upon which efficient deuterium-hydrogen (D-H) exchange of 

backbone amides can be achieved has been described. As the structure of PETNR 
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comprises of a (α,β)8-barrel structural scaffold (and, therefore, of a highly 

hydrophobic, solvent-inaccessible core) with a non-covalently bound FMN cofactor, 

re-protonation of amide backbone groups is challenging (but essential for structural 

NMR studies). This problem was addressed through the use of a denaturant (GuHCl), 

which would enabled destabilization of the protein structure and solvent access to 

the hydrophobic core. The unfolding behaviour of PETNR in presence of GuHCl was 

monitored using three different spectroscopic techniques (UV-vis, fluorescence and 

circular dichroism), which allowed determination of most advantageous conditions 

to be used for D-H exchange of backbone amide groups while maintaining structural 

integrity of the enzyme.  

The near-complete, sequence-specific 1H, 15NH, 13Cα, 13Cβ and 13C’ backbone 

resonance assignments of PETNR in its holoenzyme form were reported in Section 3. 

The assignment of the large 40 kDa PETNR was performed using heteronuclear 

multidimensional NMR spectroscopy. Given the wide dispersion and favourable line 

shape of the resonance in the 1H-15N TROSY spectrum of 2H, 13C, 15N uniformly 

labelled PETNR, along with the optimal D-H backbone exchange of backbone amide 

groups (procedure described in Section 2), the sequential backbone assignment of 

the enzyme was achieved to a great extent (97% of backbone amide groups, along 

with the corresponding 13Cα, 13Cβ and 13C’ resonances). 

Taking advantage of the good quality of the 1H-15N TROSY spectrum of PETNR, the 

NMR studies were extended to encompass sequence-specific backbone resonance 

assignments of PETNR is complex with two coenzyme mimics, NADH4 and NADPH4 

(as presented in Section 4). Similar degrees of assignment were achieved for both 

complexes, and this enabled analysis of differences in binding modes between the 

two coenzymes. It was observed that the changes in 1HN and 15N chemical shifts upon 

coenzyme binding are limited to similar residue segments for both PETNR:NADH4 and 

PETNR:NADPH4 complexes, and are localised approximately 5 Å away from either 

NAD(P)H4 or FMN cofactor (mostly restricted to the active site of the enzyme). 

Moreover, analysis of the 1H linewidth of peaks in the 1H-15N TROSY spectra of the 

complexes showed how slow conformational exchange processes are removed upon 
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NADPH4 addition to PETNR, and how minimization of the dynamic behaviour 

observed for PETNR holoenzyme is more pronounced in the case of PETNR:NADPH4 

complex than for PETNR:NADH4 (consistent with the observed tighter binding of 

NADPH coenzyme). 

Beside extended NMR studies on PETNR complexes, a wide range of kinetic and 

thermodynamic studies of four PETNR variants are illustrated in Section 4. 

Particularly, the H-transfer mechanism in PETNR was investigated through 

mutagenesis of second sphere ‘noncatalytic’ residues (L25 and I107). The data 

presented in this section comprises the first study investigating vibrational modes 

linked to H-transfer and H-tunnelling through mutagenesis probes in PETNR. The RHR 

of the variants (L25A, L25I, I107A and I107L) was studied using a combination of 

experimental tools (stopped-flow rapid kinetics coupled with 

isotope/temperature/concentration dependence studies of H-transfer), which were 

designed to probe for subtle kinetic changes that occur upon perturbation of the 

structure of PETNR through mutagenesis. It was observed that the side chain 

modifications, although very subtle, prompted changes to the conformational 

landscape of the enzyme that could be observed by monitoring the RHR with the 

NAD(P)H coenzymes. While X-ray crystallographic data confirmed no major 

structural perturbation is caused by mutagenesis of these residues, temperature 

dependence studies of H-transfer revealed a complex, coenzyme-specific kinetic and 

thermodynamic equilibrium during the enzymatic step in the investigated variants. 

Moreover, it was observed that mutagenesis of these second sphere ‘noncatalytic’ 

residues affected differently the reactivity of PETNR with coenzymes NADPH and 

NADH. In particular, the thermal equilibrium between the multiple reactive states is 

considerably shifted in the case of alanine variants (L25A and I107A), and is thermally 

activated and coenzyme-specific (e.g. it does not occur in the FMN reduction of I107 

variants with NADH). These differences in kinetics and thermodynamic parameters 

could be attributed to subtle, dynamics structural changes in the PETNR active site, 

the effects of which impact differently in the nonequivalent reactive geometries for 

PETNR:NADH and PETNR:NADPH complexes (and this nonequivalence was 

confirmed through NMR studies). Overall, this section illustrated how the use of 
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‘sharp’ experimental tools can uncover details often masked in more traditional 

studies of H-transfer (e.g. such as those reliant on steady-state turnover 

measurements). Moreover, as a growing number of studies are reporting similar 

kinetic complexities on H-transfer caused by mutagenesis, the work undertaken 

indicates that development of MRCs (and parallel reaction pathways) could be a 

common feature when investigating variant enzymes. 

In Section 5, a central question regarding the widely studied OYE family of enzymes 

was addressed: What determines coenzyme specificity in this large family of ene-

reductases? As described in Section 4, NMR chemical shift data of PETNR complexes 

revealed a large reorientation of a β-hairpin structural motif (residues T129-T147) 

upon coenzyme binding. Significant chemical shift perturbations were observed in 

particular for T131 and the neighbouring R130, with more pronounced effects for 

NADPH4, when compared to NADH4. This is consistent with coenzyme-specific 

binding by an induced fit mechanism and contrasts with observations from a 

previous X-ray crystal structure of PETNR:NADH4. The NMR data facilitated rational 

design of PETNR variants targeting the β-hairpin motif, which were investigated using 

stopped-flow spectroscopy. The mutagenesis studies indicated residue R130 governs 

the kinetic preference of PETNR for NADPH and the neighbouring R142 residue 

coordinates the pyrophosphate linker of both coenzymes. In particular, replacement 

of R130 with a neutral amino acid of similar length (such as in the case of R130L and 

R130M variants) led to no discrimination between the two coenzymes, with similar 

kred/KS values for NADH and NADPH. Thus, the data indicated that R130 likely 

coordinates the 2’-phosphate group of NADPH. Distinctly, the removal of the positive 

charge of R142 side chain (R124L and R142E variants) led to notable reduction in the 

ability of the enzyme to bind both NADH and NADPH, consistent with R142 having a 

role in stabilizing bound NAD(P)H through electrostatic interactions with the 

coenzyme pyrophosphate linker. Extended investigations of RHR were performed 

also for other PETNR variants, by targeting three other active site residues (H181, 

D274, R324) that are hypothesized to have catalytic roles. Stopped flow studies of 

these variants showed that the RHR of PETNR is affected by mutagenesis of the 

above active-site residues, but not in a coenzyme-specific manner, indicating that 
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coenzyme specificity is not altered by mutagenesis of other functional residues in 

PETNR. Finally, inspection of conserved structural (but not sequence) motifs in MR 

and PETNR allowed the identification of two residues in MR (E134 and L146) that 

could be responsible for controlling coenzyme specificity in this NADH-dependent 

enzyme. It was observed that, by replacing either E134 or L146 with an arginine, 

coenzyme specificity can be tuned in MR, leading to an increase in NADH affinity, 

along with recognition of NADPH. Overall, this study demonstrated how structure-

led design can be used to tune PETNR and MR specificity towards nicotinamide 

coenzymes, and the approached described should be useful for other OYEs. 

In summary, this thesis addressed the molecular basis of PETNR (and, to a more 

limited extent, MR) reactivity and specificity towards nicotinamide coenzymes 

through the use of a vast combination of experimental approaches (NMR 

spectroscopy, X-ray crystallography, mutagenesis, stopped-flow rapid kinetics, KIE 

studies coupled with concentration/temperature dependence studies). The findings 

presented herein constitute a good basis for more research avenues addressing H-

transfer enzymatic catalysis, dynamical contributions to enzymatic catalysis and 

coenzyme specificity switching in the OYE family of ene-reductases. In particular, the 

availability of sequence-specific 1H, 15NH, 13Cα, 13Cβ and 13C’ backbone resonance 

assignments of PETNR in three different states (holoenzyme, and in complex with 

NADH4 and NADPH4) opens many avenues for more details studies using NMR 

spectroscopy. 

Taking advantage of the available residue-specific information, NMR experiments 

that measure R1 and R2 relaxation rates (along with NOE studies) could be 

undertaken to characterise backbone dynamics of PETNR. The contribution of fast 

protein motions to the H-transfer step catalysed by PETNR have been inferred from 

various temperature and pressure dependence studies.95,96,157,166 Therefore, NMR 

relaxation experiments could prove very useful, as they could facilitate 

characterisation of the differences in fast (ps-ns) timescale motions between PETNR 

complexes, providing an atomistic characterisation of PETNR dynamics. Moreover, 

relaxation dispersion NMR experiments could be employed to detect conformational 
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exchange on a slower timescale. These experiments would provide more information 

regarding slow (µm-ms) conformational exchange processes, and they would 

constitute a more thorough analysis compared to the 1H linewidth analysis studies 

provided in Section 4. An extension of the NMR studies could also include the 

assignment of side chain resonances (e.g. methyl groups), which would facilitate a 

whole new arrays of dynamic studies of PETNR. 

As presented in Sections 1-2, differential labelling of PETNR was recently used to 

study the different contribution of protein and cofactor vibrational modes to 

catalysis. These types of differential labelling schemes could be used to study 

vibrational coupling of the reactive complex in PETNR using other state-of-the-art 

techniques, such as time-resolved infrared spectroscopy, a technique that can cover 

a wide large of timescales (ps-ms) and that is often used for studying protein 

dynamics.264–266 

Extension of the work presented in Section 5 could include rational design of variants 

of other OYE ene-reductases, by targeting the loop emerging between the between 

the β3 strand and α3 helix of the TIM barrel structure. It would be interesting to 

demonstrate that this non-conserved region is mainly responsible for coenzyme 

specificity across all members of the OYE family. 

Last, as dynamical contributions to enzymatic H-transfer catalysis in PETNR are 

mainly inferred from the temperature dependent KIE values obtained from 

measuring RHR kinetics, it would be insightful to measure (if possible) the kinetics of 

the uncatalysed reaction in solution (FMN reaction with NADH or NADPH). These 

experiments would be able to show whether the temperature dependence of the KIE 

is caused by enzymatic contributions or is intrinsic to the H-transfer chemical step. 
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Appendix 

 

Figure A1. Chemical structures of NADH (A) and NADPH (B). Note that the only structural difference 

between the two coenzymes is the presence of a 2’-phosphate group (shown in blue) on the ribose 

ring of the adenosine moiety in NADPH. Key atoms (C4, C2’, and pro-R H) are highlighted. 

 

 

Figure A2. Chemical structures of pentaerythritol tetranitrate (A), morphinone (B) and 2-

cyclohenexen-1-one (C). 
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Figure A3. Chemical structures of NADH4 (A) and NADPH4 (B). 


