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ABSTRACT: Coupling of fast protein dynamics to enzyme chemistry is controversial and has ignited considerable debate, espe-

cially over the last 15 years in relation to enzyme-catalysed H-transfer. H-transfer can occur by quantum tunneling and the tempera-

ture-dependence of kinetic isotope effects (KIEs) has emerged as the ‘gold standard’ descriptor of these reactions. The anomalous 

temperature dependence of KIEs is often rationalised by invoking fast motions to facilitate H-transfer, yet crucially, direct evidence 

for coupled motions is lacking. The fast motions hypothesis underpinning the temperature dependence of KIEs is based on infer-

ence. Here, we have perturbed vibrational motions in pentaerythritol tetranitrate reductase (PETNR) by isotopic substitution where 

all non-exchangeable atoms were replaced with the corresponding heavy isotope (
13

C, 
15

N and 
2
H). The KIE temperature depend-

ence is perturbed by heavy isotope labeling, demonstrating a direct link between (promoting) vibrations in the protein and the ob-

served KIE. Further we show that temperature independent KIEs do not necessarily rule out a role for fast dynamics coupled to 

reaction chemistry. We show causality between fast motions and enzyme chemistry and demonstrate how this impacts on experi-

mental KIEs for enzyme reactions. 

INTRODUCTION 

The potential involvement of fast (femtosecond to picosecond) 

dynamics in enzyme-catalysed reactions has been the focus of 

considerable debate, particularly in relation to modulation of 

the reaction free energy barrier
1-4

. Experimentally it has been 

difficult to provide compelling evidence for any relationship 

between fast motions (as opposed to e.g. slower ms-ns loop 

opening/closing which are described elsewhere
5
) and the reac-

tion chemistry. The importance of fast motions has been large-

ly inferred from computational atomistic simulations of en-

zyme systems
6-12

, or more qualitatively from experimental 

studies of reactions rates
 
(reviewed in refs

13-16
), sometimes 

combined with numerical modelling using simple models of 

catalysis
17-21

. Debates concerning the notional coupling of fast 

dynamics to the reaction coordinate have, in the main (but not 

exclusively
22-25

), emerged from studies of enzymatic H-

transfer involving quantum mechanical tunnelling (QMT). 

While most studies have employed the temperature
26

 and more 

recently pressure
17, 27

 dependence of kinetic isotope effects 

(KIEs), in selected cases, indirect spectroscopic probes have 

also supported a role for fast dynamics in H-transfer reac-

tions
28-30

.  

Since the late 1990s, there have been many observations of 

unusual temperature dependencies of primary KIEs for enzy-

matic H-transfers, demonstrating that the occurrence of QMT 

is widespread. Measurement of the temperature-dependence of 

KIEs (Ea) and associated values for Arrhenius prefactor rati-

os (AH:AD) has become the ‘gold standard’ for investigating 

enzymatic H-tunnelling and dynamics
13, 26

. This follows as, 

unlike with small molecule systems
31

 and natural light-

activated biological catalysts
32-34

, enzyme catalysts are not 

amenable to studies at cryogenic temperatures or across the 

wide temperature ranges typically used to study tunnelling 

phenomena. Modelling KIE temperature dependence using 

simple vibronic models has given some limited, semi-

quantitative insight into tunnelling and the inferred importance 

of motions coupled to the reaction coordinate
10, 19-21, 35

. How-

ever, these models
18, 20, 36, 37

 have attracted criticism
3, 38

. For 

example, they do not accommodate the multidimensional na-

ture of QMT and they assume that room temperature tunnel-

ling occurs nonadiabatically, which is inappropriate for most 

hydride and proton transfers. In vibronic models, the tempera-

ture dependence of the KIE is inferred from fast ‘distance 

sampling’ as the reactant state approaches a tunnelling-ready 

configuration
20, 26

. Analogous distance sampling mechanisms 

could, in principle, enhance the rate of a classical transfer re-

action by modulating the properties of the free energy barrier.
4
 

The temperature dependence of reaction rates for QMT in 

enzymes reports on the need to achieve a conformation of the 

enzyme-substrate complex in which donor and acceptor wells 

for H or 
2
H (D) transfer are degenerate to facilitate the tunnel-

ling reaction.
26

 The contentious aspect is why this temperature 

dependence is sometimes different (and in other cases not) for 

H and 
2
H transfer, giving rise to temperature (in)dependent 

KIEs. Given that this is the primary descriptor used to identify 

tunnelling behaviour, it is crucial to understand if thermally 

accessible fast motions (i.e. vibrational coupling of fast en-

zyme motions to the reaction coordinate) influence tempera-

ture dependence of the KIE. The interpretation of the tempera-

ture dependence of KIEs can be addressed through atomistic 

simulation of tunnelling and dynamics including combined 

quantum mechanics/molecular mechanics (QM/MM) methods, 



 

 

Figure 1. Catalytic cycle of PETNR and NMR evidence for the isostructural nature of l-PETNR and h-PETNR. a, PETNR catalytic 

cycle. In the reductive half-reaction, hydride transfer proceeds from the C4 pro-R hydrogen of NADH to the N5 atom of FMN resulting in 

a bleaching of the of the FMN cofactor absorption. This bleaching of absorption reports on the hydride transfer chemistry from NAD(P)H. 

The oxidative half reaction may proceed with molecular oxygen or with a series of oxidising organic substrates56, 57. b, Correlation of 

NMR temperature coefficients for h-PETNR and 15N-PETNR residues. Dashed line is a diagonal intersecting zero. See Materials and 

Methods for experimental conditions. 

variational transition state theory (with ensemble averaging 

and multidimensional tunnelling calculations),
39

 spectral den-

sity/molecular dynamics simulations
6
 and empirical valence-

bond
40

/combined quantum classical path centroid path integral 

approaches
41

. Direct experimental probes of the origin(s) of 

the temperature dependence of KIEs are more difficult.  

Recently, Silva and co-workers provided important insight 

into the coupling of fast motions to barrier crossing in the 

classical reaction catalysed by human purine nucleoside phos-

phorylase (PNP)
 23

. The kinetics of arsenolysis by PNP and a 

‘heavy’ version of the enzyme, where 
12

C, 
14

N and non-

exchangeable 
1
H atoms were replaced with the corresponding 

isotope (
13

C, 
15

N and 
2
H; total mass increase of 9.9 %), were 

investigated. The Born-Oppenheimer approximation was in-

voked to infer that the potential energy surface for nuclear 

motion was unaltered in the different enzyme forms, but that 

the frequencies of protein vibrational modes were decreased. 

The rates of arsenolysis of inosine and guanosine decreased by 

15 % and 27 %, respectively, with heavy PNP, and a similar 

decrease in the forward commitment to catalysis was ob-

served. These data are consistent with the coupling of some 

vibrational mode(s) to the chemical coordinate during barrier 

crossing through the classical transition state, which the au-

thors infer reflect fast dynamics. 

We have now adapted the approach of Silva and co-workers 

to investigate the impact, or otherwise, of fast motions on the 

temperature dependence of KIEs in enzymatic QMT reactions. 

Hydride transfer from the nicotinamide coenzymes NADH or 

NADPH catalysed by the flavin mononucleotide (FMN)-

dependent pentaerythritol tetranitrate reductase (PETNR) oc-

curs, in the main, by QMT and this chemical step in the reac-

tion cycle (Figure 1A) is readily accessed using stopped-flow 

methods with conventional and deuterated coenzyme
42

. Previ-

ous stopped-flow studies indicate that KIEs for FMN reduc-

tion are temperature-dependent with NADPH (ΔEa = 6.5 ± 2.8 

kJ mol
-1

) and, within experimental error, temperature-

independent with NADH (ΔEa = -1.1 ± 2.1 kJ mol
-1

)
42

, imply-

ing a stronger coupling of fast motions with the reaction coor-

dinate with NADPH (if indeed the origin of temperature-

dependent KIEs is fast motions). This inference is also con-

sistent with studies of the pressure dependence of the KIEs
42

. 

The varied response of PETNR in relation to the temperature 

dependence of KIEs with NAD(P)H/
2
H enables a definitive 

test of the fast coupled motions hypothesis to be conducted. 

Here we report the temperature-dependence of the KIE with 

‘heavy’ forms of PETNR using both NADH and NADPH 

coenzymes. We show that the temperature-dependence of pri-

mary KIEs reports on the coupling of protein vibrational 

modes to the reaction coordinate in this QMT reaction. Fast 

motions in enzymes are therefore coupled to the chemical (H-

transfer) step and their perturbation (by stable isotope label-

ling) demonstrates a causal effect on the H-transfer rate by 

modulation of the reaction free energy barrier. 

Materials and Methods 

Enzyme and coenzyme preparation. l-PETNR was ex-

pressed and purified as described previously.
43

 Isotopically 

labelled PETNR was prepared by growth of the expression 

system in minimal media (M9) substituted with labelled H, N 

and C sources (
15

NH4Cl for 
15

N-PETNR, and 
15

NH4Cl, 
2
H7-

13
C6  and 

2
H2O for h-PETNR) essentially as described previ-

ously
44

. Expression and purification protocols were essentially 

identical to l-PENTNR. (R)-[4-
2
H]-NADH and (R)-[4-

2
H]-

NADPH were prepared as described previously
42

. Accurate 

mass determination was performed by the Manchester Bio-

molecular Analysis Facility on an Agilent 6510 Q-Tof. 

NMR. Isotopically enriched 
15

N,
13

C,
2
H-PETNR and 

15
N-

PETNR were exchanged into 50 mM potassium phosphate 

buffer pH 7.0 and concentrated to 0.5 mM using 10 kDa mo-

lecular weight cut-off Vivaspin concentrators (GE 

Healthcare).  The samples for NMR analysis (280 µl) were 

supplemented with 1 mM NaN3, 10% v/v D2O and 0.2 mM 

sodium 3-(trimethylsilyl)propionate-2,2,3,3,-d4 (TSP) and 

introduced into 5-mm Shigemi tubes.  
15

N-TROSY experi-



 

ments (spectral width: 
1
H = 20 ppm, 

15
N = 34 ppm (offset = 

118 ppm); 

 

Figure 2. Temperature dependence of KIEs from stopped-flow studies. Temperature-dependence of FMN reduction in l-, 15N- and h-

PETNR with (A) NADPH and (B) NADH. Solid lines show fits to the Arrhenius equation. Ordinate intercepts of fitted lines show the (log) 

pre-factor values. Solid circles and lines are for H-transfer. Open circles and dashed lines are for D-transfer. See Table 1 for extracted pa-

rameters. Conditions, 50 mM potassium phosphate pH 7, 10 µM enzyme and 5 mM (NADPH) or 25 mM (NADH) coenzyme.  

complex data pairs: 
1
H = 1024, 

15
N = 128; acquisition time: 

1
H 

= 85.2 ms, 
15

N = 61.9 ms) were acquired at 278, 288, 295 and 

308 K for 
15

N,
13

C,
2
H-PETNR and 

15
N-PETNR using a 600 

MHz Bruker Avance spectrometer equipped with a TXI cry-

oprobe and triple-axis gradients.  Temperature calibration of 

the spectrometer was determined using d4-methanol.  Spectra 

were processed and analysed using FELIX 2007 (Felix NMR, 

Inc., San Diego, CA) and the temperature dependences of the 

backbone HN chemical shifts were obtained using least-

squares linear fitting.  Proton chemical shifts were referenced 

to the methyl signals of TSP at 0.0 ppm and 
15

N chemical 

shifts were calculated indirectly using the gyromagnetic ratio 
15

N/
1
H = 0.101329118. 

Stopped-flow kinetics. All experiments were performed in 

50 mM potassium phosphate, pH 7. To prevent oxidase activi-

ty of PETNR, all kinetic studies were performed under strict 

anaerobic conditions within a glove box (Belle Technology; 

<5 ppm O2) using a Hi-Tech Scientific (TgK Scientific, Brad-

ford on Avon, U.K.) stopped-flow spectrophotometer housed 

inside the glove box. Spectral changes accompanying FMN 

reduction were monitored at 465 nm using a saturating con-

centration of NADH/(R)-[4-
2
H]-NADH (25 mM) or 

NADPH/(R)-[4-
2
H]-NADPH (5mM), prepared as described 

previously.
45

 Typically 3 - 5 measurements were taken for 

each reaction condition. Reaction transients were fit using a 

single exponential function. 

Results and Discussion 

Protein structure and reactive geometries in ‘light’ and 

‘heavy’ PETNR.  

Unlabelled (natural abundance) PETNR (light-PETNR [l-

PETNR]) was isotopically enriched with 
13

C, 
15

N and 
2
H (to 

give heavy-PETNR [h-PETNR]) or 
15

N alone (to give 
15

N-

PETNR) giving a total mass increase assessed by mass spec-

tral analysis of 9.8 % and 1.3 %, respectively. Isotopic substi-

tution is not known to alter the structure of proteins. However, 

our experimental system relies on only the frequency of pro-

tein vibrational modes changing on isotopic substitution, so 

the similarity of the structures of h- and 
15

N-PETNR was es-

tablished using NMR spectroscopy. A direct comparison of 

chemical shifts is inadequate as individual nuclei are affected 

by isotope shifts, whose magnitudes are varied
46

. Hence, the 

temperature dependences of the backbone HN chemical shifts 

(the temperature coefficients
47

) were used as highly sensitive 

probes of structure perturbation. Figure 1B shows the correla-

tion of temperature coefficients of each PETNR residue for 

both h-PETNR and 
15

N-PETNR. The data are well described 

by a diagonal intersecting zero (Figure 1B; dashed line), 

demonstrating that h-PETNR and 
15

N-PETNR (and by infer-

ence l-PETNR) are isostructural.   

The geometry of the reactive complex can be probed very 

precisely by monitoring the charge transfer (CT) complex 

absorbance band that arises when NAD(P)H binds to PETNR 

and related enzymes
19, 48

. This is achieved using non-reactive 

mimics of NAD(P)H [1,4,5,6-tetrahydro-NAD(P)H, 

NAD(P)H4], which form a stable binary complex with 

PETNR, accurately mirroring the reactive complex with 

NAD(P)H. This CT absorbance band at 555 nm acts as a 

‘spectroscopic ruler’ for variation in the donor-acceptor (nico-

tinamide C4 to FMN N5) distance (Figure S1)
19

. Figure S2 

shows the concentration dependence of CT absorbance with 

increasing NAD(P)H4, with the resulting fitting parameters 

given in Table S1. The values of the coenzyme-saturated CT 

absorbance and the PETNR-NAD(P)H4 complex dissociation 

constants do not significantly differ between l-PETNR and h-

PETNR with either NADPH4 or NADH4. These data provide 

compelling evidence that the reactive geometries (binary com-

plexes) of l-PETNR and h-PETNR are indistinguishable for 

both coenzymes. 

A continuum of temperature-dependent KIEs 

The temperature dependence of the observed rate constants 

and primary H/
2
H KIEs for the reactions with both NADH and 

NADPH (either protiated or specifically deuterated at the pro-

R C4-H to make (R)-[4-
2
H]-NAD(P)H) was measured with l-

PETNR,
42

 
15

N -PETNR and h-PETNR (Figure 2 and Figure 

S3; Table 1; Table S2-S4). Note that the comparison of the h-

PETNR and 
15

N-PETNR data allows any isotope effect specif-

ically arising from 
15

N-labeling of the FMN cofactor (specifi-

cally the acceptor N5; Figure 1A) to be accounted for. As was 



 

observed previously for l-PETNR
42

, the reaction proceeds ~1 

order of magnitude faster at room temperature with NADPH 

than with NADH, and the magnitude of both KIEs at this tem-

perature is ~7 (Table S5). As the temperature dependencies of 

these reactions all vary, comparison of the magnitude  

Table 1. Extracted temperature dependence parameters 

from Figure 2.

 l-PETNRc 15N-PETNR h-PETNR 

NADPH    

EaH
a  34.8 ± 1.0 33.7 ± 0.9  28.3 ± 0.9 

EaD
a  38.6 ± 1.3 37.2 ± 1.1 44.9 ± 1.6 

ΔEa
a,b 6.5 ± 2.7 5.9 ± 2.0 16.6 ± 2.4 

AH (4.1 ± 1.7) × 

107 

(2.6 ± 1.0) × 

107  

(2.5 ± 0.9) × 

106 

AD (7.9  ± 5.6) × 

107 

(5.4 ± 2.4) × 

107 

(3.4 ± 2.2) × 

108 

AH:AD 0.5 ± 0.15 0.48 ± 0.28 0.01 ± 0.01 

NADH    

EaH
a  36.7 ± 0.6 36.0 ± 0.9 37.6 ± 1.9 

EaD
a  35.9 ± 0.7 37.7 ± 0.8 40.3 ± 1.7 

ΔEa
a -0.8 ± 1.3 1.7 ± 1.7 2.7 ± 3.6 

AH
b (5.4 ± 1.3) × 

106 

(4.1 ± 1.6) × 

106  

(7.8 ± 6.2) × 

106 

AD (4.8  ± 1.3) × 

105 

(1.2 ± 0.4) × 

106 

(4.5 ± 3.2) × 

106 

AH:AD 11.3 ± 4.3 3.3 ± 1.7 1.7 ± 1.9 

Parameters determined from fits of the data in Figure 2 to the 

Arrhenius equation. a, kJ mol-1. b, ΔEa = EaD - EaH. c, reported in 

ref 42. 

of the observed rate constants and KIEs at a reference temper-

ature is not meaningful. The majority of the variation in the 

temperature dependencies of the KIEs arises from reactions 

involving deuterium (rather than protium) transfer (Figure 2; 

Table 1). Klinman and co-workers have similarly observed 

changes in temperature-dependence data arising predominant-

ly from 
2
H-transfer

49
, suggesting that such differences arise 

due to the stronger dependence of 
2
H-transfer on the donor-

acceptor tunneling distance (in PETNR the nicotinamide C4 to 

FMN N5 distance; Figure 1A). That is, the longer wavelength 

of protium means that H transfer is less sensitive to donor-

acceptor distance fluctuation than 
2
H transfer.  

The l-PETNR, 
15

N-PETNR and h-PETNR behaved similar-

ly, with temperature-dependent KIEs observed on the reac-

tions with NADPH (ΔEa > 0; AH:AD < 1)
26

 and apparently 

temperature-independent KIEs with NADH (ΔEa ~0; AH:AD > 

1) (Table 1). Figure 3 indicates the changes in the temperature 

dependence of the KIE (ΔEa and AH:AD) for each of the 

PETNR variants l-PETNR, 
15

N-PETNR and h-PETNR with 

either NADH or NADPH as coenzyme. While there is some 

overlap between the data due to uncertainty in both ΔEa and 

AH:AD, the trend shows a progressive increase in the tempera-

ture-dependence of the KIE with increasing PETNR mass.  

Previously our data have suggested, based on inferences 

from the temperature dependence of KIEs, that there is a sig-

nificant role for fast dynamics with NADPH but potentially no 

role for fast dynamics with NADH in PETNR
42

. However the 

trend shown in Figure 3 points to a single reaction type, where 

the origin(s) of the temperature dependence of the KIE is not 

either ‘on’ or ‘off’, but rather is a graduated continuum from 

l-PETNR/NADH at one extreme to h-PETNR/NADPH at the 

other. This finding demonstrates that the NADH and NADPH 

reactions are equivalent (the h-PETNR/NADH and l-

PETNR/NADPH data overlap; Figure 3). Indeed, we have 

previously proposed that fast dynamics may not necessarily 

give rise to an observable temperature-dependence on the KIE 

in an alternative enzyme system
35

. In the current study, we 

expose the subtle dependence of the H-transfer with NADH on 

protein motion, which is not captured using standard ap-

proaches involving measurement of the temperature depend-

ence of the KIE. This confirms that a temperature-independent 

KIE does not rule out a role for (inferred) fast dynamics cou-

pled to the reaction coordinate. 

The hypothesis that the temperature-dependence of KIEs re-

flects vibrational coupling of enzyme chemistry to the protein 

is based on inference.  To date, experimental efforts to test this 

hypothesis have generally used indirect methods to probe this 

coupling (e.g. enzyme variants,
19-21

 alternative substrates
42

 and 

pressure effects
17, 27, 42

). The finding that the mass of PETNR is 

correlated with the observed temperature dependence of KIEs 

provides a direct test of the vibrational coupling hypothesis. 

As we show in Figure 1B and Figure S2 the only effect of 

making the protein ‘heavy’ is to alter the frequency of enzyme 

motions (according to the Born-Oppenheimer approximation), 

with the overall protein structure and reactive complex geome-

tries unaffected by isotope labelling. Our observation of a con-

tinuum of temperature dependencies correlated with the in-

creasing mass of PETNR therefore provides firm evidence that 

a change in the frequency of the vibrational modes of the pro-

tein alters the temperature dependence of the KIE. These data, 

therefore, provide direct evidence for the temperature-

dependence of the KIE arising, at least in part, from vibration-

al coupling of chemistry to vibrational mode(s) in the protein. 

We note that by comparing the temperature dependence of the 

KIE, our data do not reflect slow motions which give rise to 

the reactive geometry, but only those motions which are di-

rectly coupled to the reaction coordinate. 

Implications for physical models of enzymatic H-

tunnelling.  

Several physical models have emerged to account for the 

temperature dependence of KIEs. On one hand, vibronic mod-

els treat the temperature-dependence of the KIE as reflecting 

fast dynamics coupled to the reaction coordinate and these 

have been used extensively by the experimental community to 

analyse the temperature dependence of KIEs for enzyme cata-

lysed H-transfer
1, 2, 18, 20, 36, 37, 50

. Alternatively, n-state models 

describe the temperature dependence as arising from multiple 

reactive sub-states of the reactive enzyme-substrate confor-

mation and not from fast motions of the protein
2, 50

. Our data 

do not support the use of an n-state model, as it is only the 

frequency of protein vibrational modes that have been altered 



 

and not the absolute reactive geometry as we show from our 

CT complex analysis (Figure S2).   

While vibronic models of H-tunnelling are highly approxi-

mate, they have, in selected cases
19-21

, provided some useful 

semi-quantitative insight. A core principle of these models is 

that fast protein motions coupled to the reaction coordinate – 

i.e. promoting vibrations – will influence the magnitude and 

temperature dependence of the KIE. This assumption has been 

highly contentious and is central to our understanding of the 

experimental descriptors of QMT in enzymes and physical 

models that describe the process. Here, we have now 

 Figure 3. Correlation of extracted temperature dependence 

parameters from Figure 2. Solid line is a fit to a linear equa-

tion and is to aid the eye only. 

established that the temperature dependence of the KIE is 

influenced by stable isotope labelling of the protein, providing 

more direct evidence for causality between fast motions and 

H-transfer. This establishes the importance of fast protein mo-

tions being coupled to enzyme chemistry and supports the 

basic conceptual ideas that have emerged from phenomeno-

logical vibronic models. However, we struggled to model the 

trends in the temperature dependencies of the observed KIEs 

on the PETNR reactions (Figure 3) using current vibronic 

formalisms
20, 35, 36

 without invoking unrealistic shifts in the 

tunnelling distance and the force constant of the apparent 

promoting vibration. While the frequency of harmonic vibra-

tions shift by a factor of ~(l/h)
1/2

 (where  is the reduced 

mass of the mode) – e.g. Amide I bands (peptide C=O stretch 

at ~1650 cm
-1

) shift by ~45 cm
-1

 upon 
13

C substitution
51

 – the 

force constants (

) of such vibrations are unperturbed by 

isotopic substitution. While it may be anharmonic vibration(s) 

(which have more complex mass dependence) in the protein 

that are coupled to chemistry, clearly some modification of the 

vibronic formalism is now required. Further, the atomistic 

details of tunnelling are complex and cannot be captured in 

simple models. This demonstrates the need to synergise exper-

iment with computation to provide atomistic understanding of 

fast motions coupled to the enzyme chemistry and the origin 

of experimentally observed KIEs
9, 10, 52-55

.  

Conclusions 

The temperature dependence of KIEs has emerged as the 

gold standard for experimental analysis of tunnelling in en-

zymes. At the simplest level, large ΔEa and/or small AH:AD 

values are thought to report on vibrational mode(s) coupled to 

the reaction coordinate while small ΔEa and/or large AH:AD 

values similarly arise from the absence/very weak coupling. 

Experimental efforts to provide evidence for this interpretation 

have centred on mutational analyses, the use of alternate sub-

strates or pressure-dependencies. Each of these methods addi-

tionally perturbs the protein in unknown ways, from altering 

active site and reactive complex geometry and broader protein 

structure to more subtle effects on the reorganisation energy, 

electrostatics, etc. Conversely, stable isotope labelling of the 

enzyme affects the frequency of protein (and cofactor) vibra-

tional modes without perturbing the protein geometry or sig-

nificantly altering the electrostatic environment (as the ex-

changeable protons are not labelled). Here we show directly 

that the temperature-dependence of the KIE is influenced by 

motion of the protein. This coupling of fast motions to H-

transfer highlights the need to develop catalysis models that 

recognise explicitly the causal relationship between protein 

dynamics and enzyme chemistry. 

 

ASSOCIATED CONTENT  

Supporting Information. Data fitting parameters for CT binding 

titrations, observed rate constants for FMN reduction with each 

enzyme variant and plots of the temperature dependence of the 

associated KIE values. This material is available free of charge 

via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

* Manchester Institute of Biotechnology, The University of Man-

chester, 131 Princess Street Manchester, M1 7DN, UK. E-mail 

sam.hay@manchester.ac.uk or nigel.scrutton@manchester.ac.uk 

Present Addresses 
† Christopher R. Pudney, University of Bath, Department of Biol-

ogy and Biochemistry, Bath, BA2 7AY, UK. 

Author Contributions 

The manuscript was written through contributions of all authors. / 

All authors have given approval to the final version of the manu-

script.  

Funding Sources 

This work was funded by the UK Biotechnology and Biological 

Sciences Research Council (BBSRC), the Engineering and Physi-

cal Sciences Research Council (EPSRC) and the UK Royal Socie-

ty. SH is a BSBRC David Phillips Fellow; NSS is an EPSRC 

Established Career Fellow and a Royal Society Wolfson Merit 

Award holder. 

ABBREVIATIONS 

KIE, kinetic isotope effect; PETNR, pentaerythritol tetranitrate 

reductase. 

REFERENCES 

(1). Hay, S.; Scrutton, N. S.  Nat. Chem. 2012, 4, 161. 

(2). Glowacki, D. R.; Harvey, J. N.; Mulholland, A. J.  Nat. Chem. 

2012, 4, 169. 

(3). Kamerlin, S. C. L.; Warshel, A. Proteins-Structure Function 

and Bioinformatics 2010, 78, 1339. 

(4). Hay, S.; Johannissen, L. O.; Sutcliffe, M. J.; Scrutton, N. S. 

Biophys. J. 2010, 98, 121. 

(5). Henzler-Wildman, K. A.; Thai, V.; Lei, M.; Ott, M.; Wolf-

Watz, M.; Fenn, T.; Pozharski, E.; Wilson, M. A.; Petsko, G. A.; 

Karplus, M.; Hubner, C. G.; Kern, D. Nature 2007, 450, 838. 

(6). Antoniou, D.; Basner, J.; Nunez, S.; Schwartz, S. D. Chem. 

Revs 2006, 106, 3170. 



 

(7). Nunez, S.; Antoniou, D.; Schramm, V. L.; Schwartz, S. D. J. 

Am. Chem. Soc. 2004, 126, 15720. 

(8). Antoniou, D.; Schwartz, S. D. J. Phys. Chem. B 2011, 115, 

15147. 

(9). Masgrau, L.; Roujeinikova, A.; Johannissen, L. O.; Hothi, P.; 

Basran, J.; Ranaghan, K. E.; Mulholland, A. J.; Sutcliffe, M. J.; 

Scrutton, N. S.; Leys, D. Science 2006, 312, 237. 

(10). Johannissen, L. O.; Scrutton, N. S.; Sutcliffe, M. J. Angew. 

Chemie  Int. Ed. 2011, 50, 2129. 

(11). Kanaan, N.; Marti, S.; Moliner, V.; Kohen, A. J. Phys. Chem. 

A 2009, 113, 2176. 

(12). Pang, J. Y.; Pu, J. Z.; Gao, J. L.; Truhlar, D. G.; Allemann, R. 

K. J. Am. Chem. Soc. 2006, 128, 8015. 

(13). Sen, A.; Kohen, A.  J. Phys. Org. Chem. 2010, 23, 613. 

(14). Nagel, Z. D.; Klinman, J. P. Chem. Revs 2006, 106, 3095. 

(15). Nagel, Z. D.; Klinman, J. P.  2010, 110, PR41. 

(16). Hay, S.; Pudney, C.; Hothi, P.; Johannissen, L. O.; Masgrau, 

L.; Pang, J.; Leys, D.; Sutcliffe, M. J.; Scrutton, N. S. Biochem. Soc. 

Trans 2008, 36, 16. 

(17). Hay, S.; Sutcliffe, M. J.; Scrutton, N. S. Proc. Natl. Acad. Sci. 

USA 2007, 104, 507. 

(18). Hay, S.; Scrutton, N. S. Biochemistry 2008, 47, 9880. 

(19). Pudney, C. R.; Johannissen, L. O.; Sutcliffe, M. J.; Hay, S.; 

Scrutton, N. S. J. Am. Chem. Soc.  2010, 132, 11329. 

(20). Knapp, M. J.; Rickert, K.; Klinman, J. P. J. Am. Chem. Soc. 

2002, 124, 3865. 

(21). Stojkovic, V.; Perissinotti, L. L.; Willmer, D.; Benkovic, S. 

J.; Kohen, A.  J. Am. Chem. So.c 2012, 134, 1738. 

(22). Kipp, D. R.; Silva, R. G.; Schramm, V. L. J. Am. Chem. Soc. 

2011, 133, 19358. 

(23). Silva, R. G.; Murkin, A. S.; Schramm, V. L. Proc. Natl. Acad. 

Sci. USA 2011, 108, 18661. 

(24). Russell, H. J.; Jones, A. R.; Hay, S.; Greetham, G. M.; Tow-

rie, M.; Scrutton, N. S.  Angew. Chemie Int. Ed. 2012, 51, 9306. 

(25). Jones, A. R.; Hardman, S. J.; Hay, S.; Scrutton, N. S. Angew. 

Chemie Int. Ed. 2011, 50, 10843. 

(26). Nagel, Z. D.; Klinman, J. P. Nat. Chem. Biol. 2009, 5, 696. 

(27). Hay, S.; Johannissen, L. O.; Hothi, P.; Sutcliffe, M. J.; 

Scrutton, N. S. J. Am. Chem. Soc. 2012, 134, 9749. 

(28). Bandaria, J. N.; Dutta, S.; Hill, S. E.; Kohen, A.; Cheatum, C. 

M. J. Am. Chem. Soc. 2008, 130, 22. 

(29). Bandaria, J. N.; Dutta, S.; Nydegger, M. W.; Rock, W.; Ko-

hen, A.; Cheatum, C. M. Proc. Natl. Acad. Sci.USA 2010, 107, 17974. 

(30). Bandaria, J. N.; Cheatum, C. M.; Kohen, A. J. Am. Chem. Soc 

2009, 131,10151. 

(31). Ley, D.; Gerbi, D.; Schreiner, P., Org. Biomolec. Chem.  

2011, 10, 3781. 

(32). Heyes, D. J.; Ruban, A. V.; Wilks, H. M.; Hunter, C. N. Proc. 

Natl. Acad. Sci. USA 2002, 99, 11145. 

(33). Heyes, D. J.; Sakuma, M.; de Visser, S. P.; Scrutton, N. S. J. 

Biol. Chem. 2009, 284, 3762. 

(34). Heyes, D. J.; Levy, C.; Sakuma, M.; Robertson, D. L.; 

Scrutton, N. S. J. Biol. Chem. 2011, 286, 11849 

(35). Johannissen, L. O.; Hay, S.; Scrutton, N. S.; Sutcliffe, M. J., 

J. Phys. Chem. B 2007, 111, 2631. 

(36). Kuznetsov, A. M.; Ulstrup, J. Can. J. Chem. 1999, 77, 1085. 

(37). Hatcher, E.; Soudackov, A. V.; Hammes-Schiffer, S. J. Am. 

Chem. Soc. 2007, 129, 187. 

(38). Truhlar, D. G. J. Phys. Org. Chem. 2010, 23, 660. 

(39). Dybala-Defratyka, A.; Paneth, P.; Truhlar, D. G., Quantum 

Catalysis in Enzymes. In Quantum Tunnelling in Enzyme-Catalysed 

Reactions, Allemann, R. K.; Scrutton, N. S., Eds. The Royal Society 

of Chemistry: Cambridge, 2009; pp 36-78. 

(40). Warshel, A.; Weiss, R. M. J. Am. Chem. Soc. 1980, 102, 

6218. 

(41). Liu, H. B.; Warshel, A. J. Phys. Chem. B 2007, 111, 7852. 

(42). Pudney, C. R.; Hay, S.; Levy, C.; Pang, J. Y.; Sutcliffe, M. J.; 

Leys, D.; Scrutton, N. S. J. Am. Chem. Soc. 2009, 131, 17072. 

(43). Toogood, H. S.; Fryszkowska, A.; Hulley, M.; Sakuma, M.; 

Mansell, D.; Stephens, G. M.; Gardiner, J. M.; Scrutton, N. S.  Chem-

biochem 2011, 12, 738. 

(44). Reed, M. A.; Hounslow, A. M.; Sze, K. H.; Barsukov, I. G.; 

Hosszu, L. L.; Clarke, A. R.; Waltho, J. P. J. Mol. Biol. 2003, 330, 

1189. 

(45). Pudney, C. R.; Hay, S.; Sutcliffe, M. J.; Scrutton, N. S.  J. 

Am. Chem. Soc. 2006, 128, 14053. 

(46). Sun, H.; Tugarinov, V. J. Phys. Chem. B 2012, 116, 7436. 

(47). Baxter, N. J.; Williamson, M. P.  J. Biomol. NMR 1997, 9, 

359. 

(48). Hay, S.; Pudney, C. R.; McGrory, T. A.; Pang, J. Y.; Sut-

cliffe, M. J.; Scrutton, N. S. Angew. Chemie Int. Ed.  2009, 48, 1452. 

(49). Meyer, M. P.; Tomchick, D. R.; Klinman, J. P. Proc. Natl. 

Acad. Sci. USA 2008, 105, 1146. 

(50). Roston, D.; Cheatum, C. M.; Kohen, A. Biochemistry. 2012, 

51, 6860  

(51). Haris, P. I.; Robillard, G. T.; van Dijk, A. A.; Chapman, D. 

Biochemistry 1992, 31, 6279. 

(52). Kanaan, N.; Ferrer, S.; Marti, S.; Garcia-Viloca, M.; Kohen, 

A.; Moliner, V. J. Am. Chem. Soc. 2011, 133, 6692. 

(53). Pang, J. Y.; Hay, S.; Scrutton, N. S.; Sutcliffe, M. J.  J. Am. 

Chem. Soc. 2008, 130, 7092. 

(54). Ranaghan, K. E.; Masgrau, L.; Scrutton, N. S.; Sutcliffe, M. 

J.; Mulholland, A. J. ChemPhysChem 2007, 8, 1816. 

(55). Pu, J. Z.; Gao, J. L.; Truhlar, D. G. Chem. Revs 2006, 106, 

3140. 

(56). Toogood, H. S.;  Fryszkowska, A.; Hare, V.; Fisher, 

K.; Roujeinikova, A.; Leys, D.; Gardiner, J.M.; Stephens, 

G.M.; Scrutton, N.S. Adv. Synth. Catal. 2008 350, 2789. 

(57). Khan, H.; Harris, R.J.; Barna, T.; Craig, D.H.; Bruce, 

N.C.; Munro, A.W.; Moody, P.C.; Scrutton, N.S. J. Biol. Chem. 2002 

277, 21906. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Fryszkowska%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Hare%20V%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Fisher%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Fisher%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Roujeinikova%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Leys%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Gardiner%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Stephens%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Stephens%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Scrutton%20NS%5BAuthor%5D&cauthor=true&cauthor_uid=20396603
http://www.ncbi.nlm.nih.gov/pubmed?term=Harris%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Barna%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Craig%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Bruce%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Bruce%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Munro%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Moody%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=11923299
http://www.ncbi.nlm.nih.gov/pubmed?term=Scrutton%20NS%5BAuthor%5D&cauthor=true&cauthor_uid=11923299


 

 

7 

Insert Table of Contents artwork here 

 

 

 

 

 


