
        

Citation for published version:
Pudney, CR, Lane, RSK, Fielding, AJ, Maggenis, SW, Hay, S & Scrutton, NS 2013, 'Enzymatic single-molecule
kinetic isotope effects', Journal of the American Chemical Society, vol. 135, no. 10, pp. 3855-3864.
https://doi.org/10.1021/ja309286r

DOI:
10.1021/ja309286r

Publication date:
2013

Document Version
Peer reviewed version

Link to publication

This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of
the American Chemical Society, copyright © American Chemical Society after peer review and technical editing
by the publisher.
To access the final edited and published work see http://dx.doi.org/10.1021/ja309286r

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 13. May. 2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Bath Research Portal

https://core.ac.uk/display/161911152?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1021/ja309286r
https://researchportal.bath.ac.uk/en/publications/enzymatic-singlemolecule-kinetic-isotope-effects(ad87b883-5b28-4525-b75e-a9d93fd7769c).html


Enzymatic single-molecule kinetic isotope effects 

Christopher R. Pudney1†, Richard S.K. Lane2, Alistair J. Fielding2, Steven W. Magennis2, Sam Hay1 
and Nigel S. Scrutton1* 

1
Manchester Institute of Biotechnology and Faculty of Life Sciences, University of Manchester, 131 Princess Street, 
Manchester, M1 7DN, UK. 
2
The Photon Science Institute and School of Chemistry, University of Manchester, Oxford Road, Manchester M13 

9PL, UK 

 

KEYWORDS Single molecule, KIE, enzyme, molecular beacon 

 

ABSTRACT: Ensemble-based measurements of kinetic isotope effects (KIEs) have advanced physical understanding of 
enzyme-catalysed reactions, but controversies remain. KIEs are used as reporters of rate-limiting H-transfer steps, quan-
tum mechanical tunnelling, dynamics and multiple reactive states. Single molecule (SM) enzymatic KIEs could provide 
new information on the physical basis of enzyme catalysis. Here single pair fluorescence energy transfer (spFRET) was 
used to measure SM enzymatic KIEs on the H-transfer catalysed by the enzyme pentaerythritol tetranitrate reductase. We 
evaluated a range of methods for extracting the SM KIE from single molecule spFRET time traces. The SM KIE enabled 
separation of contributions from non-enzymatic protein and fluorophore processes and H-transfer reactions. Our work 
demonstrates SM KIE analysis as a new method for deconvolving reaction chemistry from intrinsic dynamics. 

Introduction 

Most enzyme-catalysed reactions involve electron and 
hydrogen transfer. The kinetics of H-transfer reactions 
are sensitive to isotopic substitution and measurements 
of kinetic isotope effects (KIEs) are powerful probes of 
these reactions. KIEs are commonly used to probe chemi-
cal mechanisms that involve H-transfer, reporting specifi-
cally on the properties of the chemical (H-transfer) step. 
In ensemble enzyme turnover studies, KIE measurements 
have provided insight into transition state structures, 1-3 
rate limiting steps 4,5 and reaction geometries within reac-
tion series (e.g. a series of variant enzymes6-9 or across 
different substrates,10,11), or through perturbation of active 
site structure induced by other changes (e.g. tempera-
ture12-14 or hydrostatic pressure15). Here we demonstrate 
the feasibility of measuring enzymatic KIEs for a hydride 
transfer reaction at the single-molecule (SM) level using 
single-pair fluorescence resonance energy transfer 
(spFRET). SM molecule measurements provide an alter-
native kinetic probe of reaction dynamics, which com-
plement more common (pre)steady-state measurements. 
SM spectroscopy (SMS) augments studies at the ensemble 
level. For example SMS can identify alternative catalytic 
states that would otherwise be masked in ensemble data 
and can access unidirectional rate constants for reversible 
reactions.  Many SM enzyme turnover studies have in-
volved H-transfer chemistry to intrinsic cofactors.16-19 De-
spite the power of SMS, the relatively low intrinsic fluo-
rescence of natural cofactors has limited widespread 

adoption of SMS to study enzyme turnover. spFRET can 
overcome this limitation.17,20-22 In spFRET, the high fluo-
rescence emission of an extrinsic label (a so-called ‘mo-
lecular beacon’) attached to the target enzyme is modu-
lated by redox cycling of the enzyme cofactor through 
FRET. Uniquely, SM KIE measurements are used to de-
convolve chemical and other dynamical contributions to 
SM fluorescence time traces – a problem that is inherent 
to SM turnover studies. These studies were performed 
using pentaerythritol tetranitrate reductase (PETNR), a 
redox enzyme that contains a single flavin mononuclotide 
(FMN) redox cofactor. This cofactor is alternatively re-
duced and oxidised in two half-reactions involving hy-
dride transfer from the pro-R hydrogen of coenzyme 
NADH, then oxidation by molecular oxygen (Figure 1A) or 
an oxidative substrate such as pentaerythritol tetranitrate. 
Ensemble-based KIE measurements have indicated that 
the hydride transfer from NADH to FMN catalysed by 
PETNR involves quantum mechanical tunneling 
(QMT).10,23 Oxidised FMN is highly fluorescent in solu-
tion, but the emission is quenched appreciably (~100-fold) 
when bound to PETNR. spFRET was used to enhance the 
SM fluorescence signal to record time traces of FMN re-
duction and oxidation during catalysis with NADH and 
the deuterated counterpart (R)-[4-2H]-NADH (Figure 1A). 
We report SM analysis of reaction rates for this hydride 
transfer reaction. We demonstrate how KIE values can be 
extracted from SM reaction data and used to inform on 
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Figure 1. (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. The oxidative half reaction may proceed with molecular oxygen, giving 
H2O2, though the precise mechanism is poorly understood. (B) Experimental setup to monitor PETNR FMN redox 
state by SM TIRF microscopy. Laser excitation gives rise to total internal reflection of the excitation beam. Alexa-488 
(orange sphere) attached to a PETNR molecule immobilised on the surface is excited by the evanescent field and un-
dergoes FRET to the FMN. Emission of the Alexa-488 moiety is monitored.  

the contributions of non-enzymatic dynamics and reac-
tion chemistry to SM fluorescence data. 

Results 

SM detection of PETNR by TIRF. Enzyme turnover and 
motion was monitored under SM conditions using objec-
tive-type total internal reflection fluorescence (TIRF) mi-
croscopy. Supplementary Figure S1 shows the TIRF ex-
perimental setup. The detailed setup and methods for 
data extraction and processing are explained in more de-
tail in Methods. Briefly, PETNR was labelled with an ex-
trinsic fluorophore (Alexa-488) attached by a maleimide 
linkage to the only native cysteine residue (Cys-222). 
PETNR-Alexa-488 was then immobilised on a copper-
functionalised cover slip through a poly histidine tail en-
gineered to extend the natural C-terminus of PETNR 
(Figure 1B).24 The immobilised enzyme was excited at 488 
nm under TIRF conditions and fluorescence emission 
from the extrinsic fluorophore was monitored temporally 
with a 12 ms time resolution. A typical example of fluores-
cence emission from a SM of labelled PETNR in the ab-
sence of NADH is shown in Figure 2A. Alexa-488 emis-
sion is stable for several seconds, typically photobleaching 
after ~5 seconds. While photobleaching is suppressed by 
oxygen removal, oxygen is required for SM enzyme turn-
over, where it acts as the oxidant during the oxidative 
half-reaction (Figure 1A). 

SM dynamics of PETNR-Alexa-488. Fluorophores at the 
SM level typically show stochastic fluctuation between 
different emission states. When attached to proteins, this 

fluctuation has been attributed to transient interaction of 
the fluorophore with aromatic residues25,26 or artificial 
quenchers,19 giving rise to either quenching or enhance-
ment of fluorescence emission. Fluctuations were ob-
served in the fluorescence time traces of PETNR-Alexa-
488 (Figure 2A), possibly reflecting alternate protein-
fluorophore conformations (fluorophore-specific contri-
butions to the emission fluctuation are also possible; see 
Supporting Information for details). Noise will be a con-
tributing factor to the observed SM signal . However, the 
aim is to characterise the SM signal from PETNR-Alexa-
488 prior to turnover studies, rather than investigate the 
specific contributions to the PETNR-Alexa-488 signal. 70 
PETNR-Alexa-488 SMs and their associated emission 
transitions (350 transitions) were monitored, from which 
frequency data were derived. SM frequency data for dwell 
times between fluorescence states, f(τ), are typically ana-
lysed by fitting to exponential decay functions.27 Figure 2B 
shows binned τ values for PETNR-Alexa-488 fit to a single 
exponential decay (implying a single population) giving 
an apparent rate for transition between different emission 
states of kapp = 4.0 ± 0.1 s-1. However, fitting dwell time 
data in this way can mask more complicated kinetics as 
similar apparent rates will not be resolved readily using 
exponential functions. Consequently, we plotted the fre-

quency of the apparent rate, f(k) (where k = 1/), which 
appears to be approximately Gaussian on a log10 scale 
(Figure 2C).28 This approach has been used in previous 
SM studies but we note, represents  
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Figure 2. (A) Fluorescence intensity fluctuation of a single labeled PETNR molecule. The red line shows the fit to an 
edge finding algorithm (see Supporting Information for details) that identifies transitions between fluorescence 
states and the dashed grey line shows the average emission of the non photo-bleached region. The inset shows how 

the values of k and ΔEm are extracted, where k = 1/, and  is the dwell time and ΔEm = Em – <Em>, and <Em> is the 
average fluorescence intensity. Combining and binning ~ 500 of these extracted k and ΔEm values gives rise to fre-
quency distributions extracted from enzyme-only single molecule time series for (B) f (τ),  (C) f (log k) and (D) f 
(ΔEm). The black line in (B) is the fit to a single exponential decay function. The dashed section represents an over-
sampled region of the data at very small τ values and for this reason is not included in the fitting. The black line in (C) 
and (D) is the fit to a multi-Gaussian function (Eq 1) with two components shown as red and blue dashed lines. 

 

an approximation.29 A range of other fitting approaches 
have been used for these type of data, though we found in 
practice fitting Gaussians to our log k data was the most 
robust method of extracting multiple populations from 
frequency data, though we emphasise that this should 
only be used to extract the midpoint of log k frequency 
data. From Figure 2C it is apparent that there are actually 
two well-defined populations, fitting to a multi-Gaussian 
function (Eq. 1) comprising two species. This multi-
component data set is mirrored in the frequency data for 
the emission intensities, f(ΔEm), reflecting interchange 
between each emission state (Figure 2D). The fitted data 
suggest the presence of a major species [f(log k) = 86 % 
and f(ΔEm) = 81% of the integrated area] and a minor 
species [f(log k) = 14 % and  f(ΔEm) = 19% of the inte-

grated area], shown as orange (major) and blue (minor) 
dashed lines in Figures 2C and 2D. However, there is no 
significant correlation between the magnitude of the ΔEm 
and log k values The major species exhibits a ‘slow’ appar-
ent rate for interconversion with a mid-point of 3.4 ± 0.1 s-

1 (Figure 2C) centred about the average relative emission 
intensity ( ΔEm  = 0) with a value of -0.02 ± 0.01 (Figure 
2D). The minor species exhibits an apparent interconver-
sion rate of 8.0 ± 0.1 s-1 (Figure 2C) centred at a signifi-
cantly larger than average relative emission intensity of 
0.25 ± 0.01 (Figure 2D). The observation of asymmetric 
frequency data for both f(log k)  and f(ΔEm) suggest that 
noise alone cannot account for the observed SM signal. 
Although the origin of these two components was not 
investigated, Alexa-488 has been shown previously to 
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Figure 3. The effect of an extrinsic label on PETNR activity. (A) Example stopped-flow transients of PETNR-Alexa-488 
show the exponential decay of flavin absorbance (black) corresponds with the rise of Alexa-488 emission (green) at 15 
˚C. Data are fit to a single exponential function (grey line), giving similar observed rate constants and activation ener-
gies. (B) Temperature-dependence of the observed rate of FMN reduction for both PETNR (open circles; determined 
previously

2
) and PETNR-Alexa-488 (closed circles) with NADH (black) or (R)-[4-

2
H]-NADH (red). Solid lines show fits 

to the Eyring equation. (C) 94-GHz Continuous-wave EPR spectra of PETNR (black line) in the presence of the non-
reactive coenzyme mimic, NADPH4 (red line) in 50 mM potassium phosphate, pH 7. Spectra were recorded at 120 K, 
modulation amplitude = 0.8 mT, 0.0048 mW, 100 kHz, 16 scans. The features with a spacing of ~9 mT are Mn

2+
 hyper-

fine lines arising from cavity background. Inset shows expansion of gx region.  (D) Coenzyme binding does not alter 
extrinsic fluorophore emission. Incubation of PETNR-A488 with the coenzyme mimics NAD

+
 and 1,4,5,6-tetrahydro-

NADH (NADH4) (5 mM) give no observable change in Alexa-488 emission spectrum, suggesting coenzyme binding 
does not contribute to the observed SM signal. Conditions; 50 mM potassium phosphate pH7, 5mM coenzyme and ~0.5 
μM PETNR-A488 excited at 490 nm. Conditions; 50 mM potassium phosphate pH7, 25 mM coenzyme and ~0.5 μM 
PETNR-Alexa-488 excited at 490 nm, with emission measured using a 550nm cut-off filter or absorbance monitored at 
464 nm. 

 

exist in two environments when bound to protein.30 It is 
important to note that, based on the X-ray crystal struc-
ture of PETNR, the distance between the FMN and Alexa-
488 moieties is expected to be ~30 Å. This compares to a 
Förster radius, R0, of 36 Å calculated for the FMN/Alexa-
488 FRET pair (Figure S2). Consequently, the SM spFRET 
efficiency is expected to be highly sensitive to fluctuation 
of both the FMN and Alexa-488 moieties. In SM studies of 
enzyme catalysis (vide infra) it will be necessary to decon-
volute these background signals from spFRET signals that 
report on changes in redox state of the active site FMN 
attributed to enzyme turnover. 

SM turnover of PETNR—Alexa-488. Prior to SM turno-
ver experiments, PETNR-Alexa-488 was used in ensemble 
stopped-flow studies to enable comparison with unmodi-
fied PETNR (Figure 3A and 3B). The fluorescence emis-
sion of Alexa-488 was monitored following rapid mixing 
of PETNR-Alexa-488 with saturating NADH in a stopped-
flow instrument. Monitoring of Alexa-488 emission ena-
bled comparison of the spFRET kinetic parameters of 
PETNR-Alexa-488 with those for reduction of PETNR 
acquired by absorption (FMN reduction) stopped-flow 
spectroscopy (Figure 3A). A KIE of 6.8 ± 0.4 (PETNR-
Alexa-488) is similar to the reported KIE of 8.1 ± 0.1 
(PETNR) and observed rate constants for flavin reduction 
are also similar (Figure 3B).10 Further, the temperature-  



5  

 

 

Figure 4. (A) Example SM track showing FMN turnover 
by monitoring Alexa-488 emission. In an idealized case, 
three distinct fluorescence emission states of Alexa-488 
can be monitored attributable to reduced FMN (high 
emission), oxidized FMN (low emission) and photo-
bleached (PB). The frequency data extracted from the 
SM time series for f (τ) with NADH, equimolar NADH + 
(R)-[4-

2
H]-NADH (B) and (R)-[4-

2
H]-NADH (C). The solid 

lines are the fit to a single exponential decay function. 
Fitting to additional exponential components did not 
significantly improve the fitting statistics. The dashed 
section represents oversampled regions of the data 
which are not included in the fitting.   

dependence of the KIE (H‡) for PETNR-Alexa-488 
(1.6 ± 2.3 kJ mol-1) is similar to that for PETNR (-1.1 ± 2.1 kJ 
mol-1). These ensemble studies indicate that the kinetic 

properties of PETNR-Alexa-488 (monitoring both fluores-
cence from Alexa-488 and also FMN absorption changes) 
are similar to those published for PETNR with NADH as 
reducing coenzyme. Therefore, Alexa-488 does not com-
promise the H-transfer chemistry of PETNR and the ob-
served rate constant for FMN reduction are accurately 
recapitulated using the spFRET method.  

We have also investigated the effect of coenzyme bind-
ing on the conformation of an extrinsic label in PETNR to 
assess if coenzyme binding induces conformational 
change at the site of the extrinsic label. We have moni-
tored high-field (94-GHz) electron paramagnetic reso-
nance (EPR) spectra of a nitroxide spin label, bound to 
PETNR at the same position as Alexa-488 (Figure 3C). We 
find that the gx and Az values are essentially identical be-
tween coenzyme (NADPH4) bound and free forms of 
PETNR. These parameters reflect features of the local 
surrounding such as polarity.31 The EPR data therefore 
suggest that there is not a large scale conformational 
change upon coenzyme binding that will perturb an ex-
trinsic label. Indeed, we find that the emission of Alexa-
488 is invariant with either NAD+ or the non-reactive co-
enzyme mimic, NADH4 bound (Figure 3D). 

SM turnover of PETNR was monitored as fluctuations in 
fluorescence time traces in the presence of NADH and 
oxygen. These fluorescence time traces include contribu-
tions from low fluorescence ‘off’ (oxidised FMN) and high 
fluorescence ‘on’ states (reduced FMN) as well as redox 
independent fluorescence changes attributed to motions 
of the probe, cofactor and/or enzyme (vide supra) (Figure 
4A). The two redox states encompass the complete cata-
lytic cycle comprising the two half-reactions (Figure 1A). 
Given current interest in H-transfer reactions, the focus 
here is on the reductive half-reaction (FMN reduction by 
NADH); the oxidative half-reaction (FMN oxidation by 
molecular oxygen) is shown in Figure 5 and discussed in 
Supporting Information (Figures S6 and S7). 

Approximately 100 PETNR-Alexa-488 SMs and their as-
sociated emission transitions [for FMN reduction; 446 - 
NADH, 430 – equimolar NADH/(R)-[4-2H]-NADH and 
502- (R)-[4-2H]-NADH] were monitored, from which fre-
quency data were derived. The frequency of dwell times 
with NADH (Figure 4B; blue line) was fitted to a single 
exponential decay function as with PETNR-Alexa-488 
alone (Figure 3B). The apparent rate (kH = 3.8 ± 0.1 s-1) is 
similar to that for PETNR-Alexa-488 in absence of NADH 
(kapp = 4.0 ± 0.1 s-1). However, as discussed above, this 
analysis is likely to mask complexity in the data. Analys-
ing the data in this way suggests that there is no observ-
able chemical turnover with NADH, but more likely is 
that the rate of FMN reduction coincides with the signal 
attributed to PETNR-Alexa-488 alone. To improve the 
ability of SM detection to extract chemistry from system 
specific dynamics/noise we turned to kinetic isotope ef-
fect (KIE) measurements. A significant KIE is manifest 
where a kinetic probe is able to resolve a hydrogen trans-
fer step. Stereospecific deuteration at the primary (pro R) 
position of NADH gives rise to a decrease in the observed 
rate constant for hydride transfer.10 This  
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Figure 5. The frequency data extracted from the SM time series for f (log k) for reduction (A-C) and oxidation (D-E) of 
PETNR in the presence of NADH (A and D), equimolar NADH and (R)-[4-

2
H]-NADH (B and E) and  (R)-[4-

2
H]-NADH (C 

and F). In panels A-C (FMN reduction), the black fitted line is a convolution of three Gaussian components, two de-
scribed by the blackdashed line and one described by the colored line. The dashed grey line shows the simulation of 
the frequency data attributable to protein motion extracted from Figure 2C; note that only the width and midpoint of 
the two Gaussians are fixed, the area of each of the components is allowed to vary in the fitting. The colored line is 
then the fit to the frequency data that is attributable to FMN reduction with either NADH (blue) a mixture of NADH 
and(R)-[4-

2
H]-NADH (red) or (R)-[4-

2
H]-NADH alone (green). In panels D-E (FMN oxidation) the black fitted line is a 

convolution of two Gaussian components, fitted to the SM frequency data. The dashed line shows the fit to the 
PETNR-Alexa-488 only data and corresponds to the fitted line in Figure 2C but the area of each Gaussian component is 
allowed to vary as described in Methods.  
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gives access to the primary KIE at the SM level. Isotopic 
substitution is not thought to alter the reactive complex 
geometry, so the SM data from both NADH and (R)-[4-
2H]-NADH should report on directly comparable SM 
states. To extract the SM KIE, we titrated increasing con-
centrations of the deuterium-labelled coenzyme NADH 
isotopologue (R)-[4-2H]-NADH and extracted SM fre-
quency data (Figure 4B and C). Fitting the resulting fre-
quency data f(τ) to a single exponential component gives 
significantly lower apparent rate of FMN reduction for an 
equimolar mixture of NADH and (R)-[4-2H]-NADH (Fig-
ure 4B) and (R)-[4-2H]-NADH alone (Figure 4C), kD = 2.1 ± 
0.1 s-1 and kD = 1.9 ± 0.2 s-1, respectively. These data dem-
onstrate that there is a shift to lower observed rates of 
FMN reduction upon isotopic substitution and that the 
effect is concentration dependent, with the apparent KIE 
increasing with increasing (R)-[4-2H]-NADH. That said, 
these data are complex and fitting to a single exponential 
function is clearly a gross oversimplification, particularly 
where two substrates are used together. 

As with PETNR-Alexa-488 alone, the frequency data for 
the apparent rates [f(log k)] of formation of the reduced 
form of the enzyme is complex (Figure 5A-C). The distri-
bution is described by a multi-Gaussian function (Eq. 1) 
with at least two components; n ≥ 2 in Eq 1 (Figure 4C). 
With NADH there is no significant difference between the 
PETNR-Alexa-488 and PETNR-Alexa-488 + NADH log k 
data (P1 = 0.12, Methods and Supporting Information for 
details). However, an analysis of the frequency data for 
fluorescence states, f(ΔEm), with both NADH and (R)-[4-
2H]-NADH, (Figure S3 and Table S1) suggest that addi-
tional (n > 2) Gaussian components are required to ade-
quately fit the SM turnover data as described in Support-
ing Information. The log k frequency data for FMN reduc-
tion with (R)-[4-2H]-NADH (Figure 5B-C) is different to 
that for NADH (Figure S4), with the log k data showing a 
significant difference to the PETNR-Alexa-488 only con-
trol (P1 < 0.0001). Indeed, a multi-Gaussian fitting func-
tion (Eq. 1) with three components is required to ade-
quately fit both equimolar NADH/(R)-[4-2H]-NADH and 
(R)-[4-2H]-NADH alone log kred frequency data (Figure 
5B-C).   

Based on SM studies with PETNR-Alexa-488 alone, the 
component of the frequency data attributed to states un-
related to turnover can be simulated using the fitting pa-
rameters extracted from Figure 2C (Figure 5 A-C, black 
dashed line). This enabled extraction of the frequency 
data due to FMN reduction as a third Gaussian compo-
nent (Figure 5A-C, coloured line). The apparent rate ex-
tracted from the mid-point of the third Gaussian compo-
nent with NADH (kred = 4.1 ± 3.3 s-1), equimolar 
NADH/(R)-[4-2H]-NADH (kred = 1.84 ± 3.1 s-1), and (R)-[4-
2H]-NADH alone (kred = 1.1 ± 0.9 s-1). These values compare 
favourably with observed rate constants for this reaction 
determined from ensemble stopped-flow studies.  

As the fraction of (R)-[4-2H]-NADH is increased there is 
a trend to increasingly slow rates and therefore larger 
KIEs: with equimolar NADH/(R)-[4-2H]-NADH, mid-
point KIE = 2.7 ± 4.7 and with (R)-[4-2H]-NADH alone, 
mid-point KIE = 3.7 ± 4.2. The SM FMN reduction data 

(Figure 5B-C) are contrasted by the SM FMN oxidation 
data (Figure 5D-E). There is no significant difference be-
tween the SM FMN oxidation frequency data and the en-
zyme only log k data  as shown by the similarity of the 
PETNR-Alexa-488 Gaussian fits (dashed line; Figure 5D-
E) and SM FMN oxidation frequency data fit to a two 
Gaussian function (solid line; Figure 5D-E). FMN oxida-
tion is slow (< 0.2 s-1), and therefore largely outside of the 
detectable range of our SM experiments. The SM FMN 
oxidation data therefore act a control for the effect of in-
creasing (R)-[4-2H]-NADH concentration, demonstrating 
that the observed KIE is attributable solely to FMN reduc-
tion. An increase in the SM mid-point KIE as a function of 
increasing isotopologue concentration is therefore very 
clear evidence that that SM FMN reduction with NADH is 
hidden in the enzyme only signal and that we are able to 
deconvolve reaction chemistry from other factors such as 
intrinsic dye dynamics and signal noise using the SM KIE 
approach. Moreover, fitting Gaussian components to log k 
frequency data provides a significant improvement in the 
accuracy of the extracted KIE giving a more comparable 
value to the ensemble KIE. We note however that the 
fitting of the log k frequency data is complex. Therefore, 
we next explored the use of model free methods to extract 
the SM KIE. 

Extracting the SM KIE. The SM KIE value was extracted 
from the un-binned apparent SM rate constant (fre-
quency-domain) using a model free method (Figure 5A; 
grey stepped line) described in Methods. A detailed dis-
cussion and validation of the model free method is pro-
vided in Supporting Information. On a log10 KIE scale 
these bins can also be fit to a multi-Gaussian function 
comprising two species (Figure 6A, black line). Unlike log 
k data, the binned log KIE data should be symmetrical 
and therefore accurately fit by a function such as a Gaus-
sian (see Supporting Information; Figure S7).  These data 
fit with a major species (88 % by area) with a midpoint 
KIE of 1.2 ± 0.5 and a minor species (12 % by area) with a 
midpoint KIE of 5.7 ± 0.3. Since the KIE is specifically sen-
sitive to FMN reduction, we expect a large proportion of 
the un-binned time domain data to give a KIE of essen-
tially unity, reflecting the apparent rates for intrinsic, 
non-enzymatic, processes. The Gaussian component 
showing a KIE > 1 is then attributable to FMN reduction. 
As an alternative, we have extracted all combinations of 
KIE values for turnover with NADH alone (Figure 6B; blue 
stepped line) and subtracted these data from that calcu-
lated for both NADH and (R)-[4-2H]-NADH (Figure 6B; 
grey stepped line). These new data (Figure 6B; red 
stepped line) reflect KIE values attributable to FMN re-
duction alone, deconvolved from enzyme/dye motion and 
other processes which do not reflect FMN reduction. Cru-
cially this is a model free method of extracting the KIE 
and does not assume that the binned rate and/or KIE val-
ues are normally distributed over log k or KIE, respec-
tively. This method yields a major species (79 % by area) 
with a midpoint KIE of 1.0 and a minor species (21 % by 
area) with a midpoint KIE of 4.7. 

Discussion 
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Figure 6. (A) The un-binned SM frequency-domain data can be combined to form all possible pairwise KIE values to 
give the frequency data of KIEs (grey stepped line). These data can be fit with two-Gaussian components shown as the 
black fitted line, comprising the data shown by the dashed blue line and the dashed red line. (B) Alternatively we de-
convolve the processes that do not reflect FMN reduction (log10 KIE = 0) in a model free manner by subtracting the 
KIE values determined for turnover with NADH alone (blue stepped line). The resulting frequency data (red stepped 
line) has a small negative component arising from overlap of the NADH and (R)-[4-

2
H]-NADH values.  (C) Comparison 

of the SM KIE values extracted using the various methods described in the main text. The model free KIE frequency 
data determined from the KIE data in Figure 5C is now shown as a black line (red dashed line in Figure 5A) and as a 
red stepped line (red stepped line in Figure 5B). Dashed vertical lines indicate the values extracted for ensemble 
stopped-flow data (SF),  the mid-point KIE from the SM log k data shown in Figure 5A and 5C [f (log k)] and the KIE 
extracted from the dwell time data shown in Figure 4B [f (τ)]. 

Deconvolving chemistry from other SM signals. In the SM 
enzyme catalysis field it has been typical to plot the 
binned dwell time of SM enzyme turnover data and fit 
these to an exponential decay function to extract an ap-
parent rate constant for the mechanistic step of inter-
est.16,19,32,33 However, as shown here, plotting SM apparent 
rate (kapp = 1/τ) data on a log scale exposes a multi-
component data set with similar apparent rates. This 
highlights a major advantage of using SM methods (vs. 
ensemble methods) to analyse these types of reactions: 
multi-exponential functions struggle to deconvolve multi-
component time-domain data with similar rates. This is 
clearly the case with SM data reported here, where a 
multi-exponential function does not resolve the identified 
multiple populations. We thus caution against use of ex-
ponential fitting functions in SM studies of enzyme turn-
over as this might lead to erroneous conclusions about 
the presence and assignment of observed SM populations 
(vide infra).  

Gaussian fitting of SM log k data for PETNR-Alexa-488 
(in absence of NADH) suggests there is inter-conversion 
between major and minor states. The simplest model im-
plies the major species reflect a conformation for PETNR-
Alexa-488 in which the dye is quenched. The minor spe-
cies reflects a distinct conformational state in which the 
Alexa-488 dye is less quenched.30 Extracting these multi-
ple components is required for subsequent determination 
of apparent rates for FMN reduction. This should be a 
general approach in studies of SM enzyme catalysis where 
processes involving the introduced probe, active site co-
factor or protein could in principle (or in all likelihood) 
complicate SM fluorescence time traces. 

SM analysis of the ‘resting’ form of PETNR-Alexa-488 
alongside turnover studies with NADH and oxygen iden-
tified a new component that we attribute to FMN reduc-
tion. The apparent rate for SM FMN reduction are broadly 
consistent with previous SM studies of enzyme turn-
over,16,18,34 showing a broad range of rates spanning several 
orders of magnitude. This variation in apparent rate is 
often attributed to microscopic structural heterogeneity 
in the enzyme reactive complex and/or to the existence of 
multiple chemical barriers to reaction, which represent a 
complex free energy landscape for enzyme catalysis.16,18,35 
The present study is in general agreement with previous 
SM enzyme turnover measurements with respect to the 
overall distributed range of apparent rates. However, our 
studies highlight the need to account for any background 
signals and/or broadening attributable to both intrinsic 
and extrinsic cofactors as well as noise. Interpreting the 
width of SM frequency data remains a key challenge when 
analysing SM data sets; a rigorous quantitative dissection 
of the contributing factors, which includes the inherent 
instrumental noise, is challenging.36  

Single molecule kinetic isotope effects. KIEs at the SM 
level have been observed rarely in a non-biological system 
involving the reaction of a quinone and thiol within an 
artificial pore structure37 and in turnover of DHFR.38 As 
we discuss below, access to SM enzymatic KIEs will pro-
vide new information on enzymatic H-transfer reactions 
and so the development of robust methods to measure 
SM KIEs is essential.  In the work reported here, SM KIEs 
were extracted in several ways. The KIE extracted from 
exponential decay functions fitted to the dwell time data 
(Figure 4C) gives a KIE of 2.0 ± 0.2. This value is signifi-
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cantly smaller than measured by the corresponding en-
semble method with PETNR-Alexa-488 (KIE = 6.8 ± 0.4). 
The KIE extracted from the midpoints of Gaussian fits 
with NADH (Figure 5A) and (R)-[4-2H]-NADH (Figure 
5C) is 3.7 ± 4.2. This KIE value is closer to that observed in 
stopped-flow ensemble studies of PETNR reduction, 
though the error is large.  

A potentially more robust way of extracting the SM KIE 
value is shown in Figure 5A and 5B, based on extracting 
the KIE from all combinations of SM apparent rates (see 
Methods). The KIEs for FMN reduction [KIE = 5.7± 0.3 
(Figure 6A; Gaussian fitting method) or 4.7 ± 0.2 (Figure 
6B; model free method)] are comparable with values de-
termined at the ensemble level (KIE = 6.8 ± 0.4) as shown 
in Figure 6C. Extracting the KIE in this way gives a closer 
value to the ensemble KIE and a more reasonable error 
compared to using the midpoints of the Gaussians attrib-
utable to NADH and (R)-[4-2H]-NADH (KIE = 3.7 ± 4.2) as 
shown in Figure 6C. These more accurate values derived 
from extracting a matrix of KIE values likely reflects the 
more appropriate fitting of KIE data to a Gaussian func-
tion compared to log (k) frequency data (Figure s7). A key 
finding is that we only find evidence for a single popula-
tion of KIEs significantly larger than unity. Extracting the 
KIE in this way does not allow us to separate multiple 
populations with the same magnitude of KIE (e.g. that 
might arise from parallel reaction mechanisms). However, 
at the ensemble level there is no evidence for alternative 
mechanistic pathways in PETNR and the chemical step 
(FMN reduction) is well defined.10,39  

n-state models. Recently ‘n-state’ models have been pro-
posed as an alternative explanation to distance sampling 
models of enzymatic H-tunnelling.40 In n-state models, 
multiple reactive conformations are invoked to account 
for published ensemble data, specifically the temperature-
dependence of the KIE. The temperature dependence of 
KIEs has also been used to infer the presence of distance 
sampling in simple vibronic QMT models for H-
transfer.41-43 In the n-state model framework, at the SM 
level, a single discrete H-transfer population is expected 
where there is a corresponding temperature-independent 
KIE measured in ensemble studies. However, tempera-
ture-dependent KIEs at the ensemble level are expected 
to generate multiple populations at the SM level (assum-
ing resolution of the populations is sufficient). Reduction 
of PETNR by NADH gives rise to a temperature-
independent KIE at the ensemble level (Figure 3).10 This is 
consistent with the single population of SM KIEs ob-
served in Figure 5. These SM and ensemble data do not 
distinguish between n-state and distance sampling mod-
els, but studies with variant enzymes or the alternative 
coenzyme NADPH that give rise to ensemble temperature 
dependent KIEs would, in principle, distinguish between 
the two models. The principles and methods reported 
here for SM KIE measurements might therefore enable a 
rigorous test of the validity of the ‘distance sampling’ ver-
sus ‘n-state’ model hypotheses. 

Concluding remarks.  

Here we have monitored enzyme KIEs using SM ap-
proaches. Analysis of SM fluorescence time traces allows 

the contributions of non-enzymatic processes in the en-
zyme (or the label itself) to be deconvolved from those 
attributed to reaction chemistry. Using multiple methods 
to extract the SM KIE, we find that fitting exponential 
functions to SM dwell time data can significantly under-
estimate the complexity of SM data sets, and by extension 
the magnitude of the SM KIE. However, using a model 
free method for extracting the SM KIE gives very good 
agreement with ensemble data, providing excellent reso-
lution of the intrinsic KIE. This approach provides a new 
experimental dataset that may be used to benchmark 
QM/MM H-transfer calculations, which typically sample 
multiple MM snapshots and determine a range of appar-
ent rates and KIEs.44-46 SM KIEs enable analysis using 
physical models of catalysis not possible using ensemble-
based data. This will present new opportunities for prob-
ing mechanisms of enzymatic H-transfer and the impor-
tance (or otherwise) of QMT, motions and multiple reac-
tive states.  

Methods 

Extrinsic fluorophore labeling of PETNR. PETNR-His8 
was expressed and purified as described.24 Labelling of 
PETNR with the extrinsic fluorophore Alexa-488 was 
achieved by incubating PETNR in 50 mM potassium 
phosphate, pH 7 at < 20 °C with 1 mM Alexa-488 C5-
maleimide (Molecular Probes). Non-reacted fluorophore 
was separated from the sample by running through an 
Econ-Pac 10DG desalting column (Bio-Rad) equilibrated 
with 50 mM potassium phosphate, pH 7. 

Ensemble fluorescence and absorbance measurements. 
Fluorescence emission spectra were monitored on a Var-
ian Cary Eclipse fluorescence spectrophotometer (Varian 
Inc., Palo Alto, CA, USA). Multiple wavelength absorb-
ance spectra were monitored on a Varian Cary 50 Bio 
UV/Vis spectrophotometer. All experiments were per-
formed in 50 mM potassium phosphate, pH 7. To prevent 
oxidase activity of PETNR, all kinetic ensemble experi-
ments were performed under strict anaerobic conditions 
within a glove box (Belle Technology; <5 ppm O2) using a 
Hi-Tech Scientific (TgK Scientific, Bradford on Avon, 
U.K.) stopped-flow spectrophotometer housed inside the 
glove box. Spectral changes accompanying FMN reduc-
tion were monitored at 465 nm using a saturating concen-
tration of NADH (5 mM) or (R)-[4-2H]-NADH (5 mM), 
prepared as described previously.23 Fluorescence emission 
changes associated with FRET from Alexa-488 to FMN 
were monitored using a 550 nm short wave pass optical 
filter. Typically 3 - 5 measurements were taken for each 
reaction condition. Reaction transients were fit using a 
single exponential function and the average rate constant 
± 1 standard deviation was used. 

High-field EPR. 94-GHz Continuous-wave EPR spectra 
were recorded using a Bruker E600 spectrometer 
equipped with a E600-1021H TeraFlex resonator and a 
liquid helium cryostat (Oxford Instruments). The field 
was calibrated against a separate sample of manga-
nese/magnesium oxide (Mn(II)/MgO) standard. The ab-
solute error in g-values was 1 x 10-4.47  EPR conditions are 
stated on the figure legend. 
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Objective-type TIRF. A schematic of the experimental 
setup is shown in Supplementary Figure S1. A 488 nm CW 
diode-pumped solid-state laser (Cyan-Scientific, Spectra 
Physics) of line width 1 MHz and M2=1.1) was used for 488 
nm excitation. The excitation beam was expanded by a 
factor of 10 to yield an approximately circular active FOV 
of diameter 56 μm at the sample. The laser was reflected 
from a dichroic mirror (505DCXR, Chroma) onto a high 
numerical aperture (NA) Nikon CFI Plan Apo 60×1.49 NA 
objective mounted on a Nikon TE300 inverted micro-
scope. Optical contact between the sample slide and ob-
jective was made using fluorescence-free immersion oil, 
refractive index 1.518 (Zeiss, Immersol 518F).  The fluores-
cence was collected by this same objective, passed 
through the dichroic and was imaged by an EMCCD cam-
era (Evolve 512, Photometrics), after passing through fur-
ther filters, as detailed in Supplementary Figure S1 (DC2: 
595DCXR, F1:500-550 nm 525/50, Chroma). 

Low density chelated copper coated 0.15 mm thick glass 
coverslips (Microsurfaces Inc.) were mounted on a XY 
translation stage. Surfaces were verified to be free of fluo-
rescent impurities. Highly dilute (50 pM) solutions of 
PETNR-A488 were drop-cast onto these surfaces, and 
immobilized via poly-His tag tethering. Fluorophore exci-
tation was at 488 nm, using a power density of 150 
mW/cm2. Data acquisition was over 25 s with a data in-
terval of 12 ms. For SM turnover measurements, a saturat-
ing concentration of NADH was used (5 mM). All experi-
ments were performed in 50 mM potassium phosphate, 
pH 7. 

Single molecule data extraction and analysis. Time-
intensity trajectories of regions of interest (ROI) corre-
sponding to single molecules were thresholded and ex-
tracted from the stacked raw data using a custom Visual 
Basic macro and image processing software (ImagePro-
Plus v7.01). A simple 1D edge finding algorithm based on 
the method of Canny48 downloaded freely as a Matlab 
(MathWorks) script from 
http://www.cs.unc.edu/~nanowork/cismm/do 

wnload/edgedetector/index.html was used to extract the 
dwell times for oxidized and reduced states. Tracks were 
selected for analysis based on an absence of blinking 
events and emission longer than 5 seconds before photo-
bleaching. This gives a minimum rate constant which can 
be extracted of 0.2 s-1 for every individual molecule ana-
lysed. The edge fitting for each SM intensity track was 
thresholded until no edges were detected in the photo-
bleached region. SM dwell times for FMN oxidation and 
reduction were extracted as continuous regions of high 
(increasing) or low (decreasing) fluorescence intensity 
until a transition to a lower or higher fluorescence state, 
respectively. The values of extracted rate constants (< 10 s-

1) were significantly lower than the acqusition frame rate 
(~83 frames s-1). Similar overall degrees of thresholding 
were used for PETNR-Alexa-488 alone and with each co-
enzyme, meaning there is no bias in the extracted dwell 
times from the data fitting. SM tracks extracted as either 
the average counts per pixel or as the maximum counts of 
the ROI gave equivalent fitting results. One tailed prob-
abilities (P1) are reported using the Mann-Whitney U test, 

where P1 < 0.05 represents a significant difference be-
tween data sets. 

The inverse dwell times for reduced states give the rate 
constants for FMN reduction. Histograms of the log rate 
constant, ΔEm and log KIE are fit to a multi-Gaussian 
function: 

f x( ) =
Ai

wi p / 2
exp

x -mi

wi

æ

èç
ö

ø÷

2é

ë

ê
ê

ù

û

ú
úi=1

n

å              Eq. 1 

Where f (x) is the frequency of a given value of x = k, 
ΔEm, or KIE (see below) given by the area, A, full width at 
half-maximal (FWHM), w and mid-point, m of the Gaus-
sian for the ith Gaussian component. The number of 
Gaussian components was determined by fitting increas-
ing values of n, until the residuals of the fit ceased im-
proving. To extract data from the fitting we simultane-
ously fit 3 sets of the same data, binned at different inter-
vals, sharing the constants for m, and w but not A as show 
in Supplementary Figure S4. In this way fitting bias due to 
bin interval selection is ameliorated. 

To create the KIE datasets, each ‘D’ dwell time was di-
vided by each ‘H’ dwell time. If there are i and j H and D 

dwell times, respectively, then this gives i×j KIE values. 
The log10(KIE) values were then binned. On a log KIE 
scale these bins are symmetrical about log KIE = 0 if the 
same data are used for both the ‘H’ and ‘D’ data sets and 
otherwise are asymmetric (e.g. as in the case of the KIE 
calculation in Figure 6A; see also Supporting Information). 
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