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Introduction

Proteins are fluctuating, dynamic systems and are able to
assume a large number of nearly isoenergetic low-energy con-
formational substates.[1–3] Each of these exists in thermal equi-
librium, and so may interconvert. A consequence is that pro-
teins are now commonly thought of as fluctuating free-energy
landscapes, capable of populating (transiently) these nearly
isoenergetic minima. This is consistent with single-molecule
studies[4–6] and atomistic simulations[7, 8] that point to free-
energy landscapes for enzyme–substrate complexes with mul-
tiple reactant states and paths. Reactive configurations that
correspond to landscape minima are each capable of produc-
tive catalysis by proceeding via the same reaction chemistry,
but the microscopic rate constant for each reaction will differ
across these reactant configurations. Consequently, the rate
enhancements achieved by enzymes are a statistically weight-
ed average of a diverse population of rate constants spanning
several orders of magnitude.

There is now increased recognition of the contributions
made by multiple reactant states and paths to the overall ob-
served rate of an enzymatic reaction.[9] A number of examples
exist in which the contribution of different conformational sub-
states are inferred: examples include dihydrofolate reductase
(DHFR),[8] thermophilic alcohol dehydrogenase (tmADH)[10] and
dihydroorotate dehydrogenase (DHOD).[4] However, it remains

difficult to monitor conformational substates experimentally,
let alone perturb them. We have previously studied the reduc-
tive half-reaction (RHR) of wild-type morphinone reductase
(MR) in detail.[11–13] The RHR involves hydride transfer from the
C4 R hydrogen of b-nicotinamide adenine dinucleotide (NADH)
to the N5 atom of flavin mononucleotide (FMN). The RHR pro-
ceeds in three steps and H-transfer—which is concomitant
with FMN reduction—is kinetically resolved from the preceding
steps involving coenzyme binding and formation of the MR–
NADH binary complex:

FMN reduction is observed directly in a rapid-mixing,ACHTUNGTRENNUNGstopped-flow instrument by following the decrease in absorb-
ance at 464 nm. Also the binary complex, [MR·NADH]CT, has a

We show that hydride transfer from NADH to FMN catalysed
by the N189A mutant of morphinone reductase occurs along
parallel “chemical” pathways in a conformationally rich free-
energy landscape. We have developed experimental kinetic
and spectroscopic tools by using hydrostatic pressure to ex-
plore this free-energy landscape. The crystal structure of the
N189A mutant enzyme in complex with the unreactive coen-
zyme analogue NADH4 indicates that the nicotinamide moiety
of the analogue is conformationally less restrained than the
corresponding structure of the wild-type NADH4 complex. This
increased degree of conformational freedom in the N189A
enzyme gives rise to the concept of multiple reactive configu-
rations (MRCs), and we show that the relative population of
these states across the free-energy landscape can be perturbed
experimentally as a function of pressure. Specifically, the amp-ACHTUNGTRENNUNGlitudes of individual kinetic phases that were observed inACHTUNGTRENNUNGstopped-flow studies of the hydride transfer reaction are sensi-

tive to pressure; this indicates that pressure drives an altered
distribution across the energy landscape. We show by absorb-
ance spectroscopy that the loss of charge-transfer character of
the enzyme–coenzyme complex is attributed to the altered
population of MRCs on the landscape. The existence of a con-
formationally rich landscape in the N189A mutant is supported
by molecular dynamics simulations at low and high pressure.
The work provides firm experimental and computational sup-
port for the existence of parallel pathways arising from multi-
ple conformational states of the enzyme–coenzyme complex.
Hydrostatic pressure is a powerful and general probe of multi-
dimensional energy landscapes that can be used to analyse ex-
perimentally parallel pathways for enzyme-catalysed reactions.
We suggest that this is especially the case following directed
mutation of a protein, which can lead to increased population
of reactant states that are essentially inaccessible in the free-
energy landscape of wild-type enzyme.
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characteristic p–p absorbance centred at 555 nm, which is at-
tributed to the formation of a charge-transfer (CT) complex.

In earlier work, we studied the MR active-site mutant
N189A,[14] and showed that this mutation enables a number of
conformational substates to be more significantly populated
than in the wild-type enzyme. As a consequence, we were able
to monitor a number of these substates, termed multiple reac-
tive configurations (MRCs), by using stopped-flow methods. In
particular, we observed a multiphasic absorption change at
466 nm for FMN reduction by NADH in N189A MR. This con-
trasts with the single phase observed with wild-type MR. The
reaction transient for the N189A enzyme was fitted to a multi-
exponential function [Eq. (1)] with at least three rate con-
stants.[14]

DA ¼
XNo: of states

i¼1

Ai expð�ktÞ ð1Þ

Where Ai is the amplitude and ki is the rate constant of the
ith exponential component that was obtained from theACHTUNGTRENNUNGstopped-flow trace, and DA is the total absorbance change. In
this analysis each exponential component was considered to
reflect a major reactive configuration, which has become kinet-
ically accessible. We term these configurations R1–R3, respec-
tively.[14] By using stable isotope analysis and thermodynamic
and kinetic characterisations, we showed that each reactive
configuration proceeds by the same chemical mechanism, but
that the rate constants for hydride transfer to FMN varied by

over three orders of magnitude (~200–0.2 s�1).[14] Each of these
reactive configurations may therefore be considered to repre-
sent parallel pathways for FMN reduction.

In this work, we have extended our analysis of the N189A
mutant MR to explore the free-energy landscape for hydride
transfer following pressure perturbation. We show that pres-
sure perturbs the free-energy landscape for the N189A MR–
NADH binary complex and causes the population of MRCs to
shift significantly. X-ray crystallographic data support the con-
cept of parallel reaction pathways induced by mutation of
Asn189 and molecular dynamics simulations corroborate the
experimental evidence for fluctuations in the free-energy land-
scape with pressure. We suggest that hydrostatic pressure is a
powerful and general probe of multidimensional energy land-
scapes that can be used to analyse experimentally parallel
pathways for enzyme-catalysed reactions. This is especially the
case following directed mutagenesis of the active site, which
can lead to increased population of reactant states that are es-
sentially inaccessible in the free-energy landscape of wild-type
enzymes.

Results and Discussion

Crystal structure of N189A MR–NADH4 complex

We have previously reported the X-ray crystal structure of
wild-type MR in complex with the non-reactive NADH ana-
logue 1,4,5,6-tetrahydroNADH (NADH4).[14] We have now deter-
mined the structure of N189A MR in complex with NADH4 at a
resolution of 2.3 � (Figure 1 and Table S1 in the Supporting In-
formation). The overall structure of N189A MR–NADH4 is similar
to that of the wild-type protein, although major differences are
visible in the region A187–L192 (Figure 1). We modelled two
conformations of this chain based on the observed electron
density. One conformation corresponds to that in wild-type

Figure 1. Stereoview of the N189A MR–NADH4 complex overlaid with the wild-type MR–NADH4 complex. For the mutant structure, selected residues in the
active site as well as the bound FMN and NADH4 are shown in atom-coloured sticks. For comparison, the corresponding wild-type structure is depicted in
narrow grey-scale sticks. In the N189A MR structure, the loop containing the N189A mutation is observed in two distinct conformations and is coloured re-
spectively with blue and green carbons (the latter similar of the wild-type structure). A section of the 2 Fo�Fc electron density map corresponding to the or-
dered moiety of NADH4 is shown as a blue mesh. A section of the residual Fo�Fc electron density map is shown as a green mesh situated above the FMNACHTUNGTRENNUNGisoalloxazine ring. This could not be interpreted in terms of a single conformation of the NADH4 nicotinamide moiety.
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enzyme, whereas the second indicates displacement of the
peptide toward residues W106 and Y72 (Figure 1). It is interest-
ing to note that the latter conformation precludes a stacking
of the NADH4 nicotinamide with the FMN as seen in the wild-
type enzyme. In case of the N189A MR mutant, unambiguous
electron density is observed for the adenosine-phosphate
moiety of the bound NADH4 (Figure 1). In contrast, a region of
less well-defined density is observed above the si face of the
FMN isoalloxazine ring. We infer that this is attributed to a lim-
ited occupancy of the nicotinamide-ribose moiety of NADH4 in
this position, which is possibly linked to the position of the
A187–L192 conformation. This clearly suggests mobility of the
nicotinamide group when bound to N189A MR. This contrasts
with the structure of the NADH4-bound wild-type enzyme, in
which the nicotinamide density is well defined.[14]

The structure of the N189A MR–NADH4 complex is consis-
tent with our previous kinetic and molecular dynamics analysis
of hydride transfer from NADH to FMN in the N189A mutant
MR.[14] We had suggested that during hydride transfer MRCs
are populated as a consequence of removing the restraining
interaction between the carboxamide group of NADH and
Asn189. This is consistent with the localised disorder of the
nicotinamide group in the N189A MR–NADH4 complex and the
well-defined position of the remaining adenosine-phosphate
moiety of the coenzyme.

High pressure molecular dynamics and energy landscapes
for enzyme–NADH complexes

We performed high-pressure molecular dynamics (MD) simula-
tions of wild-type and N189A MR in complex with NADH and
FMN at 1 bar (1 bar = 100 kPa = 0.98 atm) and 2 kbar (RMSDs
for 10 ns simulation shown in Figure S1) to 1) provide atomistic
understanding of pressure-induced structural perturbation and
2) support experimental studies of hydride transfer kinetics in
both enzymes as a function of pressure. The conformational
states that we observe define the energy landscapes for the
enzyme–NADH complexes of wild-type and N189A enzymes.

Our previous MD simulations of N189A MR at 1 bar suggest-
ed increased conformational freedom for the nicotinamide
group compared to wild-type enzyme.[14] There is also a better
overlap of the nicotinamide and isoalloxazine rings in a subset
of conformations for the mutant enzyme. We have also shown
with wild-type MR that on increasing the pressure from 1 bar
to 2 kbar an equilibrium distribution of conformational states
is favoured in which the average donor–acceptor distance (i.e. ,
distance between the C4–N5 atoms of the nicotinamide coen-
zyme and FMN, respectively) is shortened.[15] We now extend
this analysis to the N189A MR–NADH complex which allows
comparison with the wild type MR–NADH complex. The simu-
lations show that across the landscape the population frequen-
cy, and in particular the average C4-N5 distances, change with
pressure for both wild-type and N189A MR (Figure 2 A, B). The
C4-N5 distance decreases for wild-type (3.93 to 3.74 �) and
N189A (3.88 to 3.77 �) MR on moving from 1 bar to 2 kbar. We
have monitored the change in dihedral angle (NADH N1-NADH
C4-FMN N5-FMN N10) on moving from 1 bar to 2 kbar (Fig-

ACHTUNGTRENNUNGures S2 and 2 C, D). At 1 bar the dihedral is similar in wild-type
MR compared to N189A MR being, 35.4�0.088 and 35.2�
0.128, respectively. Further, at high pressure (2 kbar) the di-ACHTUNGTRENNUNGhedral in wild-type MR and N189A MR is decreased, although
to a greater extent with the mutant being, 34.2�0.068 and
31.3�0.078, respectively. These data therefore suggest that
whilst the donor–acceptor distance is shorter in wild-type MR
at high pressure, the relative position of the isoalloxazine and
nicotinamide rings is more significantly different in N189A MR.
These data might reflect the increased conformational freedom
of N189A MR relative to wild-type MR.

Exploring the energy landscape by pressure perturbation of
hydride-transfer chemistry in N189A MR

We showed previously that mutation of Asn189 to alanine re-
sulted in complex kinetic behaviour in the reductive half-reac-
tion of MR.[14] In stopped-flow studies of FMN reduction by
NADH we observed three exponential phases in the kinetics of
flavin reduction, each reflecting hydride transfer, and demon-
strating hydride transfer occurs in a series of parallel reactions
(cf. wild-type enzyme) for the reactive enzyme–coenzyme com-
plex. We define this population of reactive conformations as
MRCs. In reality, the number of reactive states will be greater
than three, but detection of these is compromised by using
ensemble stopped-flow measurements. We focus below on the
experimentally observed states, but the general conclusions
apply to all conformations of the enzyme–coenzyme complex.

Figure 2. Molecular dynamics simulations of wild-type MR and N189A MR at
1 bar and 2 kbar. Data reported in the text are extracted from the centre of
the Gaussian fits, which are shown as solid lines. Panels A and B show the
variation in C4–N5 distance for wild-type (A) and N189A MR (B) at 1 bar
(black) and 2 kbar (red). Distances were binned at 0.1 �. Panels C and D
show the NADH–FMN dihedral angle (NADH-N1–NADH-C4–FMN-N5–FMN-
N10) for wild-type (A) and N189A MR (B) at 1 bar (black) and 2 kbar (red). Di-
hedral angles were binned at 28.

ChemBioChem 2009, 10, 1379 – 1384 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1381

Free-Energy Landscapes of Enzyme Catalysis

www.chembiochem.org


By using our stopped-flow methods[14] we have analysed
how the distribution across the MRCs in N189A MR–NADH
varies with pressure. Any shift in the distribution of conforma-
tional states can be approximated in relative terms by the var-
iation in amplitude of the individual exponential components
corresponding to each MRC. Figure 3 shows the variation in

amplitude and observed rate of FMN reduction for each of the
kinetically accessible reactive configurations over the pressure
range 1–2000 bar. These data are summarised in Table 1. The
variation in population of a reactive configuration relative to
other configurations may be modelled by using Equation (2):

AiP
A
ðp,TÞ ¼ K iðp,TÞ

1þ K iðp,TÞ ¼
expðln K i,0�DV Ap=RpTÞ

1þ expðln K i,0�DV Ap=RpTÞ ð2Þ

Here, Rp = 83.13 cm3 mol�1 bar K�1 when the pressure, p, is
measured in bar, Ki,0 is the equilibrium constant for the change
in population of the ith reactive configuration extrapolated to
0 bar and VA is analogous to V� in Equation (3), being the ap-
parent difference in the volume associated with this equilibri-
um transition.

From Figure 3 and Table 1 it is clear that the relative popula-
tion of each of the MRCs is sensitive to changes in hydrostatic
pressure. This is apparent from the variation in the amplitude
of each configuration (DVA1 = 23.1�2.7, DVA2 =�9.5�1.5 and
DVA3 =�23�2.5 cm3 mol�1). In short, the amplitude data show
that R1 becomes less populated and R2–3 more populated as
the pressure increases from 1–2000 bar. The pressure depend-
ence of the observed rate constants for each MRC is extracted
from Equation (3),[13]

kobsðp,TÞ ¼ k0expð�DV�p=RpTÞ ð3Þ

Where k0 is the rate constant extrapolated to 0 bar, and DV�

is the apparent difference between the volume of the reactant
state and the transition state and has units of cm3 mol�1. Only
the observed rate constants for R1, show a significant pressure
dependence, with reactive configurations R2–R3 giving pres-
sure-independent rate constants within experimental error.
Specifically, DV

�

k1
=�5.7�1.7, DV

�

k2
= 2.4�3.6 and DV

�

k3
=

�0.8�1.3 cm3 mol�1. The increased conformational freedom in
N189A MR that is suggested by our high-pressure MD simula-
tions might explain the smaller pressure dependence of the
observed rate of FMN reduction in N189A MR compared to
wild-type MR (DV� = 18.3�0.6 cm3 mol�1). That is, it seems
plausible that increased conformational freedom might
“dampen” the effect of high pressure and give smaller values
for DV�. This idea is also supported by the smaller C4–N5 dis-
tance decrease that was observed in the molecular dynamics
simulations of N189A MR compared to wild-type MR at high
pressure.

Pressure dependence of charge-transfer absorption for the
N189A MR–NADH4 complex supports a conformationally
rich energy landscape

We have monitored the change in charge-transfer (CT) absorp-
tion across the pressure range of 1 to 2000 bar for the N189A
MR–NADH4 complex by using the method we reported recent-
ly for wild-type enzyme.[15] The CT complex that is formed prior
to hydride transfer with the natural coenzyme (NADH) has a
broad absorbance centred at ~555 nm attributed to the p–p

interactions between the nicotinamide and flavin isoalloxazine
rings. A similar absorption band is produced with the unreac-
tive NADH4 ligand. We formed the CT absorption by mixing
the enzyme with a saturating concentration (>10 � Kd) of the
unreactive NADH analogue, NADH4. With wild-type MR, the CT
absorbance (eCT) increases with increasing hydrostatic pressure
[DeCT = 0.09�0.01 mm

�1 cm�1 kbar�1 at 25 8C (Figure 3, inset)] .

Figure 3. Pressure dependence of the relative amplitude and observed rate
that was extracted from stopped-flow transients of the reductive half-reac-
tion of N189A MR. The amplitude data were fitted to Equation (2) for each
reactive configuration, black (R1), red (R2) and blue (R3). The data are extrapo-
lated to negative pressure values to demonstrate the properties of Equa-
tion (2). Inset : pressure dependence of the rate constants obtained byACHTUNGTRENNUNGstopped-flow measurements for R1–3. Solid lines in the main panel are fits to
Equation (3). Conditions: N189A MR (75 mm) and NADH (40 mm) at 4 8C.

Table 1. The pressure dependence of the amplitude and observed rate
constant for each phase attributable to hydride transfer in N189A MR.

K0
[a] DVA [cm3 mol�1][b] k0 [s�1][b] DV� [cm3 mol�1][b]

N189A MR
R1 3.9�0.6 23.1�2.7 79.5�8.1 �5.7�1.7
R2 0.15�0.01 �9.5�1.5 10.6�1.9 2.4�3.6
R3 0.10�0.02 �23.0�2.5 0.55�0.04 �0.8�1.3
Wild-type MR[c]

– – 18.3�0.6 �14.39�0.69

[a] Values were obtained by fitting the amplitude data to Equation 2,
while [b] values are from linear fits of the rate constant data to Equa-
tion (3). All measurements were made at 4 8C in 50 mm Tris–HCl, 2 mm 2-
mercaptoethanol, 5 U mL�1 glucose oxidase, 50 mm glucose, pH 8.0 and
were measured at 466 nm on a log time scale over 20 or 50 s with ~8000
data points and fitted to 3-exponentials by using Kinetic Studio. Concen-
tration used: 75 mm MR N189A vs. 40 mm (final concentrations) NADH
and wild-type MR vs. 5 mm (final concentrations) NADH. [c] Data from
Hay et al.[13]
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Based on Mulliken’s[16] and latterly Ewald’s[17] work with small-
molecule systems, we have suggested that increasing pressure
shortens the distance between the ring planes of the nicotin-ACHTUNGTRENNUNGamide and isoalloxazine. This shortening of the CT bond (im-
proved overlap of the p–p orbitals) increases the extinction co-
efficient, eCT, for the wild-type MR–NADH4 complex.

The reactive configuration R1 of N189A MR is structurally
similar to the CT complex of wild-type MR.[14] Configuration R1

contributes to the CT spectrum, whereas configurations R2 and
R3 are not expected to contribute significantly to the CT ab-
sorption spectrum based on geometry considerations.[14] That
kinetic decay of the CT complex is monoexponential in N189A,
whereas hydride transfer is multiexponential, has been used to
argue that configurations R2 and R3 do not contribute to the
CT absorption spectrum.[14] Given this context, we investigated
the effects of pressure on the CT absorption properties of the
N189A MR–NADH4 complex (Figure 4). Unlike for wild-type MR,

where the CT absorption increases with pressure (DeCT = 0.09�
0.01 mm

�1 cm�1 kbar�1), the CT absorption of the N189A MR de-
creases with pressure (DeCT =�0.09�0.01 mm

�1 cm�1 kbar�1). A
priori, this is inconsistent with our MD simulations, which sug-
gest that the C4–N5 distance decreases at elevated pressure.
However, the trend is rationalized by the negative pressure de-
pendence of DVA1, which acts to increase the population of
configurations R2 and R3 (which have no CT absorption) at the
expense of configuration R1, as the pressure is elevated
(Figure 3). By using the population decrease for R1 (44 % over
the experimental pressure range as assessed from Equation (2);
Figure 3) we can estimate the decrease in eCT attributed to the
loss of R1, being ~0.24 mm

�1 cm�1 kbar�1. Consequently, we cal-

culate the approximate pressure dependence of CT absorption
intensity for R1 in the absence of population redistribution
(that is, at “fixed” R1) as DeCT~0.15 mm

�1 cm�1 kbar�1. This value
is slightly elevated to that obtained for wild-type MR (DeCT =

0.09�0.01 mm
�1 cm�1 kbar�1 at 25 8C) and is consistent with

closer p–p interaction and the faster hydride transfer kinetics
from R1 (N189A) compared to wild-type enzyme.[14]

Conclusions

Mutation of an enzyme active site can increase the population
of conformational states to the extent that they become ob-
servable experimentally. We have shown this to be the case in
the enzyme–coenzyme complex of MR. We have shown that
both kinetic and spectroscopic studies (performed as a func-
tion of pressure) point to a multidimensional free-energy land-
scape in the enzyme–coenzyme complex from which hydride
transfer occurs by using parallel chemical pathways. Our work
indicates that variable pressure kinetic and spectroscopic stud-
ies are useful experimental methods for exploring multidimen-
sional energy landscapes in enzyme catalysis. These ap-
proaches might be generally applicable to studies of enzyme
mechanism in the analysis of conformational substates that
contribute to productive catalysis.

Experimental Section

All materials were obtained from Sigma–Aldrich, except NADH
(Melford Laboratories, Chelsworth, UK). Wild-type MR and N189A
MR were purified as described previously,[14] and the enzyme con-
centration was determined by e ACHTUNGTRENNUNG(462 nm) = 11.3 mm

�1 cm�1. As for
wild-type MR, the N189A enzyme is stable at room temperature for
>12 h as judged by several criteria (retention of full catalytic activi-
ty, dynamic light scattering analysis, retention of characteristic
FMN absorption spectrum, and the lack of formation of aggre-
gates/precipitation or lack of flavin release from the protein).
NADH4 was prepared as described previously.[15] Coenzyme solu-
tions were prepared fresh, and their concentrations were deter-
mined by eACHTUNGTRENNUNG(340 nm) = 6.22 mm

�1 cm�1 (NADH) or eACHTUNGTRENNUNG(288 nm) =
16.8 mm

�1 cm�1 (NADH4).

Crystals of MR N189A mutant were obtained by using the sitting
drop vapour diffusion method at 277K from ~35 % PEG 400, 0.1 m

Hepes (pH 7.5) and 0.1 m MgCl2, as described previously.[14] Crystals
were soaked for approximately 60 s in a 100 mm NADH4 2.1 m am-
monium sulfate solution followed by rapid immersion in oil and
flash-cooling in liquid N2. Diffraction data were collected from a
single cryofrozen crystal at Diamond Light Source (Didcot, UK). The
data were indexed and integrated by using Mosflm[18] and scaled
by using SCALA in CCP4 suite.[19] Refinement and model building
were carried out by using Refmac 5[20] and COOT.[21]

Molecular dynamics simulations of wild-type MR and N189A MR
were performed under constant-pressure conditions by using
AMBER8[22] with the AMBER 03 force field.[23] The structure of wild-
type MR was taken from the PDB file 2R14. The structure of N189A
MR was built by deleting the carboxamide part of the side chain of
Asn189. The initial system setup has been described in detail else-
where.[14, 15] In brief, the final system comprised 31 673 atoms for
wild-type MR and 31 657 atoms for N189A. This includes 357 pro-
tein residues, the FMN and NADH cofactors and 18 Na+ ions to

Figure 4. Difference visible absorption spectra (1 kbar minus 1 bar) of
NADH4-bound N189A MR (black), NADH4-bound wild-type MR [red, data
from Hay et al. ,[15] and coenzyme-free N189A MR (blue). The inset shows the
pressure dependence of the CT absorbance at 555 nm by using the same
colour scheme as the main panel. The solid grey lines show fits to e =

De·p +e0, with De=�0.09�0.01 and + 0.09�0.01 mm
�1 cm�1 kbar�1 for

NADH4-bound N189A MR and wild-type MR, respectively. Conditions:
100 mm N189A MR, 40 mm NADH4 at 4 8C.
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neutralize the charge, solvated in a truncated octahedral water box
by using the TIP3P model with 10 � between the edge of the box
and the protein. This system was first heated to 298K under con-
stant-volume conditions, then equilibrated under constant-pres-
sure conditions (1 bar and 2 kbar) for 2 ns. Production trajectories
were collected for 10 ns and these were analysed with PTRAJ, im-
plemented in AMBER8. The NADH-C4–FMN-N5 distance trajectories
were also analysed by binning the data at 0.1 � intervals and fit-
ting these data to a Gaussian.[15]

High-pressure static absorbance measurements and rapid reaction
kinetic experiments were both performed with a Hi-Tech Scientific
HPSF-56 high-pressure stopped-flow spectrophotometer (TgK Sci-
entific, Bradford on Avon, UK). All reactions at high pressure were
performed in 50 mm Tris–HCl, 2 mm 2-mercaptoethanol, pH 8.0
and 5–10 units mL�1 glucose oxidase and 50 mm glucose were
added for stopped-flow measurements.[13] All stopped-flow experi-
ments were performed with saturating post-mixing concentrations
(>10 � Kd) of NADH. The conditions that were used confer to
pseudo-first-order reaction kinetic behaviour. Spectral changes ac-
companying FMN reduction were monitored at 466 nm, and rate
constants were determined by fitting Equation (1) to stopped-flow
transients by using either 1 (wild-type MR) or 4 (N189A MR) expo-
nentials. For N189A MR the fourth exponential was required only
for appropriate fitting of the other three.[14] At pressures above
1500 bar, the data were fitted to a double-exponential function as
a second slow phase became apparent. This phase had no measur-
able isotope effect. Rate constants and errors were estimated by
taking the standard deviation of 3–6 measurements at each condi-
tion.
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