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Although enzymes are efficient catalysts that can achieve
unparalleled rate enhancements over the uncatalyzed reac-
tion,[1] the precise origin(s) of their catalytic power still
remain unresolved after more than a century of research.[2–4]

The dominant paradigm of enzyme catalysis remains tran-
sition state theory (TST),[5] in which the rate of the reaction is
determined by the height of the reaction barrier, that is, the
free energy of the transition state above the reactant state. It
is often possible to probe experimentally the height (energy)
of the reaction barrier by measuring the temperature depend-
ence of the reaction rate and analyzing these data in terms of
Arrhenius or Eyring theory.[5] However, it is likely that more
than half of all known enzyme-catalyzed reactions involve
one or more hydrogen (H+, H, or HC�) transfers, and it is now
becoming apparent that in many cases these H transfers occur
in part, or in full, by quantum mechanical hydrogen tunnel-
ing.[6–11] Unlike classical over-the-barrier (TST) reactions, the
rate of a tunneling reaction—which proceeds through the
reaction barrier rather than over it—is governed by the
overall shape, and particularly the width, of the bar-
rier.[6, 7,9, 11–13] It is not possible to experimentally deduce any
real information about the shape of the reaction barrier from
the temperature dependence of the reaction rate. Clearly, an
alternative experimental probe of barrier shape, and partic-
ularly barrier width, is desirable when studying these reac-
tions.

As an alternative to temperature, hydrostatic pressure is a
tractable experimental condition with which to probe enzy-
matic reactions in solution. Northrop pioneered the use of
combining steady-state isotope and pressure effects to study
enzymatic H-transfer reactions, and analyzed the results in
terms of equilibrium perturbations to TST.[14–16] We recently

extended this approach to study the pre-steady-state (single-
turnover) kinetics of a hydride transfer during the reductive
half-reaction (RHR) of the flavoprotein morphinone reduc-
tase (MR).[12] This H transfer has been shown to occur by
deep (> 99%) tunneling[17] and has a putative fast promoting
vibration[18–21] thought to transiently compress the reaction
(tunneling) barrier width, which leads to a depressed and
highly temperature-dependent primary kinetic isotope effect
(KIE).[12,22–24] Consequently, the combined temperature and
pressure dependence of the rate and KIE for this reaction was
originally analyzed[12,25] in terms of a Marcus-like H-tunneling
model.[8,18–21, 26] High-pressure X-ray crystallography has
shown that, over several kilobars of pressure change, atoms
within proteins are typically displaced by � 0.1–1 � (see, for
example, references [27,28], and references therein). The key
assumption in the modeling of the MR data was that
hydrostatic pressure “squeezes” the enzyme and conse-
quently compresses the reaction barrier. This squeezing—an
untested and major assumption of the physical model—is
investigated in the current study.

H transfer during the RHR of MR with the coenzyme
nicotinamide adenine dinucleotide (NADH) is concomitant
with flavin mononucleotide (FMN) reduction and can be
directly observed in a stopped-flow instrument. The RHR
proceeds in three steps and H transfer is kinetically resolved
from the preceding step involving coenzyme binding and
formation of the MR–NADH binary complex:[12,29]

MRþNADH binding
���! ½MR �NADH�CT reduction=H transfer

����������!
MRred �NADþ product release

�������!MRred þNADþ
ð1Þ

The binary complex—that is, the reactant state—has a
characteristic p–p charge-transfer (CT) absorbance (Fig-
ure 1A), as the FMN isoalloxazine and NADH nicotinamide
rings are roughly coplanar within the active site[30] (Fig-
ure 1B). We have previously examined the effect of pressure
on the transient CT absorbance of the MR–NADH binary
complex during stopped-flow experiments and were unable to
measure a significant change in CT absorbance with pres-
sure.[12] However, this method is imprecise and it is also
possible to study the binary complex by mixing MR with the
nonreactive NADH analogue 1,4,5,6-tetrahydroNADH
(NADH4), because although this also binds and forms a CT
complex, it cannot go on to reduce the FMN[30] (Figure 1).
This method is advantageous as more sensitive static absorb-
ance measurements can be performed.

In the current study, we measured the absorption spectra
of the MR–NADH4 CT complex every 50 bar (1 bar =

100 kPa) from 1 bar to 2 kbar. A small but significant increase
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in the CT absorbance with increasing pressure was observed
(Figure 1C–E). A previous experimental study has shown
that increasing pressure causes a progressive shortening of the
CT bond in p–p complexes and, as the CT bond is shortened,
the CT spectra shift to red wavelengths and increase in
absorbance.[31] The MR–NADH4 binary complex shows a
small CT absorbance peak shift with increasing pressure, with
the difference spectra (relative to 1 bar) showing a maximum
at � 590 nm (Figure 1C,D). The apparent dissociation con-
stant for the MR–NADH4 complex at this temperature
(25 8C) is 0.35� 0.05 mm (see the Supporting Information)
and the experiments in Figure 1 were performed with 22 mm

NADH4 (> 50 � the Kd value), so it is unlikely that the
observed change in absorbance with pressure reflects the
binding of more or less NADH4 at high pressure. Together,
these data suggest that, at elevated pressure, the MR–NADH4

binary complex is stable and the CT bond between the FMN
isoalloxazine and NADH nicotinamide moieties becomes
shorter.

Pressure acts on chemical systems by shifting preexisting
equilibria toward the species with the smaller volume.[14, 32] As
a result, pressure can be used to probe physiological

transitions that occur infrequently at atmospheric pressure.
The MR–NADH binary complex probably exists in multiple
conformations with differing volumes and reaction barrier
widths,[30] that is, as a multidimensional free-energy surface.[33]

If the conformations with the smaller volumes also have
shorter CT bonds, then pressure will effectively squeeze the
FMN isoalloxazine and NADH nicotinamide rings together
by restricting the conformations of the binary complex to
those conformations with shorter CT bonds (and smaller
volumes). If the binary complex is the reactant state for the H-
transfer reaction—we cannot rule out the presence of another
intermediate state that is not observed—then pressure will
cause a decrease in the average reaction barrier width,
because squeezing the isoalloxazine and nicotinamide rings
together will bring the nicotinamide C4 (donor) and isoallox-
azine N5 (acceptor) heavy atoms closer together. As the
volume of the active site changes with pressure, this squeezing
may also manifest as compressibility (d(�DV�)/dp), which we
have observed during the RHR of MR with NADH.[12]

It is possible to run constant-pressure molecular dynamics
(MD) simulations (in which the volume, rather than pressure,
can fluctuate) to specifically investigate the role of hydrostatic
pressure on a system. MD simulations of the MR–NADH
binary complex were run at fixed (constant) pressures of
1 bar, 1 kbar, and 2 kbar. The simulations showed that the
protein is stable over this range of pressures because, except
for a slight increase in the helical content, the overall
secondary structure does not appear to significantly change
as the pressure is increased. Analysis over 10 ns trajectories of
the NADH nicotinamide C4–FMN isoalloxazine N5 separa-
tion shows a roughly Gaussian distribution between 3 and
6 �. This distribution both narrows and shifts to shorter
distances at elevated pressures (Figure 2 and the Supporting
Information).

Interestingly, while the average C4–N5 separation
decreases with pressure, the minimum separation does not
appear to significantly change, consistent with the hypothesis
that pressure simply causes a shift in equilibrium, thus
favoring those binary complex conformations with shorter

Figure 1. Effect of pressure on the CT absorbance of the MR binary
complex. A) Absorption spectra of oxidized MR (black), the spectrally
deconvoluted CT complex with NADH (red), and reduced MR (green);
from Ref. [12]. The MR–NADH4 binary complex formed with 22 mm

NADH4 is shown in blue for comparison. B) FMN isoalloxazine
(yellow) and NADH4 nicotinamide (blue) moieties within the MR
active site (pdb 2R14[30]). C) Absorption spectra of the MR–NADH4

binary complex measured at 1 bar and 0.5, 1, 1.5, and 2.0 kbar. The
arrows show the change with increasing pressure, and offset difference
spectra (relative to 1 bar) of the CT absorbance around 590 nm are
also shown. D) Difference spectra (1 kbar minus 1 bar) of MR (black)
and NADH4-bound MR (red) compared to the 1 bar NADH4 bound-
minus-unbound spectrum (blue). The origin of the MR and MR–
NADH4 absorbance increase at �460 nm is uncertain but may result
from electrostriction of water molecules within the active site (see, for
example, Ref. [32]). E) Pressure dependence of the 590 nm absorbance
(red line in (C)) of MR (black) and the binary complex of NADH4 with
MR (red). Note: raw spectra are also shown in the Supporting
Information.

Figure 2. MD analysis of NADH-bound MR showing the NADH C4–
FMN N5 separation over 10 ns trajectories binned at 0.1 � resolution.
The vertical dotted lines show the center of the respective Gaussian
fits (solid lines) with their central positions listed.
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CT bonds and reaction barrier widths. In other words,
pressure does not physically squeeze the microscopic reaction
barrier in MR but appears to reduce the average barrier width
(that is, the macroscopic barrier) by restricting the conforma-
tional space available to the FMN isoalloxazine and NADH
nicotinamide moieties, through disfavoring those configura-
tions with a larger C4–N5 separation (and presumably larger
atomic volumes).

In the case of the MR/NADH reaction, we have
previously shown that pressure increases the apparent rate
of catalysis by increasing the rate of H transfer by about
twofold per kilobar.[12] Regardless of whether there is more or
less hydride tunneling at high pressure (relative to over-the-
barrier TST transfer), hydrostatic pressure does appear to
cause barrier compression in this enzyme, which is accom-
panied by an increase in the catalyzed rate of reaction. If, in
keeping with current dogma, promoting vibrations[18–21] (envi-
ronmental coupling) also cause barrier compression then they
should, at least in MR, cause qualitatively similar effects as
hydrostatic pressure, that is, an increase in the rate of
catalysis.

Experimental Section
All materials were obtained from Sigma–Aldrich (St. Louis, MO),
except NADH (Melford Laboratories, Chelsworth, UK). MR was
purified as described previously[22, 29] and the enzyme concentration
was determined by e(462 nm) = 11.3 mm

�1 cm�1. NADH4 was pre-
pared as described previously[30] and its concentration was determined
by e(289 nm) = 16.8 mm

�1 cm�1.[34]

High-pressure static absorbance measurements were performed
with a Hi-Tech Scientific HPSF-56 high-pressure stopped-flow
spectrophotometer (TgK Scientific, Bradford on Avon, UK). All
measurements were made in Tris-HCl (50 mm)/2-mercaptoethanol
(2 mm), pH 8.0.

MD simulations were performed by using AMBER8[35] with the
AMBER 03 force field.[36] The initial system setup has been described
in detail previously.[17] A different equilibration procedure was
applied, however, in which the system was heated to 298 K under
constant-volume condition, then the constant-pressure condition was
turned on to equilibrate the system at the desired pressure of 1 bar,
1 kbar, or 2 kbar for 2 ns. The production trajectories were then
collected for 10 ns. These trajectories were analyzed with PTRAJ
implemented in AMBER8. The NADH C4–FMN N5 distance
trajectories were also analyzed by binning the data at 0.1 � intervals
and fitting these data to a Gaussian (see the Supporting Information).
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