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Incorporation of Hydrostatic Pressure into Models of Hydrogen Tunneling
Highlights a Role for Pressure-Modulated Promoting Vibrations'
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ABSTRACT: Hydrostatic pressure offers an alternative to temperature as an experimental probe of hydrogen-
transfer reactions. H tunneling reactions have been shown to exhibit kinetic isotope effects (KIEs) that
are sensitive to pressure, and environmentally coupled H tunneling reactions, those reactions in which H
transfer is coupled to atomic fluctuations (a promoting vibration) along the reaction coordinate, often
have quite temperature-dependent KIEs. We present here a theoretical treatment of the combined effect
of temperature and pressure on environmentally coupled H tunneling reactions. We develop a generalized
expression for the KIE, which can be used as a simple fitting function for combined experimental
temperature- and pressure-dependent KIE data sets. With this expression, we are able to extract information
about the pressure dependence of both the apparent tunneling distance and the frequency of the promoting
vibration. The KIE expression is tested on two data sets {the reduction of chloranil by leuco crystal violet
[Isaacs, N. S., Javaid, K., and Rannala, E. (1998) J. Chem. Soc., Perkin Trans. 2, 709—711] and the
reduction of morphinone reductase by NADH [Hay, S., Sutcliffe, M. J., and Scrutton, N. S. (2007) Proc.
Natl. Acad. Sci. U.S.A. 104, 507—512]} and suggests that hydrostatic pressure is a sensitive probe of

nuclear quantum mechanical effects in H-transfer reactions.

Enzyme catalysis is a dynamic process, and the formation
and breakage of bonds are often accompanied by atomic
fluctuations along the reaction coordinate (/, 2). There is
growing recognition of the importance of nonequilibrated
fast (subpicosecond) dynamics, so-called promoting vibra-
tions, that modify the reaction barrier and influence the rate
of reaction (3—172). Experimentally, the identification of
promoting vibrations is challenging, but hydrogen tunneling
reactions are well-suited for the study of such dynamical
processes. Promoting vibrations have been invoked in
experimental studies of KIEs' (6—8) and “visualized” in
computational simulations of enzyme-catalyzed H transfer
(4, 5, 13). The first experimental evidence for a general role
of protein motion during H tunneling reactions in enzymes
(14—16) was inferred from observations of KIEs with
unusual temperature dependencies, when AAH* (or AE,) is
either large or zero. These data were initially interpreted in
terms of tunneling preceded by either (i) thermally equili-
brated motion that is sufficient to bring the reactant and
product wave functions to degeneracy or (ii) nonequilibrated
motion along the reaction coordinate that brings the reactant
and product states to a tunneling-competent conformation,
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yielding large values for AAH*. Tt has recently become
apparent that this criterion is an oversimplification and
environmentally coupled H tunneling (ECHT) reactions can
manifest KIEs with modest AAH* values (7, 17), which may
not even be experimentally measurable (7). Hydrostatic
pressure offers an alternative to temperature as an indepen-
dent and sensitive experimental probe with which to study
environmentally coupled H-transfer reactions (6), but to the
best of our knowledge, there is no theoretical foundation with
which to describe the pressure dependence of such reactions.

Semiclassical transition state theory (TST) dictates that
pressure effects are associated with differences in the
vibrational frequencies of the transferred atoms (/8—20), and
such stretching frequencies have been shown to be relatively
insensitive to pressures of a few kilobars (/8—20) (1 bar =
0.987 standard atmosphere or 100 kPa). Conversely, chemical
systems with inflated isotope effects that cannot be explained
by semiclassical TST [i.e., the reactions likely involve nuclear
quantum mechanical (NQM) effects] have shown a signifi-
cant pressure dependence of both the observed rate constants
and the KIE (27). Thus, in principle, the pressure dependence
of the KIE for an H-transfer reaction provides an excellent
method of determining the contribution of NQM effects to
the reaction, with a pressure-dependent KIE suggestive of a
NQM tunneling reaction (19, 22).

PRESSURE DEPENDENCE OF THE REACTION
RATE

Traditionally, the pressure (p) dependence of an observed
rate constant has been described using absolute rate
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theory (23, 24) by assuming a quasi-equilibrium between
the reactant and transition state:

k(p, T) = ky exp(—AV "p/R,T) ()

where R, = 83.13 cm® mol™! bar K™/, ko is the observed
rate constant extrapolated to 0 bar,” and AV* is the apparent
difference between the volume of the reactant state and the
transition state. If the experimental data show significant
curvature when plotted as In kg versus p, then the norm is
to fit the data to a quadratic function (25) such as

k(p, T) = ko exp(—AV *p/R,T) exp(ABP*/2R,T)  (2)

where AS¥ is the compressibility of the transition state (AB*
= dAV*/dp). The pressure dependence of the observed KIE
can be treated in a similar manner:

KIE(p, T) = KIE, exp(—AAV *p/R,T) 3)

KIE(p, T) = KIE, exp(—AAV *p/R,T) exp(AAB'p* /2R, T)
4)

where KIE, is the observed KIE extrapolated to 0 bar, AAV*
= AV# — AV*_and AAS* = A — AB*. However, no
information regarding NQM effects is gained from this
method as the magnitudes of observed activation volumes
do not correlate with actual atomic volumes. Here, we
explore alternate approaches to modeling the effect of
pressure on NQM effects in H-transfer reactions. Our goal
is to develop a simple model that can be used as a fitting
function to extract NQM parameters from the temperature
and pressure dependence of experimentally determined rate
constants and/or KIEs.

BELL CORRECTION MODEL

Northrop has developed a model (24) for the pressure
dependence of H-transfer reactions in solution based on the
Bell correction (26) to account for small NQM effects:

_ Ou —AVop
KIE(p, T)= ——I— (QD l)exp( RPT) 5)

where ku/kp is the purely semiclassical isotope effect, On/
QOp is the tunneling correction to the KIE, and AVj, is the
apparent volume difference (between H and D transfer)
associated with the tunneling correction. This model assumes
that there is both a semiclassical and tunneling contribution
to the reaction [kos = kuQu (26)] and that ky/kp is invariant
with pressure. If the reaction proceeds entirely by tunneling
and we set kn/kp equal to 1, then eq 5 simplifies to eq 3,
where Qu/Op = KIE; and AV, = AAVF, Equation 5 was
initially used quite successfully by Northrop to validate the
earlier experimental findings by Isaacs and co-workers that
the large KIE of ~11 for the H transfer during the reduction
of chloranil (2,3,5,6-tetrachloro-p-benzoquinone) by leuco
crystal violet (LCV) is pressure-dependent (/8—20). How-
ever, the KIE for this reaction has an apparent AAH* of
10—12 kJ mol~! (Figure S1 of the Supporting Information)
which is significantly larger than the upper limit of ~6 kJ
mol~! considered appropriate for the Bell correction (26).

2 For mathematical ease, we use 0 and 1 bar interchangeably in this
study. Typical experimental studies extend over several kilobars, so
the distinction is generally not important.
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Table 1: Pressure Dependence of Hydride Transfer during the Reduction
of Chloranil by LCV and MR by NADH As Determined Using
Transition State Theory (eqs 3 and 4) and a Bell Correction Model (eq
5)11

TST (eq 4) Bell correction (eq 5)

T AAVF AAS* AVq
(K) (cm® mol™!) (cm? mol~! kbar™!)  ku/kp Ow/Op  (cm3 mol™!)
Chloranil/LCV

2947 28402 0.6+0.2 <5 >2.5 <6
302 9.3+£0.6 —52+0.6 7.8+£0.1 1.44+0.02 369+35

313 29+02 —04+03 48£15 19+06 62+£25
MR/NADH

278 —102+1.0 6.4+09 8.6+04 0.68£0.03 29+10

298 —88+13 48+ 1.1 58+0.5 0.67+005 20£10

313 —144+37 6.8+£32 52+£08 048£0.06 20£11

“This analysis is discussed in more detail in the Supporting
Information. ® The 294 K data did not converge when fit to eq 5.

Thus, it is probably not strictly correct to use a correction
method and, thus, eq 5 to model this reaction. We have
recently described the combined pressure and temperature
dependence of the rate and primary H—D KIE for the
reduction of morphinone reductase (MR) by nicotinamide
adenine dinucleotide (NADH) (6), a putative enzyme-
catalyzed ECHT reaction. In this previous work, we showed
that the MR/NADH reaction is poorly described by eq 5.
More recently, we have shown computationally that ~99%
of H transfer during the MR/NADH reaction occurs by
tunneling, thus further invalidating the use of such a model.
For completeness, we have analyzed both the chloranil/LCV
and MR/NADH reaction using eq 5 and compared the results
to those obtained using eqs 3 and 4. For brevity, this analysis
is discussed in the Supporting Information while the fit results
are given in Table 1. Ultimately, as use of the Bell correction
model (26) is often not appropriate and its use is also no
longer in favor among many in the H-transfer community
(17, 27, 28), an alternative approach to modeling pressure
effects is desirable.

NONADIABATIC MODEL

There has been a recent trend toward describing H
tunneling reactions, particularly in enzyme reactions, in terms
of a Marcus-like nonadiabatic tunneling reaction (7, 8, 11),
analogous to electron-transfer (ET) theory (29, 30). Obvi-
ously, this model was designed for ET reactions, and care
must be taken when using this approach to model H-transfer
reactions. For H transfer, these models are only valid for
deep tunneling reactions, when the H tunnels far below the
barrier. Therefore, to justify using nonadiabatic tunneling
models, the reaction of interest should be initially shown to
occur by a deep tunneling mechanism. In both the enzymes,
aromatic amine dehydrogenase (4) and soybean lipoxyge-
nase-1 (37), computational tunneling calculations have shown
that 99% of H transfer occurs by tunneling; i.e., these are
deep tunneling reactions. Both of these enzymes have very
large primary H/D KIEs of >50, so from an experimentalist’s
standpoint, if the reaction of interest has a massive KIE, then
the reaction can probably justifiably be treated using Marcus
theory. As mentioned earlier, we have recently shown
computationally that 99% of the H transfer in MR occurs
by tunneling, despite the primary H/D KIE being normal
(32), so the MR/NADH reaction can also be treated using
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FIGURE 1: Apparent average H—D tunneling distances for (A) the reduction of chloranil by LCV at 294 (black), 302 (red), and 313 K (blue)
and (B) the reduction of MR by NADH at 278 (black), 298 (red), and 313 K (blue). Both data sets were obtained by fitting the KIE values
in panels A and B to eq 11, the rigid barrier model. The apparent ryp values are fit to both linear (eq 12, solid lines) and exponential (eq
13, dashed lines) functions, with the resulting fitting parameters given in Table 2.

Marcus theory. We are not aware of any computational
studies on the tunneling prevalence in the choranil/LCV
reaction, but we will model this reaction for completeness.

We have previously modeled the MR/NADH reaction (6)
using the ECHT model of Kuznetsov and Ulstrup (/7), a
Marcus-like nonadiabatic model, and implemented this model
in amanner similar to that used by Knapp and Klinman (8, 17).
In the simplest case, where there is no promoting vibration
and H transfer does not occur between vibrationally excited
states (discussed below), the rate of a H tunneling reaction
can be described by

k= (1/27t)\/4ﬂ3//1kBTthTDAI2(FC) exp(—AG"/kgT) (6)

where Tpa is the electronic coupling and FC the Franck—Condon
term describing the nuclear wave function overlap between
the donor and acceptor states of the transferred H:

FC,= exp(—yiwir2/2h) (7)

where u; is the average reduced mass and w; the angular
frequency [typically taken to be the stretching frequency of
the transferred H (8)] of the transferred isotope. r is the
tunneling distance. The final exponential term in eq 6
describes the Marcus apparent activation energy, AG¥, which
confers the temperature dependence of the rate constant. If
the FC term is excluded, eq 6 is equivalent to the typical
Marcus ET equation.

A theoretical treatment of the effect of pressure on long-
range ET in proteins has been described by Miyashita and
Go (33). They concluded that, while volume changes
associated with both the electronic coupling (7pa) and the
Marcus (AG¥) terms contribute to the observed AV¥ (typi-
cally —10 to —20 cm?® mol™"), unless AV¥ is very small (1—2
cm’® mol ™), the contribution from Tp, can be ignored. The
distance dependence of ET reactions is described by the
electronic coupling:

®)

where a is a decay factor with typical values of roughly 1
A~1(34). The distance dependence of a H tunneling reaction
is described by both the Tps and FC terms (eq 6), so we
must consider the effect of pressure on effective coupling:
ITpal> x (FC). The suggestion that Tpa contributes little to
the pressure dependence of a protein ET reaction seems
reasonable. For a typical ET over ~10 A, any pressure-

1T A> ~ exp(—ar)

induced changes in r will be small [perhaps ~0.1—0.2 A
(35)] such that the relative change, Ar(p)/ro, will be small
(~1%). However, r is much smaller (<1 A) for a room-
temperature H transfer, so Ar(p)/rp > 10%. Consequently,
we need to consider the effect of pressure on both the
effective coupling (ITpal> x FC) and Marcus (AG¥) terms.
The apparent activation energy (AG*) can be described
using a modification of the usual Marcus form (8):
AG' = i/l[l +(AG + E )/ A1 )
where AG® is the driving force of the reaction, 4 is the
reorganization energy (29, 30), and E\;, is the difference in
vibrational energy between the donor (reactant) and acceptor
(product) states (8). The pressure dependence of AG* will
be caused by changes to AG°® and A. As vibrational
frequencies are insensitive to a few kilobars of pressure
(18—20), there should be little effect on E;,. However, Ey;,
is isotope-dependent, so there will be a significant isotope
effect on AG* if H transfer to or from vibrationally excited
states is prevalent. Miyashita and Go suggest that the pressure
dependence of 1 is small for protein ET reactions (33), so
the dominant effect of pressure on the Marcus term will likely
be on AG°. For both ET and H transfer reactions in either
solvent or solvent-exposed protein active sites, there may
be a larger effect of pressure on A, which is sensitive to
solvent, as electrostriction of solvent around charged groups
is accompanied by large negative volume changes (25). From
ET theory (30), when IAG®l < 4, then d(In kobs)/d(—AG®)
~ (.5, and kops Will increase with an increase in driving force.
Also, there is some experimental evidence that increasing
AG° will decrease the primary KIE while increasing both
the a—secondary and '>C/'3C KIEs (36, 37). This effect has
recently been discussed in terms of changes to the reaction
symmetry, IAG°l/A, by Marcus (38). One way to investigate
the effect of pressure on the relative change in AG° may be
to measure the pressure dependence of both the primary and
either the a—secondary or '2C/'3C KIE. Unfortunately, both
the o—secondary and '>C/'3C KIEs are small, and these
experiments may often prove impractical. Nevertheless, they
are not impossible, and Northrop has recently reported the
pressure dependence of the '>C/"3C KIE in yeast alcohol
dehydrogenase (39). As a word of caution, it is not obvious
what additional pressure effects would be on either a—sec-
ondary or '2C/"3C KIE when dAG®/dp is equal to 0.
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FiGURE 2: ECHT model incorporating hydrostatic pressure (eq 21).
(A) Effect of the force constant of the promoting vibration («x) on
the magnitude and temperature dependence (AAH*) of the KIE
when ryp = 0.6 A and Ar = Ax = 0. (B) Effect of Ar on the
pressure dependence of the KIE when x = 2.5 m2, ryp = 0.70
A, and Ak = 0. (C) Effect of Ak on the pressure dependence of
the KIE when « = 2.5 J m~2, ryp = 0.70 A, and Ar = 0. (D) Like
panel C but with Ar = —0.03 A.

To circumvent many of the complications arising from
the pressure dependence of the Marcus activation term, if
one only examines the pressure dependence of the KIE, the
effect of both dA/dp and dAG®/dp can be largely ignored (6, 24).
Further, in the absence of vibrationally excited H transfer
(discussed below), AG*##/AG™ ~ 1 and the Marcus term
can be omitted entirely. In this case, which is reasonable for
“deep” tunneling reactions, the pressure dependence of the
KIE will then be described only by changes in the effective
coupling:

ky/ ke = KIE, expl(Up@pry. — ty@yry)/2h]  (10)

where KIE, is essentially the difference in electronic wave
function overlap between H and D donor and acceptor states.
As the wavelength of an electron is at least 1 order of
magnitude larger than that of H or D, we will take KIE, to
approximate 1. If we consider the average tunneling distance
of H and D, ryp, then eq 10 becomes useful:

ky/ ke = KIE, expl(Upwp, — tpy@)ran /2R (11)

For reference, typically C—H stretching frequencies of
~3000 and 2200 cm 'are used to describe the H and D
nuclear wave function overlap, respectively (7, 8, 11), such
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that for a deuterium KIE, (upwp — unwn)/2h ~ 15.0 A2
Little difference is found if the donor/acceptor heavy atom
is nitrogen or oxygen versus carbon.

MODELING PRESSURE

Both the chloranil/LCV and MR/NADH KIE data sets
were fit to eq 11 (Figure 1) to extract the pressure dependence
of ryp. The pressure dependence of the observed KIEs was
then analyzed using eq 11 by substituting either

rap(P) = ro T Ary, p (12)

or

rap(P) = (rg T Aryy,) — Are, €Xp(—= Py, p) (13)

where eqs 12 and 13 describe a linear and exponential change
in rgp with pressure, respectively. Here ry is the ryp value
at 0 or 1 bar (the difference is not significant), and Ary, =
dr/dp. For an exponential dependence, Ar, is the extrapo-
lated total change in » with a half-pressure of P;,. Note that
in both cases, a negative value of Ar reflects a decrease in
rap With increasing pressure, i.e., barrier compression. In all
cases, the data were reasonably described by both methods,
and the resulting ro, Ar, and Py, values are listed in Table
2. As for the earlier analysis using eq 5, the chloranil/LCV
data at 294 K did not converge using eq 13 due to the lack
of curvature in the data. However, by fixing the P, value
as significantly greater than the maximum experimental
pressure, we were able to estimate reasonable ry and Arey,
values. Fairly similar values of ry and Ar were estimated
using eqs 12 and 13 for both reactions (Table 2), so we will
use eq 12 for the remainder of this study due to its simpler
form and less adjustable parameters. It seems reasonable to
model a linear pressure dependence of the transfer distance
as this distance should be only weakly dependent on pressure
over a few kilobars, i.e., the pressure range typically
employed by the experimentalist. The exponential depen-
dence of ryp on p makes more sense for much higher ranges
of pressure, where compression will become more difficult
at higher pressures due to steric clashes, etc. Of concern is
the fact that the combination of eq 11 with eq 12 or 13
predicts very short tunneling distances (0.3—0.4 A) for both
the chloranil/LCV and MR/NADH reactions. Also, due to
the temperature dependence of the KIEs, these distances
significantly decrease with an increase in temperature. A
change in ryp with temperature is expected; however, this
change should be very small over the temperature range
accessible to solution studies (e.g., 0 to ~60 °C), and we

Table 2: Pressure Dependence of Hydride Transfer during the Reduction of Chloranil by LCV and MR by NADH As Determined Using eq 11 with
either a Linear (eq 12) or Exponential (eq 13) Compression of the Tunneling Distance with Pressure

linear compression (eq 12)

exponential compression (eq 13)

T (K) ro (A) Ariin (A kbar™) 7o (A) Arexp (A) Py (kbar)
Chloranil/LCV
2944 0.410 £+ 0.001 —0.012 £ 0.001 <0.41 <—0.06 >5
302 0.398 £ 0.003 —0.015 £ 0.003 0.401 £ 0.001 —0.032 £ 0.002 0.8 +0.1
313 0.384 + 0.001 —0.009 + 0.001 0.384 + 0.001 —0.085 + 0.067 8.7+74
MR/NADH
278 0.353 £ 0.004 0.013 £ 0.003 0.342 £ 0.004 0.035 £ 0.004 0.6 +0.1
298 0.307 £+ 0.003 0.016 = 0.03 0.299 + 0.004 0.040 + 0.005 09403
313 0.267 £+ 0.007 0.029 + 0.005 0.248 +£0.011 0.079 £ 0.011 0.84+0.3

“The 294 K data did not converge when fit with eq 15. See the text for details.
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FIGURE 3: Observed KIE values for (A) the reduction of chloranil

by LCV and (B) the reduction of MR by NADH. Both data sets

are fit to eq 21 with either (i) no fixed parameters (red lines), (ii)

Ar = 0 (green lines), or (iii) Ak = 0 (black lines). Fitting parameters

are listed in Table 3.

will assume, to a first approximation, that ryp is invariant
with temperature in this study. Further, these models predict
that in the MR/NADH reaction the tunneling distance
increases with pressure, despite the large rate enhancement
observed with an increase in pressure (Figure 3B and
Supporting Information).

TEMPERATURE- AND PRESSURE-DEPENDENT
KIES

The most obvious problem with eq 11 is that there is no
temperature term in the expression, causing unrealistically
large decreases in ryp with an increase in temperature. It
would be convenient to analyze both the pressure and
temperature dependence of the KIE using a singular ap-
proach. One approach is to extend eq 6 to describe H transfer
between the vibrationally excited donor (v) and acceptor (w)
states:

k=2, {[exp(—Ev/kBT)g kw] / Z exp(—Ev/kBT)}

v (14)

ky = (1/2n)\/4n3/,1kB m2|TDA|2(FCgmg)
exp{—[AG +E,, + A*/44k,T}

where E, is the (isotope-dependent) vibrational energy of
the vth excited reactant state. Obviously, eq 14 is not suited
for use as a routine fitting function. At room temperature,
the majority of H transfer will occur from the ground state
as Eyy ~ 36 kJ mol™! > kgT ~ 2.5 kJ mol~!. Therefore, a
reasonable simplification is to omit the contribution to k from
excited states. Further, the temperature dependence of k or
the KIE arising from the partition function in eq 14 should,
in most cases, be significantly smaller than that arising from
excitation of a promoting vibration. To incorporate a
promoting vibration or gating, to account for very temper-
ature-dependent KIEs, the Franck—Condon term is modified:

FCatingo.0i) = ‘/(‘)’0 [exp(—uw,Ar 2/2h)] exp(—Ex/kgT) dX
(15)

where Ar = (ry — ry) is now the tunneling distance reduced
from an equilibrium separation, ry, by the distance of gating,
rx. The promoting vibration is treated classically as a
harmonic oscillator with an isotope-independent gating
energy, Ex = (1/2)hwyx?, where X is the reduced tunneling
coordinate [X = ry(mywx/h)"?] and my and wy are the

Hay and Scrutton

reduced mass and frequency of the promoting vibration,
respectively. This model has been successfully extended to
more accurately describe the wave function overlap in terms
of a Morse potential (40), but for the purposes of this study,
we use the harmonic oscillator approach. Note that eq 15
gives the FC term for ground state tunneling. Vibrationally
excited states are incorporated into this model by using
modified FC terms (8, 47). All other terms in eqs 14 and 15
have their usual meaning and are defined in refs 7 and 8. To
describe the pressure dependence of a temperature-dependent
KIE, the simplest model (i.e., excluding contribution from
excited states) would then be

ky B
;;QP,Y)-—

. '/‘;ro {exp[—/,tHwHAr(p)Z/zh]} exp[—Ex(p)/kgT] dX

’ fo’° {expl—upwpAr(p)>/2h]} exp[—Ey(p)/kgT] dX
(16)

The effect of pressure is (i) to change Ar by increasing or
reducing the equilibrium separation, ry, and/or the distance
of gating, ry, and/or (ii) to change the gating energy Ex by
altering the frequency of the promoting vibration and/or rx.
We will assume that the tunneling distance does not
significantly change with temperature (see above). Clearly,
eq 16 will never be appropriate as a simple fitting function,
but it can be used to model experimental data quite
successfully (6, 7, 11, 17, 40, 42). Ultimately, it would be
useful to have an ECHT model which can be used as a fitting
function, preferably where the tunneling distance and the
gating frequency can be independently varied.

As an alternative to eqs 14 and 15, a rate expression for
an environmentally coupled H transfer has been described
by Borgis and Hynes (/2) and extended by Antoniou and
Schwartz (3), and a similar approach to modeling the
promoting vibration has also been described by Bruno and
Bialek (/0) and by Hammes-Schiffer (43). The general form
of this rate equation is similar to the model of Kuznetzov
and Ulstrup (/1), but the FC; = exp(—u.w;r*/2h) element of
the Franck—Condon term [as called by Knapp and Klinman
and ourselves (7, 8)] is essentially buried within the electronic
coupling term, A:

k~A* exp(—AG' /kgT) exp(3E ko T/ R0 ) (17)
E., =R/ 2m,

where A ~ exp(—owr) and is analogous to eq 8 and mg,, and
W are the reduced mass and frequency, respectively, of
an oscillating mode (promoting vibration) that modulates
tunneling probability. Clearly, eq 16 has a non-Arrhenius
temperature dependence, but this expression is useful (i.e.,
essentially linear) over modest changes in temperature either
side of room temperature. Typical values of a for proton
transfer have been suggested to be 20—35 A1 (3, 12, 43),
which can be compared to an equivalent value of ~1 A~!
for ET reactions in solution (see above). o is analogous to
wiwi/2h from eq 7, both describing the distance decay of the
donor/acceptor wave function overlap. We will continue to
use the wave function overlap of Kuznetsov and Ulstrup (eq
7) in preference to A in eq 17, but either approach will work
as there is an isotope effect on a of op ~ V2 x ay (for
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Table 3: Pressure Dependence of Hydride Transfer during the Reduction of Chloranil by LCV and MR by NADH As Determined using eq 21

two-step fitting”

simultaneous fitting”

chloranil/LCV MR/NADH chloranil/LCV MR/NADH
ro (Aﬂ) 0.69 + 0.03 0.75 £ 0.03 0.69 + 0.04 0.75 £ 0.01
Ar (A kbar™1) 0+4 —0.033 + 0.004 —0.01 £0.04 —0.034 + 0.005
Ko (J m~2) 2.6+0.3 1.7+0.2 2.6+04 1.71 £ 0.06
Ako (J m2 kbar™1) 0+46 0.29 +0.03 0.1 +0.5 0.31 £ 0.04

“ Parameters are taken from the fits in Figures S4 and S5 of the Supporting Information. ” Parameters are taken from the fits in Figure 3.

more detail, see, for example, ref 44). We can modify eqs 6
and 7 by adding the substrate vibration term from eq 17 and
substituting o = ,w/2k:

2
2 _ﬂiwir) @ kgT _AG*
ki ~1Tp,l exp( " exp(—FL ~|exp _kBT

(18)

where the wave function overlap (cf., the tunneling distance)
is now directly modulated by the promoting vibration, thus
decoupling the distance and temperature dependence of the
reaction. We have used the force constant of the gating mode
in preference to the reduced mass and frequency with gy
= MupWsur>- Note that the shape of the wave function overlap
in eq 17 differs from that used by Kuznetsov and Ulstrup
(eq 6; see Figure S3 of the Supporting Information for more
details). As a result, (u;w;/2h) has units of A2 while o has
units of A~!, so we must substitute ww/2h = o2 cf., a,
into eq 18. This is quite an important point, as y,w/2h < o?
for o values of greater than ~7 (i.e., typical literature values).
This means that estimated values of kg, determined using
eqs 17 and 18 will not be equivalent even when o = u,w//
2h. However, values suggested for o are somewhat
variable (3, 12, 43), and this parameter has been previously
used as a fitting function (e.g., ref 44). Consequently, Kb
values should be treated qualitatively, and if it is important
to compare such values with previous literature values of o
and/or kg, then eq 17 can be used in preference to eq 18
with the following substitutions made accordingly.

By using the same arguments that are used in eq 15, and
assuming that «g,, is isotope-independent, we arrive at

ky/ kp(p» T) ~ KIE, exp[(tp®p — thy®p)rep (2)/2A]
expl— (Upwp — Uy ks T/ Ay, ()] (19)

At small (physically unrealistic) values of both r and W,
the KIE will become inverse. We will continue to assume
that KIEy ~ 1, but this term could be used as a factor to
calibrate eq 19 against experimental data if they become
available. Now, the effect of pressure is to change (i) the
tunneling distance ryp and/or (ii) the frequency of the
promoting vibration (xg). Unlike eq 15, these two param-
eters are partly independent of each other with the temper-
ature dependence of the KIE dictated solely by kg, and the
magnitude of the KIE dictated by both ryp and xgyp.

While bond stretching frequencies have generally been
taken to be insensitive to pressures of a few kilobars (/8—20),
there are often small but significant (i.e., a few wavenumbers)
changes in frequency over kilobar changes in pressure. These
are caused by changes in both the harmonic force constant
and the anharmonicity of the oscillator (see, for example,
refs 45 and 46). As a first approximation, we can treat the

effect of pressure on the promoting vibration force constant
in a similar way, as a linear function (see, for example, ref

47):
Kaun(P) = kot Axp (20

We stress that this is obviously a gross simplification, and
if experimental or computational insight into the pressure
dependence of the promoting vibration becomes available,
eq 20 can be amended accordingly. In eq 20, a positive value
of Ak denotes an increase in the frequency of the promoting
vibration. By substituting eqs 12 and 20 into our new KIE
expression from eq 19, we arrive at

ky/ (P, T) ~ KIE, expl(tpwp — ty@y)(ry + Arp)/2R] x
expl—(upwp — upw ks T/ Ak, + Akp)] (21)

As discussed, we could use a more elaborate function to
describe the pressure dependence of ryp (e.g., eq 14) and/or
Ksub, but we feel this is unnecessary at this stage. Using simple
linear pressure dependencies, there are only five adjustable
parameters in our KIE expression (eq 21): KIEy, ro, Ar, «,
and Akx. However, as discussed above, we will fix KIE, to
1. The influence of the four remaining parameters on the
apparent pressure dependence of the KIE is modeled in
Figure 2. To the best of our knowledge, this is the first
treatment of a nonadiabatic tunneling expression where
hydrostatic pressure can be explicitly modeled.

We have used the observed KIE values for the chloranil/
LCV and MR/NADH reactions to test eq 21 in two ways.
First, for each reaction, the three data sets at different
temperatures were simultaneously fit with all four of the
fitting parameters shared, yielding single values of ro, Ar,
k, and Ak for each reaction. This method is not the only
option available, and to reduce the number of variables in
the fitting, it is possible to initially fit a KIE versus
temperature data set measured at atmospheric pressure to
eq 21 with both Ar and Ak fixed to zero such that there are
only two adjustable parameters (akin to the Arrhenius
equation; see Figure S4 of the Supporting Information). This
method requires fixing p to 0, cf., 1 bar. However, this is a
reasonable simplification as the difference between 0 and 1
bar can be ignored if pressure changes over several kilobars
are measured. Once reasonable estimates of ry and ky have
been determined in this manner, the pressure dependence of
the KIE can be fit with ry and/or «( restrained to the values
determined previously. Further, this method allows one to
use eq 21 to fit the pressure dependence of a KIE at a single
temperature. Simultaneous fits of both the chloranil/LCV and
MR/NADH data sets to eq 21 are shown in Figure 3, and
values of the four fitting parameters are listed in Table 3.
Also given in Table 3 are the equivalent parameters
determined from a single temperature and pressure experi-
ment (see the Supporting Information and Table 3 for more
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details and these additional fits). While the simultaneous fit
to the chloranil/LCV data is reasonable, the fit to the 302 K
data is not particularly good. While eq 21 predicts a more
reasonable tunneling distance for the chloranil/LCV reaction
than egs 11—13 [0.69 vs ~0.40 A (Table 2)], significant
values of all four fitting parameters were only obtained if
either Ar or Ak were fixed to zero (see Figure 3, black and
green fits, respectively). This becomes worse if only one
pressure dependence is fit (Table 3 and Table S2 of the
Supporting Information). However, we feel that the poor fit
in Figure 3A is not so much the result of too many adjustable
parameters in eq 21 but rather the consequence of the fact
that there is markedly different curvature in this data set (see
also the AAB* values in Table 1), perhaps due to experi-
mental error and/or the relatively small number of data points
measured. Both the simultaneous and individual fits of eq
21 to the MR/NADH data are excellent (Figure 3B and the
Supporting Information), predicting a decrease in tunneling
distance and an increase in « (and thus the frequency of the
promoting vibration) with an increase in pressure. Note this
is the prediction we made previously (6) on the basis of the
Kuznetsov and Ulstrup model (/7), where we were able to
qualitatively explain the combined pressure and temperature
dependence of the MR/NADH KIE if ry decreases while wx
increases with pressure. If we take the reduced mass of the
gating mode in MR to be 100 Da, we predict from eq 21
and Table 3 that wy ~ 17 cm™! (hence the strongly
temperature-dependent KIE) and Awgp ~ 2 cm™! kbar™!.
Such a small change in wgy, is in line with the very small
changes in bond vibrational frequencies typically observed
with kilobar changes in pressure (45—47). An increase in «
with pressure will cause the apparent temperature dependence
of the KIE (AAH¥) to decrease with an increase in pressure.
We were unable to experimentally measure a significant
change in AAH* with pressure for the MR/NADH reaction
(6) which would further suggest that, if eq 21 is realistic,
Ax must be small. To describe the curvature in the MR/
NADH data, the first exponential term in eq 21 must cause
a decrease in the KIE with p as Ar < 0 (Figure 2B).
However, the second (gating) exponential term causes an
increase in KIE with p as Ak > 0 (Figure 2C). These two
terms oppose each other and cause the curvature in the KIE
versus p plot (Figure 2D). Consequently, the usefulness of
eq 21 as a fitting function to extract reasonable values of Ar
and Ax will hinge on good quality data with sufficient data
points to allow fitting of this curvature.

The nonlinearity of the pressure dependence of the KIE
(the curvature described above) is described using TST by
the magnitude of the compressibility of the transition state,
AB*, from eq 4. Interestingly, adiabatic compressibility, B,
has been previously suggested to be a descriptor of protein
conformational dynamics (48, 49), as the mean square
volume fluctuations, (0V)?, of a protein of volume V can be
described by the relationship (OV)? = kgTB7V (49). Changes
in the frequency of any promoting motion will be crudely
manifest as a change in (0V)? and thus as changes in the
apparent compressibility, i.e., AS*.

Finally, while we cannot model the effect of pressure on
the rate of H transfer due principally to uncertainly in dAG*/
dp, we can check whether the fitted parameters from Figure
3 will give reasonable pressure dependencies of ky by
substituting them into eq 18 and assuming dAG¥/dp = 0.
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FIGURE 4: Modeled rate (cf., KIE) of hydride transfer for (A) the
reduction of chloranil by LCV at 302 K and (B) the reduction of
MR by NADH at 298 K. The rate constants were modeled (solid
lines) using the r, «, ryp, and Ak values given in Table 3
(simultaneous fits) and with a AG* of 0. The experimental data are
shown as empty circles. Note that the rate constants are plotted on
a log scale.

While there is poor agreement between the modeled and
experimental data, both the MR/NADH and chloranil/LCV
data showed In k versus p to be fairly linear (Figure 4). This
suggests that linear changes in r and « with pressure (eqs
12 and 20) are appropriate, and while the magnitude of the
apparent AV¥ values differs from the observed values, they
are of the correct order of magnitude and, more importantly,
both predict an increase in kobs With pressure.

CONCLUSIONS

We describe various approaches for modeling the effect
of hydrostatic pressure on H tunneling reactions in solution
and/or in enzymes. One such model, which is based on the
Bell correction (26), has been described previously by
Northrop (24). We show that this model does not describe
the environmentally coupled MR/NADH reaction (6) in a
physically realistic manner. Instead, we have developed a
nonadiabatic deep tunneling model (eq 21) that can describe
the combined pressure and temperature dependencies of the
KIEs for the MR/NADH and chloranil/LCV data sets. In
our model, hydrostatic pressure modifies the reaction barrier
by compressing the tunneling distance (barrier width) and/
or altering the frequency of a promoting vibration which is
coupled to the reaction coordinate. This model can be used
as a fitting function for experimental data, with only four
adjustable parameters, all directly reporting on NQM effects.
Thus, studies of pressure effects on KIEs are important new
probes of tunneling reactions. The analysis presented in this
paper provides a theoretical framework for interpretation of
these effects for nonadiabatic deep ECHT reactions.

SUPPORTING INFORMATION AVAILABLE

Plot of the temperature dependence of KIE for the
chloranil/LCV reaction at different pressures; plots of the
pressure dependence of rate constants and KIEs for chloranil/
LCV and MR/NADH systems and associated parameters
from data fitting to transition state theory and Bell correction
models; plots of hydrogenic wave function overlap for the
Kuznetsov and Ulstrup model and the Bruno and Bialek
model; plots of the temperature and pressure dependence of
the observed KIE for chloranil/LCV and MR/NADH systems
analyzed using eq 21 and associated parameters derived from
model fitting. This material is available free of charge via
the Internet at http://pubs.acs.org.
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