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Solvent-Slaved Protein Motions Accompany Proton but Not Hydride
Tunneling in Light-Activated Protochlorophyllide Oxidoreductase™*

Derren J. Heyes,* Michiyo Sakuma, and Nigel S. Scrutton*

The link between dynamics and
catalysis remains a key ques-
tion in studies of enzyme mech-
anism." Of particular interest
are the mechanisms by which
localized structural changes in
an enzyme active site are cou-
pled to more distant perturba-
tions of enzyme structure and
ultimately to solvent dynam-
ics.>>7 Studies of the pertur-
bation of solvent and protein
dynamics are often hindered
for thermally activated
enzymes because of limitations
imposed by mixing enzyme and
substrate to initiate catalysis. The light-driven enzyme proto-
chlorophyllide oxidoreductase (POR) allows synchronous
triggering of enzyme chemistry with laser light in a ‘dark-
assembled’ enzyme-substrate complex, and is therefore a
good model for studies of dynamics linked to enzyme
catalysis.®!

POR catalyzes the light-dependent trans addition of
hydrogen across the C17—C18 double bond of protochloro-
phyllide (Pchlide) to produce chlorophyllide (Chlide)
(Figure 1), a reaction that is important in chlorophyll
biosynthesis and assembly of the photosynthetic apparatus.®*!
POR catalyzes hydride transfer from the pro-S face of
NADPH to the C17 of Pchlide,' and proton transfer to
C18 of Pchilde.""! Low temperature absorption and emission
spectroscopy in the visible range indicates that the reaction
cycle comprises an initial light-driven reaction!'? followed by
a series of subsequent dark reactions."*'! The initial light-
driven step involves hydride transfer to form a charge-transfer
complex, which facilitates the subsequent protonation of the
C18 position of Pchlide from the protein during the first of the
‘dark’ reactions.'”! Both H-transfer (hydride- and proton-
transfer) reactions occur by quantum mechanical tunnel-
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Figure 1. The light-activated reduction of protochlorophyllide (Pchlide) catalyzed by POR. Upon activation
by light, a hydride is transferred from NADPH to the C17 position of Pchlide and a proton is transferred
from Tyr193 to the Pchlide C18 position. Rate constant at 298 K is shown for each step. '

ing.'! Proton tunneling has a strong requirement for motion
coupled to the H-transfer (proton-transfer) coordinate to
facilitate the tunneling reaction by compression of the
tunneling barrier. Hydride transfer also depends on ‘com-
pressive’ motion at physiological temperatures, but this
motion is lessened at cryogenic temperatures as these motions
are ‘frozen out’."” The remaining ‘dark’ reactions involve
ordered product release and cofactor binding steps linked to
conformational change.®*!” Ultrafast measurements have
identified spectral changes on the picosecond timescale that
likely represent conformational change prior to Pchlide
reduction.'®2" The excitation with a laser pulse generates
an optimal conformation of the active site that leads to
enhanced catalytic efficiency.*"!

Protein motions can be intimately linked to the solvent
environment. It therefore follows that studies of solvent
effects on catalysis can yield important information on the
dynamics of an enzyme system.”'?! Different classes of
protein motions might be controlled by solvent fluctuations to
varying degrees.”>! Solvent ‘slaved’ motions are influenced
by the dielectric fluctuations of the overall bulk solvent and
become significantly reduced below the solvent glass tran-
sition temperature. Hydration-shell coupled motions are
largely independent of bulk solvent motions and follow the
dynamics of the hydration layers. ‘Non-slaved’ motions are
not influenced by the bulk solvent and follow the thermally-
activated internal vibrations of the protein. Perturbation of
solvent viscosity has been used to probe protein rearrange-
ments following dissociation of carbon monoxide from
myoglobin,? and configurational or conformational gating
of protein electron-transfer reactions.””"! However, compa-
rable studies on enzymatic hydride tunneling and proton
tunneling reactions are limited.*'="
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We analyzed the sequential hydride and proton tunneling
reactions catalyzed by POR to include studies of bulk solvent
on the dynamics of H-transfer (proton and hydride). Catalysis
by the POR-NADPH-Pchlide ternary complex was triggered
using a 6 ns laser pulse at 450 nm using established meth-
o0ds."! The formation of an intermediate with an absorbance
band centered at 696 nm occurs with a rate constant of circa
2x10%s™' at 298 K and represents hydride tunneling from
NADPH to C17 of Pchlide."®! A slower exponential decay of
this 696 nm absorbance band represents proton tunneling (ca.
25000 s~ at 298 KI'®l). The rate constants for both the hydride
and proton-transfer reactions are essentially independent of
the solution pH (5-10), confirming that the proton does not
originate from the bulk solvent (Supporting Information,
Figure S1).

Rate constants (Figure 2a) for hydride transfer were not
affected by the solution viscosity, which was tuned using
different concentrations of glycerol (0 to 60%). Measure-

Figure 2. Viscosity-dependence of H-transfer (proton and hydride) rate
constants in POR. a) Dependence of hydride transfer rate constants on
solvent viscosity. kyaqe is the rate constant for hydride transfer. The
solid lines represent hydride-transfer rates vs. 5 calculated according
to Equation (1) for values of ¢ ranging from 0 to 500 cP. b) Depend-
ence of proton-transfer rate constants on solvent viscosity. ko is the
rate constant for proton transfer. Inset: kinetic transients for proton
transfer at 696 nm (green,1.56 cP; blue, 2.49 cP, red, 5.11 cP).

c) Scheme showing the extent of dynamic motions (shown by red
gradient) associated with hydride (left hand panel) and proton transfer
(right hand panel).

ments were limited to a maximum glycerol concentration of
60%, as the amplitude of the absorbance change of the
intermediate at 696 nm, probing the hydride tunneling
mechanism, become insignificant at higher concentrations.
As solvent molecules are much smaller than the enzyme
under study, the effect of viscosity on the observed rate of a
reaction can be described by combining the Kramers and the
Eyring equations to describe the contribution of the protein
friction to the total friction of the system according to
Equation (1):>
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where o, in units of viscosity, is the contribution of the protein
friction and 7 is the absolute viscosity. As AG™ is assumed to
be independent of viscosity,® we modeled the expected
viscosity dependence for various values of o between 0 and
500 cP (Figure 2a) using a AG* value of 37.4 kJmol ™' that
was determined from previous temperature dependence
measurements of the reaction.'® The modeling showed that
o must be greater than circa 100 cP for the hydride-transfer
reaction in POR (Figure 2a). By contrast, the rate constant
for proton tunneling is strongly dependent on glycerol
concentration and becomes significantly slower at higher
viscosities (Figure 2b). The rate decreases from 28100 s™" at
0.90 cP to 3100s™" at 8.99 cP (298 K). These effects are not
glycerol specific: the rate constant for proton tunneling
decreases in a similar fashion when sucrose is used as
viscosogen, confirming the influence of the solvent viscosity
on the reaction. The contribution of the protein friction to the
total friction of the system was determined by fitting data
using Equation (1) (6=(0.15+£0.05)cP; AG™=(47.8+
0.03) kJ; Figure 2b).

We also investigated whether changes in solvent dielectric
(¢) could affect the rate constants for hydride and proton
tunneling. Thus, the dependence of measured rate constants
on glycerol concentration was reanalyzed in terms of the
solvent dielectric. As the solvent dielectric is typically altered
by the addition of organic solvents to the buffer solution, the
rate constants for both reactions were also measured in 5, 10,
and 20% (v/v) ethanol (Supporting Information, Table S1).
The rate constant for hydride transfer is not sensitive to
changes in solvent dielectric (¢ ranging from 60 to 80), but the
rate constant for proton tunneling decreases at higher ethanol
concentrations and is thus dependent on the dielectric of the
bulk solvent.

The rate constant for proton transfer and the isotope
effect for this proton transfer is strongly dependent on
temperature.'! This temperature dependence conforms to an
environmentally coupled tunneling model for proton transfer
and the need for coupled motion to narrow the tunneling
barrier.'**! Herein we extend this analysis of proton and
deuteron transfer by combining the temperature (278-323 K)
and viscosity dependence (0.90-8.99 cP) of POR-catalyzed
proton transfer in both protiated and deuterated buffer
systems. The viscosity of the buffer is temperature dependent
and was previously taken into account. Data were analyzed
using the Eyring equation (Supporting Information; Fig-
ure S2, Table S2). Rate constants for proton transfer are
dependent on temperature at each of the chosen solvent
viscosities. The isotope effect is temperature sensitive at each
viscosity with an extrapolated Eyring prefactor ratio, which is
less than one for this step, indicating a tunneling mechanism.
Unlike the rate constant, the isotope effect, shows little or no
dependence on the solvent viscosity (Supporting Information,
Figure S3). Within an environmentally coupled tunneling
model this little or no dependence on the viscosity indicates
that motions coupled to the proton-transfer coordinate (i.e.
the tunneling coordinate) are unaffected by the solvent
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viscosity. The effect of viscosity is therefore felt only on the
thermally equilibrated motions (Marcus-like dynamics) along
the collective reaction coordinate required to produce
degenerate reactant and product wells to enable quantum
mechanical tunneling. Therefore, these thermally equili-
brated motions are clearly slaved to the solvent dynamics.

Theory dictates that the effect of solvent viscosity on
reaction rates are explained by considering the contribution
of the protein friction to the total friction of the system (i.e.
the solvent viscosity controls the rate of protein conforma-
tional change?). Studies of solvent dynamics on enzyme
catalyzed proton or hydride tunneling reactions are in their
infancy,”' ! but are already proving useful in probing net-
works of extended dynamics in enzyme systems. With POR,
the effects of viscosity are substantially different for hydride
and proton tunneling, despite the close spatial origin of these
reactions in the active site. For hydride tunneling, the lack of
viscosity or dielectric dependence indicates that both non
equilibrated (promoting) motions and equilibrated (Marcus-
like) motions do not constitute a network of long-range
protein motions influenced by the overall bulk solvent. We
infer that these motions accompanying hydride transfer are
localized in the active site and are non-slaved to solvent
(Figure 2¢). This is consistent with cryogenic spectroscopy
studies of POR in which hydride transfer proceeds well below
the glass transition temperature of proteins (< 200 K).'! By
contrast proton transfer is very sensitive to changes in both
the viscosity and dielectric of the solvent. This sensitivity
indicates that a network of long-range and thermally equili-
brated motions are required to drive the proton tunneling
reaction (Figure 2¢). These motions are solvent slaved and
are likely to be similar to the conformational rearrangements
that are prevalent in many gated protein electron-transfer
reactions, where the rates of reaction are also viscosity-
dependent.’*>! The fact that proton transfer is associated
with solvent slaved motions is consistent with low temper-
ature spectroscopic analyses of the proton-transfer step.
Unlike the hydride-transfer reaction, the proton transfer
only occurs close to or above the glass transition temperature
of proteins.'>!¥ We emphasize that the independence of the
measured isotope effect for proton/deuteron transfer on
viscosity indicates that the non-equilibrated motions (pro-
moting motions) coupled to the proton-transfer coordinate
are non-slaved and thus represent a more localized dynamical
contribution. The localized nature of this motion is generally
consistent with other enzyme systems.”-3*%"]

We conclude that studies of solvent vicosity and dielectric
can provide new and important insight into the importance of
solvent and protein dynamics in enzymatic H-transfer (proton
or hydride). In particular, the ability to study solvent coupling
to both Marcus-like (equilibrated) and promoting (non
equilibrated) motions in an enzyme system has been eluci-
dated. This study of solvent coupling is achieved by studying
the temperature and viscosity (or dielectric) dependence of
isotope effects, and reaction rates within the context of the
environmentally coupled tunneling model for enzymatic
proton or hydride transfer.""!
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Experimental Section

All chemicals were obtained from Sigma-Aldrich, except NADPH
(Melford Laboratories), D,O, and [Dg]-glycerol (both Goss Scien-
tific). Recombinant POR from the thermophilic cyanobacteria
Thermosynechococcus elongatus and purified Pchlide were produced
as described.l'!l Solvent isotope effects were measured using deuter-
ated buffer systems made up with D,O and [Dg]-glycerol (Goss
Scientific). POR was deuterated by exchange into a deuterated buffer
containing Tris (50 mM, pH 7.5), NaCl (100 mm), and DTT (1 mm).
Laser photoexcitation experiments were carried out as described
previously.'! The dependence of reaction rate on solution pH was
performed in MTE buffer (50 mm MES, 25 mm Tris, 25 mm Ethanol-
amine) at 298 K. For viscosity studies, glycerol or sucrose solutions
were prepared by weight and calculation of solution viscosity was
done as described previously."*!
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