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ABSTRACT: The mechanistic enzymology of oxidoreductases has
contributed to the development of therapeutics, biomimetic
synthetic catalysts, and engineered enzymes with improved or
emergent function. Acquiring the atomic detail of an oxidoreduc-
tase’s mechanism is challenging, however, as the reaction coordinate
is generally complex and the chemical steps of interest are often
kinetically obscured. Recently, photosynthesis-inspired strategies
have been applied to rapidly initiate oxidoreductase catalysis with
light for mechanistic investigations, namely, the chemical potential
jump (u-jump) method and the design of artificially photosynthetic
enzymes. While these methods are commonplace in (bio)-
photocatalysis, they are less frequently leveraged to gain insight
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into the oxidoreductase function. When paired with the appropriate spectroscopic tools to follow the ensuing events, such rapid
initiation strategies enable the observation of chemical steps on time scales inaccessible by conventional mixing techniques. This
Perspective summarizes the contributions of rapid initiation strategies to the mechanistic understanding of hydrogenases and
artificially photosynthetic ribonucleotide reductases. Opportunities in other oxidoreductases are discussed.
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1. INTRODUCTION

Oxidoreductases are a class of enzymes that catalyze the
reduction or oxidation of substrates and are central to cellular
energy transduction, metabolism, regulation, and maintenance.
Their biochemical functions have been targeted for therapeutic
development, and several prescribed and over-the-counter drugs
act on oxidoreductases including common nonsteroidal anti-
inflammatory drugs,’ statins,” and chemotherapeutics.”™> A
number of oxidoreductases are also a source of inspiration to
chemists interested in catalyst design,‘s_8 facilitating attractive
yet challenging reactions under mild conditions such as water
oxidation (photosystem II), proton reduction (hydrogenases),
nitrogen fixation (nitrogenases), CO, fixation (e.g, formate
dehydrogenase), or selective C—H bond activation (e.g.,
cytochrome P450). Advances in protein engineering, informed
by mechanistic insight, have also expanded substrate scope,
product selectivity, and catalytic function on oxidoreductase
scaffolds.” ™" Whether an oxidoreductase is of interest as a
therapeutic target, a catalyst blueprint, or an engineering
platform, the molecular details of the native mechanism provide
a chemical entry point to diverse applications and a window
through which to understand Nature’s catalytic design
principles.

To establish the mechanism of any enzyme, kinetic analysis of
reaction progression, reaction intermediates, and their inter-
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conversion is necessary. For oxidoreductases specifically, this
may involve monitoring reaction progression after mixing of two
or more solutions containing the enzyme, substrate, and oxidant
or reductant. Intermediates along the complete reaction
coordinate can be obscured in such a kinetic experiment in
the steady state, where the observed rate is dictated by the rate-
determining step(s) in a multistep catalytic cycle. The situation
is acute in the oxidoreductases, where the time scales of
diffusion-limited substrate or cofactor binding, the conforma-
tional search for a reactive enzyme—substrate complex, and
product release often occur on distinctly slower time scales than
the chemical steps, namely, electron transfer (ET) or proton-
coupled electron transfer (PCET) and bond formation or
rupture.'”~"* Rapid mixing by stopped- or continuous-flow can
afford a glimpse into an enzyme’s approach to the steady state,
and thus chemical events that precede the rate-determining step,
but mixing is limited in time resolution by fluid dynamics;
homogeneous mixing is rarely achieved faster than 1—10 ms.
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How then might fast (>10° s7') chemical events in
oxidoreductase catalysis be resolved for mechanistic inves-
tigation? The answer lies, in part, in adapting strategies from the
photosystems of photosynthesis and synthetic photocatalysis,
where light absorption initiates redox chemistry. While most
oxidoreductases are not naturally photosynthetic, advances in
photochemistry and protein engineering have been developed to
rapidly initiate oxidoreductase catalysis with light, broadening
the time scales accessible to kinetic investigations.

In this Perspective, two rapid photochemical initiation
methods, the chemical potential jump (u-jump) and the direct
initiation of artificial photosynthetic enzymes, are presented.
When rapid initiation methods are accompanied by spectro-
scopic techniques of sufficient molecular and temporal
resolution, profound insight into the mechanism can be
achieved with intimate detail. The number of oxidoreductases
investigated by rapid photochemical initiation is, at present,
modest, but it is hoped that the methods described below will
find utility in a broader range of oxidoreductases and beyond.

2. THE CHEMICAL POTENTIAL JUMP

2.1. Theory and Practical Elements. In a p-jump
experiment the chemical potential of a species in the reaction
of interest is rapidly altered from its initial equilibrium state (u')
through photochemical reactions facilitated by a photo-
sensitizer. At constant temperature and pressure, the molar
Gibbs free energy of a chemical reaction is defined by eq 1

dGr, = D pyedny (1)

where ny is the stoichiometric coeflicient of species X and piy is
the molar chemical potential, defined in the experimental
conditions by eq 2,

py = py + RTIn(ycy) @)

with u% indicating the standard chemical potential, R the gas
constant, T the temperature in Kelvin, yx the activity coefficient,
and ¢y the concentration. It follows then that by changing the
concentration of species X from that defined in the initial
equilibrium (uy'), the chemical potential will “jump” to puy
causing AG # 0, resulting in the system evolving to a new final
equilibrium (py') by catalytic chemical flux to some new species
Y (dn,, Figure 1).

For oxidoreductases initially at equilibrium, a g-jump can be
initiated by a rapid change in substrate, product, oxidant,
reductant, or another nonredox cofactor’s (e.g, adenosine
triphosphate) concentration. In a substrate or product y-jump,
photochemical transformations following light absorption
convert an inaccessible “caged” form of the substrate or product
to the bona fide reactant. The specificity of substrates and
products, as well as the small library of commercially available
caged reagents, limit the scope of such u-jumps. More
commonly, a redox p-jump is employed, where the oxidant or
reductant concentration is altered by photochemical ET, and the
photosensitizer excited state acts as an oxidant or reductant.
Three basic constructions of a redox u-jump scheme can be
conceived (Scheme 1), the photosensitizer can directly reduce
(oxidize) the oxidoreductase from the excited state, from the
ground state following reductive (oxidative) quenching with a
sacrificial electron donor (acceptor), or indirectly, where the
redox quencher acts as a mediator of ET between the
photosensitizer and the enzyme. The resulting y-jump to py
can be expressed as an equivalent electrochemical potential

X=Y

10% 107 10° 10° 10* 102 102 10"

Time (s)

Figure 1. Chemical potential profile of a y-jump experiment for
reaction X < Y. The system is initially at equilibrium (4'); then,
following an actinic excitation pulse (gray Gaussian, full-width at half-
maximum 20 ns), the system jumps to 4. In the absence of a catalyst 4/
= pi' (orange), whereas if a catalyst is present, the system evolves to a
new equilibrium at uf # u' (green) with a rate (k) dictated by
diffusion and the chemical steps of catalyst.

jump using the Nernst equation and reported in mV from an
initial equilibrium.

Each construction of the y-jump has distinct chemical and
energetic landscapes that determine the appropriate kinetic
interpretation. When the photosensitizer exchanges electrons
with the enzyme directly from the excited state, the y-jump
decays with the excited state. The energetics of ET within this
limited temporal window are strongly exergonic since the free
energy of the lowest lying emissive excited state (AG,,) is often
>1.5 eV (1 < 820 nm) for most photosensitizers; the reduction
potential of the common photosensitizer tris(bipyridine)-
ruthenium(IT) excited state couples Ru"*/Ru' and Ru'/Ru"*
couples are +0.84 V and —0.84 V vs NHE, respectively.'>'
Constrained by the excited state lifetime, the rate of ET from the
photosensitizer to the oxidoreductase is dictated by diffusion,
and the Marcus limit for outer-sphere ET defined by eq 3,

B L _(A+AG)
T Y kT | 4kkgT 3)

where AG? is the standard Gibbs free energy of ET, /A is the
reorganization energy, H,p is the donor—acceptor distance-
dependent electronic coupling matrix element, 7 is Planck’s
constant, kg is the Boltzmann constant, and T is the temperature.
The free energy of charge recombination, following ET to or
from the photosensitizer excited state, is larger than initial ET
event, as described by the Rehm—Weller relationship, for
example, Ru'’/Ru’ E° = —1.26 V and Ru™/Ru" E° = +1.26 V vs
NHE.'*' As such, charge recombination is competitive with, or
faster than ET, and will likely outcompete any enzymatic
chemistry of interest. If the reaction is monitored by
photosensitizer fluorescence, only forward ET can be extracted
from the concentration dependence of emission lifetime or
intensity through a Stern—Volmer analysis.'"® Given the
sensitivity of fluorescence-based techniques and the theoretical
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Scheme 1. Redox p-Jump Constructions Including Photosensitizer (PS), Sacrificial Agent (SA), and Oxidoreductase (O)
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reversibility of the overall reaction, direct excited-state ET is
advantageous for the analysis of forward ET step when sample
economy is at a premium.

The temporal constraint of a photosensitizer excited-state
lifetime and charge recombination, can limit the mechanistic
insight of such a redox yi-jump construction. Redox quenching of
the photosensitizer by an appropriate sacrificial agent generates
a ground state oxidized or reduced photosensitizer for ET with
the oxidoreductase of interest, but excited-state relaxation and
charge recombination pathways do not contribute to the
ensuing kinetics. This simplifies the kinetic interpretation,
expands the temporal window of kinetic observation, and
increases the flux through subsequent chemical steps. When
added in excess, sacrificial agents efficiently “flash-quench” the
excited state, avoiding the need for high photosensitizer or
enzyme concentrations, the former of which can lead to
inhomogeneous y-jumps across the probe volume due to the
inner filter effect. Following excited state ET, a sacrificial agent
radical is formed, which generally decays by diffusion-limited
chemistry. For instance, a small thiol may be chosen as a
sacrificial electron donor to ultimately form a stable disulfide
with a modest 2 e~ (2 H*) reduction potential, yet the initial thiyl
radical intermediate is highly reactive'”” and may oxidatively
reform the sulthydryl through off-pathway chemistry, form a
disulfide with another thiyl radical, or attack a sulthydryl group,
creating a potent disulfide radical anion reductant, resulting in a
second ET reaction from a single photon absorption event.”'
The redox quench approach is most appropriate for direct
observation of chemical steps that follow ET and may be slower
than charge recombination. The large driving force for ET
ensures that the observed rate constant for ET represents the
forward ET rate constant from photosensitizer to oxidoreduc-
tase and that the reaction is driven to completion, maximizing
subsequent enzyme intermediate populations.

Direct excited-state or flash-quenched ET from the photo-
sensitizer relies on photosensitizer acting as both light absorber
and ET agent. This dual obligation of the photosensitizer may
limit the tunability of photophysical properties and efficiency of
redox communication with the oxidoreductase of interest. Using
a mediator to facilitate ET from the photosensitizer to the
oxidoreductase decouples photon capture and redox chemistry,
and, like sacrificial agents, a mediator can be added to excess to
drive bimolecular ET. Mediators in a g-jump experiment are
distinct from sacrificial agents in that they have reversible one-
electron redox couples, for example, viologens or metal
complexes, but they precipitate similar reactive photosensitizer
species following ET, which must be quenched by a sacrificial
agent to avoid charge recombination or off-pathway chemistry.

As the ultimate ET partner for the oxidoreductase in a
mediated redox y-jump, the mediator must be able to exchange
electrons with the oxidoreductase of interest, and therefore, it
will equilibrate with the oxidoreductase prior to photosensitizer
excitation. For mediators with reduction potentials well
separated from those of the oxidoreductase cofactors or
substrates, or for oxidoreductases that catalyze irreversible
chemistry, the mediator can be assumed to start in a single redox
state. In a reductive y-jump of this type, the mediator population
starts in the oxidized form (y'), and the solution rapidly shifts to
some much lower potential defined by an increased reduced
mediator population (¢/). For irreversible enzymes, or for y-
jumps in which the redox couples involved are widely separated
and large concentration changes are induced, the rate of
approach to the new equilibrium is initially dictated by the
forward rate constant(s). However, if a mediator is chosen with a
reduction potential close to that of a reversible oxidoreductase,
the relaxation rate will be influenced by both forward and reverse
ET. This can be particularly useful when information on both
the forward and reverse reaction are of interest and is unique to
this reaction configuration, but only small (vida infra)
excursions from equilibrium can be interpreted with confidence.

To understand how p-jumps near equilibrium can be
kinetically modeled consider the two relative equilibria shown
in reactions 1 (rxn 1) and 2 (rxn 2).

Mred + B = M™ + Ered (an 1)

S + on/red N Ered/ox (rxn 2)
where M indicates the y-jump mediator, E indicates the enzyme
and S and P indicate substrate and product, respectively. For a
simple bimolecular reaction described in Reaction rxn 1, the rate
law that describes the change in concentration of species X
(A[X]) is described by eq 4,

dA[X]
dt

= —k,((IM™Y" + d)([E™]" + d))
+ k_y (M = d) ([ - d)) (4)

where d is defined as the displacement from the final equilibrium
concentration [X] f To linearize this rate equation, it is necessary
to have either “small” excursions from equilibrium or for the
equilibrium constant (Keq) to be close to 1. Under either
condition, the d* term can be neglected, and the rate law
simplifies to the form in eq 5.*
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dA X e ox ox: re
—il=—MD4Ww]5+hMMfwdﬂ
= d(ky (I + [E7T)
+ ko, (M7 + [E)) ()
The first two terms can be eliminated since they represent

equilibrium in the final state, yielding eq 6, with 7 defined by eq
7.

dA[X]
dt

= —(k,(IM™T" + [E™T)
+ k_y(IM™ + [E*))d
T (6)
T= 1
kl([Mred]f + [on]f) + k_l([Mox]f + [Ered]f) (7)

Integration produces the familiar exponential rate law in eq 5.
ALX](1) = ALX] e (8)

The observed 7 (7,,) for any species in the equilibrium over a
range of concentrations can thus provide the reversible ET rate
constants, provided knowledge of K., from the relevant
reduction potentials and solution conditions is available.

When a near equilibrium g-jump is employed to monitor
oxidoreductase chemistry following ET, the kinetic interpreta-
tion becomes significantly more complicated but can still be
useful. For instance, consider a mediator with a rapid diffusion
limited ET pre-equilibrium and a slower subsequent H atom
transfer reaction. The initial ET equilibrium can be treated
independently with a relaxation rate (7;) identical to that of eq 7
and a second relaxation rate (7,) defined by eq 9

i e Kl([Mred]f + [on]f

7 21 + KI([Mred]f + [EOX]f - (9)

representing a pre-equilibrium weighted relaxation rate.
Enzymes that operate reversibly and proficiently can be expected
to have similar k, and k_, rate constants, and therefore if 7 < (2 X
k..)”' for the relaxation rate of a defined intermediate the
intermediate can be assumed to be kinetically competent to a
first approximation.

2.2. Application to Hydrogenases. Hydrogenases are
oxidoreductases that catalyze the reversible oxidation of
dihydrogen (H,) and are of significant interest in sustainable
biotechnology and biomimetic catalyst design.””~*° The active
sites of hydrogenases harbor unique cofactors that are
differentiated by their structure and metal content, denoted
[NiFe], [FeFe], and [Fe], a product of convergent evolution,
with distinct function in bacterial and archaeal metabolism.*°
Only the [NiFe]- and [FeFe]-hydrogenases catalyze both H,
oxidation and H* reduction, often with distinct biases toward
oxidative or reductive catalysis, whereas the [Fe]-hydrogenases
use H, to reduce methenyltetrahydrobiopterin in methanogens
and are not discussed further herein.”” The [NiFe]- and [FeFe]-
hydrogenase active site cofactor structures are shown in Figure
2. Each share several common features including a bimetallic
active site anchored to the protein scaffold by at least one
cysteine thiolate, unusual CO and CN ligands, and iron—sulfur
clusters that aid in electron transfer and storage.

R

v

Figure 2. Structures hydrogenase active sites. (A) The membrane-
bound [NiFe]-hydrogenase from Ralstonia eutropha (PDB 41UD). The
large subunit is indicated in translucent blue and small subunit in
translucent tan. (B) The artificially reconstituted [FeFe]-hydrogenase
of Clostridium pasteurianum (PDB 4XDC). Gray, carbon; blue,
nitrogen; red, oxygen; yellow, sulfur; orange, iron; green, nickel.

e
— ) -

As a test case for the y-jump technique, the hydrogenases are
particularly fitting, in that they catalyze both H" reduction and
H, oxidation at rates that challenge conventional mixing
approaches to mechanistic investigation.”* " Prior to the
application of p-jump for rapid initiation, the mechanistic
enzymology of both [NiFe]- and [FeFe]-hydrogenases
employed two basic types of experiments: equilibrium studies
of hydrogenase structure by spectroscopy or X-ray crystallog-
raphy under various reaction conditions, and kinetic approaches
by either solution-based assays or protein film voltammetry. The
former developed a set of steady-state intermediates among the
two hydrogenases that were chemically competent, and the
latter set the time scale necessary to demonstrate kinetic
competency. The lack of structural information in kinetic
experiments meant that the intermediates identified in steady-
state experiments could not be kinetically validated and that
potentially fleeting intermediates would elude steady-state
identification.

2.2.1. [NiFe]-Hydrogenases. The [NiFe]-hydrogenases are
structurally and functionally diverse,”® but common to all
members of this class are two universally conserved large (L)
and small (S) subunits that harbor the [NiFe] active site and a
chain of three iron—sulfur clusters for electron exchange,
respectively. The similarity of this heterodimeric core among the

https://doi.org/10.1021/acscatal.1c04525
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diverse [NiFe]-hydrogenase groups, particularly near the
[NiFe] site, infers a common mechanism at the active site.
Extensive spectroscopic studies reinforce this assertion, where
conserved discrete steady states, termed S, C, and R, are
observed under conditions consistent with turnover (Figure
3A).*° The structure of intermediate S is most consistent with

A CN

S
% Nizrg _Fé-CN

H*/e~ _s N “co _
f' % f ,rr's \ H2
CN

H H
é A é A N
%" NittgFér-CN e \,NiZ\: ;Fei*-CN
¢ \X >co s \X “co
W /SE,, W /S\,pr'
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\,
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1 ] ] ]
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Figure 3. (A) Steady-state intermediates proposed to be involved in the
catalytic cycle of [NiFe]-hydrogenases. (B) Steady-state FTIR
absorption and postphotolysis (inset) spectra of PfSHI in the carbonyl
absorption region. Colors indicate intermediates associated with the
cycle in A. Photolysis of C generates two L states. Absorption features in
black indicate inactive intermediates. Spectrum taken from refs 43 and
44 with permission.

low-spin divalent nickel and iron with an open coordination site
between the metals or a weakly coordinated water.””** Upon
proton-coupled reduction of S, the nickel is oxidized by one
electron to form a bridging hydride Ni**—H™—Fe*" C state.”**
A second proton-coupled reduction generates at least one Ni**—
H™—Fe?* R state® (additional states indicated by R/, R”, etc.)
with a putative protonated Ni-terminal cysteine thiol.>”*"
Cryogenic photolysis of the C state, generates a state termed
L (Figure 3A), characterized as a formally Ni* species without a
detectable bridging hydride, but this species had not been
observed under turnover conditions prior to the p-jump
experiments described below.”**”

The CO ligand of the active site iron serves as a sensitive
reporter of the relative electron density at the [NiFe] site due to
its 7-back bonding character, which is manifest in the shift of the
mid-IR absorption feature of this ligand in the range of 1900—

1980 cm™!***** and the S, C,R,and L species can be uniquely
identified by mid-IR absorption spectroscopy (Figure 3B).
Electron donors, including H, and small molecule mediators
such as methyl viologen (MV), can be used to modulate the
population of each intermediate, and this can be followed by
Fourier transform IR (FTIR) to examine the equilibrium prior
to a y-jump.

The soluble [NiFe]—hydro§enase from the hyperthermophilic
Pyrococcus furiosus (PfSHI)* was the first to be investigated by
the p-jump method. In addition to the common af core, this
hydrogenase also contains an additional two subunits, § and y,
that contain additional iron—sulfur clusters and a flavin adenine
dinucleotide cofactor that couple H, oxidation to nicotinamide
adenine dinucleotide phosphate (NADP") reduction. As with
most hydrogenases, viologens and other redox dyes are
competent for ET at rates that exceed the physiological ET
partner, and the PfSHI reaches optimal activity at >100 °C of
>10 000 s~* for both H* reduction and H, oxidation, and ~60
s7' at 20 °C.*»* When prepared under mildly reducing
conditions consisting of ~4% H,, 10 mM MV (MV**/MV** E”
= —440 mV), and 12 mM reduced nicotinamide adenine
dinucleotide (NADH), the steady-state FTIR spectrum of
PfSHI contains contributions from S, C, and R observed at
1950, 1967, and 1954 cm™" respectively (Figure 3B).*> Control
experiments by nanosecond time-resolved visible-pump IR-
probe spectroscopy, in the absence of a photosensitizer or
mediator, also identified two L state products of C photolysis at
20 °C at 1922 and 1917 cm™ (Figure 3B, inset) that relaxed
back to C rapidly with kg, of 2 X 10° s™.** The equilibrium
between S, C, and R is pH dependent in the range of 6.0—9.5,
consistent with the previously observed pH dependence of these
equilibria in other [NiFe]-hydrogenases.”>** At pH 7, the
solution reduction potential (x') is set by the hydrogenase-
catalyzed equilibrium between the dissolved H,, H, and
MV?*/*; at 4% H, this corresponds to —340 mV vs NHE.

The initial construction of the y-jump with PfSHI involved
the photoionization of NADH by two-photon ionization with an
Nd:YAG laser operating at 355 nm."’ The photoproducts of
NADH photoionization are solvated electrons and NADH"®/
NAD® radicals, all of which have extremely low reduction
potentials,*> and excess MV?* rapidly quenches these reactive
species, resulting in a MV**-mediated p-jump and an NAD*
photoproduct. In these studies, the ensuing bimolecular ET
following the p-jump was monitored by nanosecond time-
resolved visible absorption, following the MV** absorption band
at 635 nm. Based on the transient absorption data shown in
Figure 4, the p-jump achieved by this approach was —50 mV
(=390 mV), and the mediator MV** persisted for >100 ms in
the absence of PfSHI. When PfSHI was present, the level of
MV™® at the earliest times investigated was lower than the
controls by 50 M, which was attributed to reduction of PfSHI
directly by solvated electrons or the NAD(H")* species. The
difference in the y#}y, between the control and PfSHI suggested
that the enzyme was reduced by the initial photoproducts of
NADH photoionization that competed with MV**, which is
unsurprising given the relative concentrations. The MV*® decay
was biexponential with kg = 1 X 10* s7" and kgpe, =2 X 10*s7%
The p-jump in these experiments were too large to be
considered near equilibrium and thus could not be explicitly
modeled by relaxation kinetics, likely explaining the apparent
biexponential behavior of the decay. Nevertheless, the initial
reduction of PfSHI by photoionization products and the
subsequent reduction by MV**® both occur faster than the ki,
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Figure 4. Photochemical mechanism of y-jump (top) and p-jump
dynamics (bottom) probed by MV** transient absorbance at 635 nm
following excitation at 355 nm. The purple trace shows data from a
sample of deoxymyoglobin, used for normalizing the inner filter effect.
The cyan trace shows data from a sample containing SHI. Data taken
from ref 43 with permission.

of the enzyme under similar conditions. This was the proof of
principle necessary to begin mechanistic investigations of
steady-state intermediate interconversion on the subturnover
time scale.

After intermolecular ET from the mediator to a surface
exposed iron—sulfur cluster in PfSHI, the y-jump equilibrates
intramolecularly, and the ET to the [NiFe] active site could be
observed by nanosecond time-resolved mid-IR absorption tuned
to the fingerprint S, L, C, and R carbonyl resonances. Performed
in tandem with the transient visible absorbance, the time-
resolved IR data following the S state demonstrated reduction of
the active site with biexponential kinetics, k.s; =2 X 10*s™" and
kops1 = S X 10* s7*. The fast reduction rate was pH-dependent.
However, the slower phase was not, and subsequent kinetic
isotope effect (KIE) and mutagenesis studies established the fast
phase corresponded to a concerted orthogonal PCET reaction,
where the electron was donated by the proximal [Fe,S,] cluster,
and the H* donated by a conserved glutamate (E,, in PfSHI
numbering) with a pK, of ~7 and significant involvement of
nuclear tunneling.*****’ The immediate PCET product was
identified to be intermediate L, the two forms of which were in
rapid equilibrium, which was followed by tautomerization to
form C. This mechanistic proposal was buttressed by
contemporary cryogenic work showing photolysis of C to L
could lead to accumulation of S if the proximal [Fe,S,] cluster
was oxidized,*® as well as subsequent spectroelectrochemical
studies at very high pH which demonstrated dark accumulation
of L in solution.”

Complete reduction of the active site requires a second
proton-coupled reduction step from C to R, which exhibited
distinct kinetic behavior from that observed in the S to C
transition. The C state decay ranged from 200 to 300 s™' and
showed little dependence on pH or solvent isotope composition.
Formation of R was concerted at pH 6.3, but slowed at higher
pH values tested and was interpreted to indicate an ET-PT
stepwise mechanism for PCET. Attempts were made to directly
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observe this intermediate, but were unsuccessful. This
observation is consistent with the stability of the Ni** oxidation
state in both S and R, and the high pK, expected for the Ni**-
bound thiolates relative to the Ni**.

In the steady state, under conditions similar to those of the -
jump experiments, the observed KIE for H" reduction is 2.6 for
the PfSHI. Surprisingly this steady-state KIE is similar to many
other [NiFe]-hydrogenases of different classes over a broad
range of solution pH.>” These steady-state properties are
inconsistent with the observed rate constants of intermolecular
mediator-based ET, intramolecular ET, or PfSHI intermediate
interconversions during reductive y-jumps. What then is the
rate-determining step during steady-state turnover? The
formation of a nickel- or iron-bound H, adduct or H, release
appear to be most consistent with the available experimental
data for this and other hydrogenases as well as some theoretical
investigations.”>' ~>*

The above p-jump studies provide chemical insight into the
mechanism of H* reduction by [NiFe]-hydrogenases with
elementary detail, illustrate their mechanistic flexibility to
optimize sequential PCET steps, and demonstrates the value
of this approach in extracting detailed mechanistic insight into
chemical events that occur significantly faster than k.. However,
the intermolecular ET rates of the MV"® mediator and high
fluency UV irradiation necessary for photoionization of NADH
limit the applications of such an approach. This has been
remedied by the development of a broader range of mediators
with different redox potentials®> and nanoparticle photo-
sensitizers'”>>*° that can be excited in the visible region of
the spectrum and efficiently generate charge separated states.
These improvements have expanded the temporal window
following hydrogenase reduction by orders of magnitude.

2.2.2. [FeFe]-Hydrogenases. The [FeFe]-hydrogenases
exhibit a stronger bias for H* reduction than their [NiFe]
counterparts, and exceptionally high turnover rates.”>*” The
[FeFe]-hydrogenase active site is composed of a CO- and CN-
ligated diiron core with a bridging azidodithiolate proton relay,
connected to a [Fe,S,] cluster via a shared cysteine thiolate
ligand, collectively termed the H-cluster (Figure S). The iron
involved in coordination chemistry with the substrate is denoted
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Figure S. Proposed steady-state intermediates in the catalytic cycle of
[FeFe]-hydrogenases.
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as the distal iron (Fe4), whereas the iron bound to the bridging
cysteine is referred to as the proximal iron (Fe,). As with the
[NiFe]-hydrogenases several common intermediates have been
observed in the steady state by electrochemical or chemical
titrations, yet significant debate remains regarding the proper
electronic assignment of the intermediates and their involve-
ment in the mechanism.””~* The most oxidized chemically
competent steady state is H,,, generally agreed to have an H-
cluster composed of a [Fe,S,]*" cluster and a mixed valence
].:"epHFedI diiron center with a vacant distal iron coordination
site.”> Reduction of H,, occurs by PCET or ET to generate
either H,;H* and H,.4 respectively, and reduction of H,4H"
produces tautomers Hj, 4 and H,, . H", " where Hy,yq is poised
for H, formation and release following a final PT step. Principal
mechanistic issues of interest include the stability of stepwise
PCET intermediates along the reaction coordinate from H,, and
the kinetic relevance of various tautomeric states.

Initial attempts to evidence pre-equilibrium steps in the
electron bifurcating HydABC [FeFe]-hydrogenase from Ther-
motoga maritima (TmHyd)®* were conducted similarly to the
initial PfSHI p-jump experiments, where NADPH photo-
ionization, in this case, produces solvated electrons, NADP-
(H*)®, and MV**.®* The H,, state was clearly identified in the
steady state prior to yu-jump by FTIR spectroscopy with CO
bands at 1939 and 1965 cm™, as well as CO features assigned to
H,., (1888, 1931 cm™) and H, H* (1888, 1921, and 1954
cm™). Transient absorption following the p-jump demon-
strated that TmHyd was reduced by photoionization products or
the MV** mediator with a rate constant 2 X 10% s7%, 2 orders of
magnitude faster than the steady-state MV*® mediated H,
production rate of the native purified enzyme.®” It is worth
noting that a recombinant expression and maturation protocol
for TmHyd yielding enzyme with ~5X higher activity has been
realized and that the intermediate initially identified as Hg,4 in
the original y-jump studies on the natively expressed enzyme
likely corresponds to H,.qH*.** The ensuing active site dynamics
probed by transient IR absorbance showed a delay between
MV** oxidation and H_, reduction, which occurred with a rate
constant of 1 X 10*s™". This delay between mediator oxidation
and active site reduction implicates a slow intramolecular ET or
PT necessary for H-cluster reduction. Formation of the reduced
H,.;H", the one electron reduced state, was biphasic with rate
constants 6 X 10° s™' and 2 X 10 s™*. The faster formation of
H, qH" relative to H,, decay is not easily explained, but the
spectral congestion and relatively poor quality of the enzyme
initial state make detailed interpretation challenging. The main
conclusion that could be drawn from this study was the rates of
all steps were faster than the steady-state turnover rate,
demonstrating kinetic competency of PCET during the H,, to
H, H" transition.

The [FeFe]-hydrogenase from Chlymadomonas reinhardtii
(CrHydA1),” unlike that of TmHyd, is structurally modest,
containing only the H-cluster cofactor,”® can be efficiently
produced and reconstituted artificially,’” and has been
exhaustively characterized, making it a more robust candidate
for mechanistic breakthroughs by the p-jump method.
Leveraging the improvements in both photosensitizer and
mediator described above, the CrHydAl was examined by u-
jump initiated time-resolved IR spectroscopy.”” In this study, a
CdSe:CdS “dot-in-rod” nanoparticle structure capped with
mercaptopropionic acid ligands served as the photosensitizer
(Figure 6A). The ET mediator 2,2’-propyldipyridinium (E° =
—550 mV), is dicationic, and thus electrostatically preassociates
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Figure 6. Mechanistic interrogation of CrHydA1 by redox y-jump. (A)
Cartoon of redox p-jump scheme. Gold rod indicates CdSe:CdS dot-in-
rod nanoparticle, which photochemically reduces the 2,2’-propyldipyr-
idinium mediator for ET with CrHydA. (B) Steady-state FTIR
spectrum of CrHydA prior to p-jump. (C) Single wavelength time-
resolved IR transients for various intermediates based on their
characteristic CO absorption peak. Adapted from ref 57 with
permission.

with the anionic nanoparticle ensuring that charge separation
quantum efficiencies approach unity.>*® The hole, generated
following charge separation from the nanoparticle, is refilled by
oxidation of surface ligands, ultimately generating disulfides, and
surface ligands are regenerated from excess mercaptopropionate
in solution. Transient visible absorption following nanoparticle
excitation revealed 400—500 yM pyridinyl radical formation in
the p-jump which decayed in the presence of CrHydAl
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biphasically with rates of 6 x 10* s™" and 2 X 10* s™'. The
observed biexponential decay kinetics are likely due to the
intermediate nature of the y-jump, which is not expected to relax
monoexponentially. The steady-state enzymatic k., under
similar conditions was measured to be 1-0.5 x 10° 5_1,57’68
leaving ample time following CrHydAl reduction prior to
turnover for intermediate observation.

As judged by the steady-state FTIR spectrum, the H-cluster
redox state of CrHydAl was heterogeneous, containing CO
resonances consistent with H,, H,.q and H,.4H"* (Figure 6B).
Following the y-jump, H,, decayed in an intermolecular ET-
limited manner concomitant with H,,4 and H,4H* formation
(Figure 6C). Assuming H, .4 and H, jH" differ by protonation of
the H-cluster, this observation suggests a rapid stepwise ET-PT
mechanism with a product distribution dictated by the solution
pH. The kinetics of the intermediary species H,.q, H,4H, and
H,,.;H" were more complicated based on the flux into and out of
these intermediates during the y-jump relaxation. Following ET-
limited formation of H,4 and H,4H", both intermediates
decayed with a rate of 2 X 10% s™, presumably to H, ;H* or
Hy,y4 yet the formation of Hy,.qH" was observed to also be ET-
limited. Hy, 4, the state poised for H, formation was the slowest
to form, but was still close to the intermolecular ET-limit. These
observations make each intermediate kinetically viable in
mechanistic considerations. Interestingly, the Hy 4 state was
observed to decay with concerted formation of H, with a rate of
1 X 10 s7', nearly identical to the steady-state turnover rate,
indicating that H, formation or release is rate determining in this
[FeFe]-hydrogenase. While more evidence is needed to assign
this step as H, release, H, release is also proposed to be rate-
determining in the [NiFe]-hydrogenases, which would
represent a remarkable outcome of convergent evolution.

2.3. Opportunities and Limitations. The application of y-
jumps for rapid initiation of hydrogenase catalysis has
profoundly informed the mechanistic understanding of these
remarkable enzymes, revealing the similarities and distinctions
between the [NiFe] and [FeFe] forms. Most, if not all,
hydrogenases are redox promiscuous, and exchange electrons
with small molecule electron carriers or electrodes via iron—
sulfur clusters near the protein surface. This promiscuity is a
biproduct of their biological function, linking H, to metabolism
by ET with common electron carrier proteins and cofactors.
Electron carrier proteins, for example, copper proteins,
cytochromes, and iron—sulfur proteins, act as electron couriers
in metabolism, transferring electrons across diverse protein—
protein interfaces at sufficient rates to maintain life.”” It follows
that oxidoreductases whose in vivo electron donor or acceptor is
an electron carrier protein are well suited for rapid initiation by
p-jump techniques.

Several mechanistic questions remain unresolved in oxidor-
eductases of significant interest that display promiscuous
intermolecular ET. Carbon monoxide dehydrogenases and
formate dehydrogenases catalyze the reversible reduction of
CO, to CO and HCO,~, respectively, with exquisite selectivity
over the thermodynamically more favorable reduction of H.
The enzymatic properties that encode this chemical selectivity
remain to be fully elucidated but are of significant interest for
synthetic CO, reduction catalyst design to avoid Faradaic losses
to H" reduction. Selectivity in both formate dehydrogenase and
carbon monoxide dehydrogenases does not come at the cost of
kinetic rate; both enzymes catalyze CO, reduction under ideal
conditions at >500 s~'. For a multiproton, multielectron
reaction, this means that each of the elementary steps along

the reaction coordinate are at or beyond the time resolution of
conventional mixing approaches, making redox p-jumps a
particularly useful alternative. Similar standing challenges and
opportunities for y#-jump contributions to mechanistic enzymol-
ogy abound in other oxidoreductases that are catalytically
proficient, for example, cytochrome c nitrite reductase (E. coli
ke > 1% 10%s71)7 or cytochrome ¢ oxidase (S. cerevisiae ke, > 1
x 10° s71).”!

Methodological improvements in optically triggered redox y-
jump promise to broaden the scope and value of the y-jump
technique to diverse oxidoreductases. Toward this end,
mediated g-jumps offer the most flexibility as the photophysical
properties of the photosensitizer can be synergistically
optimized with the ET mediator independently. Development
of new mediators with varied reduction potentials, structural and
electrostatic properties, as well as photosensitizers with
improved charge separation and optical properties will expand
the scope of the mediated p-jump method in the study of
oxidoreductases with promiscuous ET.

Many oxidoreductases do not carry intrinsic redox active
cofactors, but instead use soluble electron carrying cofactors to
reduce or oxidize their substrate in a ternary complex. The
electron carriers and substrates in these types of oxidoreductases
generally catalyze concerted two electron transfer reactions
through hydride transfer or disulfide exchange. Since the one-
electron reduced or oxidized intermediate is not relevant to the
native reaction coordinate, the single electron chemistry
described in the y-jump methods may not inform on the native
mechanism. This should not be taken to mean that this type of
oxidoreductase chemistry is inaccessible by p-jump methods. In
the study of [NiFe]- and [FeFe]-hydrogenases, photoionization
of NAD(P)H generated a reduced mediator and NAD(P)". If a
redox mediator is chosen to sacrificially absorb electrons in the
irreversible photoionization process, a rapid oxidative p-jump
can be achieved by changing via NAD(P)*. Similar strategies can
be conceived for rapid initiation of other oxidoreductases with
concerted two-electron transfer reactions.

Most, if not all oxidoreductases catalyze proton-coupled redox
transformations, and a [H*] p-jump (pH jump) may be an
alternative or complementary approach to study oxidoreductase
mechanism. In a pH jump, the concentration of protons is
rapidly photochemically altered, and all proton-coupled redox
equilibria will be shifted based on the Nernstian behavior of
proton-coupled reactions.”> Several photoacids, molecules that
release a proton from their excited state or photochemically
decompose to form an acidic or basic functional group, have
been developed that can be deployed for pH jump-based rapid
initiation.”” The rapid diffusion of H" in aqueous solution also
make this approach to studying fast redox events appealing.
Enzymes are evolutionarily optimized to their cellular environ-
ment which have a distinct and homeostated pH. These
properties should be carefully considered when designing a pH
jump experiment. In a similar spirit, other caged reagents have
been developed, including caged ATP,”* that can rapidly
generate y-jumps. Photochemical ATP p-jumps are broadly
applicable in enzymology, where many enzymes use ATP to
power energetically demanding reactions, but oxidoreductases
may not be the most obvious enzyme class of opportunity.
Nonetheless, nitrogenase and benzoyl-coenzyme A reductase
couple ATP hydrolysis to ET, and thus, photochemical release
of ATP in the presence of reductant could rapidly initiate
chemistry in these oxidoreductases.””’® Phosphate release
following hydrolysis is proposed to be rate determining in the

https://doi.org/10.1021/acscatal.1c04525
ACS Catal. 2021, 11, 14635—14650


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c04525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

molybdenum—iron nitrogenase of Azodobacter vinelandii; thus,
an ATP p-jump could be used to investigate presteady-state
phenomena, including the ATP hydrolysis-independent ET
between the iron protein and the molybdenum—iron protein.””

In both p-jump studies of [NiFe]- and [FeFe]-hydrogenases,
a specialized tandem nanosecond resolved transient IR /visible
absorption spectrophotometer was employed to follow mediator
limited ET and active site dynamics. The IR probe was
particularly useful for monitoring the biologically unusual CO
ligands of the active site. Transient IR absorption spectroscopy
of even modest time resolution requires specialized instrumen-
tation and is an inherently low sensitivity technique. For these
reasons, it may not be appropriate for other oxidoreductases of
interest. Alternatively, nanosecond resolved transient visible
absorption systems are commercially available, common in
physical chemical laboratories, and may offer superior
sensitivity. This increased accessibility and sensitivity comes at
the cost of spectral congestion; selective photosensitizer
stimulation and background-free observation of ET and
enzymatic chemistry may be limited by the optical properties
of the species under investigation.

3. ARTIFICIALLY PHOTOSYNTHETIC ENZYMES

Artificially photosynthetic oxidoreductases are nonphotosyn-
thetic oxidoreductases that are associated with a photosensitizer
such that light absorption can be coupled to catalysis.”*~*" The
advantage of using an artificially photosynthetic enzyme is that
the rate of ET between photosensitizer and oxidoreductase is no
longer dependent on diftusion, thus significantly expanding the
temporal window available for mechanistic study, even at low
concentration and light fluence. Following charge transfer across
the protein-photosensitizer interface, charge recombination
must be suppressed in order to observe catalytic chemistry by
the addition of a sacrificial agent, similar to the y-jump approach.

The attachment of the photosensitizer to the enzyme can be
accomplished either covalently or noncovalently. For covalent
attachment of the photosensitizer to the oxidoreductase, a
reactive surface exposed canonical or noncanonical amino acid
may be targeted for ligation to a synthetic photosensitizer, a
strategy oriiginally pioneered in the study of ET in metal-
loproteins.”" While canonical thiol- and amine-containing
amino acid side chains are most common for covalent
attachment, their ubiquity can make selective assembly
challenging; genetic code expansion offers a roadmap to more
selective protein conjugation by site-specifically expanding the
reactivity of amino acid side chains for covalent assembly.
Alternatively, endogenous cofactors of the enzyme, such as
iron—sulfur clusters, can bind photosensitizers by substitution of
one of the anchoring protein cysteines for a noncoordinating
amino acid and installing a sulfhydryl group on the photo-
sensitizer for direct attachment. Examples of covalently
assembled artificially photosynthetic enzymes include ribonu-
cleotide reductase (RNR) photosensitized by a single non-
native cysteine linked rhenium(I) 1,10-phenanthroline tricar-
bonyl methylpyridine chromophore,®* [NiFe]-hydrogenase
linked nonspecifically through aspartate/glutamate amide
bonds to a ruthenium bis-2,2’-bipyridine 5-amino-1,10-phenan-
throline chromophore,® cytochrome P450 linked through a
single non-native cysteine residue to a ruthenium bis-2,2’-
bipyridine S-amino-1,10-phenanthroline chromophore,”* and
even [FeFe]-hydrogenase linked by a various linear alkyl dithiols
to photosystem I between the terminal [Fe,S,] clusters.

Covalent attachment of a photosensitizer to an oxidoreduc-
tase may require significant protein engineering, reaction
condition optimization, and additional purification steps that
may not be compatible with all oxidoreductases of interest. In
this case, the adsorption of the oxidoreductase to the
photosensitizer driven by noncovalent interactions may be
advantageous.78_80 Various oxidoreductases, including several
hydrogenases,”~** formate dehydrogenase,” carbon monoxide
dehydrogenase,” and even nitrogenase’” have been catalytically
driven by adsorbed dyes, quantum dots, or carbon-based
nanoparticle materials.”” Among them, most of the aforemen-
tioned noncovalent assemblies are driven by electrostatic
interactions between nanoparticle surface ligands and areas of
net complementary charge on the protein surface that may
mimic the interactions of the oxidoreductase and their ET
partner protein. Protein—ligand and hydrophobic interactions
have been less exploited, but may also be effective in assembling
photosensitizer-protein hybrids. Despite their ubiquity in
biophotocatalytic applications, only a few studies have leveraged
the noncovalent photosensitized oxidoreductase assembly for
light-initiated mechanistic investigations, particularly at the
active site.”””*

To interpret fast ET kinetics in covalent assemblies it is
necessary for there to be a uniform photosensitizer-enzyme
assembly, since the environment and donor—acceptor distance
affect the Marcus parameters of the ET kinetics. Homogeneous
photosensitized enzyme assemblies must also retain functional
fidelity, and not interfere with the catalytic chemistry of the
enzyme. The design of a homogeneously functionalized
artificially photosynthetic enzyme and the utility of this
approach to interrogate chemical events on a range of temporal
and spatial scales are described below.

3.1. Ribonucleotide Reductase. As with the hydro-
genases, the class Ia ribonucleotide reductase (RNR) from E.
coli offers a prescient example of the utility of rapid initiation in
oxidoreductase enzymology as an artificially photosynthetic
construct. All organisms rely on RNR for the de novo production
of deoxynucleotides necessary for DNA biosynthesis and repair,
where RNR catalyzes the reduction of nucleoside di- or
triphosphates to the corresponding deoxynucleotide by a thiyl
radical-based mechanism.””” The thiyl radical is transiently
generated on every turnover, and the mechanism of thiyl radical
generation forms the basis for classification of RNRs; class I use a
second protein that harbors a stable amino acid radical or metal
oxidant, class II use the 5’-deoxyadenosyl radical formed during
adenosylcob(II)alamin Co—C homolysis, and class III harbor a
stable glycyl radical adjacent to the catalytic cysteine. The E. coli
RNR forms a transient catalytic a,f3, structure, where « is the
subunit that carries out nucleotide reduction and allosteric
regulation, and f harbors a stable diiron tyrosyl radical necessary
for thiyl radical formation in a. Upon @,f, assembly (Figure
7A), with the appropriate nucleoside diphosphate (NDP)
substrate and nucleotide allosteric effector, conformationally
gated radical transfer is initiated from the tyrosyl radical in one
subunit (Y;,,°, E. coli numbering) 34 A to the active site cysteine
thiol in & (C,34) via a series of PCET steps along a series of redox
active amino acids (Y;,,°[f] © Wy[B] © Yil Bl © Yo [a] &
Y,la] < Cuylal, Figure 7B).”%"” Once formed, the C,3°
abstracts a hydrogen atom from the NDP 3'-carbon, and the
substrate radical is reduced by two active site cysteines (Cy,s and
Cys) to the corresponding 2’-deoxynucleotide (dNDP), the
thiyl radical is regenerated, and transferred back to Y,
completing the catalytic cycle. Radical transfer chemistry is fast
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Figure 7. Cryo electron microscopy structure of wild type a,
Es,Q:Y356F3Y S, E. coli RNR (PDB 6W4X). (A) Asymmetric
quaternary structure. (B) Radical transfer pathway residues, diiron
cofactor, and substrate GDP.

(>10° s7") relative to conformational gating (10 s™') and active
site disulfide rereduction; thus, in both steady-state and
conventional presteady-state kinetic experiments, no pathway
or substrate radical accumulates.”® Extensive mutagenesis
studies targeting the radical transport pathway with both natural
and non-natural amino acid substitutions has provided
compelling evidence for the identity and fidelity of the radical
transport path, and the structure of the radical intermediates
therein, but radical formation and decay are limited by
conformational dynamics that occur orders of magnitude
slower.”” """ The conformational gating of radical transfer is
likely critical for protecting the tyrosyl radical from reduction in
vivo, but has obscured the direct study of PCET along the radical
transfer pathway and active site chemistry.

Photosensitization of RNR has been proposed and shown to
overcome the time resolution barrier imposed by conforma-
tional gating of radical transfer for mechanistic study. An
artificially photosynthetic a,f, RNR complex can be preasso-
ciated and conformationally poised for radical transfer, and
photochemical “seeding” of a pathway radical would initiate
radical equilibration along the pathway. Early attempts to design

a photochemical RNR relied on covalent attachment of a
photooxidant to a small peptide analogue of the # C-terminus
that largely dictates a,f, binding. The photooxidant was
installed site specifically at the N-terminus directly adjacent to
Y356 in the 20-mer peptide by a peptide bond and several
photooxidants were examined including tryptophan,'** benzo-
phenone,'”® anthroquinone,'”* and a rhenium bipyridyl
complex.'”* Excitation of the photooxidant stimulated ET or
PCET from the Yis4 equivalent in the peptide to the
chromophore, creating a charge transfer complex and a
spectroscopically detectable Y* that was chemically competent
for nucleotide reduction. Despite direct evidence of a Y* in the
peptide in complex with a, spectral congestion with the
photooxidant and the multitude of tyrosines both on and off
the radical transfer pathway that could be oxidized photochemi-
cally precluded kinetic investigations of PCET along the
pathway.

The assembly of a covalently labeled photof3, proved to be a
major breakthrough in mechanistic investigations of PCET in
RNR.* By mutating the only two surface exposed cysteines in
the native /3, to serine (C,44S and C505S), and the serine adjacent
to Y556 to cysteine (S;55C), a single sulthydryl group could be
targeted for labeling proximal to the radical transfer pathway.
Reacting the reduced iron loaded mutant photof, with a 4-
bromomethyl pyridyl-ligated rhenium(I) 1,10-phenanthroline
tricarbonyl complex ([Re]") generates the photosensitized holo-
photof, by nucleophilic substitution with a ligand-to-metal
charge transfer band at 375 nm. Excitation of the [Re]'
chromophore forms [Re]', the emissive lifetime of which is
shortened in photof, relative to the redox inert Y;54F photof,,
implying that photochemical oxidation of the adjacent radical
transfer pathway tyrosine occurs on the nanosecond to
microsecond time scale. To examine the tyrosyl radical directly,
charge recombination has been suppressed by using the
sacrificial electron acceptor ruthenium(III) hexamine, oxida-
tively quenching [Re]'™® to [Re]", which was shown
spectroscopically to oxidize Yjs4 along with a small fraction of
off-target aromatic amino acid oxidation.'” The photochemical
tyrosyl radical yield in a photof, was further improved by the
incorporation of fluorotyrosines (F,Ys) in place of Y54, which
can systematically vary the reduction potential and pK, to
examine the thermodynamics and kinetics of PCET."**~"%® This
flash quenching method for generating Y;54° in photof, on the
nanosecond time scale laid the groundwork for a breadth of
otherwise impossible mechanistic studies on radical transport in
RNR among the complete pathway in an a,photof, complex.

When incubated with a,, substrate, and allosteric effector, the
photofs, was shown to bind to &, with a K of 2 M, remarkably
similar to the native 3, K4 of 0.2 M, given the large perturbation
of the subunit interface introduced by the [Re] photooxidant.*”
This fortuitous binding affinity of the a,photof, complex
allowed for spectroscopic and kinetic studies on fully complexed
a,:photof,. As with free photof,, emission lifetime kinetics of
the [Re] photooxidant in the @,:photof, complex were sensitive
to the identity of the amino acid at position 356(f), and Y;¢°
was demonstrated to be the photooxidation product by transient
absorption spectroscopy sensitive to the characteristic absorb-
ance of the radical at 412 nm. Once generated, the Y;54° within
a,:photof}, was chemically competent for nucleotide reduction
in a pathway-dependent manner, that is, when Y.3,F or Y,;,F
pathway blocks were introduced into a, no dNDP was
formed."®® Thus, time-resolved emission kinetics were leveraged
to examine the photochemical oxidation of pathway residues,
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and transient absorption and product analysis were used to
follow the fate of photochemically generated tyrosyl radicals
along the radical transfer pathway.

Fluorotyrosyl radicals, particularly the tri- and tetrafluoro-
substituted variants, display elevated reduction potentials
relative to Y across a wide pH range, biasing forward radical
transfer when site-specifically incorporated at Y;54(5).'%'%
This property, in concert with the increased photochemical
radical yield, was leveraged in a 2,3,5-F;Y ;54 photof, to evaluate
the F,;Y*® decay in the presence of an intact or mutationally
inactivated radical transfer pathway, generated by installing
redox inert amino acids at key sites along the pathway including
Y, F and Cy30S.""" The F,Y* decay was accelerated when the
pathway was intact, consistent with rapid radical transfer to the
active site and substrate activation. Using a 3’-deuterated CDP
substrate, the rate of F;Y* decay effectively collapsed to the
blocked pathway rate and was interpreted to indicate that
substrate H atom abstraction had become rate determining with
respect to radical propagation, with a lower limit on the thiyl
radical-mediated substrate activation >1 X 10* s™. This study
represented the first mechanistic studies on active site chemistry
achieved by the artificially photosynthetic RNR.

The role of the protein environment in tuning the energetics
of (PC)ET is a question of fundamental importance in
oxidoreductase function, yet it has been challenging to study
in detail by methods not initiated by light. The artificially
photosynthetic RNR has been employed for the study of PCET
dynamics that affect radical transport at the subunit interface.'*®
Using a suite of F Y35 substituted photof,s, the reduction
potential of the pathway residue 356 could be varied
systematically for a Marcus analysis of photochemical oxidation.
Using [Re]"™ emission kinetics within the @,:photof, interface
for the various F,Y;5s photof,s, the Marcus parameters
associated with photochemical F,Y;® could be estimated,
revealing distinct behavior of the PCET kinetics of Y oxidation
relative to ET from deprotonated F,Ys and that ET occurrs in
the Marcus inverted regime.

Another element of protein structure that affects (PC)ET
kinetics and mechanism involves protein conformational
motions, both local amino acid fluctuations and longer-range
structural dynamics, and the artificially photosynthetic E. coli
RNR has proven to be an effective platform for investigating the
role of several amino acid residues that modulate dynamics
(Figure 8). Steady-state studies using 3-aminotyrosine (NH,Y)
as a tyrosine analogue with a 580 mV depressed radical
reduction potential''’ evidenced conformational flexibility of
Y,;, in the X-ray structure of Y,;,)NH,Y @,.'"" Subsequent
paramagnetic resonance investigation of the radical trapped at
NH,Y;,° revealed that an R,;;A(a) mutation biases Y5, toward
a “flipped out” conformation where the Y,3;,—Y,3, hydrogen
bonded dyad interface is disrupted and Y,;; moves toward the
subunit interface, but the stacked dyad interface is reformed
upon radical transfer to Y,3,."'>""* Due to the conformational
gating of radical transfer, the relevance of the conformational
motion between flipped out and stacked Y3, could not be
assessed. Using a modified photof,, where the normal
photochemical target Y;4 was mutated to the redox inert F,
the photooxidation of Y55, across the af} interface by [Re]"™ was
investigated by emission kinetics. In the wild type ¢, oxidation of
Y5, is not kinetically competitive with [Re]" decay, whereas in
R,11A a,, direct photochemical oxidation of Y,3, occurs with a
rate constant of 8 X 10° s7', suggesting that the increased
proximity to the photooxidant enabled PCET.""” Interestingly,

Figure 8. Model of the artificially photosynthetic E. coli RNR. The
modeled [Re] unit is shown in green with the rhenium atom in purple.
Key residues demonstrated to be involved in local or long-range
dynamics linked to radical transfer are labeled. Structure based on the
cryo-EM structure of the trapped @,f3, complex (PDB 6W4X).

using various pathway block mutations (Y;30F and C,3,S), the
emission lifetime of [Re]™ rose with a more truncated radical
transfer pathway, suggesting that Y3, conformational dynamics
were competitive with [Re]"* emission lifetime (<1 us) and that
colinear radical transfer was not impaired by the R,;; A mutation.
To examine the effect of the flipped out Y3, conformation on
radical transfer across the subunit interface from Y;4¢°, a 2,3,6-
F;Y;56 photofl, was employed as an orthogonal radical probe
based on the red-shifted absorption feature of the 2,3,6-F;Y*
relative to the Y* background, in complex with (Ry;;A) NH, Y5,
a,, which simplified the kinetic model.'"’ Using oxidative
quenching of the [Re]™* state, a clear 2,3,6-F;Y554° feature was
resolved, and decayed with a rate consistent with orthogonal
PCET from Y3, () to Y;55° () occurring at 0.6 X 10*s™" for the
NH,Y730 ;. The rate of orthogonal PCET tripled (1.6 X 10*
s7") for the Ry;;A mutant NH,Y,5, a,, indicating that radical
transfer was accelerated by the increased proximity of Y3, to
Y;s6. Both rates of interfacial PCET, and others derived by
analogous methods,” were similar to that of hydrogen atom
abstraction from the nucleotide substrate, confirming that both
long-range PCET and active site chemistry occur much faster
than conformational gating.

The nature of the conformational gating step that triggers
radical transfer and active site chemistry has remained enigmatic
since the earliest kinetic studies on RNR, but necessarily
involves allosteric communication between the o and /3 subunits
in the asymmetric complex.”® Several residues have been
identified as highly conserved within the class Ia RNRs within
the subunit interface, including Es5 and Eg, in f (E. coli
numbering)."'*''* Modest mutation of either site for Q or D
completely abolishes activity and radical transfer, but the
mechanistic cause of this loss of activity could not be ascribed
based on these data alone, as either residue could be involved in
allosteric regulation or PCET directly as a PT partner to a radical
transfer pathway residue. The artificially photosynthetic RNR
contains a partially truncated radical transport pathway (Y;s¢
© Ya © Ya < Cuea), and photochemical radical
generation occurs at the interface, thus conformational gating
targeting this portion of the pathway, as opposed to Y},,°, and
the role of PT partner residues at the interface can be assessed.
The E;5,Q photof, was shown to generate Y;5¢" by PCET and
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exhibit near native photochemical turnover, demonstrating the
kinetic competency of radical transfer from Y354(f3) to the active
site in this otherwise inactive mutant."'® This photochemical
rescue of activity was the basis for the hypotheses that E;q is
critical in conformational gating that does not target PCET
along the radical transfer pathway from Y;44 to the active site, nor
does it affect active site chemistry. It follows that a likely role for
E;q is in controlling PCET at the endogenous Y),,*, although
this remains to be demonstrated definitively. The E,,Q photof3,,
on the other hand, was inactive in both Y;4* photogeneration
and substrate reduction."'” Substitution of Y4 for 2,3,5-F;Y;s6,
which remains deprotonated and thus oxidation is proton
decoupled, recovered both photooxidation and photochemical
turnover, suggesting that Eg, is essential in gating PT from Y;4
during radical transfer by PCET at the subunit interface, among
other possible roles. This finding was later supported by
computational studies based on the structure of a preturnover
/3 pair with an ordered PCET pathway.”>''®

3.2. Opportunities and Limitations. The use of the
artificially photosynthetic RNR has been advantageous for the
study of fast events including PCET along the radical transfer
pathway and active site chemistry that occur >103-fold faster
than steady-state turnover. Several elements of this case study
are more broadly informative. Many oxidoreductases are
intimately integrated into central metabolism, and are thus
regulated on several levels including allostery. These regulatory
mechanisms can often be challenging to investigate by
mutagenesis and traditional enzyme kinetics alone, particularly
when the initial events in catalysis are the target of regulation. By
targeting an intermediary step, namely the oxidation of Y,
mechanistic investigations could be carried out in mutant
enzymes that were otherwise inactive, and it is difficult to
imagine an experimental method that could access similar
information. Furthermore, many oxidoreductases are dynamic
in nature, and may exhibit an ensemble of conformations, both
locally and globally, with distinct contributions to the catalytic
reaction coordinate. With the increased time resolution afforded
artificial photosynthetic constructs, these ensembles can be
probed on an expansive time scale dictated by the excited state
lifetime of the chromophore. For RNR, conformations observed
in the steady state were shown to interconvert faster than
turnover, implying little effect on steady-state rates. This will not
always be the case for other oxidoreductases, and the
chromophore separation from the redox active cofactor can be
a sensitive probe of these types of dynamics.

In any artificially photosynthetic enzyme it is important to
demonstrate the chemical competency of the photochemical
process to ensure the fidelity of the reaction dynamics to the
native system. For RNR, the a,photof, complex is indeed
chemically competent as determined by single turnover studies
but suffers from markedly lower activity, typically <20% of wild
type, although the interpretation of this number is somewhat
fraught since the ruthenium hexamine oxidative quencher is
necessary to increase photochemical yield but inhibits the
nonphotosynthetic activity.'*''* The high reduction potential
of both the [Re]™ and [Re]" species causes off-pathway amino
acid oxidation that is detrimental to both photosynthetic and
nonphotosynthetic turnover and should be considered when
designing novel artificially photosynthetic constructs.

Nanoparticle-based artificially photosynthetic oxidoreduc-
tases offer particular promise as a highly modular photo-
sensitizer. The bulk and structure of many nanoparticles can
mimic structural elements of protein—protein interactions, and

the tunability of the capping ligand ensemble can further
emulate the types of noncovalent interactions influencing ET
interfaces. As a proof of concept, the effect of electron delivery
rate from mercaptopropionic acid capped CdTe quantum dots
to the [NiFe] hydrogenase of Thiocapsa roseopersicina as
compared to reductively quenched Ru(bpy);** was shown to
alter the active site intermediates observed during steady-state
illumination, suggesting an interplay between photoreduction
and product inhibition.”” In a similar study, the effect of electron
delivery rate from an electrostatically bound CdS quantum dot-
nitrogenase complex was investigated, shedding light on how
electron delivery rate dictates intermediate build up and H,
versus N, product selectivity.”*

The unique design of this photochemical construct within a
functional RNR subunit interface may not be feasible for other
oxidoreductases, but the basic architectural principles and
experimental metrics used to evaluate the functionality of the
artificially photosynthetic construct should be general. As
protein engineering, structural biology, and photosensitizer
development continue to progress, artificially photosynthetic
enzyme assemblies will likely become more routine, and as with
p-jump initiation methods, when coupled with appropriate time-
resolved spectroscopic tools, this strategy for mechanistic
investigation of otherwise kinetically masked chemical events
in oxidoreductase will continue to advance our understanding of
these remarkable enzymes. Unfortunately, only in rare cases is an
atomic structure available for the artificial photosynthetic
construct, which can hinder informed optimization or kinetic
interpretation. Toward improving the structural understanding
of these interfaces, cryo-electron microscopy will likely be an
invaluable technique.

4. CONCLUSIONS

In the continued quest for new methodologies to better
understand enzyme catalysis, rapid initiation techniques have
demonstrated their value in overcoming many of the limitations
of traditional kinetic approaches to mechanism. Like all
methods, both the development of artificially photosynthetic
enzymes and the application of a y-jump require a judicious
experimental practitioner, but as more investigators turn to
photochemical initiation strategies such as those described
herein to probe oxidoreductase mechanisms, technical develop-
ments and design simplicity will also emerge. When viewed in
the context of developments in structural biology and genetic
code expansion, the future is bright for mechanistic enzymology
of the oxidoreductases.
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