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ABSTRACT

Measurement and Control of Crossed Reduction Potentials in a Flavoprotein

by

Benjamin Joseph Jones

Flavoproteins comprise an estimated 1-3% of all eukaryotic and prokaryotic proteins,
functioning as light-, oxygen-, and voltage-sensors, photosensitizers, catalysts, and electron-
transfer reagents. These proteins contain a yellow redox-active flavin prosthetic group in the
form of flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD), derived from
riboflavin (vitamin B2). Flavins contain an aromatic isoalloxazine ring system whose redox
properties are highly sensitive to the characteristics of the surrounding protein medium.
Thus, they are highly versatile, as their reduction potentials can be finely tuned to match
those of various substrates determined by the specific protein in which they are bound.

Depending on the specific thermodynamic arrangement of a flavin’s two one-electron
reduction potentials, they can be coaxed to participate in either one- or two-electron transfer
reactions. While the mechanisms that flavoproteins use to modulate the reduction potentials
of flavins that undergo one-electron transfer have been investigated, the thermodynamic
control of flavins that preferentially mediate two-electron transfer is less clear. This is
because the measurement of each of the two one-electron potentials requires the detection of

a highly unstable radical called the flavin “semiquinone”. Furthermore, the proteins that

viii



contain these flavins often possess other features that make these measurements difficult,
including the presence of other, often oxygen sensitive, cofactors that may interfere with
measurements, low purification yields, low flavin binding, substrate-effector binding effects,
and the presence of other protein subunits. In this work, to circumvent the problems that
plague the measurement of natural flavoproteins, I leverage the simple engineered
flavoprotein called “iLOV” to be used as a model to investigate how flavin reduction
potentials are tuned more broadly. iLOV contains two glutamine residues that are hydrogen-
bonded to two separate nitrogens of FMN which become protonated over the course of
reduction. Through site-directed mutagenesis, various mutants were generated with different
thermodynamic properties. The reduction potentials of these mutants were measured through
potentiometric titrations, spectrophotometric comproportionation, and quantitative electron
paramagnetic resonance (EPR). This work demonstrates that hydrogen bonding interactions
at these two separate sites have distinct effects on the flavin’s two one-electron reduction
potentials, laying a foundation for understanding the mechanisms that natural flavoproteins

manipulate the cofactor.
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I. Flavins and Flavoproteins: The Challenge of Measuring Reduction

Potential

Part of the content of this chapter was published in Jones, B. J.; Elhajj, S.; Haynes, B.;
Wang, S.; O’Connor, I.; Gozem, S.; Greene, B. L. Measurement and Control of Crossed

Potentials in a Flavoprotein. J. Am. Chem. Soc. 2026. https://doi.org/10.1021/jacs.5¢16043.

ABSTRACT

Flavins are ubiquitous redox-active biomolecules serving a diverse assortment of
functions in cellular metabolism’. All flavins, including riboflavin, flavin mononucleotide
(FMN), and flavin adenine dinucleotide (FAD), possess a characteristic conjugated
isoalloxazine ring containing nitrogen and oxygen heteroatoms (Figure I-1A). Typically
housed inside a parent “flavo”-protein as a prosthetic group, the non-covalent interactions
between the polypeptide matrix and the heteroatoms of the flavin’s isoalloxazine ring give
rise to the flavin’s versatility!. With different interactions and electrostatic nature of the
surrounding binding pocket, certain flavin redox states can be raised or lowered in energy
relative to each other, allowing reduction-potentials to be finely tuned to match those of
various substrates. Furthermore, depending on the arrangement of these potentials, a flavin
can be coaxed to mediate both one- and two-electron transfer reactions>*. Because the
energetics of these molecules are highly malleable, they can facilitate a wide-variety of
functions including as redox-active enzyme cofactors, sensing or regulatory modules, and

electron-transfer reagents*.



TUNING FLAVINS FOR METABOLIC FUNCTION

Flavins in the oxidized (OX) state can be reduced by one electron to form a stable
radical semiquinone (SQ) state. This can then be reduced sequentially to form the fully
reduced hydroquinone (HQ) state. Alternatively, if the SQ state is unstable, the OX state can
accept an electron pair simultaneously and transition directly to HQ. Each of these three
redox states have an associated pKa, resulting in anionic (A) or neutral (N) forms that
respond differently to the surrounding dielectric. Thus, depending on the pH, electron
transfer between states may or may not be proton-coupled, giving rise to differences in pH-
dependent reduction potentials from flavoprotein to flavoprotein (Figure I-1A). When in
aqueous solution at neutral pH, “free” FMN exhibits what is often referred to as “crossed” or
“inverted” potentials. This is an arrangement in which the OX/SQ reduction potential

(E®"oxns@ = —238 mV vs NHE) is lower than the SQ/HQ potential (E°'Nso/ang =—172 mV
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Figure I-1. Flavin redox chemistry. (A) Redox and protonation states of the flavin isoalloxazine ring. (B)
A comparison of the reduction potentials of D. vulgaris Fld and M. methylotrophus ETF. Through
coulombic interactions with the flavin, different redox states can be stabilized or destabilized to achieve
similar AE but with different reduction potentials



vs NHE), and electrons are generally accepted as a pair®. The potential “crossing” (AE =
E°ox/sQ — E°sqm@) is a modest —66 mV. Energetics of this kind result when the SQ radical is
elevated in energy relative to OX and HQ (or conversely if OX and HQ are lowered in
energy relative to SQ).

Through interactions with the polypeptide scaffold, the pKa and energy of each redox
state can be dramatically altered according to the needs of the enzymes they inhabit. In some
cases, this results in a stable SQ radical. For example, the Methylophilus methylotrophus
electron transfer flavoprotein (ETF) functions as a shuttle for a single electron between
trimethylamine dehydrogenase and the electron transport chain’. As a result, it exhibits
“normally” ordered potentials: the E°ox/asq is higher at +196 mV than the E°asq/anq at =197
mV and the associated AE i1s +393 mV. The unusually high potential of the OX/ASQ couple
is matched to the iron sulfur cluster of trimethylamine dehydrogenase at +79 mV allowing
for fluid one-electron transfer between substrates, and the lower ASQ/AHQ couple is
metabolically irrelevant'®. It is thought that electrostatic effects in the vicinity of the flavin
binding pocket are responsible for the unique redox properties of the flavin observed in this
protein. In one study, mutation of a positively charged arginine residue to a nonpolar alanine
on the si face of the flavin isoalloxazine ring lowered the E°ox/asq by over ~200 mV!'!. The
presence of this positive charge is thought to stabilize the negatively charged ASQ, lowering
it’s energy relative to the neutral OX state.

By comparison, the Desulfovibrio vulgaris flavodoxin (FId) possesses more negative
reduction potentials, yet it too sports a “normal” arrangement (E°ox/nsqQ = —148 mV and
E°Nsq/anqQ = —443 mV with a AE of +295 mV)!2. Again, this configuration of potentials

serves the flavoprotein’s purpose as a one-electron shuttle in sulfur-reducing bacteria,



transporting electrons between a hydrogenase in the outer membrane and a sulfur-reducing
system'3. In this system, mutagenesis studies have demonstrated that an asymmetric
distribution of acidic residues, some of which are quite distant (>12 A) from the flavin, play
an important role in preferentially lowering the reduction potential of the NSQ/AHQ
transition over that of the OX/NSQ couple'. Under standard conditions, it is thought that
these acidic residues possess a negative charge that destabilize the NSQ/AHQ transition,
which is not proton-coupled and thus involves a decrease in charge. Likewise, these residues
do not seem to affect the OX/NSQ couple, which is proton-coupled and charged balanced.
While coulombic interactions are at play for both D. vulgaris Fld and M. methylotrophus
ETF, the exact redox species being affected differs. In D. vulgaris Fld, the charge un-
balanced AHQ is destabilized relative to NSQ, and in M. methylotrophus ETF the charge
balanced ASQ is stabilized relative to OX (Figure I-1B). Through opposing methods, a
similar positive AE is achieved to serve their purposes as one-electron shuttles, yet the exact
potentials differ to match their respective substrates.

Of particular interest to my research are flavin-based electron bifurcating enzymes
(FBEBases), including the bifurcating electron transfer flavoproteins (Etf, descended from
non-bifurcating ETF’s), NADPH-dependent ferredoxin: NAD" oxidoreductases (Nfn),
heterodisulfide reductases (Hdr), and the “Bfu” class (formerly called “Hyd”). Electron
bifurcation is a process in which the oxidation of a two-electron donor at a moderate energy
is coupled to the simultaneous reduction of two one-electron acceptors'*'6. Relative to the
donor, one reduction reaction is exergonic, while the other is endergonic. Free energy

released by the downhill reaction is repurposed by the enzyme to drive the uphill reaction



forward, conserving energy and producing
high energy reductants necessary for
metabolism. In flavin-based electron
bifurcation (FBEB), the site at which
electrons are “split” is a flavin cofactor.
Unlike the one-electron shuttle
flavoproteins mentioned above, bifurcating
flavins are thought to possess potential
arrangements that are more crossed than
free flavin'’. This assumption, which is
mostly theoretical with some experimental
backing, is motivated by the logic of a

highly unstable SQ. In a scheme based on
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Scheme I-1. A proposed redox cycle for flavin-
based electron bifurcation. This typical
bifurcation scheme is designed around the logic of
crossed potentials and a highly unstable
semiquinone. First, the 2-electron reduction of the
OX state produces HQ. Next, the the one electron
reduction of the exergonic acceptor (here depicted
slightly uphill as proposed by Beretan et. al),
produces a highly unstable SQ. Finally, the unstable
SQ has sufficient energy to reduce the endergonic
acceptor.

the Q-cycle of quinone-based electron bifurcation (QBEB, Scheme I-1)!"'8, FBEBases are

theorized to operate by first accepting an electron pair from the initial donor during an OX

to HQ transition. Then, a single electron is transferred to the exergonic path causing a

transition from HQ to the highly unstable SQ. Dictated by the highly crossed arrangement of

potentials, the SQ to OX transition should be so favorable that the endergonic acceptor

spontaneously becomes reduced. Several theories, ranging from conformational gating'’ to

Boltzmann occupancy!’, have been proposed to explain how FBEBases maintain the fidelity

of electron transfer down the appropriate channels and avoid “short-circuiting”, a non-

productive scenario in which the high energy electron meant for the endergonic path instead

travels to the exergonic acceptor. In Etf’s, it has even been proposed that conformational
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Figure I-2. The span of reduction potentials in flavoproteins. (A) A comparison of the reduction
potentials of P. furiosus Nfnl, a bifurcating flavoprotein with highly crossed potentials, and M.
methylotrophus ETF, a one-electron shuttle with normally ordered potentials. Potentials of M.
methylotrophus ETF are reproduced from Figure I-1B. (B) Interactions of the Pf'Nfnl (PDB ID: 5JFC) FAD
cofactor with the protein environment. The N3 of P/ Nfnl is hydrogen bonded to a valine backbone
carbonyl and N1 is hydrogen bonded to the substrate nicotinamide amide oxygen of NADPH (3.2 A, not
shown). (C) Interactions of the Mm ETF (PDB ID: 1096) FAD cofactor with the protein environment. Both
proteins have a D/E—R salt bridge where an R guanidinium nitrogen is within 4.5 A of the flavin N5

changes cause the reduction potentials of the bifurcating flavin to switch between crossed
and uncrossed configurations over the course of catalysis?*?!. While the necessity of crossed
potentials has been called into question??, particularly in the Bfu class of FBEBases®, the
logic of crossed potentials remains a dominant view among authors publishing on FBEB**-
26

Few potentials have been measured in FBEBases, but one study estimated that the
bifurcating FAD in Pyrococcus furiosus Nfnl, which catalyzes the NADPH-dependent
reduction of both NAD" (exergonic) and ferredoxin (endergonic), exhibits a AE of roughly
—951 mV (Figure 1.3)*”%. It’s not immediately obvious how these enzymes are able to tune
their flavins to such extreme lengths, but clues might be found in the flavin binding pocket.
In the three classes of FBEBase which are thought to operate with crossed potential flavins,

a conserved arginine or lysine residue is found in close proximity (<3.5 A) to the N5



position of the flavin’s isoalloxazine ring? and has been proposed to inhibit the formation of
an NSQ?, but it’s unclear what role, if any, this plays in tuning the potentials of the flavin.
In one mutagenesis study in an Etf-class FBEBase, it was shown that mutation of the
mysterious N5 cationic residue caused either loss of flavin binding or total unfolding of the
protein leaving the true role of this position ambiguous®'. Due to difficulties in handling
FBEBases and measuring the one-electron potentials of crossed flavins, the mechanisms by
which FBEBases achieve their hyper-crossed potential arrangement remain a mystery.

In general, flavoproteins employ multiple mechanisms to tune the potentials of their
cofactor. While I have emphasized here the role that electrostatic effects have on altering the
energies of transitions that involve a change in electric charge, flavoproteins are also known

3435 and aromaticity®>*¢ to achieve their desired

to leverage sterics***, hydrogen bonding
effects. These alternative tools may be particularly important in tuning the potentials of
flavin redox couples that involve proton transfer and do not involve changes in electric

charge. In all cases, the underlying principle remains the same: a redox potential can be

adjusted by raising or lowering the energy of one redox state relative to the others.

DIFFICULTIES IN MEASURING REDUCTION POTENTIALS IN CROSSED FLAVINS

Flavoprotein reduction potentials are generally measured by one of two methods:
reductive titrations in the presence of a redox standard, or by protein film voltammetry
(PFV). In the classic former method, the analyte of interest is mixed with an indicator of a
known reduction potential to be used a standard reference. Then, electron equivalents are
titrated to the solution either by the manual addition of a strong reductant®’-*® or by the slow

enzymatic oxidation of an organic substrate such as xanthine via xanthine oxidase***’. As
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the solution potential evolves, the ratio of reduced-to-oxidized forms of the analyte and
indicator change. Usually, these ratios are experimentally determined by measuring the
concentration of each species via UV-vis spectroscopy. Depending on the relationship
between these two ratios and the known reduction potential of the indicator, the reduction
potential of the analyte can be extracted. For flavoproteins with normally ordered potentials
that are highly separated, the bulk ensemble of flavins will transition from OX to SQ in one
phase of the titration, and then from SQ to HQ in the second phase of the titration. This is
because as the solution potential evolves, the first reduction potential encountered is that of
the OX/SQ transition, followed later by the second SQ/HQ couple. Consequently, both the
0OX/SQ and SQ/HQ couples can be measured. By contrast, in a flavin with highly crossed
potentials, the SQ is unstable and two-electron transfer is favored. The first potential that
would be encountered over the titration is that of the SQ/HQ transition, but for this transition
to occur, some OX must have already converted to SQ. Thus, one phase representing the
direct transition from OX to HQ is observed since reduction from SQ to HQ occurs rapidly
after the reduction of OX to SQ for any given flavin molecule. The overall two-electron
potential (the average of the two one-electron potentials) is the only value that can be
extracted. If the equilibrium concentration of SQ can be measured, it is theoretically possible
to extract values for the one-electron potentials of crossed flavins over the titration, but this
redox species is usually only present in miniscule quantities and its concentration is often
too low to measure accurately.

In the second method, PFV, the flavoprotein of interest is immobilized on a working
electrode which is then immersed in an electrolyte solution*'*2. A potential is applied to the

working electrode via a potentiostat. This working electrode potential is then scanned from



one potential to another and then back again using a standard electrode as a reference
producing a cyclic voltammogram (CV). Changes in current detected from the electrode are
associated with reduction and oxidation of the flavoprotein of interest and can be used to
determine to reduction potential. This method offers some advantages over reductive
titration such as the speed and ease at which a potential can be measured and avoids certain
issues such as the need for unique spectral wavelengths with which to monitor different
species in a titration, but it also introduces other problems such as uncertainty whether the
measured potential reflects the true solution-state potential. ** However, similar to the
classical method of reductive titration, this method can only measure the one-electron
potentials of normally-ordered flavins. As before, if the flavin is crossed, the reduction of
SQ to HQ occurs simultaneously with the reduction of OX to SQ, and no bulk conversion to
SQ is observed**. A single two-electron peak is observed in the CV corresponding to the
average of the two one-electron potentials.

Consequently, measuring the one-electron potentials of crossed flavins remains
exceedingly difficult. Doing so would require one to measure the equilibrium concentrations
of each redox species in solution at a given solution potential. As a flavin becomes more
crossed, the equilibrium concentration of SQ shrinks. For most crossed flavoproteins, this
lies far beyond the limit of detection by most methods such as UV-vis or continuous-wave
EPR, even at solution potentials that favor the maximum quantity of SQ. While the
mechanisms that flavoproteins use to tune normally ordered flavins are well-studied,
difficulties in measuring the potentials of crossed flavins have prevented a wholistic

understanding of flavin redox tuning.



Nonetheless, a few clever experiments have been designed to estimate the potentials of
crossed flavins. As mentioned earlier, the AE of P. furiosus Nfnl was estimated to be
roughly =951 mV.?”?® This measurement was performed by Lubner et. al leveraging the
relationship between electron-transfer kinetics and reaction thermodynamics predicted by
Marcus Theory. To understand the details of Lubner’s method, it is instructive to briefly
highlight the quantum mechanical basis for this measurement. Fermi’s Golden Rule
(equation I-1) arises from quantum mechanical perturbation theory and states that the rate
of tunneling, or electron transfer, can be represented as a product of two terms: an electronic
coupling term and the Franck-Condon weighted probability of states.*

kee = 2 FIH' 1112 % p(Ef) (Eq. I-1)
The electronic coupling term, “|{f|H’|i}|?”, is the quantum-mechanical matrix element
coupling reactant and product electronic wavefunctions, “(i|”” and “|f)” respectively. It
depends on wavefunction overlap and decays exponentially with distance according to a
decay constant called the “tunneling constant”, which is proportional to the barrier height
and is unique to the tunneling medium (e.g. the protein matrix). The latter term, the Franck-
Condon weighted probability of states or “p(Er)”, was classically modelled by Marcus who
treated solvent molecules as simple harmonic oscillators in a Boltzmann distribution.***’
The mathematical result represents this term as a Gaussian containing the reorganization
energy and the overall driving force for the reaction, AG. With some substitution, Fermi’s
Golden Rule can be rewritten such that the logarithm of the rate of electron transfer is

directly proportional to the tunneling constant, the distance between electron transferring

species, and the square of the driving force (equation I-2).43%
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Here, “h” is the reduced Planck’s constant, “B” represents the tunneling constant, “R” is the
edge-to-edge electron transfer distance between cofactors, “Vo>” represents the quantum
mechanical matrix element coupling reactant and product electronic wavefunctions under
maximal overlap, “AG” is the free energy change of the reaction (also called the “driving-
force”), “k” is Boltzmann’s constant, “T” is the temperature, and “A” is the solvent
reorganization energy.

In the study by Lubner ef al., the distance between the crossed flavin of P. furiosus Nfnl
and its electron transferring partner, a nearby iron-sulfur cluster, were known. Furthermore,
the reduction potential of this proximal cluster was measured by PFV. The flavin was then
photo-reduced to the ASQ state, and the rate of electron-transfer to the iron-sulfur cluster
was measured. The authors then used the Page—Moser—Dutton equation (equation I-3),
which is a version of equation I-2 fitted to data from a survey of photosynthetic proteins

with known driving forces and distances between electron-transferring cofactors*.

3.1(4G+1)?

logio ket = 13.0— (1.2 - 0.8p)(R — 3.6) — 7

(Eq. I-3)

[{Pd]

In this equation, “p” represents the “packing-density” of atoms as defined in the original
paper by Page et al. and is used to estimate a tunneling constant unique to a given electron
transfer pathway. With this model, the difference in energy between the iron-sulfur cluster
and the one-electron OX/ASQ potential of the flavin was extracted. Knowing the 2-electron
potential of the flavin from PFV, both the OX/ASQ and ASQ/AHQ potentials were
estimated and thus the AE.

The measurement of P. furiosus Nfnl is one of only a few examples in which the one-
electron potentials of a crossed flavin have been measured. While this method is both

brilliant and creative, it contains several pitfalls. In order to obtain this value, several
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assumptions must be made. The Page—Moser—Dutton model requires the reorganization of
energy to be known, but this value is often difficult to obtain. Instead, the authors arbitrarily
assumed a value for the reorganization energy of 0.7 eV, which might be reasonable for
electron-transferring cofactors in photosynthetic proteins from which the model was fit, but
may not necessarily translate to flavins. For example, the reorganization energy for
flavoproteins has been estimated by QM/MM simulations to be between 0.96 and 1.31 eV.#
Furthermore, the model approximates the electronic coupling term as a decaying exponential
but does not incorporate wavefunction overlap which would vary significantly depending on
the relative orientation of electron transferring cofactors. If cofactors are not maximally
coupled as assumed, the measured rate of electron transfer would be slower than the
theoretically maximal rate, meaning that the measured AE would be of lower magnitude
than the true value. Additionally, the equation uses the “atom packing density” along a
presumed tunneling pathway to estimate a tunneling constant. This is treated as a weighted
average of a maximally packed medium and a vacuum. In reality, the presence of certain
secondary structures such as a-helices along the tunneling path are known to influence the
rate of electron transfer significantly>® and these effects are averaged out in this fitted model.
Even if one accepts the assumptions made from the fitted theoretical model, the complexity
of the experimental measurement creates additional problems. P. furiosus Nfnl contains two
FADs, and in order to deconvolute signals from the non-bifurcating FAD, the entire system
was partially reduced prior to the illumination. As a result, it’s unclear whether the charge
transfer event that was observed truly occurred between the iron sulfur cluster and the FAD
of interest. Additionally, since this reaction was prompted by photoreduction, it’s not certain

whether electron-transfer occurred through the ground state NSQ as assumed, or if this
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species remained in a vibrationally excited state resulting from the excitation method. If this
is true, then the reduction potentials extracted would not be representative of the ground
state flavin. These issues are further exacerbated by the fact that the system never fully
returned to its original state prior to illumination. Taken together, while this measurement
was certainly valuable as one of the few recorded measurements of a crossed flavin, it is
built upon several shaky assumptions and thus remains a rough approximation.

Given the difficulties described above, it should be clear that the mechanisms that highly
crossed flavoproteins such as FBEBases use to manipulate the potentials of their prosthetic
group is not well understood nor studied. The fundamental instability of the SQ radical that
arises from the crossed arrangement of potentials requires highly sensitive instruments to
detect and presents a fundamental barrier that must be overcome when obtaining these
measurements. To add to this problem, these proteins often contain multiple cofactors
(including other flavins) which are difficult to deconvolute in electrochemical and UV-vis
measurements, they are usually multimeric meaning that measurements are often performed
on incomplete enzymes, they sometimes contain specialized cofactors that are sensitive to
oxygen, and, as in the case of ETF’s, the flavin binding pocket of the crossed flavin is not

often amenable to mutagenesis. Clearly, another approach is needed.

QUANTUM MECHANICS/MOLECULAR MECHANICS MODELLING AND THE

PITFALLS OF SIMULATED POTENTIALS

Given modern advancements in our understanding of quantum mechanics, one might ask
why we cannot simply calculate the reduction potentials of crossed flavoproteins from first

principles. Indeed, this has been the goal of many computational chemists employing hybrid
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quantum mechanical/molecular mechanical (QM/MM) dynamics simulations, but this
method is not as simple as it might seem. A protein structure, as determined by methods
such as X-ray crystallography, contains a defined set of 3-dimensional coordinates for each
atom in a protein. This might lead one to the misunderstanding that proteins are a static and
unmoving set of atoms with which one could model molecular orbitals and their associated
energies. In truth, proteins are dynamic and will explore countless different conformations
as they collide with nearby solvent molecules and randomly walk about the surrounding
medium. The reduction potentials of the flavin are not dependent on just one single

SL32 If one is

structure, but arise out of the ensemble of structures that exist in bulk solution.
to estimate these potentials, they need to sufficiently and accurately sample the many
possible conformations that a protein can occupy and model the molecular orbitals of
relevant cofactors in this sample.

Modelling the electrons and orbitals of one single protein structure with thousands of
atoms to any degree of accuracy is already a complex multi-bodied problem that is
computationally difficult.>® Accurately modelling the dynamics of this protein with just a
small sample of several thousand different structures would be virtually impossible. In
practice, to simulate the dynamics of protein motion with acceptable accuracy and model the
reduction potentials of interesting prosthetic groups, a hybrid classical/quantum mechanical
approach is taken.>*3 Here, only the valence orbitals of the redox active group and the
atoms in the immediate vicinity are modelled under quantum mechanics, while the vast
majority of protein atoms and bonds are modelled as simple-harmonic oscillators under the

influence of simple electrostatics. Even with these simplifying assumptions, modelled

proteins often need to be small and structured enough for high performance computers to
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simulate an acceptably large sample of structures.’ The calculated reduction potentials from
these QM/MM simulations usually have high error and low precision when compared to
measured potentials of proteins.*’->® This is because the simulated reduction potentials are
highly sensitive to a number of factors that are difficult to model accurately. Wide amplitude
motion of charged and dipolar residues can give rise to dramatic fluctuations in the
electrostatic potential at the active site.’” This necessitates larger sampling of the protein
dynamics, or alternative methods entirely. The pKas and thus the protonation states of
nearby residues can dramatically influence the potentials of the flavin, and are difficult to
predict accurately.’® Furthermore, in simulations by our collaborators, described in detailed
in Chapter III, the intermittent penetration of water molecules into the flavin binding pocket
was shown to dramatically increase the error in initial measurements necessitating careful
binning of various dynamical behaviors with respect to water molecules.* In order to
estimate the potentials of flavoproteins accurately, computational chemists need to develop
newer methods that must be benchmarked with experimentally derived reduction potentials.
This returns us back to the original problem: how can we better approach the problem of

experimentally measuring the potentials of crossed flavins?

ILOV AND A BETTER PATH FORWARD

For my project, we began addressing these problems by considering a “bottom-up”
approach. Instead of juggling the sensitives and complexities of a real FBEBase, we
wondered if it were possible to recreate their theorized properties in a much simpler non-
bifurcating model flavoprotein, thus circumventing the obstacles that typically plague their
study. Specifically, we sought to find a small, well-studied flavoprotein containing a

moderately crossed flavin, with which we could mutate residues within hydrogen bonding
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distance of relevant heteroatoms of the isoalloxazine ring. From this platform we could
measure the potentials of various mutants, especially those with unique interactions to sites
proposed to be important for bifurcation, and test existing theories via “gain-of-function”
mutations. By choosing a moderately crossed flavoprotein with a single cofactor, we would
be able to measure the unstable SQ by traditional UV-vis spectroscopy and employ
additional methods such as quantitative EPR to probe the radical.

Our chosen platform for these studies is the “improved Light, Oxygen, and Voltage
sensing” protein, “iILOV”. iLOV is an FMN-binding fluorescent protein (FbFP) that was
initially engineered as an oxygen-independent alternative to green-fluorescent protein (GFP)
for use as a small, genetically encoded fluorescent tag in anaerobic imaging and
microscopy.®® Originally derived from the LOV2 domain of Arabidopsis thaliana
phototropin 2 via truncation, iLOV lacks a characteristic photoreactive cysteine residue
(C40), a modification which prevents its natural function as a light, oxygen, and voltage
sensor but enhances its optical capabilities. Despite lacking any natural substrates or unique
catalytic capabilities, the small size and ‘
simplicity of this flavoprotein offers a
convenient model from which to test
theories of reduction potential tuning in

flavoproteins more broadly and avoids

additional problems that plague the study

of more complex natural flavoenzymes. Figure I-3. The flavin binding pocket of iLOV.
Hydrogen bonding interactions of iLOV FMN
Additionally, the crystal structure of iLOV ~ cofactor (PDB ID: 4EES) with the protein
environment are shown. The breadth of flavin-
protein hydrogen bonding interactions in iLOV

reveals a rich assortment of flavin-protein make it an ideal subject for mutagenesis studies.
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interactions that can be investigated through mutagenesis (Figure 1-3).°! Our early
exploratory experiments further showed that it had moderately crossed potentials with an
NSQ just above the limit of detection for UV-vis spectroscopy (see Chapter III).

The following work seeks to demonstrate iLOV’s utility as a model for reduction
potential tuning in a crossed flavoprotein. In chapter II, the difficulties that came with
managing this deceptively simple flavoprotein are highlighted. Through these struggles, we
discovered unexpected side-reactions that cause undesirable aggregation when iLOV is
exposed to both light and oxygen. The results of these studies allowed us to design new
protocols tailored to iLOV’s unique photosensitivity which are certainly relevant to those
using iLOV as a fluorescent reporter. Furthermore, this work has broader appeal as one of a
growing number of examples of histidine modification in the presence of reactive oxygen
species (ROS).%* Next, after addressing these problems, we used site-directed mutagenesis to
alter a glutamine residue, which forms a hydrogen bond to the flavin N5/0O4' in the oxidized
state, which is described in Chapter I1I. By measuring the potentials of a series of mutants,
we were able to observe a decrease in the extent of crossing primarily caused by tuning of
the OX/SQ redox couple. QM/MM simulations by our collaborators helped illuminate the
mechanism of this tuning as occurring via hydrogen-bonding interactions to invasive water
molecules from the surrounding solvent. Finally in Chapter IV, we migrate to a new site,
N1, and investigate the effect that mutation of a second glutamine residue has on the SQ/HQ
redox couple. We show that mutation of this site results in mutants with more extreme AE’s
than that exhibited by the wild-type iLOV, necessitating a different approach to measuring

SQ concentrations. These and future studies using iLOV as a model flavoprotein provide
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invaluable insights to crossed-flavin redox tuning and may eventually assist our long-term

goal of replicating the properties of electron bifurcation in a synthetic system.
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I1. Making iLOV Work: Singlet Oxygen Mediated Cross-linking and the

Myth of a Simple Model

Part of the content of this chapter was published in Jones, Benjamin J.; Greene, Brandon
L.; Singlet oxygen-mediated photochemical cross-linking of an engineered fluorescent
flavoprotein iLOV. J. Biol. Chem., Volume 300, Issue 11, 2024, 107845, ISSN 0021-9258.

https://doi.org/10.1016/5.jbc.2024.107845.

ABSTRACT

Genetically-encoded photoactive proteins are integral tools in modern biochemical and
molecular biological research. Within this toolbox, truncated variants of the phototropin 2
light-oxygen-voltage (LOV) flavoprotein have been developed for various applications,
particularly as fluorescent tags and as photosensitizers of singlet oxygen ('O2). Due to its
extensive prior characterization and established use as a fluorescent tag, we selected one
such variant, iLOV, for our flavoprotein model to test reduction potential tuning. At the
onset of this work, iLOV had not been reported as among those LOV protein’s capable of
photochemical 'Oz generation, nor had the effect of 'Oz on these genetically encoded
photosensitizers been explored. In this chapter, we demonstrate that iLOV is capable of
photochemical 'O> generation, a characteristic that complicates it’s use as a model
flavoprotein. Once generated, 'Oz induces protein oligomerization via covalent cross-
linking. The molecular targets of protein oligomerization by cross-linking are not

endogenous tryptophans or tyrosines, but rather primarily histidines. Substitution of surface-

25



exposed histidines for serine or glycine residues effectively eliminates protein cross-linking.
When used in biochemical applications, such protein-protein cross-links may interfere with
native biological responses to 'Oz, which can be ameliorated by substitution of the surface

exposed histidines of iLOV or other 'O2-generating flavoproteins.

INTRODUCTION

The reactivity of molecular oxygen (Oz2) presents a challenge to both aerobic life and life
at the aerobic-anaerobic interface due to the production of reactive oxygen species (ROS)
from 2.1 These ROS, such as singlet oxygen ('02), superoxide (*O2"), hydrogen peroxide
(H202), and hydroxyl radicals (*OH), are capable of oxidatively damaging biomolecules,
which disrupt downstream cellular functions, leading to oxidative stress, tumorigenesis, and
cell death.*® On the other hand, ROS also play a crucial role in signal transduction and post-
translational enzyme processing.® ”>® The interplay between detrimental and beneficial
contributions of ROS to biological function remains unclear, and thus, tools that selectively
generate ROS under defined conditions, which do not interfere with the biological response
under study, would be of value.

Among the ROS family, 'O: is the only species that is not generated by electron transfer,
but rather by energy transfer in a triplet-triplet annihilation reaction between the ground state
triplet >0z and another triplet species, or the oxidative decomposition of peroxides.’ In the
biological context, energy transfer partner triplets are typically relaxation products of
chromophore electronic excited singlet states. The ability to generate 'Oz photochemically
has motivated the development of genetically encodable photoactive flavoproteins based on

the Arabidopsis thaliana light-oxygen-voltage (LOV) sensing domain of phototropin 2.0 !!
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These proteins bind an FMN cofactor and photochemically generate 'Oz, but the quantum
yield of 'Oz generation and the distribution of other ROS products (e.g. *O2") remain
unsettled.!* 1213

By genetically tagging 'O2-generating proteins to specific tissue-localized genes, LOV-
based proteins can, in principle, be used to examine the effect of 'O2 on biomolecules and
biomolecular pathways, but the reactivity of 'O2 with the LOV photosensitizer itself has
been unexplored. The reactivity of !0 towards common biomolecules is distinct from other
ROS, where it acts as an electrophile and a Diels-Alder reactant, targeting nucleoside bases,
unsaturated lipids, and amino acid residues histidine (H), cysteine (C), methionine (M),
tyrosine (Y), and tryptophan (W).!* All currently known 'O2-generating flavoproteins
contain at least three of these reactive amino acids, and thus could directly react with
photogenerated '02.

In this chapter we demonstrate that iLOV, which is highly homologous to two
previously reported 'Oz generating proteins: “mini 'Oz generator” (miniSOG) and 'Oz-
producing protein (SOPP)'?, is capable of photochemically generating 'Oz, a function that it
was not intentionally designed to perform. Next, we investigate the reactivity of
photogenerated 'Oz with iLOV. We find that photogenerated 'O> reacts with the protein to
form iLOV-1LOV cross-links, a process that is mediated by surface exposed histidines. This
observation is consistent with previous studies, and we propose a mechanism of cross-
linking involving a histidine attack of a 2-oxo-histidine product of 'Oz and another histidine
Ne from a second iLOV.!® These findings suggest that such protein-based 'O2-generating
photosensitizers may, themselves, engage in in vivo reactivity, which could affect

subsequent 'O2 responses in vivo. Additionally, these results highlight the need to develop
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special methods of handling iLOV variants to minimize photochemical crosslinking for its

use as a flavoprotein model in subsequent chapters.

MATERIALS AND METHODS

Materials

The iLOV gene was obtained as a gracious gift from the Mukherjee lab, inside a
pQES8OL vector backbone.*® The 6x polyhistidine-tagged ubiquitin like protease 1 (ULP1)
was expressed and purified as previously described.’® *° All DNA oligomers used as primers
for PCR were ordered from Integrated DNA Technologies. Dpnl, Phusion HF polymerase,
chemically competent DH5-a and BL21 (DE3) E. coli, the Qiagen QIAprep Spin Miniprep
and Gel Extraction Kits, and the NEBuilder HiFi DNA Assembly kit were purchased from
New England Biolabs (NEB). Isopropyl-p-d-1-thioglactopyranoside (IPTG) was purchased
from Merck. Sephadex® G-25 fine resin, LB Miller broth, NaH2PO4 (P;), iodoacetamide,
trifluoroacetic acid (TFA), DTT, formic acid, urea, phenylmethylsulfonyl fluoride (PMSF),
bovine SOD, bovine XO, xanthine, and Amicon® Ultra centrifugal filter units were
purchased from Millipore Sigma. FMN sodium salt, HisPur™ Ni-NTA resin, Pierce 660nm
protein assay kit, SOSG, and Imperial protein stain were obtained from ThermoFisher
Scientific. Bradford reagent and N,N,N',N'-Tetramethylethylenediamine (TEMED) were
purchased from VWR. Mini-PROTEAN TGX-Precast protein gels containing a
polyacrylamide gradient from 4-20%, 2x Laemmli sample buffer, and Precision Plus
Protein™ Standards were purchased from BioRad. The single-color, cold, visible, mounted,

light-emitting diode (LED) with a wavelength of 450 nm and a bandwidth of 18 nm was
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obtained from ThorLabs. The MALDI steel target plates, Sinapinic acid matrix, and MALDI
MS calibration standards (Protein Standards I and II) were obtained from Bruker.
Bisacrylamide and kanamycin sulfate were obtained from Genesee Scientific. Millipure
water was obtained by flowing deionized water through a 4-module Barnestead E-Pure

ultrapure water system until a resistivity of >17 MQ/cm was reached.

Construction of pSUMO-iLOV Plasmid Vector

The iLOV gene was cloned into the pET backbone of pHYRSF53 (AddGene #64696)
via Gibson assembly. The resulting inducible expression gene codes for iLOV N-terminally
tagged with a 6 x polyhistidine tag and the small ubiquitin-like modifying protein (SUMO)
with flexible serine and glycine residues in between fragments, denoted (H)s-SUMO-1LOV.
Fragments for this Gibson assembly were generated by polymerase chain reaction (PCR)
using primers with sequences shown in the Table II-S7. The fragments were gel-purified
using a Qiagen Gel Extraction kit and assembled using an NEBuilder HiFi DNA Assembly
kit. The assembled product was used to transform chemically competent DH5-a E. coli
which were then plated onto agar plates containing LB (Miller, pH 7) and 50 pg/mL
Kanamycin as the selection antibiotic. After growth over-night, single colonies were picked
and used to inoculate a small culture in 5 mL LB media with 50 pg/mL Kanamycin in 15
mL sterile culture tubes. This culture was allowed to grow for 18-20 hours at 37 °C shaking
at 220 rpm. The plasmid was purified from these cells using a Qiagen QIAprep Spin
Miniprep Kit. The purified plasmids were sent to the UC Berkeley DNA Sequencing
Facility to undergo full plasmid nanopore sequencing. After validation of the correct
sequences, the plasmids were used as templates for subsequent rounds of mutagenesis

described in the following section.
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Site-directed Mutagenesis (SDM) of iLOV Mutants

Site-directed mutagenesis (SDM) was carried out using PCR primers containing
nucleotide mismatches consisting of a codon for the appropriate amino acid replacement
(Table 1I-S8). The pSUMO-iLOV assembled in the previous section was used as a plasmid
template for PCR using Phusion HF polymerase. The resulting PCR product was digested
with Dpnl to remove methylated template DNA and transformed into DHS-a cells. Plasmid
DNA was purified and sequence verified as previously described. After validation of the
correct mutation(s), the product plasmids were used as templates for subsequent rounds of

mutagenesis for double, triple, and quadruple mutants.

Growth and Purification of iLOV

The pSUMO-ILOV plasmid was used to transform BL21 (DE3) E. coli which were then
plated on LB agar plates with Kanamycin and grown overnight. A single colony was picked
and grown in 5 mL LB with 50 pg/mL Kanamycin overnight. From this overnight seed
culture, 750 uL were added to each of two sterile 250 mL Erlenmeyer flasks containing 75
mL LB with Kanamycin. These flasks were shaken at 200 rpm at 37 °C until the cells
reached an ODecoo of 0.6. At this point small aliquots of cells were collected, pelleted, flash
frozen, and stored in a —80 °C freezer for future growths. Simultaneously, to one of the
remaining 75-mL cultures, a final concentration of 20 uM of IPTG was added to induce
protein expression. The two flasks were left to grow for another 5 hours before samples of
each were removed for SDS-PAGE to confirm expression of protein at the appropriate
molecular weight.

After confirmation of protein expression, large scale cultures were prepared. About 15

mL of cultured cells from the uninduced flasks were used to inoculate 1.5 L of LB,
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supplemented with 50 pug/mL Kanamycin. These cultures were allowed to grow and
expression was induced as previously described. After growth, the cells were pelleted at
3,000 x g for 10 min at 4 °C. The yellow pellet was then flash frozen in liquid nitrogen and
stored at —80 °C for purification at a later date.

To purify (H)s-SUMO-iLOV, the cell pellet was placed on ice and allowed to thaw
slowly. This pellet was resuspended in 200 mM NaCl, 50 mM Pi, and 1.5 mM DTT at pH
7.50 (Buffer A) supplemented with I mM PMSF to a volume of 5 mL per gram of cell paste
and homogenized with a glass homogenizer. The cells were then lysed by passing the
mixture 5-6 times through a French press homogenizer operating at 14,500 psi. The resulting
lysate was then placed into 50 mL centrifuge tubes and pelleted at 14,000 % g for 10 min at 4
°C to remove insoluble debris. The supernatant was placed in a beaker with a stir bar on ice,
while a 1:4 (v/v) ratio of 6% (w/v) streptomycin sulfate was added dropwise. The solution
was allowed to stir on ice for 10 minutes, then the insoluble material was pelleted at 29,000
x g for 30 minutes. The resulting supernatant was combined in a 1:1 ratio with Buffer A
supplemented with 15 mM imidazole and applied to a HisPur™ Ni-NTA resin, equilibrated
with the same buffer. The column was then washed with 30 column volumes of Buffer A
supplemented with 50 mM imidazole. The protein was eluted with Buffer A supplemented
with 250 mM imidazole. Fractions were pooled based on either yellow color or positive
reactions with Bradford reagent. The eluted (H)s-SUMO-iLOV was then dialyzed in the
dark overnight at 4 °C against 1,000-2,000 x (v/v) Buffer A. The pure (H)s-SUMO-iLOV
was either used immediately or supplemented with 10% (v/v) glycerol, flash frozen in liquid

nitrogen, and stored at —80 °C.
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ULPI Digestion and Loading of FMN

The recombinantly expressed and purified (H)e-SUMO-1LOV was first digested with
ULP1 to cleave the N-terminal (H)s-SUMO fragment then reconstituted with FMN before
separating the (H)s-SUMO fragment from iLOV via Ni-NTA chromatography. The resulting
cleaved protein contains the additional (—3)S-H-M-M(0) N-terminal amino acids, relative to
the original iILOV (15). In all steps, the protein quantitation of iLOV variants were measured
via the bicinchoninic acid-based Pierce 660TM assay kit.*! The FMN content was
determined by the absorbance at 448 nm with an estimated extinction coefficient of 14,800
M em™ for the protein-bound cofactor.*?

To cleave the (H)e-SUMO fragment, 30-40 mg of (H)e-SUMO-1LOV, or variants, were
mixed in a 1:500 molar ratio of ULP1 to (H)e-SUMO-1LOV and incubated at room
temperature for <2 hours. To reconstitute iLOV, free FMN was then added to this mixture at
50x molar excess of iLOV from a saturated solution of FMN in 200 mM NacCl, 50 mM P; at
pH 8.0. The actual concentration of FMN was determined by measuring the absorbance of
FMN at 450 nm using a molar extinction coefficient of 12,500 M ' cm™! for the free
cofactor.* The mixture was then heated to 60 °C for 15 minutes, 5 °C below the unfolding
temperature of the apo protein, then cooled back to room temperature.

The reconstituted iLOV in the FMN, (H)s-SUMO, and ULP1 mixture was then passed
through a second Ni-NTA column equilibrated with Buffer A supplemented with 25 mM
imidazole to remove the cleaved (H)s-SUMO fragment, and the flow through was collected.
The resin was further washed with Buffer A supplemented with 25 mM imidazole at pH
7.50 until the characteristic yellow color of iLOV was no longer visible on the column. The

eluted iLOV and FMN solution was then concentrated in a 10 kDa molecular weight cutoff
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Amicon® Ultra centrifugal filter. This concentrated solution was buffer-exchanged using a
Sephadex® G-25 desalting column into 200 mM NacCl, 50 mM P; at pH 7.50 (Buffer B),
which clearly resolved free FMN and reconstituted iLOV. Initial and post-reconstitution
FMN/protein content is provided in Table II-S9, and the corresponding FMN UV-vis
spectra are reported in Figure I1-S9. Pure, reconstituted iLOV was then flash frozen in
liquid nitrogen, and stored at —80 °C for later use. The final yield of iLOV after purification,
SUMO cleavage, reconstitution, and buffer exchange, routinely ranged from 10-20 mg

iILOV/g wet cell paste.

SDS-PAGE

For visualization of protein samples by SDS-PAGE, purified iLOV samples were diluted
to 33 uM (0.43 mg/mL) into phosphate buffer while impure protein samples were diluted to
about 0.7 mg/mL of total protein determined by the aforementioned Pierce 660 assay. Equal
volumes of diluted protein and 2 x Laemmli sample buffer containing 5% (v/v) 2-
mercaptoethanol were mixed and heated to 98°C for 5-10 minutes. Denatured samples were
then either loaded into homemade 16% bisacrylamide polyacrylamide gels containing a
9.3% stacking layer or into premanufactured gels containing a polyacrylamide gradient from
4-20%. Additionally pre-stained protein standards were added alongside samples to estimate
molecular weights. A voltage of 90 V was applied for 15 minutes before switching to 180 V
for approximately 45 minutes or until the pre-stained ladders migrated across the gel. The
gels were then washed in water for 5 minutes before being bathed in Imperial protein stain
for several hours or overnight. The gels were then destained in water for several hours or

overnight before either imaging or gel extraction.
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Photochemical cross-linking of iLOV Mutants

To initiate photochemistry, we used a 450 nm LED, mounted onto a home-made
illumination apparatus delivering 3 W of power. The apparatus positions the light 1.6 cm
above the center of a ring of six sample holders made to fit 1.5 mL plastic microcentrifuge
tubes (ca. 1 mW/mm?2 irradiance). A solution of 100 pL of purified and reconstituted iLOV
was prepared to a final concentration of 100 uM and placed into open opaque amber 1.5 mL
microcentrifuge tubes. The tubes were then illuminated for various times. At specified time
points, 10 pL was removed and combined with 20 uL water and 30 puL 2 x Laemmli buffer
with 5% v/v 2-mercaptoethanol and flash frozen in liquid nitrogen until all time points were
collected. Aliquots were also collected for UV-vis absorption analysis at 4 hours of
illumination, diluted 10-fold into Buffer B and measured on a Cary 60 Agilent UV-vis
absorption spectrometer. The samples were then thawed, heated to 98 °C for 5 minutes, then
resolved by SDS-PAGE. For experiments performed in the presence of reductant, DTT was
added to concentrations of 10 mM. For experiments performed with SOD, lyophilized SOD
was dissolved in water and added to the illumination mixture in various concentrations.

For experiments performed in the dark with xanthine oxidase, xanthine was dissolved to
a concentration of 10 mM in 0.1 M NaOH while lyophilized XO was dissolved in water.
Xanthine and XO were then added to the mixture to final concentrations of 400 uM and 20
U/L respectively. Samples with xanthine oxidase were kept in the dark, and no LED
illumination was performed.

For anaerobic illumination, protein samples were degassed on a Schlenk line prior to
illumination. Next, the sealed, anaerobic samples would be removed from the Schlenk line

to be placed into a Vacuum Atmospheres glovebox (<1 ppm O2). [llumination of the
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degassed samples was performed inside the glovebox via the apparatus used aerobically

described above with identical settings.

MALDI-ToF

Samples of iILOV that were exposed to ambient light over a two-day purification process
in the absence of a reductant were dialyzed overnight against 2000-3000 x (v/v) of 5 mM
ammonium bicarbonate to remove salts. The dialysis was repeated in fresh buffer for a few
more hours. The samples were then diluted to 10-20 uM of protein in 5 mM ammonium
bicarbonate. A saturated solution of sinapinic acid matrix in a 30:70 (v/v) mixture of
acetonitrile and 0.1% TFA in water served as the matrix. Equal volumes of protein and
matrix were mixed and 1 pLL was applied to a MALDI steel target plate and allowed to dry at
room temperature. MALDI-ToF mass spectra were collected on a Bruker Microflex LRF
MALDI ToF (ONR N00014-12-1-0792) in linear mode configuration at ca. 70% laser
power. For mass calibration, protein standards I and II, mixed together, were prepared in the
same way as iLOV samples. Peaks were picked automatically by the Bruker PolyTools

software to generate the polynomial calibration and verified manually.

Detection of 10;

SOSG was used to quantify 'Oz generation. Standard solutions of 100 ug SOSG in 33 pL
of methanol were prepared immediately before use. Samples of 50 uL of 116 uM iLOV
were mixed with 1.5 puL of the SOSG stock solution in open opaque amber colored plastic
microcentrifuge tubes and illuminated as described previously for 1 hour, or non-illuminated
in control experiments. For negative controls, SOSG in Buffer B was used in the absence of

iLOV. After illumination, 1.450 mL of Buffer B was added to each sample to dilute the
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fluorescent SOSG and minimize inner filter effects, and the sample was loaded into a
fluorescence quartz cuvette. The emission spectra of SOSG between 520 and 700 nm was
collected in a Duetta Spectrometer (Horiba Scientific). The excitation wavelength was 505
nm with a bandpass of 3 nm. Samples were temperature-controlled at 25 °C during data
acquisition. For the construction of bar charts, triplicate samples were illuminated and
prepared. Triplicate emission spectra were integrated in MATLAB and normalized to the
intensity of the triplicate average of iLOVY! samples. Error bars were constructed from the
standard deviation of each triplicate. Statistical calculation of p-values demonstrating a
statistical difference between iLOVY! and mutant SOSG responses to 'Oz yield was
performed using a t-test. This was calculated using the "ttest2" function as part of the

Statistics and Machine Learning toolbox addon to MATLAB.

Polyacrylamide Gel Extraction of Purified iLOV Exposed to Ambient Light

Initially, tryptic peptides of gel-extracted iLOV samples exposed only to ambient light
used for Supplementary Figure II-S1 and Tables II-S1 and II-S2 were extracted from
SDS-PAGE gels using the following procedure. Initially, pure samples of iLOV containing
both dimeric and monomeric forms were resolved by electrophoresis on a 16%
bisacrylamide gel. Bands of interest were excised using a razor blade and minced to ~1 mm?
pieces. The minced gel sample was mixed with 150 pL. 50 mM ammonium bicarbonate and
then was pelleted via centrifugation at 3,000 x g and the supernatant was discarded three
times. The washed, gel extract samples were subsequently condensed and washed with 100-
150 pL of acetonitrile three times. After washing, the acrylamide entrapped protein samples

were resuspended in aqueous 50 mM ammonium bicarbonate supplemented with 10 mM

DTT, and incubated at 56 °C for 30 minutes. The sample was pelleted via centrifugation and
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supernatant was discarded. The gel pieces were, again, shrunk by washing 2-3 times with
ACN. To the washed 55 mM [AA in 50 mM ammonium bicarbonate was added and the
samples were incubated at room temperature in the dark for 1 hour. The sample was pelleted
via centrifugation and supernatant was discarded. The pieces were then washed in 150-200
puL 50 mM ammonium bicarbonate two more times and then dried in a SpeedVac. Enough
50 mM ammonium bicarbonate to just barely cover the gel pieces (30 -50 uL) was added
along with 1 pL of 0.5 mg/mL trypsin. This was incubated at room temperature for 10
minutes. Next, 50-100 puL of 50 mM ammonium bicarbonate was added and the sample was
incubated at 50 °C for 1-4 hours. After digestion, 5 uL of 10% formic acid was added and
the sample was centrifuged for 5 minutes. The supernatant was collected into a fresh
microcentrifuge tube and set aside for analysis. The remaining gel pieces were mixed with
60% ACN and 0.1% TFA to cover the gel followed by sonication for 10 minutes. The gel
pieces were centrifuged for 10 minutes and the supernatant was combined with the
previously collected supernatant. The volume of was then reduced to a final volume of about
10 pL using a SpeedVac. These samples were then flash frozen in liquid nitrogen and stored

at —80°C until analysis by HPLC MS/MS as described below on a later date.

Peptide Mapping of Purified iLOV Exposed to Ambient Light by UPLC-MS/MS

The extracted samples were then injected into the UPLC C18 column and resolved and
resolved by UPLC-MS/MS similar to previous reports with minor modifications**. The
digested samples were centrifuged for 30 minutes at 20,000 x g, then 2.5 pL of the gel
extracted peptides were injected onto a Waters Acquity H-class UPLC system coupled with
a Waters Xevo G2-XS quadrupole Time-of-Flight (qToF) Mass Spectrometer. The UPLC

was equipped with a Waters BEH C18 column with dimensions of 50 mm x 2.1 mm with
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1.7 um bead diameter, equilibrated with aqueous 0.1% (v/v) formic acid (Solution A) and
resolved in the UPLC against an isocratic gradient from 0-45% (v/v) of 1% formic acid in
acetonitrile (Solution B) over 75 min at a flow rate of 0.2 mL/min at 60 °C. A solution of
150 pg/uL Leu-enkephalin and 100 fmol/puL Glu-fibrinopeptide B prepared in 25:75
acetonitrile:H20 with 0.1% v/v formic acid was used as a lock mass, using the average of 3
scans injected every 30 s. Eluent from the LC was injected directly into the qToF. The mass
spectrometer settings were as follow: source capillary voltage 2.8 kV, sampling cone voltage
20V, source offset 20 V, source temperature 120 °C, desolvation temperature 350 °C, cone
gas flow was 50 L/h and desolvation gas flow was 800 L/h. The spectrometer was set in
MS/MS detection mode in positive polarity in the resolution regime, detecting from 50 to
2000 Da, with a scan time of 3 s. No restrictions were placed on the masses of precursors to
be fragmented in MS? (MSE detection mode).

MS data used for the construction of Supplementary Information Figures II-S1 and
Tables II-S1 and II-S2 were analyzed using Water’s ProteinLynx Global Server (PLGS)
v3.0.3. This preliminary analysis of tryptic peptides, derived from two SDS-PAGE gel-
purified bands of pure iLOV protein exposed to ambient light, was based on measurements
from a single replicate. The construction of peak lists is incorporated into the analysis
workflow. The PLGS software uses a deconvolution algorithm that collapses the several MS
peaks of single peptides into single exact mass-retention time (EMRT) entities. This
algorithm, described in detail in PLGS user manual, takes into account properties of the
peaks detected including elution time, integrated intensity, charge and isotopic distributions.
For data curation in PLGS, a low energy threshold was set to 500.0 counts while an elevated

energy threshold was set to 25.0 counts. A sequence database was constructed to include the
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Uniprot database in addition to the FASTA sequences for iLOV and (H)s-SUMO-1LOV
(569,340 entries). Peptides were generated by “digesting” the sequences with trypsin
(cleaves at the C-terminus of K/R except when preceded by P) with a maximum of 1 missed
cleavage. Only one fixed modification was used - carbamidomethyl on cysteine (+57.02146
Da). The only variable modifications considered was oxidation on methionine with a mass
shift of 15.99491. The mass tolerance for both precursors and fragment ions were set to the
default setting in PLGS which automatically calculates a tolerance to match intact peptide
and fragment masses. A false discovery rate was set to 4%. No contaminants were excluded
during the analysis (with both trypsin and keratin being detected — data not shown).
Statistical tests are applied when PLGS produces scores which is fully described in the

PLGS user manual®>>?,

Polyacrylamide Gel Extraction of iLOV Actively Illuminated with Blue Light

After identifying the heavy molecular weight band as dimeric iLOV, the gel extraction
procedure for iLOV samples was modified to increase peptide yields by excluding the
reaction with iodoacetamide (iLOV lacks cysteine residues, so this omission decreases the
number of washing steps required). Gel extraction of iLOV monomer and dimer bands
reported in Figure II-S2 was performed as follows: illuminated samples of iLOV were
resolved by electrophoresis on a 16% bisacrylamide gel. The monomer and dimer bands of
interest were excised using a razor blade and minced to ~1 mm? pieces. The minced gel
sample was mixed 3 % with 150 uL 50 mM ammonium bicarbonate and then was pelleted
via centrifugation at 3,000 x g and supernatant was discarded. Following this initial wash,
the gel pieces were incubated in 500 pL acetonitrile for 10 minutes at room temperature.

This acetonitrile was removed and the pieces were allowed to air-dry for 15 minutes at room
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temperature. At this point, 30 pL of 50 pg/mL trypsin in 50 mM ammonium bicarbonate
was added to the gel pieces to re-swell them. The samples were incubated on ice for 20
minutes. Once, the gel pieces had resumed their former size, enough 50 mM ammonium
bicarbonate was added to just cover the gel pieces. The samples were incubated at 37°C
overnight with shaking. The digestion mixture was then moved to a new clean test tube. The
same volume of 1% formic acid was added to the gel pieces and incubated for 15 minutes at
room temperature. This extraction solution was removed and added to the digestion mixture.
To extract hydrophobic peptides, 1% formic acid in 75% acetonitrile were added to the gel
pieces following incubation for 15 min. This was added to the digestion/extraction mixture.
The digestion/extraction mixture was placed on a SpeedVac to dry completely. At this point,
about 30 pL of 1% formic acid in 30% acetonitrile were added to resolubilize digested
peptides. These samples were then flash frozen in liquid nitrogen and stored at —80°C until

analysis by HPLC MS/MS as described below on a later date.

Peptide Mapping of iLOV Actively Illuminated with Blue Light by UPLC-MS/MS

Tryptic peptides of gel-extracted iLOV samples intentionally illuminated with blue light
(Figures I1-2B, 11-S2, II-S6, II-S7, and Tables I1-S3, I1-S4, and I1-S6) were injected into a
Shimadzu 9030 ultrahigh performance liquid chromatography-tandem ToF/quadrupole mass
spectrometer system (UPLC-MS/MS) equipped with a C18 column with dimensions of 150
mm x 2.0 mm i.d. (2.2 um particle size) equilibrated with aqueous 0.1% (v/v) formic acid
(Solution A) and resolved in the UPLC against an isocratic gradient from 0-60% (v/v) of
acetonitrile with 0.1% (v/v) formic acid (Solution B) over 90 minutes at a flow rate of 0.2
mL/min. For samples with iLOV2H, the gradient was changed to 0-55% over 25 minutes.

The eluent was injected into the qTOF mass spectrometer calibrated with sodium iodide.
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Mass spectra were collected in data-dependent acquisition (DDA) mode with MS1 spectra
collected over a range of 200-2500 m/z (or 200-1500 m/z for iLOV*H samples) . Five
dependent events were chosen for fragmentation to create MS2 spectra of precursor peptides
with m/z values of 400 to 1500. An event time of 0.2 s, a base peak chromatogram intensity
threshold ion count of 200, and a collision energy of 35 V was used. To identify potential W
oxidation products in iLOV2! the range in which precursor peptides were selected to
fragment was narrowed to 685 to 730 corresponding to the mass range of the single peptide
containing W81 (residues 80-90). In order to observe the effect this illumination had on
another peptide of iLOV2H, also formerly containing histidine (residues 94-110), this run
was repeated with a fragmentation range of 910-960. However, no significant differences
between the illuminated and non-illuminated spectra were detected for this run. The MS1
spectra of these two otherwise identical replicates showed consistent results in terms of both
the number of peaks in the chromatograms and the observed MS1 m/z values. MS2 spectra
covered a mass range of 200-2500 m/z (or 200-1500 m/z for iLOV2H samples).

Data used for the construction of Figures 1I-2B, II-S2, I1-S6, II-S7, and Tables II-S3,
I1-S4, and I1-S6 were analyzed using FragPipe v.22.0°%%, The data used for this analysis
consisted of tryptic peptides originating from SDS page gel-purified bands intentionally
illuminated with blue light. Positive controls included iLOV bands that were not illuminated
by light. The data for Figure II-2B originated from a single illumination injected in
triplicate under identical MS parameters. The data in Figures II-S6, II-S7, and Table II-S6
are the results of a single illumination, injected in duplicate, where each replicate was run

with different MS2 parameters targeting specific precursor peptides as described above. The
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data contained in each figure or table are a representative result from one of the replicates
under the conditions previously specified.

Peak lists for data analyzed in FragPipe were exported directly from Shimadzu’s
LabSolutions Postrun software in the form of .mzML files with centroid peaks. Analysis of
data presented in Figure II-2B was performed with a sequence database composed of the
Uniprot database accessed on 12/6/2022 in addition to the FASTA sequences for iLOV and
cleaved (H)s-SUMO added manually for a total of 569,340 entries. Decoy peptides were
generated by FragPipe with reverse sequences of each entry as a negative control for the
analysis. For data presented in Figures II-S6, II-S7 and Table II-S6 the goal was to observe
any modifications on specific precursors rather than for the identification of the protein
species. As such, the sequence “database” only included the sequence for iLOV2H along
with its associated reverse sequence decoy added by the FragPipe software. Peptides from
the database were generated by “digesting” the sequences with trypsin (cleaves C-terminally
of lysine/arginine except when preceded by proline) with no allowed missed cleavages. No
fixed modifications were used (no iodoacetamide was used to prepare these samples as
described in the Methods section titled “Polyacrylamide Gel Extraction”), but variable
modifications included oxidation on methionine (+15.9949 Da), N-terminal acetylation
(+42.0106), oxidation on histidine (+31.9988 Da and +15.9994 Da), and oxidation on
tryptophan (+31.9988 Da and +3.9994 Da). The mass tolerance for precursor peptides was
set to a range of 40 ppm while a mass tolerance for fragment ions was set to 2 Da. Statistical
tests are employed by FragPipe’s MSFragger module to generate PeptideProphet
Probabilities as previously described.”® Within MSFragger MS2 analysis, unfragmented

precursor peaks were ignored (within an m/z range of —1.5 to 1.5 Da) and spectral
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processing identified the top 150 peaks from each spectrum then removed peaks with

relative intensities of <0.01. In the analysis, no decoy peptides were detected.

Fluorescence Lifetime Measurements

Fluorescence life-time measurements were performed using Time-Correlated Single
Photon Counting (TCSPC) technique.*> An approximately 100 femtosecond (fs) excitation
pulses with wavelength of 400 nm was generated by doubling the fundamental frequency of
a Ti:Sapphire laser (SpectraPhysics Tsunami) in a commercial optical harmonics generator
(Inrad/Coherent). The laser repetition rate was reduced by a home-made acousto-optical
pulse picker in order to avoid saturation of the chromophore. The TCSPC detection system
is equipped with a single-photon counting avalanche photodiode module (Photon Micro
Devices) and electronics board (Becker & Hickl SPC-630) and has an instrument response
time of less than 30 picoseconds. The triggering signal for the TCSPC board was generated
by sending a small fraction of the laser beam onto a fast (400 MHz bandwidth) Si
photodiode (Thorlabs Inc.). Fluorescence signal was collected in 90 degrees geometry and
dispersed in Acton Research SPC-500 monochromator after passing through a pump
blocking, long wavelength-pass, autofluorescence-free, interference filter (Omega Filters,
ALP series). The monochromator was equipped with a CCD camera (Roper Scientific
PIXIS-400) allowing for monitoring of the fluorescence spectrum. Fluorescence transients
were not deconvolved with the instrument response function since their characteristic decay
time-constants were much longer than the width of the system response to the excitation

pulse.
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Molecular Dynamics Simulations.

Molecular dynamics (MD) modelling of Oz diffusion into iLOV was performed similarly
as previously described with minor modifications using the visual molecular dynamics
(VMD) software.?® 6 The crystal structure (PDB ID: 4EES) was used as the starting
coordinates for heavy atoms of FMN and protein.!> Ten O2 molecules were placed close to
the protein surface randomly. Hydrogen atoms were added assuming the conventional
protonation states of ionizable groups at pH 7.00, while histidine residues were modelled as
neutral. Water molecules resolved in the crystal structure were not removed, and a solvation
box was generated with an edge width of 96.497 A. Sodium and chloride ions were added to
a final concentration of 0.15 M. The additive force field CHARMM?36 was employed to
model iLOV and waters were modeled with the TIP3P intermolecular potential function.*’> 43
Force field parameters for oxidized FMN were obtained from a prior study* as well as those
used for 02.%°

Classical MD simulations were performed using the NAMD 3.0 software package.’! An
isothermal-isobaric (NPT) ensemble was maintained at 300 K and 1.01325 atm with
Nosé—Hoover Langevin piston pressure control and Langevin dynamics. Periodic boundary
conditions were employed and a Particle Mesh-Ewald (PME) algorithm was used to
calculate long-range interactions. A cutoff for non-bonded interactions was set to 12 A. The
SHAKE algorithm is used to constrain bonds involving hydrogen atoms. An integration time
step of 2 femtoseconds was used and a total of 1425.15 ns were simulated in five
independent simulations. RMSD plots of backbone atoms in iLOV over the course of each

~285 ns simulation are shown in Figure II-S8.
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RESULTS

Following purification of iLOV, we consistently observe two species by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, despite extensive effort to
optimize purification, small ubiquitin-like modifier protein (SUMO) cleavage, FMN
reconstitution, and iLOV isolation (Figure II-1A). The most intense band in the SDS-PAGE
of the purified iLOV product exhibits an apparent molecular weight of 13 kDa, similar to the
expected molecular weight of iILOV of 13,232 Da (isotopic average mass), while a fainter

band of variable intensity exhibits an apparent molecular weight of 26 kDa. The minor

species is similar in electrophoretic
mobility to the non-cleaved (H)s-SUMO-
1iLOV (25,360 Da) iLOV parent protein,
but is also the expected molecular weight
of a purified iLOV dimer that cannot be
chemically separated by denaturation and
reduction with 2-mercaptoethanol.

We turned to mass spectrometry to
determine the nature of this minor protein
species. Using matrix-assisted laser
desorption ionization-time-of-flight
(MALDI-ToF) mass spectrometry, we
identified four peaks with apparent mass-
to-charge (m/z) values of 13,230, 26,460,

39,760, and 53,140 with progressively
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Figure II-1. Recombinant expression, purification,
and MALDI-ToF analysis of cross-linked iLOV. A,
SDS-PAGE gel depicting the purification of iLOV.
Lanes: one molecular weight marker, 2 Escherichia
coli cell lysate, three soluble lysate, four cell debris,
five immediate Ni-NTA flow-through, 6 to 9 Ni-NTA
flow-through during the imidazole wash, 10 Ni-NTA
eluted (H)6-SUMO-iLOV, 11 desalted (H)6-SUMO-
iLOV, 12 ULPI1-digestion product, 13 ULP1-digested
Ni-NTA flow-through, 14 ULP1-digestion Ni-NTA
elution, 15 desalted ULP1-digested Ni-NTA flow-
through. B, MALDI-ToF mass spectrum of purified
iLOV suggests oligomerization of WT iLOV.
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lower intensity (Figure II-1B). Based on the similarity of the 13,230 m/z MALDI peak to
the expected mass of iLOV (0.02% mass difference) and the observed 26,460 m/z of the
second peak, this higher molecular weight species is most consistent with an iLOV dimer
(26,462 Da, assuming a bond is formed between the two proteins via formerly R—H groups,
0.01% mass difference), as opposed to a potentially non-cleaved (H)s-SUMO-1LOV (1%
mass difference). Similarly, the 39,760 m/z peak appears consistent with an iLOV trimer
with an expected molecular weight of 39,692 Da (0.2% mass difference) and the peak at
53,140 m/z is similar in mass to an iLOV tetramer at 52,922 Da (0.4% mass difference).

To complement the MALDI analysis, we also gel-extracted both the predicted iLOV
monomer and potential dimer bands from the SDS-PAGE gel, performed tryptic digestions
and subjected them to ultra-performance liquid chromatography tandem ToF/quadrupole
mass spectrometry (UPLC-MS/MS) analysis (Figure II-S1). In both the lower and higher
apparent molecular weight gel bands several unique ions were observed by both their
primary mass spectrum (MS1) m/z and their ion fragments in the secondary mass spectrum
(MS2) to be derived from iLOV, with 86% of the iLOV sequence identified. A complete list
of the identified peptides, measured and calculated masses, and fragment ions identified for
both the monomer and dimer bands are provided in Table II-S1 and II-S2, respectively.
Some of the expected (H)s-SUMO tryptic peptides were observed in the UPLC-MS/MS
analysis of the digested monomer band at low intensities, but none were observed in the
dimer band. Collectively, the mass spectrometry and SDS-PAGE analysis support the
assignment of the higher molecular weight species in purified iLOV samples as homomeric

cross-links of iLOV.
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We suspected the origin of iLOV cross-linking was due to photochemical reactions

mediated by the protein-bound FMN cofactor. To investigate this hypothesis, we performed

time-dependent illuminations of iLOV and analyzed the products by SDS-PAGE (Figure II-

2A). Following illumination of iLOV we observe the accumulation of the 26 kDa band with

a concomitant diminished intensity of the monomer 13 kDa band. This effect can be seen

after as little as 30 seconds of illumination, while after 2 hours of illumination the original

monomer had nearly disappeared. In non-illuminated samples, little change in the ratio of

dimer to monomer band intensities occurred over the course of the experiment. Analysis of
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Figure II-2. Photochemical dimerization of iLOV.
A, SDS-PAGE analysis of illumination time-
dependent dimerization of iLOV. B, UPLC-MS
analysis of total ion counts of trypsin digested SDS-
PAGE gel-excised monomer (navy) and dimer
(orange) bands. Peptides lost upon illumination in the
dimer band are indicated by asterisks.

each gel extracted, trypsin digest of the
illuminated dimer and non-illuminated
monomer by UPLC-MS/MS revealed a loss
of three peptide fragments, residues —3-3, 80-
90, and 94-110 (Figure I1-2B, Table 1I-S3,
and I1-S4). These peptides contain amino
acids with known reactivity towards 'Oz,
including histidine, methionine, and
tryptophan, but only histidine is contained in
all of the peptides. We also searched for
potential post-translational modifications that
may be expected following a reaction with
'02. We identified a +32 Da modification of
the C-terminal peptide composed of residues

94-110 (Figure I1-S2). Based on the
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fragmentation pattern of this peptide in the
MS2 spectrum, the +32 Da modification is
C-terminal to Lio4 within the amino acid
sequence -DGSDHV-COOH.
Photochemical protein modifications are
commonly associated with O2 and ROS.
Given that all the prior investigations were
conducted aerobically, we sought to test
whether Oz and ROS were involved in
iLOV cross-linking. We repeated the
photochemical cross-linking experiment
anaerobically and analyzed the
photoproducts by SDS-PAGE (Figure II-
3A). Over the course of the illumination, we

observed little change in the ratio of the

A _Oz (\4\

B +10 mM DTT

Figure II-3. Cross-linking of iLOV in reducing or
anaerobic conditions. A, illumination of anaerobic
iLOV. B, illumination of an aerobic samples of iLOV
in the presence of 10 mM DTT.

iLOV monomer and dimer, in contrast to the same experiment performed aerobically in

otherwise identical conditions. We then repeated the photochemical cross-linking

experiments aerobically, supplemented with 10 mM of the sacrificial reductant dithiothreitol

(DTT), which does not readily react with 2Oz, but does effectively scavenge the ROS 'O

and other oxidized biomolecules (Figure II-3B).!* Again, we observed a substantial

suppression of photochemical dimerization, compared to control experiments where DTT

was omitted. The cumulative suppression of cross-linking in either O2-free or DTT
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conditions is normalized to the SOSG signal of iLOV
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responses shown in stripped bars. Photochemical

response of SOSG alone is shown in orange and . .
yellow. fluorophore is a *O2 sensor which generates

302, we sought to identify the ROS

11, 13,17

The singlet oxygen sensor green (SOSG)

an increase in fluorescence following reaction with 'O2 and is non-reactive with other ROS
such as H202 and *O2"."% Y Illumination of iLOV in the presence of SOSG results in an
increase in fluorescence of SOSG (Figure I1-4). In the absence of >0z, no production of 'O
is observed by iLOV. The generation of 'Oz was also dependent on iLOV; no fluorescent
SOSG was observed in the absence of iLOV in the presence or absence of *02. These results
suggest that 'Oz is a photoproduct of iLOV in the presence of *Ox.

Regardless of the identity of the ROS, the molecular target of ROS cross-linking
reactivity in iLOV must be identified if this chemistry is to be controlled. Several amino
acids are susceptible to reactivity with diverse ROS, primarily W, Y, C, M, and H. The
iLOV protein has four redox-active aromatic amino acid residues, one tryptophan and three
tyrosines residues. In model studies, both tryptophan and tyrosine have been shown to

covalently cross-link following exposure to ROS.'*2° The sole tryptophan residue of iLOV
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has been proposed to be an electron donor in photochemical electron transfer, generating a
neutral W* and a neutral FMN semiquinone (NSQ). This photochemical generation of an
NSQ in iLOV has only been demonstrated in an iLOV mutant, Q103D'’, but the possibility of
this reactivity in authentic iLOV could function as a route to FMN reduction and *Oz~
production. Alternatively, tyrosine and tryptophan also react with 'Oz to form reactive
intermediates that may chemically cross-link.'*

To examine the role of tyrosine and tryptophan amino acids in protein cross-linking, we
mutated each of these residues for the redox-inactive amino acid phenylalanine (F), denoted
hereafter as iLOVAYW. Initially, we examined the excited state dynamics of the iLOV FMN
via fluorescence lifetime measurements of the reconstituted protein. The FMN singlet
excited state ('"FMN*) lifetime was unchanged by the substitution of any one redox-active
amino acid or the concerted substitution of all four of them, with iLOV 'FMN?* fluorescence
decay lifetimes of 4.43 (0.01) ns for iLOV and 4.42 (0.01) ns in iLOV2YY (Figure II-S3A,
SII-S3B and Table II-S5). The lack of difference in the 'FMN* lifetime between iLOV and
iLOVAYW does not rule out a role of the *FMN* state in photochemical cross-linking via
tyrosine or tryptophan photooxidation. To address the role of *FMN*-mediated aromatic
amino acid oxidation and iLOV cross-linking, we measured the cross-linking propensity of
iLOVAYY, The iLOVAYY protein exhibited similar or increased levels of photochemical
cross-linking, determined by SDS-PAGE, as the parent iLOV (Figure II-S3C). Thus,

another amino acid residue enables photochemical cross-linking of iLOV.

50



Relative Fluorescence (a.u.) 0

K3 3
vo8 g

Figure II-S. The role of histidines in iLOV cross-linking. A, an X-ray crystal structure of iLOV (PDB: 4EES)
depicting the locations of each histidine residue. H-» is not present in the crystal structure as it was introduced
only in this work. B, the same crystal structure depicting the van der Waals protein surface. The native histidine
residues and the N-terminal I; (as a proxy for the N-terminal H-,) are depicted in blue spheres. C, SOSG
response following 30 min illumination of iLOV (white), iLOV2H (orange, p-value of 0.21), iLOVAYY (navy, p
value of 0.00015), and a —iLOV control (gray). D, effect of histidine residues on photochemical cross-linking
measured by illumination time-dependent SDS-PAGE. E, the proposed mechanism of 102/histidine-mediated
protein cross-linking.

To further test the potential role of *O?" in photochemical cross-linking we compared the
02 generation efficiency of iLOV and iLOVAYW, as the two ROS are generated from the
same triplet flavin photoproduct. Using SOSG as a fluorescent reporter for !O2 (Figure II-
5), we observed that the iLOVAYW exhibited a larger SOSG response than the wild-type
protein (p-value of 0.00015), suggesting *O* formation is suppressed in the iLOVAYW
mutant, resulting in a greater quantum yield of 'O2 production from the flavin triplet.
[llumination of samples of iLOV supplemented by large quantities of superoxide dismutase
(SOD) did not affect the propensity for cross-linking and even resulted in a distribution of
cross-linked products between iLOV and SOD as evidenced by SDS-PAGE (Figure I1-
S4A). The reaction of xanthine oxidase with 202 and xanthine is known to produce *O2™ and
H>02, but not 'Oz, in a light-independent reaction, allowing the interrogation of *O2 -

induced protein cross-linking?!- 22, Incubation of iLOV with xanthine oxidase (XO) and
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xanthine in the dark did not result in detectable cross-linking (Fig II-S4B), again supporting
the unique role of '02.

The evidence presented herein is consistent with 'O2-mediated photochemical cross-
linking of iLOV via an amino acid other than tyrosine or tryptophan. The known reactivity
of '02 with histidine, and the potential of these reactive products towards covalent cross-
linking is well documented.**~** There are three histidine residues in our iLOV protein
(Figure II-5A and II-5B), two associated with the source phototropin 2 LOV protein, and
one introduced during engineering. We mutated each Hss and Hioo to serine (S) and H-2 to
glycine (G), individually and collectively iILOV“H), to determine their role in
photochemical cross-linking. None of the single histidine iLOV mutants exhibited
significant attenuation of photochemical cross-linking by SDS-PAGE analysis (Figure II-
S5). On the other hand, significantly less cross-linking was observed for the iLOVAH with
statistical change in the !O2 generation efficiency relative to the wild-type protein (Figure
II-5C and II-5D). To examine potential post-translational modifications in the iLOVAH
protein following illumination, we performed tryptic digest of gel-extracted iLOVAH pre-
and post-illumination. After 30 minutes of illumination, two new peptides were identified
with MS1 and MS2 masses consistent with the oxidation of Ws1 (+32 Da and +4 Da) with
similar, but distinct retention times to the parent non-oxidized W peptide (Figure I1I-S6, I11-
S7 and Table I1I-S6). Neither of these W oxidation photoproducts were observed in the
parent iLOV after illumination, suggesting this is a minor modification when histidines are
present. We also observed a loss of a mass associated with the N-terminal —3-3 peptide,
despite the H-2G mutation. This peptide also contains two methionine residues, which we

suspect are potential sites of post-translational modification in the absence of histidine.
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Figure II-6. Predicted O: diffusion into iLOV
and role of A40 in access to FMN cofactor.

A, molecular dynamics simulations predict three
sites occupied by O> within iLOV labeled “X,” “Y,”
and “Z” near A4. B,'O; generation by iLOV and
various A4 mutants determined by SOSG
fluorescence after illumination. p values, calculated
using a ¢ test against parental iLOV were 0.0043,
0.000095, and 0.0048 for A40G, A40V, and A401
mutants, respectively. FMN, flavin mononucleotide;
iLOV, improved light-oxygen-voltage; SOSG,
singlet oxygen sensor green.

Understanding the nature of the
photochemical ROS product(s) as well as
the mechanism of generation is essential for
rational engineering of iLOV photochemical
properties. If 'Oz generation by iLOV
mediates protein cross-linking via surface
exposed histidine residues, limiting 'O
generation via triplet-triplet energy transfer
should suppress cross-linking activity.
Energy transfer is a donor-acceptor
distance-dependent process, and thus, the
proximity of ’FMN* and *O2 may dictate
102 generation efficiency via a “type I1”
process.'* 2’ To address the potential for O>
to approach the FMN cofactor we

performed five independent molecular

dynamics (MD) trajectory simulations of iLOV in the presence of Oz over a collective 1.4

us. Each simulation exhibited average protein backbone atom root-mean square deviations

(RMSD) <2 A, with only transient excursions >2 A (Figure II-S8). In each of five

independent MD trajectory simulations O2 penetrated into the protein structure, occupying at

least one of three sites, denoted “X,” “Y,” and “Z,” within 10 A of the FMN cofactor

(Figure I1-6A).
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The Oz binding site X, identified in previous MD simulations, is lined with the alanine
(A) residue Aso, which is a glycine (G) in the !02-generating LOV protein “miniSOG”!% 2%
2 To determine whether steric access to this site was impactful on 'Oz generation, we
mutated the A4o residue in iLOV to either phenylalanine, isoleucine (I), valine (V), and
glycine, and quantitated their respective 'O2 generation efficiency by reaction with SOSG
via illumination-dependent fluorescence response. While A4oF exhibited weak binding of the
FMN cofactor after reconstitution, A4ol, A40V, and A40G all exhibited varying degrees of
diminished 'Oz yields after illumination, as determined by the SOSG fluorescent 'O2

reporter (Figure 11-6B).

DISCUSSION

The redox environment of cells in aerobic conditions is dictated, in part, through ROS.
The effects of ROS are complex, involving both the control of essential cellular functions as
well as detrimental damage to biomolecular species such as proteins, nucleic acids, and
lipids.'* 3° Genetically-encodable flavoproteins based on the LOV domain have been
employed to spatio-temporally perturb the redox environment via photochemical generation
of 'Oz or other ROS in cellular environments.'% 31733 In these studies, the LOV proteins are
assumed to be non-interacting with photo-generated 'Oz or other ROS sources, such that
downstream cellular responses can be investigated with fidelity to the ROS, yet the
reactivity of LOV-based proteins with 'Oz has not been thoroughly investigated.

In this study, we find that iLOV is a member of the LOV proteins that photochemically
generate 'O and reacts directly with !O2 to form homo-oligomeric protein covalent cross-
links, evidenced by SDS-PAGE and mass spectrometry. The !O2-mediated protein cross-

linking is light- and 302-dependent, and can be mitigated by thiol-based 'Oz scavengers.
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Oligomerization proceeds through sequential steps of addition (i.e. monomer to dimer to
trimer, etc.), shown by the MALDI intensity profile and SDS-PAGE analysis, but whether a
previously oligomerized iLOV can serve as a photochemical 'Oz generator remains to be
determined. Using site-directed mutagenesis targeting the redox-active aromatic residues
tryptophan and tyrosine in iLOV, we see an enhanced capacity for 'O2 generation and
photochemical cross-linking. We ascribe this phenomenon to the suppression of SFMN*-
W/Y electron transfer, eliminating a competing pathway for *(FMN* quenching, and
therefore increasing the yield of 'O2. This implies that *O2" is a photoproduct of iLOV, in
addition to 'O2. Even concentrations of SOD as high as 100 uM did not suppress
photochemical cross-linking, supporting the assertion that *Oz" is not responsible for the
observed cross-linking, but we acknowledge that 'Oz is a known inhibitor of SOD which
could complicate the interpretation of these results.?®® The role of *O>" is more directly
demonstrated in the absence of observable cross-linking in the presence of xanthine and
xanthine oxidase, a system known to produce *O2~ but not 'Oz. Together with our estimation
of '02 by SOSG for iLOV and iLOVAYY, these results suggest that *O2~ generation is a
competing pathway for photochemical reactivity with Oz, but *O2" generation does not
result in protein cross-linking. Conversely, mutation of surface exposed histidines to serine
or glycine resulted in the ablation of photochemical cross-linking, while 'O2 generation was
maintained (Figure I1-S4A). Whether as a product of photooxidation or ground-state
reactivity with !O2, Wg1 appears to be a secondary degradation target of iLOV, with +32 Da
and +4 Da modifications which we tentatively assign to dioxyindolalanine or N-
formylkynurenine and kynurenine respectively. A role for H2O2 must also be considered.

While H20: is not a known photoproduct of either miniSOG or iLOV, the *O2" produced by
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iLOV would be disproportionated to O2 and H202 by SOD. We see no evidence for
increased cross-linking of iLOV in the presence of SOD, again suggesting 'O initiates
iLOV cross-linking.

Based on the evidence presented herein and literature precedent, we propose a
mechanism for photochemical cross-linking described in Figure I1-5.'% 37 The protein
structure and dynamics facilitate *O2 penetration into iLOV’s core where it resides for
extended periods of time in one of three pockets, identified by MD simulations. These sites
poise 3Oz for triplet-triplet annihilation with the SFMN* photoproduct of FMN excitation,
following 'FMN* intersystem crossing. While distinct Oz binding sites are supported by our
MD simulations, a series of mutant proteins designed to test the role of steric access to one
of these binding sites revealed no correlation between steric bulk and 'Oz yield (Figure I1-
6), suggesting the exact nature of the encounter complex, and the potentially pleotropic role
of these mutations remain unresolved, particularly in relation to flavin-binding, as evidenced
by the significantly reduced FMN binding in the A4oF mutant (Table II-S9). Once
generated, 'O2 diffuses out of the protein and reacts with surface-exposed histidine residues
in iLOV, resulting in an endoperoxide Diels-Alder adduct intermediate. This assertion is
supported by the MS2 identification of a +32 Da modification of the C-terminal peptide
fragment -DGSDHV-COOH of illuminated dimeric iLOV. This unstable species quickly
rearranges to form a hydroperoxide intermediate, and later a reactive urea Schiff base
species. This species is then vulnerable to nucleophilic attack by several possible
nucleophilic residues on the protein surface. Based on the loss of histidine-containing

peptides in the tryptic digest mass spectrometry analysis of dimerized proteins, we propose

56



histidine-histidine cross-links as the most common. The similarities between all phototropin
2-based LOV proteins suggest that 'O2-mediated cross-linking is a common phenomenon.
Our results demonstrate that, at least in the in vitro conditions examined in this study,
iLOV photochemically cross-links to form oligomers via histidine residues. The
implications of iLOV photochemical cross-linking on in vivo studies involving the use of
genetically encoded 'O2 generators remains to be determined. Several differences between
the conditions investigated herein and those that may be expected in vivo will likely
diminish iLOV cross-linking including decreased 'O quantum yield due to light scattering
and inner filter effects of competing chromophores, competing reactions such as 'Oz
reduction by cellular small molecules, enzymes or nucleic acids, or limited O2 availability in
microaerobic or anaerobic conditions. Nevertheless, given the success of prior studies in
generating 'Oz in vivo, the potential for iLOV heter- or homo-oligomeric cross-linking
deserves consideration.!® '* Given the potential for spatio and temporally resolved 'Oz
generation by this genetically encoded flavoprotein, 'O2 generation and cross-linking
properties of iLOV could be utilized for in vivo affinity labeling and pull-down of proteins
reactive to ROS in a spatio-temporal manner via iLOV-binding antibodies or other similar
technologies. For example, genetically fusing iLOV to one of two proteins suspected of
forming a protein-protein complex would place the site of 'Oz generation in close proximity
to the protein-protein complex of interest. Upon illumination, iLOV-generated 'Oz could
attack histidines on the surface of one of the target proteins, forming a reactive electrophile,
and subsequently generating cross-links with the proximal protein-protein complex partner.
The iLOV fluorescence or affinity to antibodies could then be used to identify and enrich the

protein-protein complex for identification. Alternatively, !O2-mediated protein cross-linking,
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particularly between iLOV and other proteins involved in the ROS response pathway, could
complicate interpretation of experimental results. This can be controlled for by ablation of
the iLOV histidines, which we show successfully inhibits iLOV cross-linking, limiting !O>
chemistry to cross-linking other proteins in the biological milieu or alternative pathways of
102 quenching detailed above.

For our intended purpose of using iLOV as a model flavoprotein to test theories on
flavin reduction potential tuning, these results suggest that special care must be taken when
handling iILOV to avoid undesirable damage to the protein. Prior to this work, purification of
iLOV was performed aerobically without the presence of thiol-based reductants such as
DTT. Typically, DTT is added to protein purifications to mimic the reducing conditions
inside the cell, preventing the formation of disulfide bridges between and within proteins via
cystine. iLOV contains no cysteine residues, which initially led us to believe that this
addition was not necessary. Furthermore, no special care was taken to protect iLOV from
ambient light, further exacerbating the problem of 'O2-mediated crosslinking via histidine.
With this knowledge in mind, all aerobic purifications of iLOV in future chapters were
performed mostly in the dark and in the presence of DTT to mitigate oxidative damage that

might interfere with the interpretation of downstream results.

CONCLUSION

In this chapter, we have demonstrated that the iLOV protein photochemically generates
102, which causes protein cross-linking in vitro. Based on our results from mutagenesis
studies, the photochemical cross-linking this chemistry can be rationally modulated to either
bias cross-linking or ameliorate it for specified applications in vitro and in vivo. We hope

these results will inform biotechnological development of genetically encoded fluorescent
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tools and provide insight into the role of 'Oz reactivity in biological systems with potential
therapeutic applications. Furthermore, these results inform the creation of special protocols
tailored to iLOV intended to prevent oxidative damage in the presence of ambient light

during aerobic purifications.
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Figure II-S1. Total ion chromatograms from tryptic digests of 13 and 26 kDa bands extracted
from an SDS-PAGE iLOV purification gel resolved by UPLC MS1 chromatograms. Both
extractions exhibited the same major peptides identified from fragmentation data as originating from
iLOV.
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Table II-S1. Tryptic peptides of iLOV detected by UPLC-MS/MS from the SDS-PAGE gel
extracted monomeric iLOV band following purification using Water’s ProteinLynx Global Server
(PLGS) software. The iLOV protein was detected with an “OK” designation, signifying >95%
probability, a PLGS scores of 11,188.0, and 84.2% sequence coverage.

Coverage:
SHMMIEKNFVITDPRLPDNPIIFASDGFLELTEY SREEILGRnarFLQGPETDQATVQkirdairdqrET
TVQLINYTKsgkKFWNLLHLQPVRdqkGELQYFIGVQLDGSDHYV. Capital letters indicate amino
acids detected in tryptic peptides.

. Fragmentation
" Re . T ative Inte Observed Peptide  Expected Peptide = . . “G Reore p
Peptide Residues Sequences  Relative Intensity MH' (D) MH’ (Da) MH" Error (ppm) Avg. Charge PLGS Score IIIA:T:ILEI‘;

b2, b3, b4, b5, b6,
33 SHMMIEK 00142 8754119 8754114 0.6509 1.99 8.0001

bl, b2, b3, b4, bs,
4-11 NFVITDPR 0.5564 961.5161 961.5102 6.2278 1.8 7354 b6, b8, y1, y2, y6,
v, y8

b2, b3, b4, b5, b6,
b7, b8, b9, b10,
bll,b12,bl3, bl4,
0.0066 2397.188 2397.1973 1.8924 244 8.0644 bl6,b17,b18, y1,
¥2,¥3, y4, ¥5, y6,
y7,¥8,¥9, ¥10,
yll,yld, y15

LPDNPIFASDGF
o LELTEYSR

bl.b2,b3, b4, bs,
33-38 EEILGR 01210 716.3931 7163937 0.8657 1.33 8.117 b6, yl, y2, ¥3, y4,
y5

b3, b4, bs, b6, b8,

D [ b9, b10, bl1, b13,

i]m.lv: :\‘I:UAI 1.0000 1561.7892 1561.7856 2.2687 2.04 £.4694 yl, y3, v, y5, y6,
§ ¥7.y8. ¥9, y10,
yil,¥12,¥13

42:55

bl, b2, b3, bS5, b6,
b7, b8, b9, b10,

65-75 ETTVQLINYTK 06205 1309.7028 1309.6998 2.2334 1.93 8.4951

YRR
0.0020 1550.894 1550.8954 0.9358 3.08 7219 bl.b3, b4, y2,y3,
¥5, ¥6, y8, y9

70.90 m-wm,l:.mx,w\-

b2, b3, b4, b5, bé,

b7, b8, bl yl,¥2,
¥3,y4, 5, y6,y7,
y8.¥9, y10, yl1

80-90 FWNLLHLOQPVR 0.0393 1422.7986 1422.8005 1.3094 289 8.0217

b2, bd, b5, b6, b7,

GELQYFIGVQL . o b8, b9, b17, ¥2, y3,
7 : ] 2 9295 )
DGSDHY 0.000 1876.9077 1876.9076 0.0834 236 7.9295 yS.y?.y .y]ll.

94-110
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Table I1-S2. Tryptic peptides of iLOV detected by UPLC-MS/MS from an SDS-PAGE gel extracted
dimeric iLOV band using Water’s ProteinLynx Global Server (PLGS) software. The iLOV protein was
detected with an “OK” designation, signifying >95% probability, a PLGS scores of 8901.957, and
sequence coverage of 86.0%.

Coverage:
SHMMIEKNFVITDPRLPDNPIFASDGFLELTEY SREEILGRnarFLQGPETDQATVQKIRdairdgrET
TVQLINYTKsgkKFWNLLHLQPVRdAqkGELQYFIGVQLDGSDHYV. Capital letters indicate amino
acids detected in tryptic peptides.

Observed Expected

Peptide Relative = - = + MH* Avg. Fragmentation
Residues Sequences Intensity Pem(ldl;s;“" FEpr(ldD:;‘m Error (ppm) Charge PLGS Scors Products Detected
2 s ;
33 SHMMIEK 0.0142 §75.4119 875.4114 06509 1.99 8.0001 b2, b3, b4, b, b6, y1,
¥2,¥3, ¥4, ¥5, y6,y7
NFVITDP . b1, b2, b3, b4, b3, b6,
FRY R 0.5564 961.5161 961.5102 62278 1.8 7.354 OB, 72,36, 77,38
b2, b3, b4, b3, b6, b7,
LPDNPIIF b8, b9, b10, b1, b2, b13,
1232 ASDGFLELTE 0.0066 2397.188 2397.1973 38024 244 80644 b1, bl6,bI7.bI8, yl, y2.
YSR ¥3, ¥4, ¥5,¥6, y7, ¥8, y9,
yl0, y11,y14, ¥15
3
3338 EEILGR 0.1210 7163931 7163937 0.8657 1.33 8.117 b1, b2, b3, b4, b3, b6,
yLy2, y3. ¥4, ¥5
b3, b4, b3, b6, b8, b9,
FLQGPET o . N b10, b1, b13, y1, 3, y4,
255 ook 10000 1561.7892 1561.7856 22687 204 At St A
yl2,y13
—— bl b2, b3, b3, b6, b7,
6575 0.6205 1309.7028 1309.6998 22334 193 84951 b8, b9, b10, b1l yl,y2, y3.
NYTK
v4, ¥5, ¥6,y7, ¥8,¥9, y10
] KFWNLL N o oe b1, b3, b4, y2. y3. 5.
79-90 HLOPVR 0.0020 150,804 1550.8954 0.9358 3.08 7.219 vovs s
w b2, b3, b4, b3, b6, b7,
80-90 H:{féLHL 0.0393 14227986 1422.8005 13004 289 80217 b8, b1, yl, 2. y3, ¥4, y5.
Q ¥6, y7, ¥y8, ¥9, y10, y11
GELQYFI b2, b4, b5, b6, b7, bS,
94-110  GVOQLDGSDH 0.0007 1876.9077 1876.9076 0.0834 2.36 79205 b9,bI7.y2, y3. y5. v7. 8.
v y10,y12
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Table II-S3. Tryptic peptides of non-illuminated iLOV detected by UPLC-MS/MS from a single SDS-
PAGE gel extracted monomeric iLOV band using the FragPipe software package. The iLOV protein
was detected with protein probability of 1.0000, and a sequence coverage of 71.9%.

Coverage:
SHMMIEKnfvitdprLPDNPIIFASDGFLELTEY SReeilgrnarFLQGPETDQATVQKirdairdqrETTVQLIN
YTKsgkKFWNLLHLQPVRdAgkGELQYFIGVQLDGSDHYV. Capital letters indicate amino acids detected

in tryptic peptides.

Peptide Pey 9
ptide Observed Expected m/z Error Spectral PeptideProphet
Residues Sequence Precursor m/z Peptide m/z (ppm) B Count Probability L e
33 SHMMIEK 8754119 8754113 -0.72 1.0 2 0.7898 b2, b3, b4, bS5, b6, y2, y4, y5
- b2, b3, b4, b, b6, b7, b8, b9, b10,
LPDNPIIF - K
1232 ASDGFLELTE 799.0659 799.7372 079 30 35 0.9975 bl1, b12 b13, bl4, bl5, b16, b17, y2, 3,
YSR ¥4, ¥5, ¥6,¥7,¥8, ¥9, y10,y11,y12, y13,
yl4, yI8
LPDNPIIF b2, b3, b4, b, b6, b7, b8, b9, bl 1, y2,
12:32 ASDGFLELTE 1198.599 1199.102 -0.53 20 6 0.9975 ¥3,y4, ¥5,¥6, y7.¥8, 9, y10, y1 1, y12,
YSR y13,y14, y15,y17, y18, y20
FLQGPET b2, b3, b4, b3, b6, b7, b8, b9, 2, ¥3,
2 5 212 ; ) y
42.55 DQATVOK 520.5954 521.2667 1.08 3.0 12 0.9666 Y, ¥, 6. ¥7,¥8. y9, y10
FLQGPET b2, b3, b4, b6, b7, b10, bl 1, bi2, y2,
4255 DQAT\'E)K 780.8931 781.3964 0.74 20 4 0.9604 ¥3, ¥4, ¥5,¥6,¥7, 8, ¥9,y10, 11, y12,
/ y¥13
ETTVQLI
6575 NYTK 654.8502 655.3535 -0.89 20 2 0.8991 b2, b4, 2, ¥3, ¥4, ¥5, ¥6,¥7, ¥8, ¥9
KFWNLL b3, b6, b7, b10, y3, y4, y5, 6, y7, y8,
N 5 -, 5 2 7 B
79-90 HLQPVR 516.9653 517.6366 115 3.0 2 0.8542 Y9, yi0,y11
80-90 FWNLLHLQ 474.267 4749383 -1.19 . 15 0.9604 b2,b3, b4, y2, y3, y4, y5, y6, y7.¥8,
PVR o ¥9,y10
FWNLLHLQ o b2, b3, b4, b6, b, y3, y4, ¥5, ¥6, y7,
80-90 PVR 711.4005 711.9038 -0.81 5 3 0.8542 YR.¥0, 10
§ . b3, b4, b3, b6, b7, b8, b9, b10, y2, y3,
94-110 Qfgéggﬁ{.m 625.636 6263073 090 ‘ 12 0.9840 ¥4, ¥5, 6, v7, y8, y9, 10, y1 1, y12, y13,
0 y15
. GELQYFIGV 18,45 573 063 b3, b5, b6, b7, b9, bl 1, y2, ¥5, 6, ¥7,
94-110 QLDGSDHY 938.454 938.9573 0.62 B 7 08801 ¥8.9, y10,y11, y12. y13, y15
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Table I1-S4. Tryptic peptides of 4 hr illuminated iLOV detected by UPLC-MS/MS from a single SDS-
PAGE gel extracted dimeric iLOV band using the FragPipe software package. The iLOV protein was
detected with protein probability of 1.0000, and a sequence coverage of 62.3%.

Coverage:
shmmiekNFVITDPRLPDNPIIFASDGFLELTEY SReeilgrnarFLQGPETDQATVQKirdairdqrETTVQL
INY TKsgkkfwnllhlgpvrdgkGELQYFIGVQLDGSDH[+32]V. Capital letters indicate amino acids
detected in tryptic peptides.

Peptide Pe, : :
ptide Observed Expected m/z Error Spectral PeptideProphet -
Residues Sequence Precursor m/z Peptide m/z (ppm) * Count Probability L L
4-11 N;V[TDP 961.5101 961.5107 -0.62 1 1 0.8501 b2, b3, b4, y2
4-11 T\l';\JITDP 481.2587 481.2593 -1.14 2 3 0.8449 b2, b3, ¥2, y4, 5, y6
LPDNPIIF b2, b3, b4, b3, b6, b7, b8, b9, b10, b11,
2.y 5. v6. V7. Vi
1232 ASDGFLELTE 1199.102 1199.103 -0.50 2 20 09929 I3, bI5, b16, bI8, y2, ¥3, y4, y5. y6, y7 ¥8,
YSR ¥9,¥10,y11,¥12,¥13,y14,y15,¥16,y17, y18,
¥19,y20
LPDNPIIF b4, b5, b6, b7, b8, b9, b10, bl1,
12-32 ASDGFLELTE 799.7372 799.7378 -0.75 3 34 0.9929 .b14,b15,b16, b17, b19, L y4,
YSR ¥5,y6, ¥7.¥8, ¥9,y10, y11,
& FLQGPET 5 b2, b3, b4, b5, b6, b7, b8, b9, b10, ¥2, ¥3,
42-55 DOATVQK 521.2667 521.2672 -1.02 3 29 0.9929 V4, y5, y6, y7, y8, ¥9, y10, y11
ETTVQLI
65-75 NYTK 655.3535 655.3541 -0.84 2 4 0.8870 b2, b3, b4, b5, b6, b7, b8, b9, ¥2 ¥3, y4
GELQYFI
94-110 GVQLDGSDH[ 954.9580 954.9573 -0.73 2.0 3 0.8519 bS, b8, b7, ¥, ¥, 10
32V
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Figure II-S2. UPLC-MS/MS evidence of a +32 Da modification of peptide 94-110 H3N*-
GELQYFIGVQLDGSDHV-COOH in the 4-hour illuminated dimeric gel extracted iLOV band. A
UPLC-MS! total ion chromatogram (black) and +2 peptide +32 Da (954.96 m/z, navy). B MS' spectrum
at retention time indicated by the dashed line in panel A. The navy peak was fragments in the MS?
spectrum shown in C. Identified y (orange) and b (navy) ions are annotated, and the precursor peptide is
shown in black with an asterisk. All y and b ions were consistent with a +32 Da modification to an amino
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acid N-terminal to L104 (sequence underlined above).
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Figure I1-S3. Fluorescence lifetime measurements of iLOV and iLOVAYY and photochemical cross-
linking behavior. A Normalized fluorescence lifetime measurement of iLOV (navy circles) and
corresponding single-exponential fit to experimental data (black line). Inset shows experimental residuals
to the fit. B Normalized fluorescence lifetime measurement of iLOVAYW (orang circles) and corresponding
single-exponential fit to experimental data (black line). Inset shows experimental residuals to the fit. C
Illumination time-dependent SDS-PAGE analysis of iLOV and iLOVAYW exposed under identical
conditions.
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Table II-S5. Fluorescence decay lifetimes (t) for iLOV mutants for which tyrosines and tryptophans
had been mutated to phenylalanine. Error is represented by 95 % confidence intervals determined from
an exponential fit of the raw fluorescence data. Representative raw data, fits, and residuals for iLOV and
iLOVAYY are shown in Figure S2.

iLOV Variant T (ns)
WT 443 +£0.01
Y30F 444 +£0.01
Y73F 4.46 +0.02
Y98F 4.40 £0.02
Y30F/Y98F 4.43 £0.02
Y30F/Y72F/Y98F 4.40 £0.02
AYW 442001

(Y30F/Y72F/Y98F/W81F)
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Figure II-S4. Investigation of Q2 contribution to photochemical cross-linking. A SDS-PAGE
analysis of iLOV photochemical cross-linking in the presence or absence of superoxide dismutase (SOD).
Samples were illuminated for 0 or 30 mins. The molecular weight standards were used for a semi-log
regression analysis to calculate apparent molecular weights of various protein cross-link products. B SDS-
PAGE analysis of non-illuminated iLOV in the presence or absence of the xanthine-xanthine oxidase (XO)
system.
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Figure II-SS. SDS-PAGE analysis of illumination time-dependent photochemical cross-linking for
iLOV and various histidine mutants. Apparent band “doubling” observed in H-2G, H85S, and H-
2G/H85S appears to be an artifact of the home-made SDS-PAGE gels, and was not reproducible in
separate experiments with Bio-Rad pre-cast 4-20% gradient gels.
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Figure 11-S6. Total ion chromatograms of tryptic digests of iLOV*H with (30 mins, top) and without
(bottom) illumination. The iLOVA! peptide fragment (80-90) containing the sole W residue is indicated,
as well as the corresponding +4 and +32 Da peptides identified in the illuminated samples. Extracted ion
chromatograms of the unmodified peptide (gray), the +4 Da modified peptide (navy), and the +32 Da
modified peptide (orange) are also shown. Each chromatogram is scaled to the maximum ion count of the
total ion chromatogram of the non-illuminated sample.
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Table II-S6. Tryptic peptides detected within a MS? fragmentation range of 685-730 m/z derived
from the SDS PAGE gel extracted monomeric iLOV*! band. Peaks were detected using FragPipe.
This sample was actively illuminated for 30 minutes. Sequence indicates site of H85S mutation
(underlined bold). The y and b ions which demonstrate the localization of the +32 or +4 Da modifications
of W81 are indicated with “*”’.

Peptide G Observed Expected m/z - Spectral PeptideProphet Fragmentation
P 4 Precursor m/z Peptide m/z Error (ppm) Count Probability Products Detected
80-90 FWNLLS 686.8903 686.8908 0.728 20 4 1.0000 b2, b3, b4, b3, b6, b7,
LQPVR b8, ¥v2, ¥3, y4, v5, ¥6, ¥7,
v8,v9, y10
80-90 FW[+32] 702.8897 702.8857 5.691 20 3 1.0000 b2*, b3*, bd*, b5*,
NLLSLQPVR b8*, b9*, y2, y3, y4. y3, y6,
y7,y8,y9
80-90 FW[+4]N 688.8900 688.8882 2613 20 6 1.0000 b2*, b3*, bd*, b5
LLSLQPVR
8 b8*, y3, y4, y5, v6,
y7,y¥8,y9
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Figure II-S7. Representative UPLC-MS/MS spectra of tryptic W-peptides from the 30 min
illuminated iLOV*Y, The peptide sequence is HsN*-FWNLLSLQPVR-COOH, where the underlined W
is the site of post-translational modification. Retention times correspond to peaks in Figure S2.6.
Identified +1 y (orange) and b (navy) ions are annotated and summarized in Table S6. The parental ion is
. For the peptide at retention time 14.9 min, the +1 Da isotope peak was
fragmented by the data-dependent acquisition parameters (although the monoisotopic peak was observed
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Figure II-S8. RMSD of backbone atoms in iLOV over the course of 5 molecular dynamics
simulations of approximately 285 ns using the average structure as a reference molecule. Calculations
were performed in the RMSD Trajectory plugin for Visual Molecular Dynamics (VMD) software.
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Table II-S7. Primers that were used in the assembly of the pSUMO (H)s-SUMO-iLOV.

Primer Sequence
iLOV forward 5'-agattggtggatcccatatgatgattgaaaaaaactttgtgattaccgacccg-3’
iLOV reverse 5'-gcggtggcageagectactcgagttatacgtggtcagaaccatccag-3'
pSUMO forward 5'-atggttctgaccacgtataactcgagtaggctgctgecaccge-3'
pSUMO reverse S'-acaaagtttttttcaatcatcatatgggatccaccaatctgttctct-3'
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Table I1-S8. Primers used for site-directed mutagenesis (SDM) of pSUMO (H)s-SUMO-IiLOV.

Primer Sequence
Y30F forward 5'-cctggaactgactgagtttagcegtg-3'
Y30F reverse 5'-ggatttcttcacggctaaactcag-3'
Y73F forward 5'-cgactgtgcagctgattaactttaccaa-3’
Y73F reverse 5'-ccgetettggtaaagttaatcage-3’
WBIF forward 5'-caagagcggtaaaaaattctttaacctgetge-3'
WSIF reverse 5'-cggetgeaggtgcageaggttaaagaatttttt-3'
Y98F forward 5'-gaaaggcgagetgcagttttcatcggtgtte-3’
YI8F reverse 5'-ccatccagcetgaacaccgatgaaaaactg-3'
A40G forward 5'-gcaatggtcgttttctgcagggeceg-3’
A40G reverse 5'-gcagaaaacgaccattgeggeccaggattte-3’
A40F forward 5'-gcaattttcgttttctgecagggecegg-3’
A40F reverse 5'-gcagaaaacgaaaattgeggeccagg-3'’
A40I forward 5'-gcaatattcgttttctgcagggeccgg-3’
A40I reverse 5'-gcagaaaacgaatattgcggcccagg-3’
A40V forward 5'-gcaatgttcgttttctgecagggee-3'
A40V reverse 5'-cagaaaacgaacattgcggceccagg-3’
H-2G forward 5'-ggtggatccggtatgatgattgaaaaaaactttgtgattaccgacec-3'
H-2G reverse 5'-catcataccggatccaccaatctgttctctgtgagectc-3’
HB85S forward 5'-cetgetgteectgeagecggteegtg-3
HB5S reverse 5'-gcagggacagcaggttccagaattttttaccge-3'
H109S forward 5'-gttctgactcegtataactcgagtagtaggctgetge-3'
HI109S reverse 5'-gttatacggagtcagaaccatccagetgaacacc-3'
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Table I1-S9. As purified and reconstituted FMN loading of iLOVAYY and iLOVA! variants. Flavin
concentrations were determined via UV-vis absorption at 448 nm using an extinction coefficient of
14,800 M! cm™!. Protein molarity was determined via the Pierce 660 assay. Initial FMN:iLOV ratios prior
to flavin reconstitution are based on single measurements. Reconstituted FMN:ILOV ratios and
uncertainty are based on the average and standard deviation of triplicate measurements.

e it
WT 0.21 1.05 + 0.02
Y30F 0.33 1.05 + 0.02
Y73F 0.34 0.98 % 0.02
YOS8F 0.30 1.12 4 0.02
WSIF 0.36 1.09 + 0.02
Y30F/Y98F 0.31 1.16 % 0.02
Y30F/Y72F/Y9SF 0.15 0. 80 % 0.02
(Y30F/Y72F/AY2\§;/W81F) 0.00 0.65£0.03
A40G 0.21 0.92+0.01
A40V 0.38 0.95+0.01
A401 0.11 0.94+0.01
A4OF 0.00 0.26 % 0.04
H-2G 0.34 1.19 4 0.02
H85S 0.54 1.16 % 0.02
H109S 0.42 1.17 4 0.02
H-2G/H85S 0.64 1.25+0.02
AH (H-2G/H85S/H109S) 0.50 1.37 4 0.02

82



10 T . T T T T T ]
— iLOV
— iLOVAH
< 0.8 71 iLOVAYW
(o) <(R L
o o 0.6
83
o N
2% 04r
< E
2
— 0.2 -
0.0 ] ] ! 1 | | |

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure I1I-S9. UV-vis spectra of reconstituted iLOV, iLOV*Y, and iLOVAYW, Spectra were
normalized to the absorbance at 270 nm.
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II1. The NS5 Site: Modulating iLOV’s OX/NSQ Redox Couple

Part of the content of this chapter was published in Jones, B. J.; Elhajj, S.; Haynes, B.;
Wang, S.; O’Connor, 1.; Gozem, S.; Greene, B. L. Measurement and Control of Crossed

Potentials in a Flavoprotein. J. Am. Chem. Soc. 2026. https://doi.org/10.1021/jacs.5¢16043.

ABSTRACT

In this chapter, we investigate how the flavin N5 environment influences the redox
properties of the flavin mononucleotide cofactor in iLOV using site-directed mutagenesis
and redox titrations. Mutating the residue Q103, which interacts with the flavin N5 and O4
atoms in the X-ray crystallographic structure, exerts a modest <35 mV effect on the overall
two-electron reduction potential, but significantly alters the potential separation of the two
one-electron couples (potential crossing) by up to 168 mV. QM/MM and free energy
calculations conducted by our collaborators reveal that water penetration into the flavin-
binding pocket near N5 and O4 largely explains the trend in reduction potentials among the
mutants. The results suggest a molecular mechanism of flavin tuning in which hydrogen
bonding to the neutral semiquinone, either directly by the side-chain or a protein-penetrating
water, contributes significantly to the potential crossing. These findings establish
quantitative experimental benchmarks for theoretical models and advance a molecular

mechanism for redox tuning in flavoproteins.
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INTRODUCTION

In a crossed flavin, the two-electron reduction potential (Eox/mg) arises from the average
of its two one-electron potentials (Eox/sq and Esq/mq), a natural consequence of the law of
conservation of energy. The pH-dependence of each redox couple is determined by whether
protonation accompanies the transfer of the electron, which further depends on the solution
pH and the pKa of the participating redox species.!?> Because pKa is highly dependent on the
local flavin binding pocket, the pH dependence of flavin reduction potentials can vary from
protein to protein (equation I1I-11).>* In the subset of flavoproteins that undergo the
proton-coupled reduction of flavin OX by one electron to produce NSQ, the N5 atom
becomes protonated, transforming it from a hydrogen bond acceptor to a donor. Similarly,
during the proton-coupled reduction by a second electron, NSQ may be protonated at the N1
position to form NHQ, while the protonation state of N5 remains unchanged (see Figure I-
1A).>% These changes in protonation state affect the strength and character of hydrogen
bonds that can be made to the flavin at these sites, in turn affecting the energetics of each
redox state. The extent to which a particular redox state will be stabilized depends on the
ApKa of the donor and acceptor atoms, the orientation of the hydrogen bond participants, and
the hydrogen bond distance.” Thus, we hypothesized that by changing the identity of the
residue or species that participates in hydrogen bonding at N5, we would preferentially
affect Eox/Nsq while minimally affecting the Ensqmq couple. By asymmetrically biasing one
couple over the other, we anticipated that the overall two electron couple (Eox/mnq) to be
moderately affected, while the extent of potential crossing (AE) will either be lowered or
increased. Based on the conserved presence of positive lysine (K) or arginine (R) nearby N5

in most evolutionarily distinct FBEBases we further anticipated that the introduction of a
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positive charge near this site might change the ionization state of the SQ radical from neutral
to anionic and increase the extent of reduction potential crossing.®

Here, we leverage the iLOV as a model flavoprotein to dissect the role of the protein
scaffold near the flavin NS5 in controlling redox behavior of a crossed potential flavin
(Figure I-3).%'° Using site-directed mutagenesis, we altered residue Q103 (residue 489 in the
original 4. thaliana phototropin 2 numbering scheme), which forms a hydrogen bond with
the flavin N5 and O4 in the oxidized state.!® Potentiometric titrations, spectrophotometric
comproportionation, and electron paramagnetic resonance (EPR) spectroscopy demonstrate
that Q103 variants primarily shift £°ox/NsQ, while minimally affecting E°Nso/NmQ, thereby
altering AE. Surprisingly, all mutants, including Q103K, exhibited a decrease in potential
crossing and did not follow expected trends based on the pKa of the introduced residue.
Hybrid quantum mechanical molecular mechanical (QM/MM) and classical alchemical free
energy simulations reproduce these experimental results and provide a mechanistic basis;
hydrogen bonding to N5 and O4 by penetrating water molecules from the solvent stabilizes
the NSQ state, but not the OX state, increasing £°ox/Nsq. Taken together, these results
establish that the protein scaffold is capable of independent tuning of flavin one-electron
chemistry by modulating N5 protonation and N5 or O4 hydrogen bonding, offering new

strategies for rational design and mechanistic interpretation of flavoprotein redox behavior.

MATERIALS AND METHODS

Materials

The iILOV gene within a pQE80L vector backbone was obtained from the Mukherjee lab

and cloned into a pSUMO vector as reported previously''?. The 6x polyhistidine-tagged
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ubiquitin-like protease 1 (ULP1) was expressed and purified as reported

previously.!*!* Primers for PCR were ordered from Integrated DNA Technologies (IDT).
Dpnl, Phusion HF polymerase, chemically competent DHS5-a and BL21 (DE3) Escherichia
coli, the Qiagen QIAprep Spin Miniprep and Gel Extraction kits, and the NEBuilder HiFi
DNA Assembly kit were purchased from New England Biolabs (NEB). IPTG was purchased
from Merck. Sephadex G-25 fine resin, LB Miller broth, NaH2PO4 (Pi), dithiothreitol
(DTT), phenylmethylsulfonyl fluoride (PMSF), bovine xanthine oxidase (XO), xanthine, 4-
hydroxy-(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (4-hydroxy-TEMPO), sodium hydrosulfite
(dithionite, NaDT), and Amicon Ultra centrifugal filters were purchased from Millipore
Sigma. FMN sodium salt, HisPur nickel nitrilotriacetic acid (Ni-NTA) resin, bicine,
safranine O, methyl viologen (MV?"), 96-well plates, Pierce 660 nm protein assay kit, amber
NMR tubes, and Imperial protein stain were obtained from Thermo Fisher Scientific.
Bradford reagent was purchased from VWR. Kanamycin sulfate was obtained from Genesee
Scientific. Riboflavin was obtained from Acros Organics. Microseal “B” 96-well plate seals
were obtained from BioRad. The single-color, cold, mounted, light-emitting diode (LED)
with a wavelength of 450 nm and a bandwidth of 18 nm, KG-1, and KG-2 glass filters were
obtained from ThorLabs. The pyrolytic graphite edge-plane (PGE) electrode, platinum wire
counter electrode, Ag/AgCl (3M) reference electrode, and saturated calomel reference
electrode (SCE) were obtained from Bioanalytical Systems (BASi) research products. The
SP-200 single channel potentiostat and FC-45 Faraday cage were obtained from BioLogic.
Alumina polishing pads and 0.05, 0.3, 1.0 um sized alumina were obtained from Buehler.

Precision quartz (0.40 mm wall) EPR tubes were obtained from SP Wilmad. Nanopure water
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was obtained via a Barnstead E-Pure ultrapure water system (>17 MQ/cm) and was used for

all solutions.

Production of iLOV Mutants

Construction of the pPSUMO-iLOV plasmid vector, growth and aerobic purification of
(H)e-SUMO-1LOV and mutants, ULP1 digestion, purification of iLOV, and loading and
quantitation of FMN were conducted as described in Chapter II.!> Associated FMN content
before and after purification is provided in Table III-S1 and protein purity gels are shown

in Figure I11-S1.

Site-Directed Mutagenesis of iLOV

Mutagenic primers used for site-directed mutagenesis to generate Q103X (X =G, A, R, K,
E and D) iLOV are reported in Table III-S2, and mutagenesis was carried out via the
polymerase chain reaction (PCR) per the NEB protocol. The PCR products were
transformed into E. coli DH5a and the cells were plated onto LB/agar plates supplemented
with 50 mg/L kanamycin and grown overnight. The following day, colonies were picked for
growth in small 5 mL cultures. Mutant plasmids were purified by DNA miniprep and sent
for nanopore sequencing at UC Berkeley’s DNA sequencing facility. Upon confirmation of
the correct sequences, mutant plasmids were used to transform E. coli BL21(DE3) cells for

protein expression and growth as described previously.!?

Quantum Yields, Excitation, and Emission Spectra

Samples of iLOV were prepared in 50 mM Pi 200 mM NacCl at pH 7.50 to an absorbance
of 0.05 at 450 nm to minimize inner filter effects, and verified on an Agilent Cary 60 UV—

vis spectrophotometer in triplicate. The emission spectra of each variant between 470 and
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900 nm was collected in a Duetta Spectrometer (Horiba Scientific) using an excitation
wavelength of 450 nm and samples were thermostated at 25 °C. An excitation bandpass was
set to 5 nm, while the emission bandpass was set to 1 nm with an emission increment of 0.5
nm. A total of 50 detector accumulations each with an integration time of 300 ms were
averaged to obtain final emission spectra. The quantum yield of the sample was calculated
using equation ITI-1.

o — .5 1—1074r
ST R . 1—10"4s

(Eq. 11I-1)

Here, ®s is the quantum yield of the sample unknown (iLOV and Q103X mutants), ®r is
the quantum yield of some reference, (in this case riboflavin with a reported quantum yield
of 0.26),'° Is and Ir represent the integrated emission intensity of the sample and reference,
respectively, and As and Ar represent the absorbance of the sample and reference,
respectively. The standard deviations of the @s were propagated by both the standard
deviation of the absorbance measurement and the integrated emission intensity.

Excitation spectra were collected on the same instrument scanning excitation
wavelengths from 300 to 500 nm with an excitation step of 1 nm. The emission wavelength
was fixed at 520 nm. Both the excitation and emission bandpass were set to 5 nm with an
integration time of 50 ms. A total of 10 detector accumulations were used for each data

point.

Photoluminescence Lifetimes

Samples of iLOV and Q103X mutants were diluted to an absorbance of 0.05 at 400 nm to

minimize inner filter effects. Fluorescence lifetime measurements were performed using
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time-correlated single photon counting (TCSPC). An approximately 100 fs excitation pulse
with wavelength of 400 nm was generated by doubling the fundamental frequency of Ti:
sapphire laser (Spectraphysics Tsunami) pulses in a commercial optical harmonics generator
(Inrad/Coherent). The laser repetition rate was reduced by a homemade acousto-optical
pulse picker in order to avoid saturation of the chromophore. The TCSPC detection system
was equipped with a single-photon counting avalanche photodiode module (Photon Micro
Devices) and electronics board (PicoQuant PicoHarp 300) with an instrument response time
<50 ps. A triggering signal for the TCSPC board was generated by sending a small fraction
of the excitation beam onto a fast (400 MHz bandwidth) Si photodiode (Thorlabs Inc.). The
fluorescence signal was collected in a 90° geometry and dispersed in Acton Research SPC-
500 monochromator after passing through a pump blocking, long wavelength-pass,
autofluorescence-free, interference filter (Omega Filters, ALP series). The monochromator
was equipped with a CCD camera (Roper Scientific PIXIS-400) allowing for monitoring of
the fluorescence spectrum. Fluorescence transients were not deconvolved with the
instrument response function since their fluorescent decay lifetimes were much longer than
the system response to the excitation pulse. The resulting fluorescent lifetime traces were fit

to a single exponential (equation 3.2)

-t
I(t)=I,-eT +C (Eq. I11-2)

where /(?) is the time-dependent intensity, /o is the initial emission intensity, ¢ is time, T
is the emission lifetime, and C is a constant baseline offset, using MATLAB’s “fittype”
function. Standard deviations in T were extracted from the fit using the 68% confidence

interval as reported by MATLAB’s “confint” command.
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Preparation of Anaerobic iLOV HQ and OX States

Samples of ~300 uM purified and reconstituted iLOV or Q103X mutants in the flavin OX
state were degassed on a Schlenk line before being brought into a COY anaerobic glove box
(<20 ppm O2). Simultaneously, solid samples of NaDT and MV?" were brought into the
glove box and separately dissolved in anaerobic water to final concentration of 1 M NaDT
and 0.1 M MV?". MV?* was quantitated by reduction with excess NaDT and measuring the
absorbance at 606 nm of the cation radical (MV+"), with an extinction coefficient of 13,700
M ecm™.!% The degassed OX iLOV was then split into two equal volumes. To prepare the
HQ iLOV, NaDT and MV?" were added to 100-fold and 10-fold molar excess over iLOV,
respectively, to fully reduce the flavin over 15 min. MV?*/MV+" was necessary to kinetically
accelerate flavin reduction over NaDT alone, and also served as a visual indicator to ensure
NaDT and MV?*/MVs" were subsequently removed during buffer exchange of the iLOV
HQ via a Sephadex G25-desalting column.

After reduction, both OX (unreacted) and HQ iLOV samples were buffer exchanged into
20 mM NaCl and 5 mM Pj at pH 7.90 via a Sephadex G25 desalting column. The eluted
protein samples were then concentrated via Amicon centrifugal filters (10 kDa MWCO) to a
volume of about 300 pL before placing them in glass crimp vials and moved to a second
VAC Atmospheres glovebox (< 2 ppm O2) for further analysis.

In the second glovebox, the OX and HQ protein samples were diluted 20-fold in 200
mM NaCl, 50 mM P; at pH 7.90 and placed in a quartz UV-vis cuvette with a rubber
septum. The cuvettes were brought out of the glovebox so that the UV-vis spectra of both
the iLOV HQ and OX samples were recorded. The HQ sample was then exposed to air for 2

min with intermittent manual mixing to reoxidize the sample before again collecting a
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spectrum. Concentrations of the initial HQ and OXiLOV samples were then determined by
their OX flavin absorbances (448 nm for iLOV OX, 445 nm for Q103D OX, or 440 nm for all
other mutants). An extinction coefficient of 14,800 M! cm™! was used for wild-type, while
16,100 M! cm™! was used for blue-shifted mutants.!” Protein samples were used

immediately after preparation.

Anaerobic UV—vis Measurements

Anaerobic UV-vis measurements were carried out as described previously'® with minor
modifications as described here. Spectra were collected using a custom fiber optic-
connected Ocean Optics QEPro spectrometer and DH-2000-BAL light source. The sample
cuvette was mounted in a custom cuvette holder inside the glovebox. The cuvette holder
includes fiber optic connectors, a slot for variable sized pinholes at the light-incident face to
control light exposure, and a slot for colored glass filters on the light-exiting face (KG-1 or
KG-2). The purpose of the pinhole is to narrow the beam of light to reproducibly fit within
the confinement of the window of a low-volume 585.3-Q-10 quartz flow cell from Starna
Cells. In addition, we have observed that illumination of iLOV OX in anaerobic conditions
results in the formation of small amounts of NSQ. Thus, the pinhole, in concert with
automated shutter control on the light source set only to open when a measurement is being
collected, minimizes light exposure and light-induced accumulation of NSQ. Control
experiments where the frequency of the measurement was doubled showed no effect on
NSQ accumulation, indicating photochemical SQ formation is indeed minimized by this
approach. The use of the flow cell, while not actually being used to flow liquids during
measurements, allows for very small sample volumes (70-80 pL) to be used. The purpose of

the glass filter is to improve the balance of the light source output across the region of the
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spectrum where OX and NSQ absorb (450—650 nm), improving the signal-to-noise ratio
across this region. A buffer blank was used to establish zero absorbance and a linear
baseline correction was used by subtracting a least-squares linear regression fit calculated
between 680 and 900 nm—where no species exhibits absorption—and extrapolated across
the entire wavelength range. Linear baseline shifts were observed with even minor

mechanical adjustments to the fiber cables, but otherwise does not affect the spectrum.

Measurement of the NSQ Molar Absorptivity

To quantify NSQ formation by comproportionation (vida infra) we measured the
extinction coefficient (€) of the NSQ at its maximal absorbance (Amax) at the red-shifted
absorption feature at 616 nm (es16). The iILOV Q103D mutant is light-sensitive and undergoes
quantitative photo-reduction to the NSQ state when exposed to 450 nm light, making it an
1deal candidate for estimation of the €616, which was assumed to be identical across the
iLOV variants in this study.!® Samples of OX Q103D were brought into a VAC glovebox
after degassing, as described above. A quartz cuvette with an open top was prepared
containing 400 pL of roughly 25 uM protein in a buffer composed of 200 mM NaCl and 100
mM MES at pH 6.50. As the sample sat in a cuvette holder, it was illuminated directly from
above with a 2 W 450 nm LED, and photoreduction was monitored spectrophotometrically.
The increase in sample absorbance at 616 nm indicated the generation of NSQ, which
reached equilibrium after 10 minutes Figure III-S2. At this point the LED was turned off to
remove interference from the excitation light, and the final spectrum of the semiquinone
species was obtained. The absorptivity of the NSQ was estimated from the ratio of the

absorbance at 445 nm in the original OX state (which we assumed had an absorptivity of
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16,100 M! cm™! from the similarly blue-shifted Q103K mutant with Amax of 440 nm)!” and

the absorbance at 616 nm in the photoreduced NSQ state with gs16 of 8,200 +£ 100 M! cm ™.

Purifying and Characterizing Isomers of Safranine.

Commercially available safranine O contains several isomers with distinct optical and
redox properties.?’ To ensure reliable redox titrations with a dye indicator of a known
reduction potential and extinction coefficient, we purified the isomers of commercially
available safranine O using a Shimadzu Nexera preparative high-performance liquid
chromatography (HPLC) system with an inline single quadrupole mass spectrometer (MS)
detector and UV-vis detector. The isomers were resolved on a 19 mm x 150 mm XBridge
BEH C18 OBD column with 130 A pore size and 5 um particle size, using a stepwise
elution gradient, with acetonitrile concentrations increasing from 12.5% to 13.5% over 25
minutes, and then 13.5% to 20% over 2 min. Three different species were separated, labelled
“17, 27, and “3”. Isomer 1 was not sufficiently resolved from isomer 2 to be used, but
isomers 2 and 3 fractions were sufficiently pure for analysis and use. Both isomers were
analyzed by "H NMR in d6-DMSO on a 500 MHz Bruker Avance NEO spectrometer.
Amber NMR tubes were used to protect the sample from light. Structural assignments of
isomer 2 and 3 are reported in Supplemental Information Figure III-S3 and Table ITI-S3.
The reduction potential of isomer 3 (1 mM) in phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 10 mM NazPOs, 18 mM K2PO4) was measured as a function of pH by
cyclic voltammetry with a pyrolytic graphite (edge plane) working electrode, a platinum
wire counter electrode, and a Ag/AgClI (3 M NaCl) reference electrode (Figure I11-S4).
Potentials were scanned from —0.2 V to —1 V with a scan speed of 100 mV/s. The Ag/AgCl

reference electrode potential was calibrated against a saturated calomel electrode (SCE)
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using a multimeter and the resulting potentials were adjusted to be relative to the standard
hydrogen electrode (SHE). Based on the close match in E° of the safranine isomer 3 and
iLOV, this isomer was used for all redox titration experiments and is simply referred to as

“safranine,” henceforth.

Measurement of iLOV E°ox/mo

To measure the equilibrium two-electron E°ox/mq potential, we developed a method,
based on previous work,?'"2* to perform redox titrations using a 96-well plate format and a
BMG VANTAstar microplate reader housed inside a Coy anaerobic chamber (<20 ppm of
0O2). To prepare the plate, a master mix containing 3% Buffer C (600 mM NaCl, 150 mM P;
at pH 7.9) or 3x Buffer D (600 mM NaCl, 300 mM Bicine at pH 8.9), 180 uM iLOV OX, 90
uM of MV?*, and 240 uM safranine were aliquoted into several wells of a 96-well plate at a
volume of 50 pL. Different ratios of water and a 700 uM NaDT stock were combined into
each well to bring the final volume to 150 pL. At least one well contained no reductant, and
one well contained excess (3.3-fold molar equivalents) reductant to serve as reference
spectra for 100% OX and 100% HQ respectively. In wells in which excess NaDT was
added, an authentic spectrum of MV"s mediator was subtracted from the resultant spectra
using the absorbance at 606 nm. In these wells with low solution potential, it can be
assumed that the concentration of SQ is too low to interfere with the absorbance from MV e
at this wavelength. A typical plate measurement contained 14 different reducing conditions,
3 different replicates, and 2 different pH conditions using a total of 84 wells. Remaining
wells were used for blanks and standard spectra of methyl viologen in 1x Buffer C to be
subtracted during the analysis. The 96-well plate was then sealed and placed into the plate

reader, and spectra from 300 to 900 nm with a resolution of 5 nm were collected from each
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well, averaging a total of 22 flashes each, every 30 min for 5 to 12 h, though samples often
reached equilibrium after about 5 h. Finally, the redox titration UV-vis data was analyzed

22,23

similarly to previous treatments,”>“ with some notable differences as described below.

Analysis of Redox Titration Spectra.

The proton-coupled half-cell reactions for the unknown analyte (iLOV) and the standard
indicator dye (safranine) are represented by reactions III-1 and III-2,
a-iLOVpx + hiyoy " HY + oy -e™ 2 a-il0Vy, (Rxn I11-1)
b-Dyeoy + hpye  H* +npyee™ 2 b-Dye,eq (Rxn I11-2)
where a, b, h, and n are the stoichiometric coefficients for iLOV, safranine, H*, and e,
respectively. These two reactions can be scaled by dividing reaction III-1 by nizor and
multiplying by nave/b and dividing reaction I1I-2 by b, such that the same number of
electrons transferred in both reactions are equal via reactions III-3 and I11-4.
riLOVpx + hipgy"H* +n-e” S r-il0Vy, (Rxn I11-3)
dyeox + hpye H" +n-e” S dye.q (Rxn I11-4)
Here, the new stoichiometric coefficients, », 4'iLov, h'ae, and n are related to the original
stoichiometric coefficients by r = (a/niLov)/(b/naye), h'icov = (hioviniLov)/(b/naye), h'ave =
(have/b), and n = naye/b. If the two reactions are in equilibrium, within the same reaction
vessel at the same pH, and assuming an activity coefficient of unity, then the standard cell
potential for each half-reaction (£°) is related to the solution potential (Esol) by equation III-

3 and I11-4.

o . 2303-RT RT  ([iLOVyuol
Eso1 = Eijov — hiLov'n—F'PH _n_F.ln L0V, )™ (Eq.111-3)
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2.303-RT RT dye
—-pH) - . <M> (Eq.I11-4)

Esor = Edye = (hbye T nF nF [dye,y]
At a given point in the titration, Esor dictates the ratio oxidized and reduced states of the

standard dye indicator (safranine) and the unknown analyte (iLOV) based on their respective

E°. Setting these equations equal to one another at 7= 298 K, and nizov/a = naye/b = 2, such

that » =1, n =2, and h'iov = hiLov/a, and then rearranging into a linear format, we obtain

equation III-5S.

. n
Egpp = =7 EfedV + Ef oy — ( “059.16 mV pH) (Eq.111-5)

where E¥y,, and EL97,; are defined by equation I11-6 and I11-7.

. RT [iLOVyo]
EiLov — ; Q 111-
vl =— ln( (LOVod] (Eq.111-6)
hYye 2.303:RT RT [dye,eql
Edye — EO _ dye . . - . Ly rreal . -
app dye ( n F p F In [dye,.] (Eq.111-7)

We determined the pH dependent reduction potential of safranine ¢, directly from
the Pourbaix diagram in supplemental Figure I1I-S4. Thus, linear plots of E#¢, vs. ELO,,
generated by spectrophotometric measurement of /n(/dyereqa]/[dyeox]) and
In([iLOVuo]/[iLOVox]), one obtains a slope of 7 (1 for stoichiometric reduction of dye and
iLOV by two electrons), and a y-intercept equal to the E°oxnmo of iLOV at a given pH.

Using the absorption of iLOV OX on the blue edge of the So—S1 absorption band (420
nm) to minimize interference from safranine, and 520 nm for oxidized safranine, the
concentration of the oxidized species was determined and converted to fraction oxidized and
fraction reduced to calculate /n(/xred]frac/[Xox]frac), Where [Xox[frac = [Xox]x/[Xox]i, and [Xred]frac
= [ — [Xox/frac. These relationships hold for situations where both the iLOV and safranine

equilibria are composed of only the fully reduced or oxidized states, simplifying the
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analysis. However, in the Q103K and Q103D iLOV, appreciable NSQ accumulates during
these titrations, and must also be accounted for, but the E°ox/nq midpoint potential for
OX/HQ is still defined as the solution potential at which the concentration of OX and HQ
are equal. To quantitate NSQ contributions to the iLOV population during redox titrations,
and therefore accurately estimate HQ, the concentration of NSQ was estimated using the
absorbance at 616 nm and the aforementioned extinction coefficient of 8,200 M~ cm™! for
each well. Next, an authentic NSQ spectrum collected as described above, was scaled to the
absorbance at 616 nm and subtracted from each spectrum to obtain the concentration of OX
at 420 nm without convolution with NSQ. From this, [Xred]frac = 1 — [Xox]frac — [Xnsq]frac Was
used to estimate HQ. Data points in the final plot outside the range of 0.05 < [X]frac < 0.95
were ignored in the linear regression. The error at each point was determined from the
standard deviation of triplicate measurements. Replicates with obvious aberrations (such as

resulting from a bubble within a well) were discarded as outliers.

Comproportionation of iLOV HQ and OX

When equimolar concentrations of OX and HQ are mixed (that is, initially, [OX]; =
[HQY]i), they will comproportionate to an equilibrium concentration of [SQJeq, [OX]eq, and
[HQ]eq via reaction III-5,

0X + HQ =250 (Rxn I11-5)

with an associated equilibrium constant (Keq, equation II1-8),

[SQ1Z [SQ1Z

q= [OX]eq[HQ]eq B ([OX] _ [SQ]eq)z
t 2

K, (Eq.111-8)
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where [X]eq is the equilibrium concentration and /X]: is the initial concentration of
species X. Equation III-8 is equivalent to the product of the Keq’s for its respective one-
electron half reactions III-6 and III-7,
iLOVox + e~ + H* =2 iL0Vg, (Rxn I11-6)
iLOVsg + e~ + H* =2 iL0Vy, (Rxn I11-7)
meaning that the Nernstian potential derived from Keq corresponds to difference between

the two one-electron couples, E°ox/sq and E°sq/mq, by equation II1-9,

R-T
AE = —F In(K,,) (Eq.111-9)

where AE is the relative electrochemical potential separation of E°ox/sq and E°sq/mq
couples, R is the gas constant, 7 is the temperature in Kelvin, z is the number of electrons (1
for the comproportionation reaction), and £ is Faraday’s constant. In our convention, 4E is
equivalent to the extent of potential “crossing”, where negative values are crossed, and
positive values are “normally-ordered” potentials. If the absolute midpoint potential for the
two-electron process (E°oxnnQ) 1s known, it becomes straightforward to calculate the values

of the two one-electron reduction potentials from AE by equations III-10 and III-11.

AE = Edy /5o = ESp/mo (Eq.111-10)

EOOX so t ESOQ HQ
Edy g = —22 . / (Eq.11I-11)

To measure AE, pure samples of iLOV or Q103X mutants in the OX and HQ state were
prepared and quantified as described earlier inside a VAC Atmospheres glove box (< 0.2
ppm). These two species were combined to a final concentration of 50 pM of OX and HQ in
200 mM NaCl and 50 mM P; at pH 7.90, mixed, then quickly loaded into the flow cell and

placed into the cuvette holder for a kinetics measurement. About 10-15 s passed between
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mixing the sample and beginning the kinetics measurement. The resulting time-dependent
increase in NSQ concentration was monitored by the absorbance at 616 nm until it reached
equilibrium (5-24 h), fit to a single exponential, and the exponential function pre-factor was
used to quantify NSQ based on the gs16 of 8,200 M~! cm™!. The value of Keq was then
calculated using equation III-8 with [iLOVox]i = 50 uM and AE was extracted from
equation I1I-9. Values of E°ox/nsq and E°NsonnQ were obtained by respectively adding and
subtracting AE/2 from the previously measured value of Eox/nq. Each mutant was measured

in triplicate at pH 7.90.

Electron Paramagnetic Resonance (EPR)

As the value of AE was being measured optically for each mutant, an EPR sample was
produced simultaneously with equimolar quantities of OX and HQ between 200 and 400 uM
total protein and a final volume of 300 puL with 10% glycerol and was kept in the dark.
When the low concentration samples monitored by UV—vis spectroscopy reached
equilibrium, the EPR sample was placed into a high-precision quartz EPR tube and flash
frozen in liquid N2-cooled isopentane (<—130 °C) cold well within the glovebox. The sample
was then removed from the glovebox and placed into a storage dewar in liquid N2 before
analysis by X-band EPR spectroscopy on a Bruker EMXplus EPR spectrometer. Because the
Q103D iLOV variant has the least crossed potentials the radical concentrations were large
enough to be quantified and measured in triplicate. X-band EPR and radical quantitation was
performed as described previously.!® The spectra were simulated using EasySpin 6.0 in
MATLAB, and spin quantitation was performed by double integration of the EPR signal,

divided by the Q-value, and comparison to three 4-hydroxy-TEMPO standards. The
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concentration of the 4-hydroxy-TEMPO standards were determined by the absorbance of a

stock solution using the reported extinction coefficient at 428 nm of 12.4 M cm™ 24

Molecular Dynamics, Hybrid Quantum Mechanical/Molecular Mechanical (QM/MM),

and Alchemical Free Energy Calculations

Our collaborators, Sarah Elhajj and Samer Gozem, conducted classical molecular
dynamics, QM/MM, and alchemical free energy calculations on iLOV Q103X mutants. A full
description of their methods is described in the original source publication listed at the
beginning of this chapter. Below, I have listed only the computational details that are
relevant to the interpretation of the experimental data.

In brief, classical molecular dynamics simulations were conducted using starting
structures of iLOV Q103X mutant generated by substituting arginine (R®), aspartic acid
(D©), aspartate (D), glutamic acid (E?), glutamate (E©), glycine (G), alanine (A), and
lysine (K) into the crystal structure of iLOV (PDB: 4EES).!? After minimization and
equilibration, each mutant structure was simulated classically in an NPT ensemble for 500
ns. Water dynamics around the N5 atom of the flavin cofactor were analyzed using a custom
MDAnalysis-based script. The gmx hbond tool was used to determine the total number of
hydrogen bonds formed by each of the N1, O2, N3, O4, and N5 heteroatoms of flavin with
the surrounding water and protein environments in the parental iLOV and its mutants in
each of the OX and NSQ states.

To simulate the effect of a mutation on the reduction potential of iLOV, a
thermodynamic cycle with alchemical transformation of Q103 to various mutants was used
(Figure I1I-1).>%° The term “alchemical transformation” is used here consistent with its

usage in several related free energy protocols where part of the system is gradually mutated
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Figure III-1. Thermodynamic cycle used to calculate AG°oxnsg, and hence E°, for Q103X mutants
via alchemical transformations.

in incremental steps (1).2° The free energy associated with alchemical mutagenesis of
iLOV’s Q103 residue to the mutant for each of the OX and NSQ states provided two legs of
the thermodynamic cycle, while the third leg, corresponding to the free energy of reduction
of flavin in the wild-type system, is obtained from the experimental data (vida infra, —458
mV or 44.19 kJ/mol). Using those three quantities, the fourth leg of the thermodynamic
cycle was computed to provide the free energy of reducing flavin in the mutated iLOV. This
free energy is then converted to a reduction potential using equation ITI-12
E® comp = —AGomp/NF (Eq.111-12)
Because experimentally observed effects were the largest for the OX/NSQ transition,

only these redox states were modelled.
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To conduct these calculations, our collaborators used a Bennett Acceptance Ratio (BAR)

approach?!=33

in conjunction with a protocol that builds on the recently automated Average
Protein Electrostatic Configuration QM/MM approach for flavoproteins (APEC-F 2.0)**3°,
In short, a classical MD simulation is first performed on a structure of wild-type iLOV in
both the OX and NSQ states. Next, a QM/MM optimized geometry of the flavin is obtained
where the protein and solvent are treated as a superposition of structures obtained from the
aforementioned MD simulation (the APEC-F 2.0 method). Finally, this structure is subjected
to the BAR protocol in which the QM/MM optimized flavin is kept frozen, while the protein
is allowed to gradually evolve via classical MD simulations to one of the Q103X mutants in a
series of A steps (the BAR protocol). The alchemical transformation was carried out in a
series of 40 discrete A windows connecting the two physical end points: the parental iLOV
protein (A = 0) and mutated amino acid (A = 1), as shown in Figure III-1. A serial
equilibration approach was adopted where the last frame of equilibration at a specific A step
is the starting frame for the next one. Specifically, for each A window, the system (protein +
cofactor) was equilibrated for 3 ns in NVT followed by 12 ns production runs, giving a total
simulation time of 600 ns for each replica. For each mutant and each of the OX and NSQ
states, multiple (>3) replicas were run. A few replicas were also carried out using longer
initial equilibration (50 or 100 ns) at the A=0 step to serve as an additional reference and
reduce uncertainty in the results when needed. To monitor water leakage into the flavin
binding site along the BAR perturbation steps, the gmx rdf tool was used to determine the
radial distribution function (RDF) of water relative to flavin’s N5 along each A trajectory,®

as well as the cumulative number (CN) obtained by integrating the RDF. The CN value

represents the average number of particles within a given distance.
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RESULTS

During flavin reduction, N5 becomes protonated during the OX—NSQ transition while
N1 becomes protonated during the NSQ—NHQ transition, depending on pH and the flavin
environment, which modulates the N5 and N1 pKas.>® We hypothesized that hydrogen
bonding interactions at the N5 and N1 sites could confer independent mechanisms of control
of the two one-electron couples in flavoproteins via thermodynamic control of proton-
coupled electron transfer (PCET). In this work, we focused on N5 using the small
flavoprotein, iLOV, as a model system.

The X-ray crystal structure of iLOV reveals a glutamine residue (Qio03, Figure I-3)'°,
positioned near both N5 (3.4 A) and O4 (3.1 A) of the bound FMN cofactor. To investigate
how residues near N5 and O4 of a flavin cofactor affect the flavin reduction potentials, we
generated Q103X mutations (X = alanine, A; glycine, G; arginine, R; lysine, K; glutamic acid,
E; and aspartic acid, D) by site-directed mutagenesis. All purified proteins quantitatively
bound FMN at a 1:1 ratio during the reconstitution (Supporting Information Tables ITI-S1

and ITI-S2 and Figure ITI-S1).
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Figure I1I-2. Effect of Q103X mutations on optical properties of iLOV. Normalized UV-vis
absorption and emission spectra (Aex = 450 nm) of iLOV and Q03X mutants.

The absorption spectrum of the OX state of the cofactor was modestly perturbed by the
Q103X substitutions; the parent iLOV exhibited a Amax of the SO — S1 transition at 448 nm,
whereas the Q103D Amax was blue-shifted to 444 nm, and Q103E, Q103A, Q103G, Q103K, and
Q103R were further blue-shifted to 440 nm (Figure I1I-2). Emission and excitation spectra,
emission Amax, quantum yields (@), and associated emission lifetimes (1) were also modestly
changed by the Q103X mutations (Supporting Information Figure III-S6, Figure II1I-S7, and
Table II1-S4). For iLOV, the emission Amax is at 492 nm with a ® of 0.37 + 0.01. All of the

Q103X mutants had blue-shifted Amax between 2 to 6 nm, generally consistent with their blue-
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shifted absorption Amax, with the exception of Qi03D, which was red-shifted to 498 nm and
Q103E which was further red-shifted to 510 nm. The Q103X mutants exhibited similar @,
ranging from 0.37 £ 0.01 in Q103A to 0.33 = 0.01 in Q103D. The fluorescence emission
lifetime for iILOV was 4.37 + 0.01 ns, while mutations to Qio3 resulted in a span from 4.01 +
0.01 for Qi03A to 3.52 + 0.01 for Qi03E. Interestingly, T did not correlate with measured @, a
phenomenon that has been observed when placing certain fluorophores in solvents of
varying polarity.’” This is thought to result from simultaneous changes to both the radiative
and nonradiative relaxation rates, which we expect are sensitive to the N5 environment in
iLOV and the associated Q103X mutants.>®

We next examined how Q103 mutation affected the redox behavior of the flavin cofactor,
given its proximity to N5, its hydrogen bonding character, and the change in hydrogen
bonding character of N5 during redox cycling. Our initial attempts using protein film
voltammetry (PFV) and the xanthine/xanthine oxidase (XXO) method were inconclusive.
Although iLOV was capable of adsorbing to a pyrolytic graphite edge plane electrode, the
electrochemical responses were variable, with unexpected peak current separation and
amplitudes, and showed no differences between the parent iLOV and Q103X mutants
(Supporting Information Figure III-S8). The XXO assay was also unsuitable due to slow
electron transfer kinetics (Supporting Information Figure III-S9). We, therefore, turned to
redox titrations, using safranine as a dye redox standard reporter and NaDT as a reductant at
pH 7.9 and 8.9 (Figure III-3). In this classical approach the ratio of the reduced fraction of
dye to reduced fraction of analyte at each solution potential is used to extract the reduction
potential of the analyte.>!2* Upon addition of the reductant, we observed a loss of the

characteristic visible absorbance bands of the OX FMN (448 nm) and the oxidized safranine
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Figure III-3. Spectrophotometric redox titrations of iLOV. A Equilibrium iLOV absorbance spectra
after adding NaDT reductant from 0 eq (orange) to 3.3 eq. (blue). Inset shows the approach to equilibrium
at one point in the titration (arrow) via monitoring the absorption at 420 nm (FMNox), 520 nm (safranine),
and 616 nm (FMNnsq), and is reproduced in the Supplemental Information Figure S10 for closer
inspection. Safranine is initially reduced faster than iLOV, then reoxidized by reducing iLOV. B Eqyp
(determined from safranine) vs. Er (determined from iLOV) plots for pH 7.9 (open circles) and pH 8.9
(open diamonds) and associated linear fits. The gray dashed line shows the Eqp, at which the iLOV FMN
has an [OX]/[HQ] ratio of 1 (i.e. E°ox/NHQ).

dye (520 nm, Figure III-3A), that disproportionately reduces safranine before equilibrium is
reached between safranine and iLOV based on their relative reduction potentials (Figure
ITI-3A inset, Supporting Information Figure III-S10). After two equivalents of NaDT,
iLOV and safranine were completely reduced, and no clear accumulation of an NSQ or ASQ
intermediate was observed at the titration midpoint at either pH. This is consistent with
significantly crossed potentials and an unstable SQ, as reported previously.*

Assuming an equilibrium dominated by OX and HQ forms of the flavin, the fractional
reduction of both iLOV Q103X and the safranine reporter dye standard were determined and
their natural logarithms were plotted against one another, yielding a linear relationship,
where the slope indicates the ratio of the stoichiometric coefficients for the number of
electrons transferred between the protein and the indicator dye, the y-intercept reflects the
E°oxmq determined relative to the standard, and the pH dependence reflects the number of
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protons involved in the redox process (Figure III-3B and Figure I1I-S11). As the apparent
solution potential from the dye indicator (E%.p) decreases, so too does the relative potential
of iLOV, (EL0V1), and at the point at which the concentration of the OX and HQ states are
equal we determine the E°ox/mq (Figure III-3B dashed lines). The resulting extracted values
for E°ox/nq for iLOV and the Q103X mutants, as well as the reference values for free FMN
are summarized in Table III-1.

From the redox titrations, the parent iLOV had the lowest E°ox/nq of —353.9 + 0.8 mV at
pH 7.9 and a pH dependence between pH 7.9 and 8.9 of =47 mV/pH, lower than the
theoretical value for a 2 ¢/2 H' couple of =59 mV/pH, but substantially higher than the
expected —29 mV/pH for a 2 e/1 H" couple.*’ These data are most consistent with iLOV

reduction proceeding via concerted OX—NSQ and NSQ—NHQ transitions. The reaction

Table I1I-1. Reduction potentials, pH dependence, and electron equivalents with the mediator
(Slope) of iLOV and Q103X mutants determined from reductive and oxidative (iLOV)
titrations. Uncertainties in the last significant digit shown in parentheses

E°oxmnmg (MV) AE®oxneo/pH Slope

iLOV Variant pH 7.9 pH 8.9 (mV) pH 7.9 pH 8.9
iLOV —353.9(8) —401.1 (3) —47 .13 (4) .13 (4)
iLOV? —351.5(2) —392 (2) —41 1.01 (1) 1.7.(1)
QisA —337.0(5) —393.9(4) —57 1.35(4) 1.11(3)
Q103G —327.5(3) —382.7 (6) —55 0.93 (3) 0.94 (4)
QiR —321.0(5) —377.9 (1) -57 1.15(5) 1.05 (1)
QK =318 (1) —366.6 (3) —49 1.22 (5) 1.21(2)
QiosE —327(2) —365.6 (4) -39 1.0(1) 1.15 (3)
QiosD —323.2(6) —365.5(2) —42 0.86 (4) 1.21(1)
FMN -2420 —272¢ -29 n.ds nd?

2 Values obtained from oxidative (reverse) titrations.
® Value taken from ref. 5 at pH 8.00.

¢ Value taken from ref. 5 at pH 9.04.

4n.d. not determined.
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was fully reversible; an oxidative titration of reduced iLOV and safranine resulted in an
E°ox/nNnq potential only 2.5 mV different, with slightly larger differences at pH 8.9 (9 mV),
but significantly more scatter in the data (Supporting Information Figure I11-S12).
Extrapolation to pH 7.0 yields an E°’ox/nuq of =312 mV, approximately 30 mV lower than
that measured for the Chlamydomonas reinhardtii LOV1 Cs7G protein,*! and 41 mV lower
than the homologous Avena sativa LOV2.%?

The mutants Qi03A, Q103G, and Q103R also showed no significant SQ accumulation
during the redox titrations. The E°ox/Nnq followed the trend iLOV < Q103A < Q103G < Qio3R
and an average AE°ox/nNuo/pH of =56 mV/pH, with the highest E°oxnuq shifted +33 mV
relative to the parent iLOV. During the titrations of Q103K, Q103E, and Qi03D, we did
observe some amount of NSQ, based on its characteristic absorbance at 616 nm, with NSQ
accumulation followed the trend Q103K < Q103E < Q103D. The NSQ accumulation was not
quantitative, suggesting E°ox/nsq and E°NsqnHQ were only moderately separated in these
mutants. Because the SQ contribution complicated two-state analysis of E°ox/NHQ, we
quantified NSQ directly and accounted for it in the calculation of E°ox/nHq. Taking
advantage of the unique photosensitivity of the Qi03D,!” we quantitatively photoreduced the
OX FMN to the NSQ state anaerobically via 450 nm illumination to determine the molar
absorptivity at 616 nm (gs16) (Supporting Information Figure III-S2). This reaction requires
no external reductant; presumably the electron is donated by a protein tyrosine or
tryptophan. For further validation and to capture any contributions of an ASQ, we also
quantitated the total SQ population by EPR, against a 4-hydroxy-TEMPO standard
(Supporting Information Figure I1I-S13). The 616 determined from these EPR

measurements is 12,400 £+ 400 M! cm™!, compared to our estimated value of 8,200 + 100
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M ecm™ by UV-vis. Due to the challenges of EPR quantitation by double integration, we
use the UV—vis-derived €616 below. The discrepancy between UV—vis and EPR estimates of
€616 systematically affects the magnitude of our estimated AE by 25 mV, but preserves the
relative trend (EPR-based AE is reported in the Supporting Information Table ITI-S5).
Incorporating NSQ quantitation, the E°ox/Nnq values were determined as =318 mV for
Qi03K, =327 mV for Qio3E, and =323 mV for Q103D at pH 7.9, shifts of +34 mV relative to
the parental iLOV.

The difference in iLOV Q103X variants’ semiquinone accumulation indicates a change in
the separation of E°ox/Nsq and E°NnsonNng (AE). To determine the NSQ stability for iLOV
and Q103X mutants, and hence AE, we performed comproportionation reactions, in which we
mix equal concentrations OX- and NHQ-prepared iLOV and monitor the accumulation of
NSQ via reaction III-5 by UV—vis and EPR spectroscopy (Figure I1I-4 and Supporting
Information Figure SIII-14). As described in the Methods, the reaction between OX and
NHQ is treated as any other oxidation—reduction reaction that is split into two “half-cell”
reactions. The final equilibrium concentrations can be used in the Nernst equation to obtain

a “full-cell” potential which is equivalent to AE (see equations I1I-8 and II1-9). The
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Figure I1I-4. Comproportionation and characterization of the NSQ. A UV-vis time course of
iLOV OX and NHQ comproportionation over 24 h. Arrows indicate the time-dependent direction of
change in absorption from beginning (blue) to end (orange) of the reaction. B Normalized EPR
spectrum (black) and simulation (orange) of the iLOV NSQ. C UV-vis time course of Q03D OX and
NHQ comproportionation over 24 h. D Normalized EPR spectrum (black) and simulation (orange) of
the Q103D NSQ

comproportionation reactions were slow, reaching equilibrium in 10-20 h. Over the course
of the reaction, we see a slight decrease in the OX state absorbance at 448 nm for iLOV,
with a concomitantly small rise in the characteristic NSQ visible absorption feature at 616
nm (Figure II1-4A). The EPR spectrum of the iLOV OX/NHQ comproportionation
equilibrium mixture showed an isotropic S = 1/2 singlet with a giso of 2.004 and a line width
of 1.92 mT (Figure I11-4B). In general, ASQ radicals have a smaller line width of around
1.5 mT, while NSQ radicals have line widths between 1.8 and 2.0 mT.** Thus, the EPR and
UV-vis spectra, and the pH dependence of the redox titrations, support an NSQ assignment.

Compared to the Q103X mutants, the parental iLOV formed the least NSQ at equilibrium,
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suggesting that E°ox/nsq and E°Nsonnq are more crossed. Comproportionation reactions of
Q103D produced the most NSQ (Figure III-4C), with identical spectroscopic characteristics
of the NSQ by EPR, giso 0f 2.004 and a line width of 1.94 mT (Figure I11-4D). To
determine any contribution of ASQ to the comproportionation experiments, we measured
the EPR spectrum of a Q103D comproportionation reaction at an even higher pH of 9.25, but
observed no differences in either the EPR or UV—vis spectra (Supporting Information
Figure III-S15). These data imply significant differences in AE between iLOV and Qi03D.
The EPR spectra and simulation parameters for all comproportionation reactions are
reported in the Supporting Information Figure III-S16 and Table III-S6.

With the measurement of iLOV and Q103X mutants’ E°ox/Nuq in hand, and the relative
Keq of comproportionation, we calculated E°ox/nsg and E°Nso/nnQ across the series (Table
IT1-2). As described in the Methods, these values were calculated by assuming our E°ox/NuQ
derived from the redox titrations lay at the exact midpoint of AE as derived by the

comproportionation experiment. For iLOV, AE was —212 mV, corresponding to an E°ox/NsQ

Table I11I-2. AE, E°oxnsq, and E°nsonuq values for iLOV and Q103X mutants from
spectrophotometric FMNox and FMN~uQ comproportionation at pH 7.9. Propagated uncertainties in
the last significant digit are reported in parentheses.

iLOV E°oxmmg AE E°ox/nso % of E°Nsomg % of
variant (mV) (mV) (mV) AE gt (mV) AE s
iLOV -354 ~212 (4) ~458 (2) ref. ~246 (2) ref.
QA 337 -176 (3) —427(2) 86 -251(2) 14
Qun:G -328 112 (1) 381 (1) 85 259 (1) 15
QiR -321 -127 (1) 386 (1) 77 269 (1) 23
Qu:K -318 104 (1) -372 (1) 79 269 (1) 21
Qun:E 327 -89 (4) -371(3) 71 282 (3) 29
Quo:D -323 —44 (1) 342 (1) 69 298 (1) 31
FMN 2428 54 -2692 N.AY 2162 N.Ab

2 Values from ref. 5.
®N.A. not applicable.
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of =458 mV and an E°nsonnq of =246 mV. By comparison, Q103D exhibited a AE of —44
mV, corresponding to an E°ox/Nsq of =342 mV and an E°NsonnQ of =298 mV. Thus, the
Q103D mutation diminishes potential crossing relative to iLOV by increasing the E°oxnsq by
+116 mV, while also decreasing the E°NsoNuQ by =52 mV. Across the mutants targeting NS,
the E°ox/Nsq was increased and the E°NnsonHQ was decreased relative to iLOV, resulting in
smaller AE. The shift in E°ox/Nsq relative to iLOV contributed >70% to the overall change
in AE, and the remaining 30% stemming from shifts to E°NsoNHQ.

To provide insight into the molecular mechanism of flavin redox tuning by mutations
proximal to the flavin N5, our collaborators performed classical MD simulations in both the
OX and NSQ states. For the parental iLOV in the OX state, multiple replicas of 500 ns
trajectories were performed. In most of those trajectories, the glutamine side-chain maintains
a hydrogen bonding interaction with the flavin O4, with a representative replica (where
hydrogen bonding is maintained throughout most of the trajectory) giving a mean NgeesO4
distance of 3.2 A and RMSF of 0.6 A and mean Nees*N5 distance of 4.0 A and RMSF of 0.8
A (see Figure ITI-S17).

In some replicas of the iILOV OX state, the glutamine side chain loses its hydrogen
bonding contact with the flavin O4. This result is somewhat unsurprising in the context of
the very hydrophobic environment of the Q103 side-chain in the X-ray structure, and the
relative flexibility of this residue, as evidenced by the backbone Ca. RMSD at this site near
the C-terminus (Figure I11-17).!° We note that in the full 4. thaliana LOV2 domain of
phototropin 2, from which iLOV is derived, Q103 is C-terminally flanked by the Ja helix,
which may stabilize the hydrogen-bonded state to N5/04 in the OX dark state, and the

flipped out conformation resembles that which allosterically controls Ja helix unfolding in
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the light-activated state.*>* For the remainder of this chapter, we will focus on results from
a replica where the hydrogen bonding was maintained throughout the full 500 ns trajectory,
consistent with the crystal structure (Figure I-3).1

The reduction of iLOV to the NSQ state appears to result in less conformational
flexibility of Qio03, as indicated by the RMSF analysis in the C-terminal region (Figure III-
S17). Nevertheless, the conformation of Q103 does change in the NSQ state, rotating the
side-chain such that its amide carbonyl oxygen, rather than the amide nitrogen, is pointed
toward N5. This observation is consistent with what happens in native LOV domains in
either the light-activated or reduced NSQ states.*** The flip comes at the expense of
potential hydrogen bonding interactions. The lowest average distance for that of O4s¢«O
Q103 carbonyl is 4.3 A with an RMSF of 0.5 A and that for N5¢+«O is 5.6 A with an RMSF
of 0.5 A (Figure I1I-S17). In place of Q103 (strained) hydrogen bonds to the flavin N5/04,
the calculations show that water enters the binding pocket in the NSQ state and mediates the
hydrogen bonding interactions between the flavin and Qi03. Hydrogen bonding between N5
and a water molecule occurs with significantly higher probability (51.8%) in NSQ than the
OX state (0.0%). The water occupancy within 4 A from the flavin N5 in NSQ is
significantly higher (94.4%) than the native OX state of iLOV (6.0%).

The E°ox/Ns@ was then simulated for the various Q103X mutants using relative free
energy simulations, benchmarked against the parental iLOV. In previous work, a
thermodynamic integration (TI) approach to simulating flavoprotein redox potentials yielded
reduction potential errors on the order of <1 kcal/mol (<43 mV) for solvent-exposed
residues in flavodoxin.*®*” While this approach is promising, the simulations here present

added challenges that can contribute additional errors: (1) Qo3 is directly hydrogen-bonded
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to the flavin and those hydrogen bonding interactions are expected to change upon N5
protonation, (2) some mutations involve large changes in the size and charge of the amino
acid (e.g., protonated Q103R™), (3) Q103 is buried in a relatively hydrophobic environment,
and (4) Qio3 is near the flexible C-terminus. Such large perturbations at buried but dynamic
residues present challenges to the requirement of BAR protocols where each A step should
weakly perturb the system.?’ For these reasons, our collaborators opted to use longer MD
simulations and 40 A steps instead of the 814 A steps used for flavodoxin.?6-3%:4¢

Their analysis of the mutagenic trajectories and the resultant computed E°ox/NsQ
indicated that, even with a relatively long MD period and higher-density A steps, errors
between replicas were >1 kcal/mol (Supporting Information Table ITI-S7 and III-S8). In the
OX state, the free energy associated with introducing Q103X mutations yielded standard
deviations (o) between replicas on the order of 0.7-3.7 kcal/mol, with the greatest variations
among replicas for the charged mutants Q103K (¢ = 3.7 kcal/mol), Qi03R™ (6 =2.3
kcal/mol), and the deprotonated Q103D (6 = 2.9 kcal/mol). Q103G also gave a larger error
(6 = 2.1 kcal/mol) due to the large change in size of the amino acid. The Qi03A, Q103E©, and
Q103D mutations gave more reasonable errors (c = 0.5 to 0.7 kcal/mol). In comparison to
the OX state, o between replicas of Q103X transformations in the NSQ state are generally
smaller. For all NSQ mutations, ¢ ranged from 0.5 to 1.8 kcal/mol, with the exception of
Q103K™, where ¢ was 3.5 kcal/mol. Nevertheless, since errors for the OX and NSQ states
are additive when computing E°ox/nsq (giving 6 of 1.9 to 7.2 kcal/mol, or 82 mV to 312
mV), these uncertainties are too large to reliably capture differences between the iLOV

mutants.
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Figure I1I-5. Water dynamics throughout MD simulations with alchemical transformation A Radial
distribution of water cumulative number (CN) to N5 in the NSQ state during alchemical Q03 (A = 0) to
Ki03™ (A = 1) transformation at each A step with a 3 ns pre-equilibration time. B Comparison of CN at 4
A during the Qi3 to Kio3™" transformation for 3 ns (blue) and 50 ns (orange) pre-equilibration. C
Representative structure of Q3K with water in the flavin pocket. D Radial distribution of water
cumulative number (CN) to N5 during alchemical Qjo3 (A = 0) to D103 (A = 1) transformation at each A
step with a 50 ns pre-equilibration time. E Comparison of CN at 4 A during the Qo3 to D@
transformation for two different replicas with 50 ns pre-equilibration. F Representative structure of Q3D
with water in the flavin pocket.

Based on observations with the parental iLOV, our collaborators suspected that solvent
penetration dynamics may significantly contribute to the deviations among replicates. In all
OX and NSQ simulations, the native iLOV binding pocket starts out anhydrous, but the
gradual introduction of a mutation at Q103 causes water to enter the binding pocket near the
flavin’s N5 region. Figure I1I-5 shows the water cumulative number (CN), the number of
waters within a variable radius shell centered at N5 at each A step for one replica of Q103K
NSQ state with a pre-equilibration time of 3 ns. Water penetration into the flavin binding
site is indicated by an increase in CN at <4 A. For Qi03K" specifically, different behavior
was observed between two replicas depending in the pre-equilibration time provided in the
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simulation (Figure III-5B). In replica 1, which had a short pre- equilibration of only 3 ns at
the A = 0 step, water does not enter the binding pocket until later in the Qi03—K
transformation. As a result, water entering the binding pocket introduces a large perturbation
and, after that point, the trajectories also show larger variations in the CN profile from one A
step to the other. These variations lead to large fluctuations in free energy not consistent
with a gradually perturbative regime. By extending the pre-equilibration to 50 ns at the A =0
step this issue is mitigated; all A trajectories behave more consistently after water enters the
flavin binding pocket. A representative structure of the water-penetrated Q103K is shown
in Figure I1I-5C. After discarding the 3 ns trajectories for Qi103K”, 6 between replicas
improved from 3.7 to 2.1 kcal/mol in the OX state, and from 3.5 to 1.0 kcal/mol in the NSQ
state of Q103K”. Similar pre-equilibration time-dependent behavior was observed for
Q103R™ and therefore only the longer pre-equilibration replicates for Q103R™ are considered
further.

The solvent penetration behavior of the OX state of the protonated Q103D® was also
examined (Figure III-5D-F). Again, water consistently entered the binding pocket at some
A steps between 0— 1. Both replicas display variations in the CN over the course of the
transformation. In replica 1, water enters the binding pocket at an early A step and remains
inside the pocket until A = 1. On the other hand, replica 2 displays intermittent entry of water
into the flavin site, which leads to large fluctuations in free energy.

The examples of Q103K and Qi03D® are indicative of a larger theme, that a major
source of error between different replicas of the same system is that not all replicas behave
in the same way with regards to water entering the flavin binding pocket. However, the MD

behavior can be qualitatively categorized into three empirical bins: (1) water enters the
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flavin binding pocket and remains there until the end in both the OX and NSQ state, (2)
water initially enters the binding site at some intermediate A step but is then ultimately
expelled from the binding pocket at the end of the BAR protocol (at the final A=1 step) in
both the OX and NSQ states, and (3) water is expelled from the binding pocket in the OX
state at the end of the BAR protocol but stays in the binding pocket in the case of NSQ.
Categorizing replicas in this way, comparison of computed E°ox/nsq from replicas belonging
to each of those categories gave more internally consistent results. Specifically, using
replicas that exclusively belong to category 3 gave considerably lower ¢ for almost all
mutations. The only exceptions were Q103D?), where category 1 gave slightly lower error
than category 3, and Q103R™, where not enough category 3 trajectories were obtained and
both categories 1 and 3 are included.

Using the categorized replicas of each Q103X mutant and the thermodynamic cycle
shown in Figure III-1 allowed for the calculation of E°ox/Nsq from 3 to 4 replicas (Table
I11-3). The data from all replicas, including those not considered further herein, are reported
in the Supporting Information Tables III-S7 and ITI-S8. The calculated ¢ (sum of both OX
and NSQ simulations) after binning are all <2.2 kcal/mol, instead of the 1.9 to 7.2 kcal/mol
obtained using all replicas. Overall, the computed potentials are within one o of the
experimental values, the only exception being Q103K ", which is one of the two residues that
introduces both a change in the charge state of the amino acid as well as a substantial
increase in the side chain length. The general agreement of categories 1 and 3 with the
experimental data and their internal consistency suggest that the flavin N5/04 in the NSQ
state interacts with protein-penetrating water in all iLOV mutants, but to varying degrees.

Indeed, there is good correlation between the positive potential shift of the E°ox/Nsq couple
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Table III-3. A comparison of simulated and experimental redox potentials. The simulated potentials
are obtained using a thermodynamic cycle from shifts in redox potentials relative to iLOV by
introducing mutations at the Q3 site. Standard deviations, reported in parenthesis, are the sum of ¢ from
the OX and NSQ states. H,O Occupancies reported for the OX state.

E°oxnse (mV) ‘ H,0 H,0
) . Difference
Variant A Category Computed Experimental (mV) Occupancy Occupancy
(N5, %) (04, %)

iLOV N.AZ2 ref.b —458 N.AZ2 6.0 7.5

QA 3 —433 (31) 427 -6 1.4 9.3

Qi0sG 3 —410 (63) -381 -29 3.4 36.4

QiR 1,3 —391 (56) -386 -5 6.2 53.0

QK 3 —444 (42) 372 -72 6.2 26.9

Qi:E@ 3 397 (94) 371 -26 1.6 4.7

Q103D 1 364 (59) 342 22 32.0 93.7

Q103D 3 —442 (23) 342 -100 10.8 81.0

*N.A. not applicable
® ref. reference value for integrated thermodynamic calculations

and the water occupancy near N5/04 (Table III-3). Furthermore, the protonated Q103D
model does substantially better than the corresponding Q103D"”, with replicas yielding an
E°oxnsq closer to the experiment. These results indicate, in agreement with previous
experimental and computational evidence,!” that the Q103D side-chain is protonated.
Following the same logic, the Qi03E side-chain is also expected to be protonated. Overall,
the results suggest that the stability and frequency of hydrogen bonding to the NSQ state
largely dictate the observed potential tuning of E°ox/Nsq.

Representative structures of the mutated iLOV in the OX state, based on clustering
analysis of the classical 500 ns trajectories, are shown in Supporting Information Figure III-
S18. The same figure also includes a heat map for the RMSF of individual amino acids. In
addition to residue 103, two asparagine residues (N72 and Ns2) as well as one glutamine
(Q44) that are involved in a hydrogen-bond network with the flavin and each other are

highlighted. In general, this hydrogen bond network is robust in most mutants, with Q44 and
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N72 in particular maintaining their conformational states across all mutants and clusters.
However, Ns2, due to its proximity to residue 103, is more strongly affected by the
mutations and can have different conformations. This is observed most notably in Q103R™"
which, although is conformationally rigid, displays a different hydrogen bonding pattern
around Ns2 compared to other mutants.

The structures in the Supporting Information Figure II1I-S18 indicate that mutations at
position 103 can introduce conformational changes distal to the N5 environment, either by
allowing water into the binding pocket or by influencing flavin’s interactions with other
neighboring amino acids. Such subtle (or in the case of Ns2, not so subtle) changes can
propagate through the hydrogen bond network and affect hydrogen bonding at other
heteroatom positions on the flavin. Thus, the mutation of Q103 and Ns2 play the major role in
forming the hydrogen bonding network near O4 and N5. Any mutation of Q103 perturbs the
hydrogen bonding network such that either water or Q103X mutant has to form hydrogen
bonding interactions with Ns2, otherwise Ns2 gets closer to the flavin and forms a hydrogen
bond with O4.

The heat map in the supplementary Figure III-S18 also shows that the mutants with the
highest flexibility at the C-terminus are Q103D® and Q103K™). Clustering analysis shows two
major conformations of Q103D©). Representative structures from both conformations have a
water molecule inside the active site, consistent with earlier results indicating high water
occupancy. On the other hand, for Q103K™, the two largest clusters are significantly
different; one cluster has the lysine directly hydrogen bonded with flavin’s O4, and the other
cluster has the lysine side-chain pointing out away from the flavin and with a water

molecule entering the binding pocket. The significant difference between those clusters can
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help explain why the redox potentials obtained from free energy simulations had larger

standard deviations than for all other mutants.

DISCUSSION

The ability of flavoproteins to tune the reduction potentials of their flavin cofactors to
match those of their substrates or electron transfer partners underlies their remarkable
catalytic versatility. Although flavin potentials are highly sensitive to the protein
environment, the precise mechanisms by which flavoproteins modulate one- and two-
electron couples remain unclear. Systematic investigations have been particularly
challenging for crossed-potential flavins, where the inherent instability of the NSQ
intermediate complicates measurement of individual one-electron potentials.

By targeting Q103 in iLOV, which resides near the flavin N5 and O4 atoms, we
demonstrated that single site mutations can significantly alter the degree of potential
crossing (AE), spanning 164 mV across the Q103X series, while shifting the overall two-
electron potential (E°ox/NHQ) by only ~30 mV. The dominant contributor to these changes
were positive shifts in the £°ox/nNsq@ of up to +116 mV. This is somewhat unsurprising, given
the proximity of the Q103X residue to the flavin N5, which becomes protonated upon
reduction in the NSQ state. The trend implies that mutations to Q103 destabilize the OX state
or stabilize the NSQ state, thereby raising E°oxnsq. Surprisingly, however, the effect of the
Q103X mutations did not follow an immediately intuitive trend associated with the side-chain
functional groups. Both acidic and basic residues showed similar E°oxnsq (e.g., Q103K and
Q103D), and elimination of hydrogen bonding entirely (e.g., Qi03A and Q103G) had only

modest effects on E°ox/Nsq relative to the parental iLOV.
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Scheme III-1. Proposed role of hydrogen bonding to the isoalloxazine ring affecting the FMIN
E°ox/nsq and E°nsqnuq for free FMN, Q103A, and Q1o3D. Average hydrogen bonds to the flavin
heteroatoms from extended MD trajectories are shown in parentheses. Hydrogen bonding that increases
(left to right) is indicated in orange and those that decrease in blue, with bold indicating a change > 0.5.
Net change in hydrogen bonding (Ayg) indicated for each transition.
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The E°nsonHQ couple was also affected by Q103X mutations, but to a lesser degree, with
the most shifted couple in the Q103D mutant by =52 mV relative to the parent iLOV. In this,
and all other Q103X cases, the E°Nso/Nmq couple becomes more negative, implying a
stabilization of the NSQ and/or a destabilization of the NHQ state. Yet again, no clear
correlation emerged with side-chain functional groups, underscoring the complexity of
interpreting these changes without structural information across all redox states and detailed
insights into conformational dynamics.

The QM/MM and MD simulations helped to provide molecular context into the
structural and dynamic differences between iLOV mutants, which is summarized in Scheme
III-1. For the freely solvated FMN analog lumiflavin, hydrogen bonding to the flavin

isoalloxazine ring heteroatoms is relatively unrestrained, and all atoms display some degree
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of hydrogen bonding in both the OX and NSQ state. These numbers are similar to previous
calculations with lumiflavin, with the exception of N1 in the OX state, which formed a
hydrogen bond in previous studies,*® but the simulations described here with the complete
ribityl tail of FMN largely does not. In the X-ray crystallographic structure of iLOV with the
FMN cofactor in the OX state, the hydrogen bonding interactions are significantly
diminished in the hydrophobic flavin pocket.!® In particular, no hydrogen bond <3.0 A is
observed for either N1 or N5, destabilizing the cofactor. These interactions are largely
reproduced in the extended MD simulations for Qi03A, with the exception of hydrogen
bonding interactions observed for N1, and the loss of the hydrogen bond to O4 via loss of
the Q103 side-chain. Overall, in the OX state, the isoalloxazine ring loses an average —1.0
(AnB) stabilizing hydrogen bond in moving into the iLOV binding pocket. The differences in
hydrogen bonding between free and iLOV-bound FMN in the NSQ state are more
pronounced. The hydrogen bonding to N5 and O4 is substantially weakened, resulting in a
net Aus of —1.5. This greater destabilization of the NSQ partially explains the relatively

low E°ox/Nsq couple in iLOV relative to free FMN.

Not all hydrogen bonds will contribute equally to the (de)stabilization of the FMN
cofactor in iLOV. We expect the extent of stabilization of either OX or NSQ state through
hydrogen bonding is dependent on the ApKa between donor and acceptor and steric
constraints imposed by the protein scaffold.” The pKa of the FMN N5 in the OX state has
been computationally estimated to be —10.*’ When free in solution, hydrogen bonding
between water and N5 is not particularly favored, with a ApKa > 24,> which is reflected in
the low average hydrogen bond count of 0.4, but there are effectively no steric constraints.

Conversely, the pKa of the FMN NSQ is 8.6 and the associated ApKa for hydrogen bonds
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with a water acceptor is 8.6, indicating that hydrogen bonding to or from N5 in aqueous
solution preferentially stabilizes the NSQ state over the OX state. We assume the pKa of N5
in the OX state is not significantly perturbed within the flavin binding pocket (—10), while
the pKa of the NSQ is clearly elevated to >9, based on our EPR measurements of the Q103D
SQ at high pH. As such, when comparing the change in hydrogen bonding between the free
and iLOV-bound FMN, the loss of a hydrogen bond acceptor to N5—H in the NSQ state in
iLOV is more destabilizing than the loss of a hydrogen bond donor to N5 in the OX state.
The opposite argument has been made for the stabilizing effect of the NSQ state in
flavodoxins, where a relatively strong hydrogen bond is formed between N5 and a glycine
backbone amide carbonyl, increasing hydrogen bonding relative to free FMN.>!-2

The FMN C=04 carbonyl bond is also weakened upon reduction to the NSQ state,
making O4 a better hydrogen bond acceptor.”>” Even though hydrogen bonding
interactions to O4 are diminished in parental iLOV relative to free FMN in both the OX and
NSQ state, we expect the destabilization effect to be greater for the NSQ state. Upon
reduction, the aromaticity in the central pyrazine ring loses some degree of delocalization,
partially splitting along the N5-N10 axis. We expect that the localization of greater
aromaticity to the uracil ring, which contains the heteroatoms O2, O4, N3, and N1, will
increase the impact of aromaticity-modulated hydrogen bonding at O4, further destabilizing
the NSQ relative to the OX state upon loss of hydrogen bonding.>®

On comprehensive comparison of the change in total hydrogen bonds (Aus, Scheme I11-
1), the NSQ state is destabilized relative to the OX state by an average additional 0.5
hydrogen bonding interactions, notably at N5 and O4, where relatively strong hydrogen

bonds should form. The E°ox/nsq of iLOV is shifted =190 mV (18 kJ/mol) in iLOV relative
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to free FMN, which is consistent with a net loss of a hydrogen bond to the NSQ state.
Additional effects of the protein binding pocket likely contribute to the E°ox/Nsq shift as
well, but those that affect both OX and NSQ states similarly will not result in shifts

to Eoxnsq.> %!

Changes in hydrogen bonding character near the flavin N5 and O4 across the
Q103X mutations correlate with the E°ox/Nsq shifts. For the Q103D mutation, which raise
the E°ox/Nsq, hydrogen bonding increases at O4, and to a lesser degree at N5, in the OX
state, whereas hydrogen bonding increases significantly for both N5 and O4 in the NSQ
state. In both OX and NSQ, the effect of the Q103D mutation is to stabilize the FMN
cofactor, but the NSQ is more stabilized by a AAus of 0.3. The shifts are relatively modest
and due to the increased penetration of water into the flavin binding pocket proximal to
N5/0O4. Water inside protein cavities is known to behave differently than that of the bulk,
including its hydrogen bonding dynamics, pKa, and corresponding hydrogen bond
energetics, and thus may not be directly comparable to solvation of N5 in free
FMN.37:6263 Nevertheless, by affecting both OX and NSQ oxidation states, their effect on
the overall tuning of the E°ox/Nsq couple (+116 mV, 11 kJ/mol) is more conservative than
the net effect of moving FMN from bulk solvent to the iLOV pocket.

For the cationic mutants Q103R™ and Q103K the side-chain tends to flip out toward the
solvent, which creates water penetration pathways in the NSQ state. The greater occupancy
of water near N5 over the course of the simulations relative to Q103G correlate with the
increase in E°ox/nsg. While electrostatics can tune flavin redox potentials, these effects
disproportionately affect proton-uncoupled redox transformations in which an ASQ or AHQ

is formed.®*%° Our data here are consistent with this, in that, the introduction of an
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expectedly charged residue does little to change the reduction potential of a charge-neutral
OX—NSQ or NSQ—NHQ transition. Across the series of Q103R™, Q103K", and Q103D
the MD simulations indicate water occupancy and hydrogen bonding correlate well with the
computed E°ox/Nsq, providing a rationale and experimentally testable model for flavin redox
tuning via hydrogen bonding interactions to N5 and O4.

For Q103D, only the neutral state was found to agree with experiment, but with one
methylene carbon fewer than the Q side-chain, no hydrogen bond can be formed with N5.
Instead, water overwhelmingly penetrates into the flavin binding pocket, where it can
hydrogen bond with N5 and O4, and is additionally stabilized by hydrogen bonding
interactions with the carboxylic acid side-chain carbonyl of Q103D?. This hydrogen bonding
interaction likely polarizes the water molecule, making it a better hydrogen bond acceptor
within the hydrogen bonding network.

The iLOV scaffold and Q103X mutations also change the bound FMN E°NsonHQ, relative
to the free cofactor. In the parental iLOV, E°Nso/nHQ s only 30 mV below that of free FMN.
The pKa of the free riboflavin N1 in the NSQ state is 2.3,% and shifts to 6.7 in the NHQ
state, corresponding to a ApKa in H2O+e*H-N1 hydrogen bonds of 11.7 and 6.7,
respectively. This ApKa difference between the two oxidation states is more modest than for
NS5 between OX and NSQ states, indicating that hydrogen bonding contributes to
stabilization of both NSQ and NHQ states, but more so in the NHQ. The X-ray structure of
iLOV (in the OX state) contains a strained hydrogen bond between the amide -NH2 of
Qa4 and N1 (NeeeN distance of 3.4 A) and a shorter hydrogen bond with O2 (N++O distance
of 2.9 A), analogous to the Q103 interactions with N5 and O4, whereas our MD simulations

show the Q44 amide —NH: forms hydrogen bonds to N1 in about 60—80% of frames,
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depending on oxidation state. This is in contrast to the situation in water, where only 20% of
frames form hydrogen bonds at N1. Assuming Q44 can act as both a hydrogen bond donor
and acceptor during the NSQ—NHQ transition, hydrogen bonding capacity to N1 is
maintained in both NSQ (acceptor) and NHQ (donor) states. Here, we predict that hydrogen
bonding will stabilize both NSQ or NHQ similarly, explaining the small change

in E°nsonng relative to free FMN. Nevertheless, there are other factors the protein
environment likely imposes on the NSQ—NHQ transition that are distinct from those
experienced in bulk water, such as the flavin “butterfly” bend in the NHQ state,%” which
could partially explain the slightly more negative E°NsqnHQ, but is not addressed in the
experiments or simulations presented herein.

Qio3E, just like Q103D, is also expected to be protonated based on MD simulations. As
shown in the clustering analysis in the Supporting Information Figure III-S18, the
Ei03 residue is firmly hydrogen bonded to the flavin O4 atom. The protonated Q103E,
therefore, participates in a stabilizing hydrogen bonding network involving both the Ns2 and
flavin. Instead, MD simulations on the deprotonated Q103E result in a less stable and
therefore more dynamic environment near the Eio3 position (see heat map in the Supporting
Information Figure ITI-S18).

It is also useful to compare the E°oxnsq potential in native iLOV and Q103E©. Both
systems have a side chain at position 103 that is at a suitable length to form a direct
hydrogen bond to the flavin O4. However, the Qi03E® side chain increases E°ox/nsq relative
to Q103 in iLOV. This can be attributed to the difference in the pKa of the two side chains;
E103 is more acidic and is therefore a better hydrogen bond donor than Q103. This difference

in hydrogen bonding ability results in a larger stabilizing effect on the OX state in Q103E©,
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without the need for water penetrating the binding pocket, while in other mutants
the E°ox/Nsq trend is related to degree of water solvation.

The trend in E°ox/Ns@ across the Q1o3X mutants was also reflected in the E°nsq/nHQ, but
instead decreases the reduction potential from iLOV to Q103D, indicating that the mutations
either stabilize the NSQ or destabilize the NHQ. The distal nature of the Q103X mutations
relative to N1 makes changes in hydrogen bonding to N1 across the series unlikely. We
hesitate to speculate on the molecular origin of this trend, but note that the pKa of N5 in the
NHQ state has never been measured to our knowledge, but is likely extremely high (>14),
making any N5 hydrogen bonds minimal in the overall NHQ stabilization. In this scenario,
systematic increases in stability of the NSQ due to hydrogen bonding to water, as we argue
for the tuning of E°ox/Nsq, should decrease E°NsqnHQ, assuming little change in the stability
of the NHQ state across the series. This hypothesis will be tested in future studies.

The results from the alchemical free energy calculations performed by our collaborators
highlight the difficulties involved with computational prediction of flavin reduction
potentials. While several free energy studies have been reported for computing redox
potentials or effects of mutations on protein interface (in flavoproteins and other related
biological systems), these protocols have often relied on shorter dynamics and fewer A
steps.?47 Such protocols can be suitable for systems like flavodoxin, where flavin is already
solvent-exposed. Here, even with 40 A steps (inclusion of more intermediate states
connecting the end points) and longer dynamics (600 ns per replica) than is typically used,
there were larger errors in the calculations. This is because free energy protocols are suitable
when a change is introduced smoothly and gradually. When flavin is engulfed by a protein

environment, the mutational transformation is more easily disrupted by random and
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intermittent entering/exiting of water near the flavin. Even with these errors, it is possible to
obtain redox potentials in biomolecules with errors on the order of 1-2 kcal/mol, but this
requires extensive sampling, multiple replicas to identify outliers, and careful analysis of the
trajectories to monitor issues like water access and other indicators of large perturbations
occurring along the A steps. The experiments reported here, which studies the effect of a
series of single-point mutations on the reduction potential of iLOV, can serve as a

benchmark set for computational methods being developed such as QM/MM MD

68,69 70,71

simulations,%%° polarizable force fields,*® and machine learning approaches.
The scientific application of iLOV, as a small engineered fluorescent protein, has been
limited to its utility as a genetically encoded alternative to O2-dependent fluorescent proteins
such as GFP. However, its small size, strong binding of FMN, and lack of any other
cofactors or subunits make it a perfect model to test theories on reduction potential tuning in
crossed flavoproteins. With this model protein, very low concentrations of NSQ can be
detected by traditional UV—vis spectroscopy without the convolution of interfering cofactors
or substrates. In this work, this has enabled us to estimate the potentials related to one-
electron transfer in flavins that preferentially undergo two-electron transfer. Our finding,
that hydrogen bonding and solvation preferentially stabilize the NSQ state, lowering the
apparent one-electron reduction potential, should be broadly applicable. Interestingly, in the
electron bifurcating enzymes, which are estimated to have the lowest E°ox/sq couples

known, an ASQ is proposed.’>” Further study is necessary to understand how hydrogen

bonding and electrostatics will affect OX—ASQ couples.
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CONCLUSION

In this chapter, we tuned the reduction potential of a flavin cofactor embedded within the
small fluorescent flavoprotein iLOV by changing the identity of a side chain residue nearby
the N5 and O4 atoms of the isoalloxazine ring. We showed that the identity of this side
chain and the corresponding increase in solvent penetration to the N5 pocket reduced the
extent of potential crossing of iLOV, while only modestly affecting the overall two-electron
potential of the cofactor. This can help serve as a reference from which to gauge the
accuracy of quantum mechanical predictions of flavoprotein reduction potentials and can
better inform future engineering of artificial flavoproteins via the thermodynamics of

proton-coupled electron transfer.
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SUPPLEMENTAL INFORMATION

Table I1I-S1. As-purified and reconstituted FMN loading of iLOV variants. FMN concentrations
were determined via UV-vis absorption at 448 nm using an extinction coefficient of 14,800 M~' cm™. For
blue-shifted mutants (Qi03K/E/D/R/A/G) the absorption at 440 nm using an extinction coefficient of
16,100 M™' cm™' was used. Protein concentration was determined via the Pierce 660 assay. Initial
FMN:IiLOV ratios prior to flavin reconstitution are based on single measurements. Reconstituted
FMN:IiLOV ratios and uncertainty are based on the average of triplicate measurements and error is

reported as the standard deviation.

iLOV Variant

WT
QioA
Q103G
QiosR
QinsK
QinsE
Q103D

138

As-purified
FMN:ILOV

0.21
0.27
0.44
0.31
0.27
0.17
0.36

Reconstituted
FMN:iLOV

1.05+0.02
1.12+0.02
1.09 £ 0.01
0.96 + 0.02
0.94 £0.02
0.95+0.01
1.14 £ 0.02
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Figure III-S1. Purification (right) and purity (left) SDS-PAGE gels of iLOV and Q103X variants.
Left: Typical purification gel for iLOV. Lanes as follows: (1) Precision Plus Molecular Weight Standard,
(2) total cell lysate, (3) soluble fraction of cell lysate, (4) insoluble pellet of cell debris, (5) Ni-NTA flow
through (pre-ULP1 digestion), (6) Ni-NTA wash, (7) Ni-NTA elution ((H)s¢-SUMO-iLOV), (8) ULP1
digestion (iLOV and (H)s-SUMO), (9) digested Ni-NTA flow through and wash (iLOV), (10) ULP1
digestion Ni-NTA elution ((H)s-SUMO), run in duplicate, and (11) buffer exchanged purified iLOV.
Heavier molecular weight bands around 26 kDa, but slightly lower than (H)s-SUMO-iLOV, present in
the purified fraction are small quantities of photo-oxidized and covalently crosslinked iLOV dimers (See
Chapter II).
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Table I1I-S2. Site directed mutagenesis (SDM) primer sequences for iLOV variants.

iLOV Variant

QiozA

Q103G

QiosR

QiosK

Qio3E

QiosD

Primer Sequences

(forward) 5'-cggtgttgcgctggatggttetg-3’
(reverse) 5'-gaaccatccagcgcaacaccgatg-3’
(forward) 5'-cggtgttgggctggatggttctgaccacg-3’
(reverse) 5'-cagcccaacaccgatgaaatactgcagetegee-3'
(forward) 5'-gcagtatttcatcggtgttcggctggatg-3’
(reverse) 5'-gaaccatccagccgaacaccgatg-3’
(forward) 5'-gcagtatttcatcggtgttaagctggatggttctga-3’
(reverse) 5'-ccagcttaacaccgatgaaatactge-3'
(forward) 5'-ggtgttgagctggatggttctgacc-3'
(reverse) 5'-catccagctcaacaccgatgaaatactge-3'
(forward) 5'-ggtgttgatctggatggttctgaccacg-3’

(reverse) 5'- cagaaccatccagatcaacaccgatgaaatactg -3’
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Figure III-S2. Determination of the Q103D NSQ extinction coefficient at 616 nm. A UV-vis absorption
of Q103D before (black) and after (blue) illumination by a 450 nm LED for 10 mins. B Time course of the
absorbance at 616 nm during illumination, demonstrating equilibration and complete conversion to the
NSQ. The ratio of the absorbance between 616 and 444 nm was multiplied by the extinction coefficient
at 444 nm (16,100 £ 200 M™' cm™).
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Figure III-S3. TH NMR spectra and resonance assignments of safranine isomers in de-DMSQO in the
aromatic region. Unassigned peaks in the isomer 2 spectrum are thought to be residual contaminants that
were not separated during HPLC-MS purification.
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Table III-S3. One-dimensional 'H NMR spectral assignments of safranine isomers.
Isomer 2
"H-NMR (ds-DMSO, 500 MHz): § 1.34 [3H, s, C(9)CHz], 2.29 [3H, s,
C(3)CHs], 6.08 [1H, s, H(1)], 7.34 [1H, d, ] = 9.2 Hz, H(7)], 7.68 [2H, m,

H(2)], 7.77 [3H, m, H(f3) & H(4)], 7.84 [1H, s, H(4)], 7.88 [1H, d, ] = 9.2 Hz,
H(6)].

Isomer 3
'H-NMR (ds-DMSO, 500 MHz): 6 2.30 [6H, s, C(3/7)CH3:(H(17))], 5.95 [2H,

s, H(1/9)], 7.62 [2H, d, ] = 7.5 Hz, H(f2)], 7.81 [1H, t, ] = 7.4 Hz, H(f4)], 7.87
[4H, m, H(4/6) & H(f3)].
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Figure IT1I-S4. Pourbaix analysis of safranine isomer 3. A Representative cyclic voltammetry (CV) scans
of safranine isomer 3 from pH 7.75 (orange) to 9.25 (blue). B Pourbaix diagram (midpoint potential vs.
pH) of safranine isomer 3 and associated linear fit. The slope of the fit was —33 mV/pH (1 H*/2 ¢") with an
R? 0f 0.99.
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Figure ITI-S5. Statistical clustering analysis based on RMSD cutoff (left), and number of structures per
cluster with an RMSD cutoff of 0.2 nm (right). Ten total clusters were obtained and only 2 had more than
500 MD snapshots out of the total 5001 frames.
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Figure III-S6. Emission-normalized (Aem = 520 nm) absorption spectra (excitation spectra, solid
lines) of iLOV and Q103X mutants. Emission spectra (Aex = 450 nm, dashed lines) are the same as those
reported in the main text Figure I11-2.
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Figure III-S7. Fluorescent lifetimes of iLOV, Q103X mutants, and riboflavin. A Emission lifetime

traces (dots, Aex = 400 nm) and associated single exponential fits to the experimental data (blue line). B
Residuals of the experimental data relative to the fit.
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Table I1I-S4. Fluorescence decay lifetimes (t) and quantum yields (®) and emission maxima
(Amax) of iILOV and Q103X variants.

iLOV Variant T (ns) ()] Amax
iLOV 4.37(0.01)! 0.37 (0.01)° 492
QinzA 4.01 (0.01) 0.37 (0.01) 486
Q103G 4.09 (0.01) 0.37 (0.01) 490
QiR 4.11 (0.008) 0.36 (0.01) 489
QinsK 4.07 (0.008) 0.35 (0.01) 488
QiosE 3.516 (0.004) 0.33(0.02) 510
Qio3D 4.05 (0.009) 0.33 (0.01) 498
Riboflavin 3.923 (0.008) 0.26° 534

Numbers in parentheses represent the standard deviation resulting from a fit of a single exponential decay trace.
2 Numbers in parentheses represent the error propagation of standard deviation resulting from the integration of
triplicate measurements of the iLOV variant emission spectra and the standard deviation resulting from their
respective absorbance measurements.

3 Values taken from ref. 9.
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Figure III-S8. Initial attempts to measure E°oxn~uq for iLOV variants using protein film
voltammetry. Cyclic voltammograms (CV, black) and differential pulse voltammograms (DPV, blue)
are overlayed. The voltametric setup was identical to that of the safranine measurements. About 5 pL. of
1 mM protein was cast onto the surface of a pyrolytic graphite edge-plane working electrode and allowed
to dry over a flow of nitrogen. After 1 hour of drying, the electrode was immersed in an electrode solution
that was degassed by sparging with Argon gas for 30 minutes prior. A Ag/AgCl (3M NaCl) reference
electrode and a platinum wire counter electrode were used. CVs were scanned from 0 to —1.0 V with a
scan speed of 1 V/s while DPVs were collected over the same range with a pulse height of 25 mV, a pulse
width of 10 ms, a step height of -5 mV and a step time of 100 ms. CVs contained several odd features.
The cathodic peak was lower in intensity and broader than the anodic peak, both peak widths were
unusually broad at ~150 mV, and all traces contained an unusual peak-to-peak separation of around 140
mV (as opposed to the expected value of 0 mV for an adsorbed analyte). No differences were observed

between mutants.
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Figure III-S9. Xanthine/xanthine oxidase redox titration assay to measure the E°oxnNnq couple.
Reactions were performed in a VAC glovebox using the same spectrometer used for comproportionation
experiments. For the reaction with safranine, the cuvette contained 169 uM xanthine, 0.3 U/L (10.2
pg/mL) xanthine oxidase, 2 pM MV?" as a mediator, 10 pM safranine, and 20 pM iLOV (FMNox) in 50
mM P; and 200 mM NaCl at pH 7.9. The fraction of oxidized iLOV was monitored at 420 nm, while the
fraction of oxidized safranine was monitored at 520 nm. The fraction of reduced iLOV was assumed to
be 1 — FMNox. The reduction of the standard dye proceeded far faster than the equilibration between the
species. For the reaction with diquat as a standard, 130 uM of diquat, 30 uM of protein, 400 puM of
xanthine, and 0.23 U/L (7.6 pg/mL) of xanthine oxidase was used in the same buffer adjusted to pH 7.9.
The concentration of iLOV (OX) was monitored at 475 nm to minimize convolution with diquat, while
the concentration of diquat (RED) was monitored at 777 nm. As before, the fraction of iLOV (NHQ) was
assumed to equal 1 — FMNox. In this reaction, the fraction of reduced diquat starts higher than that of
iLOV, but at some point in the titration the concentration of reduced iLOV becomes the major species.
The reduction of diquat in this assay had an unexpected bi-phasic shape. Together these indicate that the
equilibration between the two species was not at equilibrium, and that the oxidation of diquat while
initially fast, became retarded as it became consumed by the slower iLOV (0X).
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Figure III-S10. Inset from Figure I1I-3A of the main text reproduced for closer inspection.
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Figure III-S11. Redox titrations of iLOV Q103X mutants. Titrations were conducted at pH 7.9 (circles)
and 8.9 (diamonds). The experimental data were fit to a linear function (black dashed lines), and apparent
E°ox/nnq potentials are indicated on the y-axis (gray dashed lines). The results are summarized in the main
text Table III-1. Each data point represents the average of triplicate measurements in separate wells for

the same conditions.
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Figure I1I-S12. Oxidative redox titrations of iLOV with ferricyanide. The results of this titration
recreate those of the reductive titration shown in Figure SIII-10 and Main Text Figure I1I-2. Significantly
more scatter is observed in the pH 8.9 data, but the observed reduction potentials remain similar.
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Figure III-S13. Radical quantification by EPR. A Representative EPR spectrum of photo-chemically
reduced Q03D (gray shaded blue line). A linear baseline (orange) was subtracted from the spectrum, then
integrated to yield the integrated spectrum in the inset. A second baseline was subtracted to account for
the spectral asymmetry of the original spectrum (orange) and integrated again to yield the apparent total
radical content. B Representative EPR spectrum of 4-hydroxy-TEMPO, treated identically to Qio3D. The
4-hydroxy-TEMPO standard concentration was determined by UV-vis to construct the calibration curve
in C (blue circles), and compared to Q03D integrations (orange diamonds).
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Table III-S5. AE values for each mutant using both the UV-Vis estimated extinction coefficient of
8,200 M ' cm! and using the extinction coefficient estimated using EPR radical counting of 12,400
M em™ for the NSQ radical. Standard deviations are shown in parentheses. While shifts of
approximately 25 mV can be observed, the overall trends remain the same.

iLOV Variant UV-vis AE (mV) EPR AE (mV)

WT 212 (4) —236 (4)
Qio3A —-176 (3) —-195 (3)
Q103G —112 (1) —133 (1)
Qi03R —127 (1) —149 (1)
QiosK —-104 (1) —126 (1)
Qio3E -89 (4) -112 (4)
Q103D —44 (1) —68 (1)
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Figure III-S14. UV-vis quantitation of NSQ formation during the time course of
comproportionation experiments for iLOV and Q103X mutants. A Absorbance at 616 nm (A¢16 nm,
NSQ) data collected for each variant (colored dots) until equilibrium was reached, and single
exponential fit (solid colored lines) to the approach to equilibrium. Experiments were performed and
fit in triplicate to determine standard deviations. Equilibrium NSQ concentrations were determined
from the asymptote of the exponential fit. B Expanded view of iLOV and Qi03A for clarity.
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Figure 1II-S15. EPR spectrum of Q103D at pH 9.25. No significant differences in this radical spectrum
are observed when compared to Q3D at pH 7.9. It is likely that the pK, of the N5 position in NSQ is >9.
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Figure I1I-S16. Continuous wave X-band EPR spectra of the NSQ radical of each iLOV mutant.
Extracted simulation parameters are depicted in Table SIII-6. Each spectrum remained identical.

158



Table III-S6. EPR simulation parameters for iLOV and Q103X NSQ spectra, and associated fit 68%
confidence interval.

Variant Ziso Line width (mT)
iLOV 2.0041 (1) 1.92 (1)
QiozA 2.0043 (1) 1.94 (2)
Q103G 2.0042 (1) 1.92 (1)
QiR 2.0043 (1) 1.93 (1)
QK 2.0042 (1) 1.94 (1)
QioE 2.0045 (1) 1.91 (1)
Qio3D 2.0042 (1) 1.94 (1)
Q103D (pH 9.5) 2.0043 (1) 1.94 (1)
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Table III-S7. Free energies of mutation computed for the oxidized (OX) and neutral semiquinone (NSQ)
states of iLOV from different replicas. Indicated in the table are the pre-equilibration time (for A=0 step) and
the proximity of the water solvent to the N5 atom of flavin, measured as the start of the rise of the radial
distribution function (RDF). Free energies highlighted in yellow indicate a “water out” value. Free energies
highlighted in red are excluded due to a too-short pre-equilibration for that mutation.

Mutant State Rep # Eq. time (ns) RDF rise (A) AG (kcal/mol)

Q103D® (0),¢ 1 50 1.9 22.9
0,4 2 50 4.6 22.0

0OX 3 3 4.5 224

NSQ 1 3 2.7 21.5

NSQ 2 3 2.8 20.0

NSQ 3 50 >5 20.8

Q103D 0X 1 3 2.3 -77.2
(0):¢ 2 3 2.7 -74.8

0OX 3 3 1.9 -80.8

(0),¢ 4 50 4 -74.7

NSQ 1 3 25 2754

NSQ 2 3 2.8 -74.7

QinzA 0X 1 3 2.2 71.9

(0),¢ 2 3 4.8 72.1

0OX 3 50 4.8 73.2

NSQ 1 3 >5 69.3

NSQ 2 3 2.6 71.9

NSQ 3 50 2.5 72.3

Q103G (0,4 1 3 1.8 61.1
(0),¢ 2 50 4 62.0

OX 3 50 2.65 58.0

NSQ 1 3 2.69 61.1

NSQ 2 3 2.68 594

NSQ 3 50 2.66 62.2

QiK™ (0)¢ 1 3 2.8 -19.3
(0),¢ 2 50 24 -11.5

OX 3 50 >5 -15.3

OX 4 100 2 -11.9

NSQ 1 3 2.6 -8.2

NSQ 2 3 2.6 -12.8

NSQ 3 50 2.68 -16.3

NSQ 4 100 2.7 -14.9
Qi3R™ 0X 1 3 4.1 -170.3
(0):¢ 2 3 1.7 -176.2
(0),¢ 3 50 >5 -174.9
0OX 4 50 1.9 -174.7
(0)¢ 5 100 1.87 -172.6
NSQ 1 3 2.7 -173.9
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NSQ 2 3 >5 -174.0
NSQ 3 50 2.8 -175.6
QinsE® (0):¢ 1 3 2.6 28.5
(0),4 2 3 >5 27.5
(0),4 3 50 1.9 28.0
(0),¢ 4 50 4.6 29.1
(0),¢ 5 50 >5 28.3
NSQ 1 3 4.8 28.4
NSQ 2 3 4.7 29.5
NSQ 3 50 >5 30.7
NSQ 4 50 2.6 27.9
NSQ 5 50 2.6 259
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Table III-S8: Reduction potentials computed for Q103X mutations using different binning for the replicas
obtained in Table SIII-7. “All” uses all replicas. For Q0:K™" and Q,0;:R™Y, an extra bin after removing short
(3 ns) pre-equilibration trajectories was included. Category 1 includes “water-in”” models for both the OX and
NSQ state. Category 2 includes “water-out” models for both the OX and NSQ states. Category 3 includes “water-
out” for the OX state but “water-in” for the NSQ state. The average reduction potentials, <Q> and <NSQ>, and
standard deviations, cQ and cNSQ, are reported for different replicas belonging to each bin. The “Error” column
reports the deviation from the experimental reference. The average reduction potential and standard deviations
are reported for different replicas belonging to each bin, as well as the error relative to the experimental reference.
The bin in green displays the data reported in Table II1-3.

(Q) cQ (NSQ) oNSQ Ered Totale  Error
Q103D® (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (mV) (mV) (mV)
All 22.4 0.5 20.8 0.7 -386 52 -44
Category 1 229 N/A 20.7 1.0 -364 45 -22
Category 2 222 0.3 20.8 N/A -399 N/A -57
Category 3 222 0.3 20.7 1.0 -395 59 -53
Exp. -342
(Q) cQ (NSQ) oNSQ Ered Totale  Error
Q103DO (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (mV) (mV) (mV)
All -76.8 2.9 -75.0 0.5 -537 147 -195
Category 1 -77.6 3.0 -75.0 0.5 -569 154 -227
Category 2 -74.7 N/A N/A N/A N/A N/A N/A
Category 3 -74.7 N/A -75.0 0.5 -442 23 -100
Exp. -342
(Q) cQ (NSQ) oNSQ Ered Total ¢ Error
Qi3A (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (mV) (mV) (mV)
All 72.4 0.7 71.2 1.6 -404 101 23
Category 1 71.9 N/A 72.1 0.3 -467 13 -40
Category 2 72.7 0.8 69.3 N/A -313 N/A 114
Category 3 72.7 0.8 72.1 0.3 -433 46 -6
Exp. -427
(Q) cQ (NSQ) oNSQ Erea Total ¢ Error
Q103G (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (mV) (mV) (mV)
All 60.4 2.1 60.9 1.4 -482 155 -101
Category 1 59.5 22 60.9 1.4 -518 160 -137
Category 2 62.0 N/A N/A N/A N/A N/A N/A
Category 3 62.0 N/A 60.9 1.4 -410 63 -29
Exp. -381
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Figure I11-S17. MD simulations of iLOV in the OX and NSQ state. A Representative structure of
iLOV in the OX state from clustering analysis of a 500 ns MD trajectory. B Time-dependent distance
analysis for Q103 amide N to the flavin N5 (blue) and O4 (orange) from a 500 ns MD trajectory of
iLOV in the OX state. The solid gray line indicates the mean distance and the dashed line is the mean
plus one RMSF. C Heat map showing the root-mean-square fluctuation (RMSF) of each residue in the
OX and NSQ states of iLOV, with position 103 highlighted in a white box. A power law-
transformation to color scaling is applied instead of mapping values linearly with y = 0.5 to stretch low
values and to enhance the contrast among small RMSF regions. D Representative structure of iLOV in
the NSQ state from clustering analysis of a 500 ns MD trajectory. E Time-dependent distance analysis
for Q03 amide carbonyl oxygen to the flavin N5 (blue) and O4 (orange) from a 500 ns MD trajectory
of iLOV in the NSQ state.
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Figure ITI-S18. Left 9 panels: Structures obtained by clustering analysis for the mutants shown in
the OX state. The most populated cluster model is shown in each case, except for Q103D where we
instead present the second most populated cluster model (the most populated one has 54% contribution
with the aspartic acid pointing away from the flavin, but still has a water inside the binding pocket). The
percentages indicate the number of frames belonging to the corresponding cluster model. Right panel:
Heat map for the individual residue RMSF for the OX state of different mutants. A power law-
transformation to color scaling is applied instead of mapping values linearly with y = 0.5 to stretch low
values among the various mutants and to enhance the contrast among small RMSF regions. E-p and E-d
refer to the protonated and deprotonated forms of E o3, respectively, while the D refers to the protonated

form.
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IV. The N1 Site: Modulating iLOV’s NSQ/NHQ Redox Couple

Part of the content of this chapter was published in Jones, B. J.; Elhajj, S.; Haynes, B.;
Wang, S.; O’Connor, I.; Gozem, S.; Greene, B. L. Measurement and Control of Crossed

Potentials in a Flavoprotein. J. Am. Chem. Soc. 2026. https://doi.org/10.1021/jacs.5¢16043.

ABSTRACT

This chapter investigates the role that protein side-chain interactions to the N1 atom of a
flavin’s isoalloxazine ring have on the reduction potentials of the cofactor. Mutation of a
glutamine residue near N1 in the model flavoprotein iLOV, results in mutants that have an
arrangement of reduction potentials that are more crossed than that of the parental protein.
This is demonstrated to arise through the lowering of the potential of the second redox
couple (NSQ/NHQ) over that of the first (OX/NSQ). This is consistent with the N1 atom as

the site of protonation over the course of proton coupled electron transfer (PCET).

INTRODUCTION

In the last chapter, I demonstrated the ability to increase iLOV’s Eox/Nsq reduction
potential and achieve a decrease in the extent of potential crossing between the flavins two-
one electron couples (AE, see equation ITI-10).! This was achieved via mutation of
glutamine (Q) 103 which lies within hydrogen bonding distance of the N5 atom in the
flavin’s isoalloxazine ring. This residue was chosen due to its proximity to N5 as the site of
protonation during the proton-coupled reduction of the flavin OX to NSQ.? During the

proton-coupled reduction of NSQ to NHQ, it is the N1 atom that instead becomes
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protonated. Thus, through a similar logic as before, we anticipated that a similar increase in
Ensonng would be observed via mutation of glutamine 44, which lies within hydrogen
bonding distance of N1 (Figure I-3).> However, unlike the results in the previous chapter,
the increase in Enso/nng is expected to increase the magnitude of AE as the two couples
become more thermodynamically separated, resulting in mutants that are more crossed than
the wild-type iLOV.

In this Chapter, we demonstrate that mutation of Q44 does indeed result in mutants that
are more crossed than iLOV. Through similar methods as before, which included
potentiometric titrations, spectrophotometric comproportionation, and electron paramagnetic
resonance (EPR) spectroscopy, we show that Q4 variants primarily shift E°NsonnQ, while
minimally affecting E°ox/Nsq, as expected. These hyper-crossed mutants will serve as better
analogs for the study of flavin based-bifurcating enzymes which are believed to exhibit more
dramatically crossed potentials than typical flavoproteins like wild-type iLOV.*¢
Furthermore, as with the measurements in Chapter III, these measurements will be used in
future studies to benchmark the results from computational predictions of iLOV mutant

reduction potentials.

MATERIALS AND METHODS

Materials

The iILOV gene within a pQE80L vector backbone was obtained from the Mukherjee lab
and cloned into a pSUMO vector as reported previously!''2. The 6x polyhistidine-tagged
ubiquitin-like protease 1 (ULP1) was expressed and purified as reported

previously.!*!* Primers for PCR were ordered from Integrated DNA Technologies (IDT).
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Dpnl, Phusion HF polymerase, chemically competent DH5-a and BL21 (DE3) Escherichia
coli, the Qiagen QIAprep Spin Miniprep and Gel Extraction kits, and the NEBuilder HiFi
DNA Assembly kit were purchased from New England Biolabs (NEB). IPTG was purchased
from Merck. Sephadex G-25 fine resin, LB Miller broth, NaH2PO4 (Pi), dithiothreitol
(DTT), phenylmethylsulfonyl fluoride (PMSF), bovine xanthine oxidase (XO), xanthine, 4-
hydroxy-(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (4-hydroxy-TEMPO), sodium hydrosulfite
(dithionite, NaDT), sodium anthraquinone-2-sulfonate (AQ2S), and Amicon Ultra
centrifugal filters were purchased from Millipore Sigma. FMN sodium salt, HisPur nickel
nitrilotriacetic acid (Ni-NTA) resin, bicine, phenosafranine, methyl viologen (MV>"), 96-
well plates, Pierce 660 nm protein assay kit, amber NMR tubes, and Imperial protein stain
were obtained from Thermo Fisher Scientific. Bradford reagent was purchased from VWR.
Kanamycin sulfate was obtained from Genesee Scientific. Riboflavin was obtained from
Acros Organics. Microseal “B” 96-well plate seals were obtained from BioRad. The single-
color, cold, mounted, light-emitting diode (LED) with a wavelength of 450 nm and a
bandwidth of 18 nm, KG-1, and KG-2 glass filters were obtained from ThorLabs. The
pyrolytic graphite edge-plane (PGE) electrode, platinum wire counter electrode, Ag/AgCl
(3M) reference electrode, and saturated calomel reference electrode (SCE) were obtained
from Bioanalytical Systems (BASi) research products. The SP-200 single channel
potentiostat and FC-45 Faraday cage were obtained from BioLogic. Alumina polishing pads
and 0.05, 0.3, 1.0 um sized alumina were obtained from Buehler. Precision quartz (0.40 mm
wall) EPR tubes were obtained from SP Wilmad. Nanopure water was obtained via a

Barnstead E-Pure ultrapure water system (>17 MQ/cm) and was used for all solutions.
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Production of iLOV Mutants

Construction of the pPSUMO-ILOV plasmid vector, growth and aerobic purification of
(H)e-SUMO-1LOV and mutants, ULP1 digestion, purification of iLOV, and loading and
quantitation of FMN were conducted as described in Chapter II.” Associated FMN content
before and after reconstitution is provided in Table IV-S1 and protein purity gels are shown

in Figure IV-S1.

Site-Directed Mutagenesis of iLOV

Mutagenic primers used for site-directed mutagenesis to generate Q44X (X = A, H, K,
and E) iLOV are reported in Table IV-S2. Mutagenesis and plasmid preparation were

conducted as described in Chapter II1.!

Preparation of Anaerobic iLOV HQ and OX States, Anaerobic UV—vis Measurements,

and Measurement of the NSQ Molar Absorptivity

Anaerobic preparation of iLOV HQ and OX, UV-vis measurements, and measurement

of iLOV NSQ molar absorptivity were performed as described in Chapter I1I.!

Purifying and Characterizing Isomers of Phenosafranine and Anthraquinone-2-
Sulfonate (AQ2S).

Initial cyclic voltammograms from commercially obtained phenosafranine were
collected as described for safranine in Chapter III, and indicated the presence of multiple
isomers with distinct redox properties (Figure IV-S2). To ensure reliable redox titrations
with a dye indicator of a known reduction potential and extinction coefficient, we purified
the isomers of commercially available phenosafranine using a similar protocol as described

in Chapter III."! Only one major isomer was collected with sufficient purity. CV

169



measurements of this pure sample indicated enhanced purity of a single phenosafranine
isomer (Figure IV-S3A). As before, 'H NMR spectra were collected in d6-DMSO on a 500
MHz Bruker Avance NEO spectrometer further confirming the purity of this redox standard®
(Figure IV-S4A).

Commercially pure (>98% by HPLC) samples of AQ2S only contained a single
reversible peak in cyclic voltammograms (Figure IV-S3C), indicated sufficient purity by 'H
NMR in d6-DMSO (Figure IV-S4B), and was not further purified. The reduction potential
of pure phenosafranine and AQ2S were determined as a function of pH using a gold

working electrode as described for safranine in Chapter III (Figure IV-S3B and D).

Measurement of iLOV E°ox/mo

The measurement of equilibrium two-electron E°ox/nq potential was performed in a 96-
well titration assay as described in Chapter III,! with minor modifications described here.
For the preparation of master mixes, new 3 x buffers at pH 7.0 and 8.0 were used. The 3 x
concentrations of these buffers are 600 mM NaCl, 60 mM P; at pH 7.0 (Buffer E) and 600 M
NaCl, 60 mM Tris at pH 8.0 (Buffer F). iLOV Qa4A and Q44H were measured using
phenosafranine as a redox indicator. For consistency wild-type iLOV was also remeasured
using phenosafranine. The concentration of phenosafranine used in each master mix
remained the same as used for safranine previously. The extinction coefficient of
phenosafranine at 527 nm has been reported in methanol to be 48,000 M ' cm ™! For the
purposes of this protocol which uses initial and final absorbance values to determine
fractions reduced, the exact concentrations do not factor into the analysis. Thus, the
extinction coefficient in methanol was used to determine the concentration of the stock

solution of phenosafranine dissolved in water.
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The iLOV mutant Q44K was measured with AQ2S as a standard indicator at a single pH
(pH 7.0, using Buffer E). The concentration of a saturated stock solution of oxidized AQ2S
1

dissolved in water was determined by the extinction coefficient at ~ 257 nm of ~ 51,000 M~

cm ! The concentration of AQ2S used in the 3 x master mix was 450 pM.

Analysis of Redox Titration Spectra.

The analysis of redox titration data was performed as described previously in Chapter
II1,"''-13 with some minor modifications. For redox titrations with phenosafranine, the
analysis was identical to that of safranine except that the value of E#*4,, from Equation III-
5 was taken from the new phenosafranine Pourbaix diagram Figure IV-S3B. For redox
titrations with AQ2S, the reduced species of AQ2S absorbs maximally at around 420 nm'*.
Considerable overlap between the absorption spectra of AQ2S and iLOV Q4K exists at 420
nm (the wavelength at which the fraction reduced of iLOV mutants were previously
determined). Thus, new wavelengths were chosen. For AQ2S, the ratio of reduced to
oxidized species was determined from the increase in absorption at 390 nm, where both
iLOV OX and HQ absorb minimally. For iLOV, 480 nm was chosen where AQ2S has

negligible contribution. No further spectral deconvolution was performed.

Comproportionation of iLOV HQ and OX, and Quantitative Electron Paramagnetic

Resonance (EPR)

To determine AE, a similar protocol was used as described previously in Chapter I11.!
However, for the Q44X mutants, the equilibrium concentrations of NSQ were too low to
measure accurately with the concentrations of OX and HQ protein used in earlier protocols.

For the estimation of AE, one replicate was performed with 50 pM HQ and 50 uM OX as
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before, while three replicates were performed with 250 uM HQ and 250 uM OX. At these
concentrations, the absorption below 500 nm saturates the detector, and no features from
ASQ can be determined. Furthermore, even minor aggregation, background absorption, or
baseline shifts at 616 nm where NSQ is detected can significantly skew the measurement of
AE. While attempts were made to correct this by subtraction of authentic spectra of OX and
HQ, ultimately quantitation via EPR radical counting was chosen to determine the
equilibrium concentrations in samples with OX and HQ concentrations greater than 250 pM.
The linewidth of this EPR measurement was used to detect the presence of ASQ.

Experimental details of the quantitative EPR measurement are described in Chapter I11."1°

RESULTS

As described in Chapter III, we hypothesized that hydrogen bonding interactions at the
N5 and N1 sites of a flavin prosthetic group would provide distinct mechanisms for tuning
the two one-electron couples in flavoproteins through thermodynamic control of proton-
coupled electron transfer (PCET). In this chapter, we focus on N1 using the small
flavoprotein, iLOV, as a model system.

Similar to Chapter III, our approach to this investigation starts with the X-ray crystal
structure of iLOV. Here, a glutamine residue (Q44, Figure 1.2) is found near both N1 (3.4 A)
and 02 (2.9 A) atoms of FMN.? To see how residues near these atoms affect flavin
reduction potentials, we constructed Q44X mutations (X = alanine, A; lysine, K; histidine, H;
glutamic acid, E) by site directed mutagenesis. Initially purified iLOV mutants bound FMN
at levels significantly lower than the wild-type iLOV (<10 % holoprotein), with the
exception of Q4K, which exhibited higher loading (~39% holoprotein). After reconstituting

these proteins with FMN, all mutants showed an increase in flavin loading to 90%, which is
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slightly lower than the quantitative 1:1 m
binding by wild-type iLOV and Q103 = —
(5]
mutants, but is sufficient for the experiments é WA
Q
described herein (Supplementary Table I'V- E QK
S1 and Figure IV-S1). E m
< 448 nm /
The absorption spectra of Q44X mutants Q.E
appeared identical to that of wild-type iLOV 300 350 400 450 500 550

Wavelength (nm)

(Figure I'V-1). In contrast to the Q103

Figure IV-1. Normalized UV-vis absorption

mutants described in Chapter 111, which spectra of iLOV and QX mutants. Each of Qa4
mutant exhibited an absorbance spectrum

. . . indisti ishable fi ild-t iLOV.
exhibited blueshifts of about 10 nm relative indistinguishable from wild-type iLO

to the parent iLOV, the Q44X series of proteins retained the Amax of the So — S transition at
448 nm. Further optical characterization of the emission properties of these proteins will be
performed in future studies.

To determine how the Q44 mutations affected the redox behavior of the flavin cofactor,
similar methods to those in Chapter III were used. Initial reductive titrations on Q4K and
Qu44A using safranine as a redox indicator suggested that the 2-electron reduction-midpoint
potential of these mutants was more than 50 mV separated from the safranine standard,
necessitating the selection of a different redox-active dye. Therefore, we turned to
phenosafranine which has a reduction potential roughly 50 mV higher than that of safranine
(Supplemental Figures I1I-S4B and IV-S3B). For consistency, the reduction potential of the
parent iLOV was remeasured using this new indicator and was shown to be approximately
27 mV higher than that measured with safranine (Figure IV-2). The use of two different

standards should, in principle, reproduce the same result. However, remeasurement of the
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standard indicator reduction potentials through cyclic voltammetry (CV), even with different
working electrodes (pyrolytic graphite edge-plane versus gold electrode) continued to
indicate that the two dyes were about 50 mV separated. It is not immediately clear to us why
measurements of the same protein with these two standards are different, but we note that
measurement of the reduction potential of the safranine isomer used in Chapter III has been
reported to be about 35 mV more positive at the same pH when measured by potentiometric
titration in comparison to what we measure via CV.'® We also note that the reduction
potential measured here for the parent iLOV protein using phenosafranine is identical to that
which was measured for the Chlamydomonas reinhardtii LOV1 Cs7G protein which used
safranine as a redox indicator but utilized the more positive literature value for its reduction
potential,!” and 15 mV lower than the homologous Avena sativa LOV2 which also used
phenosafranine as a redox standard.!'® Thus for consistency, the measurements performed
here are all compared to the reduction potential of parental iLOV measured with
phenosafranine rather than the values obtained with safranine reported in Chapter III. Both
iLOV Qa4H and Q4A were measured with phenosafranine, while the highly positive
reduction potential of Q44K was measured with AQ2S at a single pH. Titrations for the
mutant Q44E were not obtained due difficulties acquiring sufficient quantities of protein for
the measurement. Both Q44K and Q4E will be examined in detail in future studies.

Aside from the systemic 30 mV shift in the 2-electron reduction potential, reductive
titrations of proteins using phenosafranine and AQ2S were similar to those with safranine.
The ratio of reduced fractions of dye to reduced fraction of analyte are used to determine the
difference in reduction potential between the two species.!'™!* The addition of the NaDT

reductant is associated with a decrease in the characteristic absorption features of FMN OX
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at 448 nm and oxidized phenosafranine at 527 nm (Figure IV-2A). Likewise, reductive
titrations with AQ2S as a redox standard show an increase in 390 nm as AQ2S becomes
reduced (Figure IV-2C and D).'* Reduction of the small organic molecule proceeds rapidly
before the sample can be measured, while reduction of protein occurs slowly over several
hours. Thus, as the sample approaches equilibrium electrons slowly migrate from the dye to
the protein. This results in an increase in 527 nm for phenosafranine or a decrease in 390 nm
for AQ2S as the dye becomes re-oxidized, and a decrease in 448 nm as the protein becomes
reduced (Figure IV-2A and C, inset). After 2 equivalents of NaDT, the entire sample is
fully reduced. For none of the Q44X mutants measured can any spectral features of NSQ or
ASQ be observed, suggesting that these mutants are highly crossed.

Reductive titrations of iLOV were analyzed using the same assumptions described in
Chapter I1I and fit to a linearized form of the Nernst Equation.' In summary, the fractional
reduction of both iLOV Q44X and the reporter dye standard were determined based on the
initial (fully oxidized) and final (fully reduced) spectra and their natural logarithms were
plotted against one another, producing a linear relationship. The slope indicates the ratio of
the stoichiometric coefficients for the number of electrons transferred between the protein
and the indicator dye, the y-intercept reflects the E°ox/mq determined relative to the standard,
and the pH-dependence informs on the number of protons involved in the redox process
(Figure IV-2 B, D and Figure 1V-S4). The resulting extracted values for E°ox/nq for iLOV
and the Q44X mutants, as well as the reference values for free FMN are summarized in Table

IV-1.
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Figure IV-2. Spectrophotometric redox titrations of iLOV and Q44X Mutants. A Equilibrium iLOV
absorbance spectra with phenosafranine as an indicator after adding NaDT reductant from 0 eq (orange)
to 3.3 eq. (blue). Inset shows the approach to equilibrium at one point in the titration (arrow) via
monitoring the absorption at 420 nm (FMNox), 520 nm (phenosafranine), and 616 nm (FMNnsq).
Phenosafranine is initially reduced faster than iLOV, then re-oxidized by reducing iLOV. B Egpy
(determined from phenosafranine) vs. E, (determined from iLOV) plots for pH 7.0 (open circles) and pH
8.0 (open diamonds) and associated linear fits. The gray dashed line shows the Eqyp at which the iLOV
FMN has an [OX]/[HQ] ratio of 1 (i.e. E°oxnmuq). C Equilibrium iLOV Q4K absorbance spectra using
AQ2S as an indicator. Inset shows the approach to equilibrium at one point in the titration (arrow) via
monitoring the absorption at 480 nm (FMNox), 390 nm (AQ2S), and 616 nm (FMNnsq). D Eqpp
(determined from AQ2S) vs. Er (determined from iLOV Qu4K) plots for pH 7.0 and associated linear fit.

From these reductive titrations, the parent iLOV had the lowest E°ox/nq of —285.1 £0.3
mV at pH 7.0 and a pH dependence between pH 7.0 and 8.0 of =46 mV/pH. Aside from the

27 mV shift when safranine was used a redox standard mentioned above, the pH dependence
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Table IV-1. Reduction potentials, pH dependence, and electron equivalents with the indicator
(Slope) of iLOV and Q44X mutants determined from reductive titrations. Uncertainties in the
last significant digit shown in parentheses

E°oxnnq (mV) Slope

iLOV Redox S

il i pH 7.0 pH 8.0 (mV) pH7.0  pH8.0
iLOV  Phenosafranine  —285.1 (3)  —330.8 (5) 46 1273)  1.05(4)
QuA  Phenosafranine  —2483 (6) —296.6 (1) 48 128(4)  1.02(1)
QuH Phenosafranine -246 (2) —287.6 (4) —42 1.5(2) 1.07 (3)
QuK AQ2S ~189.1 (9) nde nds 0.76 (4)  nd>
FMN —242°b —272¢ -29 n.d.? n.d.?

 n.d. not determined.
® Value taken from ref. 1 at pH 8.00.
¢ Value taken from ref. 1 at pH 9.04.

remained the same as measured previously' which is more consistent with iLOV reduction
proceeding via concerted OX—NSQ and NSQ—NHQ transitions.'” The E°oxnmuo followed
the trend iLOV < QA =~ Q44H < QK. The pH dependence of Q44K was not measured, but
both QA and Qa4H exhibited similar AE°oxNno/pH of =48 mV/pH and —42 mV/pH
respectively. At pH 7.0, the Q44K mutant exhibited an extraordinarily high E°ox/Nnq shifted
+96 mV relative to the parent iLOV.

To investigate whether this shift in 2-electron reduction potential is due to the
modulation of Eox/NsQ or Enso/nHQ, we set out to measure AE as demonstrated in Chapter II1.
Briefly, this value is obtained by measuring equilibrium concentrations of NSQ in a mixture
of equimolar concentrations of iLOV OX and HQ. Initial comproportionation experiments
did not show any detectable NSQ or ASQ formation for Q44X mutants under the protein
concentrations that were used previously. Therefore, we repeated these experiments using
5% the concentration of protein (250 uM). This allowed us to detect NSQ concentrations just

above the limit of detection, but this approach was not ideal. At these very high
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Figure IV-3. Comproportionation and characterization of the NSQ. A. A comparison of absorbance
spectra taken at equilibrium of a sample containing a mixture of parental iLOV HQ and OX at 50 uM
each (navy), and a sample containing Q4K HQ and OX at 250 uM each (orange). The former spectrum
is reproduced from Figure 3.4 The latter spectrum was taken prior to attempted deconvolution of OX
and HQ spectra used to create Supplemental Figure S4.5. The apparant concentration of NSQ at this
concentration as measured by the absorbance at 616 nm is highly skewed by baseline shifts when

measured by UV-Vis. B. Normalized EPR spectrum (black) and simulation (orange) of the iLOV QuK
NSQ. EPR quantitation was chosen as a preferable, albeit costly, alternative to estimating AE.

concentrations of protein, any features of the absorbance spectra below 500 nm saturate the
detector, preventing us from identifying any bands unique to potential ASQ. Furthermore,
even minor levels of aggregation or background absorbance from the nearby OX and HQ
can significantly skew the detected levels of NSQ (Figure IV-3A). Nonetheless, these
measurements demonstrated two things. First, the kinetics of the approach towards
equilibrium for Q4 mutants was significantly faster than that measured for the Qio3 series
measured in chapter III. Each of the Q44X mutants reached equilibrium levels of NSQ after
only 5 minutes from mixing HQ and OX, while the Q103 mutants, including the parental
iLOV, took several hours to reach this state (Supplemental Figures IV-S14 and IV-S5).
Second, these results suggest that the AE of Q44X mutants (especially Q44K) are highly
crossed relative to the parental iLOV. The data from these experiments suggests that the
Ensonng for Q44X mutants is significantly increased relative to Eoxnsq.
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To more accurately estimate the value of AE, we turned to quantitative X-band EPR at
high concentrations of protein (>250 uM each of HQ and OX). Conducting these
measurements in triplicate requires a large quantity of protein, but this method is preferable
due to the ability to better distinguish ASQ and NSQ radicals and the absence of background
interference. As described in Chapter III, the EPR spectrum of the parental iLOV protein
comproportionation reaction contains an isotropic S = 1/2 singlet with a giso 0f 2.004 and a
line width of 1.92 mT. Meanwhile, the Q44X mutants exhibited identical giso values but
slightly shorter linewidths of around 1.8 mT. These values lie closer to the expected range
for NSQ radicals which typically have line widths between 1.8 and 2.0 mT than the range of
ASQ radicals which have line widths around 1.5 mT.?° A tabulated list of simulated EPR
parameters is given in Supplementary Table IV-S4, while a representative EPR spectrum
for each mutant is provided in Supplementary Figure IV-S6. For the assignment of the
protonation state of the radical species, the UV-Vis results are inconclusive, but the EPR
data and the pH dependence indicates that the Q44X mutants are likely to possess an NSQ
rather than an ASQ at neutral pH.

The estimates of AE produced by UV-vis measurements and those made by quantitative
EPR vyield different results. By EPR, the absolute magnitude of AE followed the trend Q44H
< Qu4A < Qq4K while the UV-Vis data followed the trend QA < Qa4H < Q44K. The UV-vis
data suggests that the Q44H mutant is about 46 mV more crossed than Q4A, while the EPR
data instead suggests that the Q44A mutant is 14 mV more crossed. However. in both cases,
the Q44K mutant is by far the most crossed with a AE of =347 = 6 mV by UV-vis and —374 +
9 mV by EPR. We believe that the UV-Vis measurements of AE are less reliable due to

significant background interference at such high concentrations of total protein and low
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Table IV-2. AE, E°ox/nsQ, and E°~xsonao values for iLOV and Q44X mutants from
spectrophotometric FMNox and FMNn~uq comproportionation at pH 7.0. Propagated uncertainties
in the last significant digit are reported in parentheses.

iLOV E°oxNHo AEgpr E°oxnNso % of E°NsonHQ % of
variant (mV) (mv) (mV) ]SE;(I)f)i/N Oy S;?lftmﬂo
LoV 285 2124 391 (2) ref. ~179 (2) ref,
QuA —248 —267° —381 13 -114 87

QuH 246 253(5) 37203 23 _1193) 76

QuK ~189 374(9)  -376(1) 8 25 92

FMN —242b —54 —269°¢ N.AMG -216° N.Ad

? Value from Chapter III or ref 2
b Value measured with a single replicate
¢ Values from ref. 1.

A~+ ..

concentrations of NSQ, so we will use the AE values obtained via EPR for the remainder of
the chapter. The AE values obtained by UV-vis spectroscopy are listed in Table IV-S5

The resultant E°ox/nsq and E°NsqNHQ across the series is described in Table IV-2.
Again, these values are simply calculated assuming that the value for E°ox/nNnq is exactly
equal to the midpoint between the two one-electron reduction potentials. For none of the
mutants does the value of E°ox/nsq change by more than 17 mV. By contrast, the shift in
E°NsonHQ is far more dramatic, with that of the Q44K mutant exhibiting a stabilization of
177 mV or 17 kJ/mol. For all of the Q44X variants, the shift in E°NsqonHQ accounts for nearly
all of the shift in E°ox/Nnq ranging from 76% in Q44H to 92% in Q44K, while the

contribution by E°oxnNsq is minor and only decreases the magnitude of AE.

DISCUSSION

In previous studies, we demonstrated that mutation to Q103 which resides near flavin N5,
caused a decrease in the magnitude of potential crossing (AE). Since N5 was the site of

protonation during the transition from OX to NSQ, this mutation preferentially lowered
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Eoxnsq, bringing the two one-electron potentials closer together. With the results of
QM/MM molecular dynamics simulations, we determined that this effect was the result of
an increase in the number of hydrogen bonding interactions in successive mutants, primarily
from solvent water molecules. In this study, we set out to replicate these results by focusing
on the alternative flavin atom N1. The N1 atom becomes protonated during the transition
from NSQ to NHQ, and we anticipated that a similar, but opposite, effect would be observed
here as the AE between the two one-electron couples becomes greater. The results described
herein confirm this hypothesis. The replacement of Q44, which hydrogen bonds to the N1
position of the flavin, with A, H, and K results in an increase in the absolute value of AE. Of
these mutants the Q44K is the most crossed by an additional 162 mV or 15.6 kJ/mol. Our
results confirm that the increase in potential crossing is primarily caused by the lowering of
Ensonnq relative to Eox/ns. This implies that the Q44X mutations either destabilize the
NSQ redox state or stabilize the NHQ state. Given that the Eox/nsq is only modestly
perturbed, it is likely that any effects on NSQ are similarly observed in OX.

The examination of the redox properties of other mutants including Q4E will be
examined in future studies, but currently it is unclear how the acid/base properties of the
side chain residue affect the modulation of these potential. It is clear, nonetheless, that the
replacement of the native glutamine side-chain with a hydrophobic alanine, has a minor
effect on the reduction potentials of the flavin, while the replacement to a polar and likely
charged lysine is significant. We believe that this affect similarly stems from the
introduction of water molecules to the destabilized flavin binding pocket, resulting in an
increased number of hydrogen bonding reactions to the flavin, but computational results

from our collaborators have yet to be completed.
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In this study, the reduction potential of the Q44K mutant was studied at a single pH, due
to limitations in protein availability. While a complete examination of the pH-dependence of
this mutant has yet to be performed, it is possible that this mutant possesses an AHQ as
opposed to an NSQ. If this is true, then the stabilization of AHQ would likely be an
electrostatic effect stemming from the neutralization of negative charge by lysine, as
electrostatic stabilization of anionic redox states is well established for other flavoproteins
with normally ordered potentials.?!"*?

While the use of iLOV as a model flavoprotein was not as simple as was initially
anticipated, the results from Chapters 3 and 4 demonstrate that the crossed potentials of the
FMN prosthetic group can be tuned by mutation of residues nearby N5 and N1 in the flavin
binding pocket. Other heteroatoms within the flavin’s isoalloxazine ring, such as 02, O4,
and N3 are also likely important, as interactions with these sites is predicted to disrupt the
electronic distribution around the flavin and modulate the potentials through aromaticity
assisted hydrogen bonding.?* Mutation of N72 and Ng2, which interacts with these atoms is
currently being explored by our group and will be the subject of future studies. The results
demonstrated here are likely to be broadly applicable as these principles can be extended to
crossed flavoproteins as a group. Furthermore, as a small flavoprotein that can be simulated
by molecular dynamics simulations, these results will provide benchmarks for the

development of more accurate methods?*?” to computationally predict the reduction

potentials of flavoproteins in the future.

CONCLUSION

This chapter demonstrated the applicability of iLOV as a model flavoprotein to

investigate the effect that interactions near the N1 atom in a flavin have on its reduction
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potentials. Mutation of Q44 in the iLOV crystal structure, produces a series of mutants with
reduction potential arrangements that are more crossed than that of the parental protein. This
is demonstrated to occur by increasing the reduction potential of the NSQ/NHQ couple,
further separating the two one-electron reduction potentials. The results of this work will be
used in future studies to benchmark the results of computational predictions of iLOV

reduction potentials.
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SUPPLEMENTAL INFORMATION

Table IV-S1. As-purified and reconstituted FMN loading of iLOV Q44X variants. FMN concentrations
were determined via UV-vis absorption at 448 nm using an extinction coefficient of 14,800 M~ cm™.
Protein concentration was determined via the Pierce 660 assay. Initial FMN:iLOV ratios prior to flavin
reconstitution are based on single measurements. Reconstituted FMN:iLOV ratios and uncertainty are based

on the average of triplicate measurements and error is reported as the standard deviation.

iLOV Variant

WT
QuA
QuH
QuK
QuE

187

As-purified
FMN:iLOV

0.21
0.10
0.08
0.39
0.06

Reconstituted
FMN:iLOV

1.05+£0.02
0.90 £ 0.02
0.90 £ 0.02
0.84 £0.02
0.88 £0.02



MW
(kpa) 123456789 10 1 QA

13.2 kDa

Figure IV-S1. Purification (right) and purity (left) SDS-PAGE gels of iLOV and Q4X variants.
Left: Typical purification gel for iLOV. Lanes as follows: (1) Precision Plus Molecular Weight
Standard, (2) total cell lysate, (3) soluble fraction of cell lysate, (4) insoluble pellet of cell debris, (5)
Ni-NTA flow through (pre-ULPI1 digestion), (6) Ni-NTA wash, (7) Ni-NTA elution ((H)s-SUMO-
iLOV), (8) ULPI digestion (iLOV and (H)s-SUMO), (9) digested Ni-NTA flow through and wash
(ILOV), (10) ULPI1 digestion Ni-NTA elution ((H)s-SUMO), run in duplicate, and (11) buffer
exchanged purified iLOV. Heavier molecular weight bands around 26 kDa, but slightly lower than (H)s-
SUMO-ILOV, present in the purified fraction are small quantities of photo-oxidized and covalently
crosslinked iLOV dimers (See Chapter II).
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Table IV-S2. Site directed mutagenesis (SDM) primer sequences for iLOV variants.

iLOV Variant

QA

QiosH

QiosK

QiosE

Primer Sequences

(forward) 5'-gttttctggcgggcccggagacc-3’
(reverse) 5'-gcccgecagaaaacgageattgeg-3'
(forward) 5'-gttttctgcacggeccggagacc-3'
(reverse) 5'-gccgtgcagaaaacgagcattgeg-3'
(forward) 5'-gttttctgaagggcccggagacc-3'
(reverse) 5'-gcccttcagaaaacgagcattgeg-3'
(forward) 5'-gttttctggagggcccggagacc-3’

(reverse) 5'-gccctccagaaaacgagcattgeg-3'
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Figure IV-S2. A cyclic voltammogram of commercially obtained phenosafranine. Aberrant
shoulders at high potentials suggest the presence of impurities which will affect the results from reductive
titrations.
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Figure IV-S3. Cyclic voltammograms and resultant Pourbaix diagrams from redox indicators
phenosafranine and AQ2S. A Representative cyclic voltammetry (CV) scans of pure phenosafranine
from pH 6.84 (orange) to 9.25 (blue). B Pourbaix diagram (midpoint potential vs. pH) of pure
phenosafranine and associated linear fit. The slope of the fit was —32 mV/pH (1 H'/2 ¢”) with an R? of
0.99. C Representative cyclic voltammetry (CV) scans of pure AQ2S from pH 6.00 (orange) to 9.50 (blue).
D Pourbaix diagram (midpoint potential vs. pH) of pure AQ2S. This dye has a pK, near pH 8.3 and thus
contains two regimes of pH dependence. The associated linear fits for both ranges (pH 6.0-8.0 and pH
8.5-9.5) are displayed. Our experiments were performed at pH 7.0 and 8.0, so the fit between 6.0 and 8.0
was used for experiments. The slope of this fit was —53 mV/pH (1 H*/2 ¢”) with an R? 0f 0.99.
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Figure IV-S4. 'TH NMR spectra and resonance assignments of phenosafranine (A) and AQ2S (B)
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Table IV-S3. One-dimensional "H NMR spectral assignments of phenosafranine and AQ2S

Phenosafranine

'H NMR (400 MHz, ds-DMSO) 6 7.92 [d, J= 9.2 Hz, 2H, H(4/6)], 7.88 — 7.75 [m,
3H, H(f3/4)], 7.61 [d, J = 7.3 Hz, 2H, H(2)], 7.20 [dd, J = 9.2, 2.3 Hz, 2H,
H(3/T)], 5.81 [d, J=2.2 Hz, 2H, H(1/9)].

Anthraquinone-2-Sulfonate (AQ2S)

'H NMR (400 MHz, ds-DMSO) & 8.39 [d, J= 1.5 Hz, 1H, H(1)], 8.27 — 8.15 [m,
3H, H(4/5/8)], 8.07 [dd, J = 8.0, 1.8 Hz, 1H, H(3)], 7.93 [dd, J= 5.8, 3.4 Hz, 2H,
H(6/7)].
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Figure IV-SS5. Redox titrations of iLOV QX mutants. Titrations were conducted at pH 7.0 (circles)
and 8.0 (diamonds). The experimental data were fit to a linear function (black dashed lines), and apparent
E°ox/nnq potentials are indicated on the y-axis (gray dashed lines). The results are summarized in the main
text Table 4.1. Each data point represents the average of triplicate measurements in separate wells for the
same conditions.
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Figure IV-S6. UV-Vis based comproportionation experiments detecting the concentration of NSQ
via the absorbance at 616 nm. A. Data reproduced from Figure S3.14 depicting the comproportionation
of parental iLOV using 50 pM OX and 50 pM HQ. Equilibrium is approached after several hours. B. Data
from the comproportionation of QX mutants (with the exception of QuE which was not obtained in
sufficient quantities to perform this experiment) using 250 puM OX and 250 uM HQ. Equilibrium was
reached after a couple minutes. Considerable interference with the background persisted, even after
subtracting authentic OX and HQ spectra rom the resultant spectra.

195



Table IV-S4. EPR simulation parameters for iLOV and Q44X NSQ spectra, and associated fit 68%
confidence interval.

Variant Ziso Line width (mT)
iLOV 2.0041 (1)* 1.92 (1)*
QuA 2.0044 (1) 1.71 (2)
QiosH 2.0048 (1) 1.84 (1)
Q103K 2.0052 (1) 1.8 (1)

2 yalue taken from chapter III or reference 2.
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Figure IV-S7. Continuous wave X-band EPR spectra of the NSQ radical of each iLOV QX
mutant. Extracted simulation parameters are depicted in Table IV-S4. The parent iLOV spectrum is
reproduced from Figure S3.16. QA was measured with 220 uM each of OX and HQ. Qu4H was
measured with 700 uM each of OX and HQ. Q44K was measured with 300 pM each of OX and HQ.
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Table IV-S5. AE values for each mutant determined via comproportionation experiments
monitored by UV-Vis.

iLOV Variant UV-Vis AE (mV) EPR AE (mV)
WT 212 (4)* n.d.
QuA -272 (3) -267°
QuH -317.7 (3) =253 (5)
Q44K —347 (6) =374 (9)

8 Reproduced from Chapter II1.
b Measured from a single replicate.
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       E  r e l  i L O V =   R T  n F   ∙ l n ⁡   (    [   i L O V  N H Q ]   [   i L O V  O X ] ) #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟔 )


       E  a p p  d y e =   E  d y e  O −  (    h  d y e ′  n ∙   2 . 303 ∙ R T  F ∙ p H ) −   R T  n F   ∙ l n ⁡   (    [   d y e  r e d ]   [   d y e  o x ] ) #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟕 )


       E  a p p  d y e =   E  d y e  O −  (    h  d y e ′  n ∙   2 . 303 ∙ R T  F ∙ p H ) −   R T  n F   ∙ l n ⁡   (    [   d y e  r e d ]   [   d y e  o x ] ) #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟕 )


     O X + H Q ⇌ 2   S Q #  ( 𝑹 𝒙 𝒏   𝑰 𝑰 𝑰 - 𝟓 )


       K  e q =     [ S Q ]  e q 2     [ O X ]  e q    [ H Q ]  e q =     [ S Q ]  e q 2     (    [ O X ]  i −     [ S Q ]  e q 2 ) 2 #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟖 )


       i L O V  O X +   e − +   H + ⇌   i L O V  S Q           #  ( 𝑹 𝒙 𝒏   𝑰 𝑰 𝑰 - 𝟔 )


       i L O V  S Q +   e − +   H + ⇌   i L O V  H Q           #  ( 𝑹 𝒙 𝒏   𝑰 𝑰 𝑰 - 𝟕 )


       i L O V  S Q +   e − +   H + ⇌   i L O V  H Q           #  ( 𝑹 𝒙 𝒏   𝑰 𝑰 𝑰 - 𝟕 )


     ∆ E =     R ∙ T  n ∙ F ∙  ln ⁡   (   K  e q )           #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟗 )


     ∆ E =   E  O X / S Q  O −   E  S Q / H Q  O           #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟏 𝟎 )


       E  O X / N H Q  O =     E  O X / S Q  O +   E  S Q / H Q  O 2           #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟏 𝟏 )


       E  O X / N H Q  O =     E  O X / S Q  O +   E  S Q / H Q  O 2           #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟏 𝟏 )


         E  O  c o m p = − ∆   G  c o m p / n F #  ( 𝑬 𝒒 .   𝑰 𝑰 𝑰 - 𝟏 𝟐 )



