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Abstract

In the past decade, carbene transfer biocatalysis has evolved from basic scientific research
to an area with vast potential for the development of new industrial processes in the pharmaceutical
industry. In this work YfeX, naturally a peroxidase, is shown to have a great potential for the
development of new carbene transferases. Intrinsic reactivity of wild-type (WT) YfeX is in many
cases on par with the best Mb variants available, and this protein shows high stability against
organic co-solvents, thereby enabling us to solubilize hydrophobic substrates to improve turnover.
In the cyclopropanation of styrene, WT YfeX naturally generates the frans product with 87%
selectivity for the (R,R) enantiomer. WT YfeX also catalyzes N-H insertion with aliphatic amines
(benzylamine) in high yield. Most excitingly, YfeX can catalyze the Si—H insertion of
dimethylphenylsilane with 11% yield, which is the highest yield for any WT protein observed so
far, and QM/MM calculations reveal further details of the mechanism of the unusual Si—H
insertion reaction.

To explore the steric and electrostatic effects of the second coordination sphere near the
active site of YfeX, utilizing rational design, four YfeX variants (I1230A, D143A, R232A, and
S234A) were investigated for enhanced carbene transferase reactivity. It was shown that R232A
(with 75% yield) and 1230A (with 92% yield) variants have increased N-H insertion reactivity and
are a good starting point to further improve YfeX reactivity. These studies demonstrate that YfeX
and variants are great biocatalysts and motivate the development of novel YfeX carbene

transferases.
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The second part of my thesis focuses on the investigation of the electron storage and
distribution properties within the pentaheme scaffold of Geobacter lovieyi cytochrome ¢ nitrite
reductase (NrfA or ccNiR), a newly discovered subclass of cytochrome c nitrite reductases. NrfA
from G. lovieyi, has emerged as a model representative of bacteria that have an important role in
the global nitrogen cycle via the dissimilatory nitrate reduction to ammonium (DNRA) pathway.
Initially, a chemical reduction method was established to sequentially add electrons to the fully
oxidized protein, which was then studied using UV-Vis and electron paramagnetic resonance
(EPR) spectroscopy. Based on quantitative analysis and simulation of the EPR data, we
demonstrate that Hemes 1, 3, and 4 are exchange coupled, and the EPR signals of all five hemes
in fully oxidized NrfA could be identified for the first time. EPR-spectral simulations were used
to elucidate the sequence of heme reduction and reveal that Hemes 5 and 4 are reduced first (before
the active site Heme 1) and can serve the purpose of an electron storage unit within the protein,
instead of merely serving as a wire to pass electrons into Heme 1. Additionally, to probe the role
of the central Heme 3, a HI08M NrfA variant was generated with a positively shifted reduction
potential, making it the first heme to be reduced. This H108M variant has a significant impact on
the distribution of electrons within the pentaheme scaffold and decreases the catalytic activity of
the enzyme to 3% compared to WT NrfA.

These studies demonstrate that the four bis-His hemes of NrfA are much more than just a
wire that allows for electron transfer to the active site Heme 1. Furthermore, this work elucidates
fundamental information about the complicated mechanism of electron storage within Hemes 4

and 5 and the overall electron distribution in NrfA.
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Chapter 1 Introduction

1.1 Biocatalysts

Enzymes are important macromolecules that have evolved to catalyze a variety of specific
biochemical reactions with high efficiency under various environmental conditions. Additionally,
they can catalyze a variety of organic transformations with high activity and selectivity for a
specific product, utilizing a variety of cofactors and highly organized active sites that are tailored
for precise product stereoselectivity.! Ultimately enzymes are a part of diverse functions that are
essential for living organisms including but not limited to photosynthesis, synthesis of building
blocks (such as DNA, RNA, and amino acids), and nitrogen fixation. By contrast, human-
developed catalysts use a diversity of transition metals and perform numerous types of reactions,
including many that are unknown in nature. Several examples of these transition metal catalysts
are implemented in the chemical industry, including Wilkinson’s catalyst, which effectively
hydrogenates olefins and alkenes,> Grubb’s catalyst, which facilitates olefin metathesis,* and
several catalysts such as the rhodium catalyst are available for hydroformylation, an important
process to produce aldehydes.’ There are a variety of organometallic reactions not observed in
nature that are crucial for forming new C-C, C-H, C-N, C-Si, and C-S bonds, and ultimately
important for the development of new products in the chemical industry. Although efficient, these
man-made catalysts have a negative impact on the environment once they are scaled up in industry
due to the need for expensive rare metals, and the usage of organic solvents during catalysis, which

generates large amounts of waste.*!!



One of the main goals in industry is to catalyze organic reactions in water with high control
of product stereoselectivity, turnover number (TON), turnover frequency (TOF), and long lifetime
of the catalyst.!?"!* The implementation of biocatalysts is an attractive avenue due to the ability of
metalloenzymes to operate under environmentally friendly conditions (often at physiological pH,
pressure, and temperature), at high rates and with high stereo- and enantioselectivity, and they
usually utilize earth-abundant metals to do these reactions (Figure 1.1).> !> These biological
catalysts lead to a significant reduction in waste and cost in industrial-scale synthesis compared to
stoichiometric syntheses and other catalytic processes.'®!” Metalloenzymes are of particular
interest in the fields of biochemistry and catalysis since these proteins catalyze interesting natural
reactions such as oxo-atom transfer to inactivated C-H bonds,'® water oxidation to dioxygen,!® and
the formation of methane?” among many others. In addition to the high activity of metalloenzymes,
many enzymes are promiscuous towards non-natural substrates and reactions, although protein
modifications are usually required to enhance abiological activity.?! Due to the potential of
biocatalysis, in the last 20 years numerous companies have implemented selective enzymes to

manufacture chemicals, active compounds, or generate novel materials.!!> 1°
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Figure 1.1 Representation of the ideal industrial biocatalysts that can efficiently convert renewable
raw materials into higher-value molecules (Top). Their favorable characteristics are indicated in
the plot (Bottom). Adopted from ref.!!

To catalyze organometallic reactions with high product stereoselectivity, metalloproteins
and enzymes must be designed and modified to tolerate different unnatural substrates, reagents,
and reaction conditions. Utilizing inspiration from synthetic chemistry, novel biocatalysts have
been developed including artificial enzymes that can activate C—H bonds, via carbene

transferases.’>?® Researchers can access a variety of different catalysts from the same or similar



protein scaffolds in order to catalyze a variety of organometallic reactions or to produce specific
product isomers. In recent years, multiple groups have sought to modify heme proteins (containing
Fe porphyrin cofactors) to produce new types of stercoselective and water-soluble biocatalyst,
including carbene transferases.?>?® Generating an effective biocatalyst with abiological reactivity
has been a key step in the field. Protein modification can be implemented using various methods
to bioengineer the desired traits to achieve enhanced abiological reactivity, discussed further in the

next section.

1.2 Approaches to Bioengineering a Novel Biocatalyst

Enzymes with potential synthetic utility should be used as a starting point for engineering
biocatalysts with broad substrate scope, high catalytic efficiency, and good site- and
stereoselectivity. In addition, enzyme reactions take place under mild conditions and do not require
toxic solvents with negative effect on the environment.'® %2728 Protein engineering tools such as
directed evolution,”” de novo design,®® and rational design®' aid to further improve/tune the
enzymatic activity for a desired transformation and enhance abiological reactivity. These three
methods target specific amino acids within the active site and beyond to help increase desired traits
for specific reactivity.

In the directed evolution strategy, a native enzyme or protein undergoes multiple rounds of
random mutagenesis to structurally modify the protein scaffold to have the desired activity (Figure
1.2). During the process new protein variants are tested via high-throughput screening for desired
qualities and once any improved trait is found this process is repeated until the predicted protein
variant has optimal enhanced properties. Usual modifications through directed evolution target the

secondary coordination sphere (SCS) or the tertiary protein structure and can be implemented to



enhance abiological reactivity. Initial efforts in the field were focused on cytochrome (Cyt)
P450s,%? a superfamily of heme-containing monooxygenases, and it has been shown by Arnold
and coworkers that they can be engineered to do carbene transfer reactions with high activity via
directed evolution.?®- 3336 In their initial work they showed that a single mutation on Cyt P450gs3,
the T268 A mutation on the distal face of the heme, increased cyclopropanation yields from 1% to

65% with 98% d.e. for the trans-cyclopropane product.

Furthermore, they were able to switch
Cyt P450pm3 stereoselectivity, from trans to cis, through 13 rounds of directed evolution, with
mutations that targeted amino acids above the active site, and generated an active catalyst with
59% yield for cyclopropanation with 84% d.e. for the cis-cyclopropane.*® From their initial work,
directed evolution has now been implemented on various hemoproteins and has been used to

expand novel enzyme activity not known in the biological world (as highlighted by the 2018 Nobel

Prize for Chemistry for Frances Arnold).’” Recently, directed evolution has been applied to various

38-39

enzymes to have biocatalytic reactivity towards carbon-silicon bond formation, and carbon-

boron bond formation.*’
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Figure 1.2 Representation of the directed evolution approach. Novel enzymes are developed with
specific function through consecutive rounds of mutation and selection, starting from a parent
protein with a related function active site. Adopted from ref.?’



In the de novo design approach, efforts focus on generating novel protein scaffolds from
scratch utilizing pre-existing scaffolds found naturally in the biosphere, such as a-helical coiled-
coils or helical bundles, that implement specific metal binding or active sites within the protein
structure.*! This method allows researchers to investigate and manipulate the primary and
secondary coordination sphere readily, since the scaffold design is dictated by the researchers.
Utilizing de novo design, various groups have been able to mimic natural enzymes such as carbonic
anhydrase,*? peroxidases,* and copper nitrite reductase,*” to name a few. Furthermore, de novo
design can be also implemented and optimized for abiological reactivity, such as carbene
transferase activity. Using C45, a de novo designed cytochrome ¢ heme motif with peroxidase
activity, Stenner and coworkers showed that a carbene-iron porphyrin intermediate could be
generated under typical carbene transfer reactivity conditions with EDA.** They found that this
carbene intermediate is stable up to 20 minutes without degradation, and most importantly reactive
with styrene substrates for cyclopropanation reactivity. Interestingly, C45’s flexible scaffold
enables the incorporation of bulky substrates such as benzyl-diazoacetate and fert-butyl-
diazoacetate carbene precursors. Overall, de novo design is a valuable strategy for bioengineering

and has been an important method in designing novel enzymes with abiological reactivity.
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Figure 1.3 Representation of the rational design approach. Improved enzymes are developed with
specific function through multiple rounds of site-directed mutagenesis guided by computational
research, starting from a parent protein with a related function.

In the rational design strategy, a natural protein or enzyme is modified by site-directed
mutagenesis on targeted key primary or secondary amino acids near the active site, this usually
guided by computational analysis (see Figure 1.3).****® The novel protein scaffold is then assayed
for enhanced desired traits, such as improving carbene insertion reactivity, and additional rounds
site-directed mutagenesis can be done to generate an optimized novel protein scaffold. As an
example, Lu and co-workers designed a Cytochrome c¢ oxidase (CcO) mimetic using Mb by
incorporating a Cug center near the natural heme site.*>**’ To design this Cug center, specific SCS
residues in the distal pocket of Mb were mutated to incorporate the CcO His3Tyr Cu coordination
site, generating F33Y-CuB Mb (see Figure 1.4).*” They showed that their F33Y-CuB Mb model

enhances oxygen reduction reactivity rates via electrochemically, with an overall rate of (1.98-10’



M 151 ‘which is two orders of magnitude greater than that of synthetic models of CcO.*’ Rational
design is a powerful tool that allows you to bioengineer new active sites or modify preexisting

active sites to promote new reactivity or enhance existing activity.

"His 29 Tyr 65
1

Figure 1.4 Crystal structure of the active site of a Mb-based biosynthetic model of CcO, F33Y-
CugMb (pdb: 4FWY). Adopted from ref.*’

Rational design can also be used to modify the primary coordination sphere in a
metalloprotein scaffold by changing the metal center, metal cofactor, or amino acids within the
active site.*®*’ This approach sets rational design apart from directed evolution, since it cannot be
readily implemented with directed evolution. Incorporating non-native metal complexes into

protein scaffolds can help with both the active site chirality and substrate binding sites within



proteins scaffold by positioning substrate towards the metal center and promote product
stereoselectivity. To incorporate a new metal complex, initially native metal cofactor removal can
be done utilizing Teale’s method.*° The resulting apo-protein can be reconstituted with a new metal
cofactor through several different methods.>'~>? Previous work from our group, Wolf et al., showed
that free Ru-mesoporphyrin IX (RuMplIX) is also an active catalyst that exhibits high activity for
both the carbene transfer into N-H bonds of aromatic amines and cyclopropanation of styrene
derivatives compared to free heme.>*> Upon substitution of the native heme in myoglobin with the
RuMpIX cofactor, the reconstituted Mb protein and Mb variants gave astonishingly low to
moderate yields for carbene transfer. The decrease in productive catalysis was shown to be due to
high intrinsic reactivity of the Ru-carbene intermediate, which can undergo internal carbene
transfer within the protein matrix and even within the RuMpIX cofactor itself. Notably, mutation
of the H64 residue on the distal face of the cofactor, creating a larger and more hydrophobic cavity,
did improve activity. Similarly, Hartwig and coworkers, using protoporphyrin IX (PpIX) bound
to a series of transition metals, reconstituted them into Mb for the investigation of enhanced
biocatalytic carbene transfer reactivity.>* In this influential work, they showed that the
incorporation of Ir(Me)(PpIX) displays the highest activity for carbene transfer in their metal
activity assay, compared to native heme Mb.>* Overall, rational design has been shown to be a

promising method for heme protein engineering and it is the main strategy used herein with YfeX.

1.3 Carbene Transfer Reactivity with Biocatalysts

Carbene transfer reactions are an important route in organic synthesis since they generate
hard to synthesize carbon-carbon or carbon-heteroatom bonds, and, importantly, these methods

can be used in late-stage functionalization of larger molecules.® 2%33-36:35 Synthetic chemists have



developed powerful methods for direct C=C and C—H functionalization based on transition metal—
catalyzed carbenoid and nitrenoid transfers, reactions that are widely used to synthesize natural
product intermediates and pharmaceuticals. Different methods for carbene transfer reactions have
previously been developed utilizing transition-metal complexes of Rh(II), Ir(III), Au(I) and Pd(II)
that catalyze the decomposition of diazo reagents to form an electrophilic metal—carbene unit,
which is subsequently attacked by a nucleophilic reagent such as an olefin (for cyclopropanation)
or an amine (for N—H insertion), and others.’®>® They are of particular interest in the quickly
developing field of organometallic biocatalysts. Utilizing nature as an inspiration, our laboratory
and others have developed carbene transfer biocatalysts based on porphyrin-containing enzymes.>*
59-67

The development of biocatalysts with carbene transfer reactivity has been inspired by
heme-dependent Cyt P450 monooxygenase enzymes, which are metalloporphyrin catalysts that
play a key role in fundamental biological chemical transformations.®*** Cyt P450s contain an Fe-
porphyrin cofactor, which can utilize O, or H2O, to generate a highly active FeIlV=0" heme
intermediate (known as Compound I). This high-valent metal-oxo intermediate selectively and
efficiently activates C-H bonds of aliphatic substrates to generate alcohols.”®”! Various model
metalloporphyrin complexes have since been used for their O-atom transfer capability in C-H bond

activation and epoxidation reactions.®% 72

An influential paper by Coelho and coworkers
demonstrated that Cyt P450sm3 and other heme-containing proteins can catalyze the
cyclopropanation of styrene using ethyl diazoacetate (EDA) as a carbene precursor (further

discussion in section 1.2).>¢ Their work paved the way to a novel approach in the field of

biocatalysis.
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In addition, metalloporphyrins are also pertinent and attractive catalysts for group-transfer
transformations such as carbene or nitrene transfer to generate C-C or C-N bonds, respectively.
Figure 1.5. shows the general mechanism of carbene transfer reactions, starting from a diazo
compound, here EDA, which reacts with the heme, generating a metal-carbenoid intermediate
while releasing dinitrogen, shown at the bottom of the scheme. In iron-porphyrin catalyzed
cyclopropanation reactions, the mechanism of carbene transfer is concerted with the rate-
determining step being the activation of a diazo substrate to generate the metallo-carbenoid
intermediate.® Next, substrate binds within the heme pocket, in this case styrene, and reacts with
the carbenoid intermediate generating a cyclopropane ethyl acetate product and regenerating the
heme in its active state. Further engineering strategies can then be used to facilitate carbene
insertion reactions, optimize selectivity, and broaden the substrate scope of the reactions to

generate high value products.
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Figure 1.5 Scheme of cyclopropanation mechanism of heme enzymes via carbene insertion.>®

1.4 YfeX - a Biocatalysts for Carbene Transfer

As discussed above, besides Cyt P450s, another heme protein that has extensively been
used for biocatalyst development is myoglobin (Mb).3?3% 9263 In this case, however, the choice of
utilizing Mb was guided by the protein stability and ease of access to this protein heme site. Unlike
Cyt P450s that have a proper active site, Mb does not and can potentially limit its biocatalyst
development. Other heme-His type proteins might provide a much better platform for biocatalyst
development. Recently, our focus has shifted to the use of YfeX, a novel heme protein found to

have native peroxidase like activity in E. Coli (Figure 1.6).”>”7* YfeX contains a buried heme in a
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large active site that is connected to the protein surface via a tunnel, which, in the native peroxidase
reaction of YfeX, is proposed to guide hydrogen peroxide to the active site. The heme active site
is ligated by a proximal histidine and an arginine flanks the distal side (Figure 1.6). Overall, YfeX
is has an ideal protein scaffold and active site that allows for site directed mutagenesis studies for

enhance carbene transferase activity.

Figure 1.6 PyMol representation of the tertiary structure of YfeX. The cartoon shows a-helix (dark
green), B-sheets (blue), and the heme active site (red) (PDB code: 211Z).

YfeX, a typical dye peroxidase type heme-containing peroxidase (DyP), is found in the
extracellular matrix of E. coli. DyPs are a superfamily of peroxidases that contain sequence
similarities with one another and are usually comprised of two-domains, an o and B ferredoxin-

like fold motif, that are distinct from other peroxidase superfamilies a-helical fold. The first DyP,
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identified relatively recently in the fungus Geotrichum candidum, was characterized with respect
to its ability to catalyze the degradation of anthraquinone-based industrial dyes, hence termed
decolorization peroxidase.”” These DyP enzymes are now known to be present in fungi and
bacterial organisms, but do not appear to occur in plants or animals.”®’” They are involved in a
variety of physiological processes, although in many cases their overall roles remain
unknown.”® Previously, initial work done by Weissenborn and coworkers showed that WT YfeX
can catalyze carbonyl olefination reactions with turnover numbers (TON) up to 16 under optimized
conditions.’”® DyPs have a considerable biotechnological potential, and as shown here, YfeX has

great potential as a carbene transferase biocatalyst.

1.5 Scope of Thesis

In this work, we investigated the catalytic abilities of YfeX as a carbene transferase, using
olefins, amines, and silanes as substrates. Chapter 2 focuses on the investigation of substrate scope,
co-solvents, and reaction kinetics. Moreover, we modified the active site by incorporating Ru-
mesoporphyrin IX (RuMpIX) and Co-protoporphyrin IX (CoPpIX) into apo YfeX to determine
whether catalytic activity can be further improved using unnatural cofactors. This work establishes
YfeX as a superior platform for biocatalyst development compared to Mb, with an intrinsically
much higher reactivity, especially for N-H and Si-H insertion reactions. Furthermore, utilizing
both molecular dynamics (MD) simulations and combined Quantum Mechanics/Molecular
Mechanics (QM/MM) calculations, we analyzed the atomistic and electronic structure factors that
contribute to the stability of the metal-carbenoid complex and then explored the reaction
mechanism of Si—H insertion by YfeX. The study offers general insight into the role of the SCS

in YfeX for carbene transfer reactions, and in this way, identifies targets for future mutagenesis
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studies to further improve catalysis with YfeX, especially selectivity, which is further discussed in
chapter 3. This chapter has been reproduced in part from a manuscript published in Chem. Eur. J.
(Victor Sosa Alfaro, Sodiq Waheed, Hannah Palomino, Anja Knorrscheidt, Martin Weissenborn,
Christo Christov, Nicolai Lehnert., 2022.)”°

The second aim focuses on generating YfeX mutants to further enhance carbene transfer
reactivity. YfeX styrene cyclopropanation and Si-H insertion reactions have moderate product
yields and, in the case of the former, a low diastereomer selectivity. The active site of YfeX has
an overall hydrophilic pocket due to three prominent amino acids, D143, R232, and S234. The
substrate, styrene, is a non-polar substrate with low water solubility, requiring hydrophobic
interactions. One of the important steps in reactivity is substrate binding in the active site. Low
cyclopropanation and Si-H insertion yields could be due to lack of substrate binding inside the
active site. If the active site would become more hydrophobic, this may help to improve substate
binding and retention. The three key amino acids within the active site, D143, R232, and/or S234,
play an important role in keeping the active site hydrophilic. Therefore, the approach is to mutate
each of these three amino acids to an alanine, a small hydrophobic amino acid, generating three
distinct mutants, D143A, R232A, and S234A, and then study their reactivity. Lastly, amino acid
1230, found in the entrance channel, is also mutated to further open the active site channel, and
help bind substrate into the active site. These mutations are investigated for their potential to
increase reactivity.

The final aim of this thesis focuses on the storage and distribution of electrons within the
G. lovleyi Cytochrome c nitrite reductases (CcNIR or NrfA) pentaheme scaffold.®’ NrfA has an
important role in reversing nitrification and conserving the usable nitrogen in the environment, via

the dissimilatory nitrate reduction to ammonium (DNRA) pathway.?! Dissimilatory nitrate
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reduction is a two-step process,’**?

where nitrate is first reduced to nitrite by nitrate reductases
then followed by the reduction of nitrite to ammonium by NrfA in one multi-step reaction. NrfA’s
proposed catalytic mechanism for nitrite reduction, mostly based on crystallographic and

computational analysis,3*%’

is still under investigation and this work helps further understand the
complicated mechanism of electron transport, storage, and distribution in NrfA. First, I established
a chemical method to sequentially add electrons to the fully oxidized protein, one equivalent at a
time, and then followed the reduction of the hemes using UV-Vis and EPR spectroscopy. Based
on detailed EPR simulations, we identified the signals of all five hemes in the EPR spectra, and
we demonstrated that the first electron goes to Heme 5, providing strong evidence that Hemes 4
and 5 serve as an electron storage unit. Based on its location in the electron transfer chain, Heme
3 plays a central role (as a branching point) in distributing electrons either to the active site Heme
1, or Hemes 4 and 5. In addition, our simulations show that Hemes 1-3-4 are exchange coupled,
which explains the unusual EPR spectra of fully oxidized enzyme. In this way, we were able to
completely assign the EPR spectra of oxidized NrfA for the first time. These results are
corroborated using cyanide-bound enzyme, where Heme 1 becomes low-spin, and a Heme 3 His-
to-Met mutant, which dramatically changes the redox potential of this heme. Finally, we measured
the redox potentials of all five hemes, and we assigned them to individual hemes based on the EPR
titration results. Comparison of these results to those obtained for S. oneidensis NrfA is further
made in this thesis. This chapter has been reproduced in part from a manuscript published in

Biochemistry (Victor Sosa Alfaro, Julius Campecifio, Matthew Tracy, Sean J. Elliott, Eric L.

Hegg, Nicolai Lehnert. Biochemistry 2021, 60, 1853-1867).%8
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Chapter 2 YfeX: A Biocatalytic Carbene Transferase

In this chapter, the basic catalytic abilities of YfeX as a carbene transferase, using olefins,
primary and secondary aromatic and aliphatic amines, and silanes as substrates are investigated
via reactivity and computational studies. The following work was done in collaboration with
Professor Martin Weissenborn and student Anja Knorrscheidt from Martin-Luther-University
Halle-Wittenberg, who provided protein plasmids, and with Professor Christo Z. Christov and
student Sodiq O. Waheed from Michigan Technological University, who conducted the
computational studies. Undergraduate student Hannah Palomino also contributed with reactivity
studies presented herein. The following manuscript was published for this chapter: Victor Sosa
Alfaro, Sodiq Waheed, Hannah Palomino, Anja Knorrscheidt, Martin Weissenborn, Christo
Christov, Nicolai Lehnert. “YfeX — A New Platform for Carbene Transferase Development with

High Intrinsic Reactivity”, Chem. Eur. J. 2022, €202201474.7°

2.1 Introduction

Carbene transfer biocatalysis has evolved from basic scientific research to an area with vast
potential for the development of new industrial processes in the pharmaceutical industry. Despite
the growing significance of “carbene transferases”, it is surprising that their development has been
limited to a narrow range of proteins; mostly Cyt. P450s and myoglobin (Mb). However, there is
a broad scope of protein scaffolds that have the potential for enhancing carbene transferase activity.

Initial work by some of our collaborators (Weissenborn and coworkers) showed that WT YfeX
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can catalyze carbonyl olefination reactions with turnover numbers TON up to 16 under optimized
conditions.”® YfeX contains a buried heme in a large active site that contains positively charged
amino acids in the second coordination sphere (SCS), including a key distal arginine residue
(Figure 2.1). The active site is connected to the protein surface via a tunnel, which, in the native
peroxidase reaction of YfeX, is proposed to guide hydrogen peroxide to the active site.”* This
tunnel is important, as the substrates for abiological carbene transfer catalysis with YfeX also must
enter the active site via this tunnel. These distinct features of Mb versus YfeX contribute to the

different reactivity profiles of these proteins, as discussed in detail in this chapter.

Here, we focused on the investigation of substrate scope, reaction kinetics, and the pH
dependence of the observed carbene transfer reactivity utilizing YfeX. Moreover, we modified the
active site by incorporating Ru-mesoporphyrin IX (RuMplIX) and Co-protoporphyrin IX (CoPpIX)
into apo YfeX to determine whether catalytic activity can be further improved by use of unnatural
cofactors. In addition, the protein shows high stability against organic solvents, thereby enabling
the use of organic co-solvents whenever necessary to solubilize substrates in order to improve
turnover. This work establishes WT YfeX as an excellent platform for biocatalyst development
compared to WT Mb, with a high intrinsic reactivity, especially for N-H and Si-H insertion
reactions. Furthermore, utilizing both molecular dynamics (MD) simulations and combined
Quantum Mechanics/Molecular Mechanics (QM/MM) calculations, we analyzed the atomistic and
electronic structure factors that contribute to the stability of the metal-carbenoid complex and then
explored the reaction mechanism of Si—H insertion by YfeX. Finally, the rather large active site
of YfeX promises exciting applications of this protein in the synthesis of pharmaceuticals,
allowing for the processing of rather large substrates. YfeX is an exciting new target for the

development of improved carbene transferases. This chapter has been reproduced in part from a
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manuscript published in Chem. Eur. J. (Victor Sosa Alfaro, Sodiq Waheed, Hannah Palomino,

Anja Knorrscheidt, Martin Weissenborn, Christo Christov, Nicolai Lehnert., 2022, €202201474.)”°

Figure 2.1 PyMol representation of the crystal structure of YfeX (left), and of the active site with
important SCS amino acids highlighted (PDB code: 211Z).

2.2 Wild-type YfeX Carbene Insertion Reactivity

Initial work focused on the carbene transfer reactivity of wild-type (WT) YfeX using two
different carbene transfer reactions: N—H insertion and cyclopropanation. As shown in Table 1,
the N—H insertion activity of YfeX with aniline as the substrate is higher (72% yield) compared to
[Fe!'PpIX] (27% yield) and sperm whale (SW) WT FeMb (21% yield).®* We achieved the highest
Turnover Number (TON) of 6274 for this reaction using 0.001% catalyst loading over 20 hours.
Additionally, at higher YfeX loading aniline can produce the mono- (usual product) and di-
insertion product (diethyl 2,2-(phenylimino) diacetate) with EDA (see header of Table 2.1). At

0.1% catalyst loading, 30% of the disubstitution product is obtained, but as the catalyst loading is
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reduced (or, in other words, the excess of aniline is increased), the disubstitution reaction is
suppressed. In fact, at 0.01% catalyst loading, the di-insertion product only contributes 1% to the
total yield. This result directly shows that after the first N—H insertion, the monosubstituted
product is released from the YfeX active site, and then reacts again (enters the active site again) to
generate the disubstituted product. If the monosubstituted product would remain in the YfeX active
site and react again to yield the disubstituted product, the yield of the disubstituted product would
not decrease substantially upon an increase in substrate concentration (= decrease in catalyst
loading). On the other hand, if the monosubstituted product is released from the active site, then a
large excess of aniline would statistically decrease the likelihood of monosubstituted product to
become disubstituted, and this is what we observe experimentally. In this way, the ratio of mono-

to di-insertion product can be directly controlled in YfeX catalysis.
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Table 2.1 Results for the N-H insertion reaction of aniline with WT Y{feX.

(0]
O Catalyst H Q HJ\OE"
e, OEt 0.1 mol% Aoet Nvoa + N
) N328204
KPi Mono Di

Catalyst Total Yield 1 (%) TON Mono:Di
[Fe'PpIX] 27 271 +38
WT Mb [ 21 210
YfeX (0.1 mol%) 72 724 + 32 70:30
YfeX (0.01 mol%) 27 2658+ 274 99:1
YfeX (0.001 mol%) 3 3026+ 573 100:0
YfeX (0.001 mol%) 6 6274+ 226 100:0

[a] Reaction conditions: 20-0.2 uM YfeX (0.1-0.001 mol%), 20 mM aniline, 40 mM EDA, 10 mM
dithionite, 1 hour reaction time in 50 mM phosphate buffer (pH 7.4). Yields are based on GC/MS
analysis. [b] Based on studies by Sreenilayam et al.*® The yield was determined after 16 hours
reaction time. [c] The yield was determined after 20 hours reaction time.

Recently, Fasan and coworkers have shown that WT Mb and variants can also generate the
di-insertion product, but only with benzylamine as the substrate (at 1:13 mono:di product ratio),
and they further engineered Mb to have higher reactivity and, by lowering the catalyst loading, the
mono-insertion product can again be produced as the main product.’® It was further shown that
when more sterically demanding amino acids where introduced into the Mb active site, for example
via the double mutant Mb(H64G, V68A), the amount of disubstituted benzylamine product was
not affected. The disubstitution in this case could only be suppressed by reducing catalyst
loading.” Similarly, our results show that YfeX’s relative larger active site can also promote the

disubstitution of aniline, with increased mono-substitution when catalyst loading is reduced. Here,

the mono- to disubstitution ratio can be controlled by modifying the substrate loading. At low EDA
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concentration (1:4 EDA:aniline) 99% mono-substitution is observed. Conversely, at high EDA
concentration (4:1 EDA:aniline), 51% disubstituted product is obtained. Furthermore, time course
kinetic measurements were conducted for the N—H insertion reaction of aniline by monitoring the
yield of monosubstituted product via GC/MS. It was found that YfeX has a kobs= 0.210 min™!, as

shown in Figure 2.2.
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Figure 2.2 Time course of the N—H insertion reaction of aniline catalyzed by YfeX. The catalyst
was prepared at 20 uM concentration and reduced with 500 equivalents of Na>S>O4 before addition
of 1000 equivalents of aniline and 2000 equivalents of EDA to a final volume of 500 uL. The
organic products were extracted with 3 mL of ethyl acetate after the following time points: 2, 5,
10, 30, and 60 minutes. Finally, the product was quantified by GC/MS. Exponential fit of the data
gives a kobs = 0.210 min™.
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In contrast to the outstanding N—H insertion activity of YfeX, the cyclopropanation
reaction with this protein generates a 27% yield with a TON of 268, which is comparable to that
of WT Mb (36% yield, with a TON of 180).2* Further analysis of the styrene cyclopropane product
shows a cis to trans ratio of the product of 11 to 89 (see Table 2.2), again comparable to WT Mb
(9:91) and [Fe''PpIX] (13:87), indicating that the protein matrix of YfeX is not interfering with the
natural cis:trans selectivity of iron-porphyrins. In addition, YfeX forms the trans product with
87% selectivity for the (R,R) enantiomer, which is different from WT Mb, which produces 47%
(R,R) enantiomer.?* This difference in enantioselectivity is surprising, and indicates that either the
orientation of the carbene ligand in the YfeX active site is more restricted, or that the styrene
substrate predominantly enters the active site of YfeX in a predefined orientation. The fact that the
N—H insertion reactivity of YfeX is much more robust than its cyclopropanation reactivity further
indicates that the relatively low yield of cyclopropanes is not related to problems with the
generation of the carbene intermediate or its reactivity, but rather with substrate (styrene) access

to the YfeX active site via the enzyme’s substrate channel.

Table 2.2 Results for the cyclopropanation reaction of styrene with WT YfeX.

(0]
Catalyst
O/\ + okt 0.1 mol% @ O
,2 Nazszo4 %V)J\OEt + N2

KPi buffer
Catalyst Total Yield “! (%) TON Cis: Trans [ (R,R) Trans !
[Fe''PpIX] 16 158 + 64 13:87
WT Mb 36 180 £ 28 7:93 47%
YfeX 27 268 £ 72 11:89 87%
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YfeX [d 47 474 £ 15 9:91 87%

YfeX [ 59 593 £ 81 9:91 88%

[a] Reaction conditions: 20 uM YfeX (0.1 mol%), 20 mM styrene, 40 mM EDA, 10 mM dithionite,
1 hour reaction time in 50mM phosphate buffer (pH 7.4). [b] Values determined by GC/MS or
supercritical fluid chromatography. [c] Based on studies by Bajaj et al.>* Reaction conditions: : 20
uM Mb (0.1 mol%), 10 mM styrene, 20 mM EDA, 10 mM dithionite, 16 hours reaction time. [d]
Reaction performed in 30% methanol. [e] Reaction performed in 30% DMSO.

The stability of YfeX was further investigated under catalytic conditions by UV—vis
spectroscopy. Our results show that WT YfeX is as stable as WT Mb:>? after addition of EDA to
a reduced sample of YfeX, the Soret band of the heme shifts to 430 nm (similar to what is seen
with WT Mb and Rma TDE),**°! and this carbenoid species is stable for 60+ minutes (Figure S1).
The small decrease of the Soret band at 430 nm after 20 minutes is indicative of a small amount
of the YfeX decomposing (Figure 2.3). One of the important steps in the cyclopropanation
reaction is substrate access to the active site. Styrene, a non-polar substrate with low water
solubility, requires hydrophobic interactions to go into and stably bind in the active site of a
protein. However, the active site of YfeX, shown in Figure 2.1, is overall hydrophilic due to three
prominent amino acids, D143, S234, and R232 (discussed below). The low solubility of styrene in
buffer combined with the high polarity of the substrate channel and active site of YfeX could be
responsible for the low cyclopropanation yields. Kinetic measurements were conducted by
monitoring the styrene cyclopropanation yields via GC/MS over time. It was found that YfeX has
a Kobs = 0.096 min™! for cyclopropanation (see Figure 2.4), which is distinctively smaller than the

rate constant obtained for the N—H insertion reaction, in agreement with the higher yield of the

latter reaction in 1 hour.
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Figure 2.3 Stability of the wild type (WT) YfeX [10 uM] carbene intermediate under catalytic
conditions after the addition of dithionite [20 mM] and EDA [10 mM], followed by UV-vis
spectroscopy in [ 100 mM] potassium phosphate buffer.
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Figure 2.4 Time course of the cyclopropanation reaction of styrene catalyzed by YfeX. The
catalyst was prepared at 20 uM concentration and reduced with 500 equivalents of Na>S>O4 before
addition of 1000 equivalents of styrene and 2000 equivalents of EDA at final volume of 500 pL.
The organic products were extracted with 3 mL of ethyl acetate after the following time points: 2,
5, 10, 30, and 60 minutes. Finally, the product was quantified by GC/MS. Exponential fit of the
data gives a kobs = 0.096 min™.

2.3 Substrate Scope of the Carbene Transfer Reactions

Since YfeX is an outstanding catalyst for the N—H insertion reaction, we further
investigated its substrate scope. The N—H insertion reaction of secondary amines was investigated
using N-methyl aniline as a substrate, giving a 62% yield with a TON of 620 (see Table 3). This
result further confirms that di-insertion of aniline with EDA is due to the inherent reactivity of WT

YfeX towards primary and secondary N—H bonds. Further substrate scope studies for the N—H
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insertion reaction used anilines with electron-withdrawing (4-bromoaniline, 4-
trifluoromethylaniline) and electron-donating (4-methylthioaniline, 4-methoxyl-6-methylaniline,
p-toluidine) substituents. The electron-rich substrates give 52 - 57% yield, indicating a preference
for electron-rich substrates, whereas the electron-poor substrates give 40 - 51% yield. Here, the
electron-withdrawing —Br and —CF3 groups are expected to decrease the nucleophilicity of the
aniline NH> group and thus exhibit less reactivity with the electrophilic Fe-carbene intermediate.
Furthermore, the steric effects within the active site pocket were analyzed utilizing ortho-, meta-
and para-toluidine as the substrates. As the methyl group moves closer to the reactive amine group,
from -para to -meta to -ortho substitution, the N—H insertion yields decrease accordingly, from

57% to 37% to 23% (see Table 2.3).

Table 2.3 Results for the N—H insertion reaction of aniline derivatives with WT YfeX.

R' R" O
NH i 0.1 mei N
+ OEt - ot OEt + N,
, N328204
R 2 ) R
KPi buffer
R=-H, -Br,-CF3, -S-Me, -O-Me
R'= -H, -Me
Substrate Total Yield ! (%) TON Mono: Di
N-methyl aniline 62 623 £36 100:0
4-bromoaniline 40 404 £+ 62 100:0
4-trifluormethylaniline 51 510 £25 100:0
4-methylthiolaniline 57 568 £48 100:0
4-methoxy-6-methyl 52 515+49 43:57
aniline
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p-toluidine 57 571 +19 49:50

o-toluidine 28 279 + 30 64:36
m-toluidine 37 374+ 19 43:57
benzylamine!™ 56 558 +£28 0:100
4-nitroaniline® 25 248 + 23 100:0

[a] Reaction conditions: 20 uM YfeX (0.1 mol%), 20 mM aniline derivative, 40 mM EDA, 10 mM
dithionite, 1 hour reaction time in 50 mM phosphate buffer (pH 7.4). Yields are based on GC/MS
analysis. [b] Reactions were run in 30% methanol.

The substrate scope for the cyclopropanation reaction was also investigated using WT
YfeX. Various para-substituted styrene derivatives were examined for cyclopropanation activity,
with the functional groups analogous to the aniline derivatives discussed above (see Table 2.4).
4-methylstyrene shows the highest yield with 48% compared to styrene and other derivatives.
Vinylanisole, 4-chlorostyrene, and 4-trifluorormethylstyrene show a moderate conversion to the
cyclopropane products with similar yields (30%, 23% and 29%, respectively). Lower yields are
expected for the substrates with the electron-withdrawing -Cl and -CF; groups, but not for
vinylanisole with an electron-donating -OMe group. In the latter case, the lower yield might
therefore be due to steric reasons. All the substrates exhibit similar diastereoselectivity, yielding

80 - 90% of the trans isomer.

Table 2.4 Results for the cyclopropanation reaction of styrene derivatives with WT YfeX.

“ O YfeX
0,
/@/\ + KJ\OE,[ 0.1 mol /o \©
R ) N328204 2
KPi buffer

R= -Me, -C|,-CFs, -O-Me
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Substrate Total Yield @ TON Cis:Trans

(%)
4-methylstyrene 48 484 + 30 23:77
vinylanisole 30 297 £ 84 14:86
4-chlorostyrene 23 230 £33 13:87
4-trifluoromethylstyrene 29 293 £30 10:90

[a] Reaction conditions: 20 uM YfeX (0.1 mol%), 20 mM styrene derivative, 40 mM EDA, 10
mM dithionite, 1 hour reaction time in 50 mM phosphate buffer (pH 7.4). Yields are based on
GC/MS analysis.

30 —— YfeX in DI water
1 4% MeOH

20 — 10% MeOH
] —— 30% MeOH

10 - —50% MeOH
] —100% MeOH
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T | 1
300 350 400
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Figure 2.5 Circular dichroism spectra of WT YfeX [30uM] at various buffer/methanol mixtures.
The data show that at 50% methanol concentration structural changes to the protein occur.
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As discussed above, the N-H insertion with YfeX 1is greatly favored over the
cyclopropanation reaction, which could be caused by the low solubility of styrene in the reaction
medium. We sought to probe this hypothesis by improving substrate solubility, which can be
accomplished by increasing the amount of the methanol co-solvent in the reaction mixtures (see
Table 5). As the methanol concentration is increased to 10%, the yields for both aniline and styrene
reactions remain unchanged. At a 30% methanol co-solvent concentration, the yield for the aniline-

based product remains similar, but, importantly, a doubling of the yield for the styrene substrate

is observed (47% yield). At 50% methanol co-solvent concentration, a decrease in product yield
is observed in both reactions. Further characterization via circular dichroism spectroscopy (CD)
shows that at 50% methanol co-solvent concentration, YfeX begins to unfold or aggregate, which
is likely the reason for the decreased yields under these conditions (see Figure 2.5). We further
show that 30% DMSO as a co-solvent further improves the cyclopropanation yield, with an
increase to 59% (see Tables 2.2 and 2.5). Furthermore, two additional substrates with very low
aqueous solubility were screened, 4-nitroaniline (25% yield) and benzylamine (double insertion,

56% yield) using 30% MeOH co-solvent (see Table 2.3). Overall, our result show that as the

concentration of the methanol co-solvent increases, the solubility of styrene and other substrates

increases accordingly, leading to greatly enhanced product yields. The optimal methanol

concentration is ~30%.

Table 2.5 Carbene transfer reactivity of WT YfeX in the presence of methanol and DMSO co-
solvent.

[% Methanol] Aniline (% yield) Styrene (% yield) Cis:Trans Trans
(R,R)

0 72 £32 27+7.2 11:89 87%

10 509+43 |-

30 51.0+3.8 474+ 1.5 9:91 87%
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50 40.2+£2.6 39.2+29

[% DMSO] Aniline (% yield) Styrene (% yield) Cis:Trans Trans
(R,R)
30 71+ 51 59 £8.1 9:91 88%

Furthermore, utilizing dimethylphenylsilane as a substrate, we explored whether YfeX can
catalyze the carbene insertion into silicon-hydrogen (Si—H) bonds. This reaction has so far only
been observed in few examples. This includes WT Mb (turnover number (TON) = 175 after 12
hours using 0.2 mol% catalyst loading), horseradish peroxidase (HRP; TON = 5 after 12 hours at
0.2 mol% catalyst loading), WT Rhodothermus marinus Cyt. c (Rma Cyt. c; total turnover number
(TTN) = 44+ 27) and others.*®*?> Arnold and coworkers used directed evolution to further optimize
Rma Cyt. ¢ for this reaction, resulting in a triple mutant (V75T, M100D, M103E) that catalyzes
Si—H insertion with TTN = 1518 + 51 with a diazopropanoate.®® Excitingly, WT YfeX is able to
catalyze the carbene transfer to dimethylphenylsilane, generating ethyl[dimethyl(phenyl)silyl]

acetate in 11% yield with a TON of 108 at 0.1 mole percent of catalyst after just one hour (see

Table 2.6), without any optimization. This finding emphasizes the potential of YfeX for further

development into a highly versatile carbene transferase. Recently, the Arnold and Houk groups
used conformational dynamics and mutagenesis experiments to further optimize catalysis with
Rma Cyt. c. Based on their computational predictions; they were able to control the

chemoselectivity of Rma Cyt. ¢ for either N-H or Si—H insertion.*’
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Table 2.6 Catalytic activity of YfeX for the Si—H insertion reaction.

~din R 1 YieX di” I .

/@/ N m)koa 0.1 mol% /@/ ﬁoa N,
; 2 et

R =-H, Vinyl R'=-H or-CH,

Substrate Catalyst Total Yield Turnover Ref.

(%)

dimethylphenylsilane YfeXlal 11 108 + 33 [TONI This work
dimethylphenylsilane Rma Cyt. CtPI . 44 + 27 [TTN] 38
dimethylphenylsilane Mblel 35 175 [TON] 92
4-(dimethylsilyl) styrene ~ HRPI 1 5 [TON] 92

[a] Reaction conditions: 20 pM YfeX (0.1 mol%), 20 mM dimethylphenylsilane, 40 mM EDA,
10mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis. [b] Yields based on
0.1 mol% catalyst loading for 1.5 hrs with Me-EDA. [c] Yields based on 0.2 mol% catalyst loading
for 12 hrs with EDA.

2.4 RuMplIX and CoPpIX Reconstituted YfeX

RuMpIX was prepared as previously described by Wolf et al. and reconstituted into
YfeX.’®> The Soret band of free [RuMpIX]" at 389 nm shifts by 15 nm to lower energy after
incorporation into the YfeX protein (Figure 2.6). Upon reduction of Ru(IIl)Y feX with NaxS>0s4,
the Soret band sharpens, and Q-bands appear at 495 and 520 nm, which is similar to Ru(I[)Mb
(Figure 2.6). The stability of both WT YfeX and RuYfeX under catalytic conditions was
investigated by UV—vis spectroscopy. Most notably, after the addition of reductant and EDA to
RuYfeX, a rapid decrease in the Soret band at 396 nm and the Q band at 521 nm occurs (Figure
2.7). The decrease of the Soret band indicates that the porphyrin cofactor is modified over time,

likely via intramolecular carbene transfer, as previously reported for RuMb.>* This likely leads to
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a rather fast decay of the reactivity of RuYfeX. Similarly, the Soret band of RuMb at 396 nm,
corresponding to the carbene intermediate, decays over 1 hour, with an initial decay of about half

of the Soret band intensity over the first 20 minutes of the reaction with EDA.>

0.6
— RuYfeX
— RuYfeX with 20mM dithionite

0.441395nm --> 400nm

Absorbance

[ T [ T [ T [
400 500 600 700
Wavelength (nm)

Figure 2.6 Reduction of RuYfeX, which corresponds to apo-Y feX reconstituted with Ruthenium-
mesoporphyrin IX, followed by UV-vis spectroscopy.
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Figure 2.7 Stability of the carbene intermediate of RuYfeX [20 uM] under catalytic conditions,
generated by addition of EDA [20 mM] to Ru(Il)YfeX, followed by UV-vis spectroscopy in pH
7.4 [100 mM] potassium phosphate buffer.

The ability of RuYfeX to mediate carbene transfer reactions, N—H insertion and
cyclopropanation, in buffer was further investigated as shown in Table 2.7. Activity toward the
N-H insertion of aniline is similar between free [RuMpIX], RuMb and variants,> WT Mb and
variants, and RuYfeX, with the latter achieving a 43% yield (TON of 433) at pH 7. The N-H
insertion of a secondary amine, N-methyl aniline, gave a somewhat lower yield of 39% compared
to aniline. Nevertheless, these numbers all pale in comparison to the N-H insertion activity of WT
YfeX. Similar to Mb, the TONs decrease for the cyclopropanation of styrene upon RuMpIX
substitution into YfeX, giving a yield of 20% for RuYfeX at pH 7, which is comparable to free

[Ru"MpIX] and WT Mb and variants. Notably though, the cyclopropanation activity of RuYfeX

34



is greatly superior to RuMb.>? Styrene cyclopropanation with RuYfeX delivers a cis to trans ratio
of 15 to 85, showing a higher trans selectivity compared to free [Ru'"™MpIX], which yields a cis to

trans ratio of 38 to 62.

Similarly, CoPpIX-reconstituted YfeX was characterized by UV-vis spectroscopy to show
incorporation of the Co-porphyrin cofactor into YfeX. Co(Ill)YfeX shows the Soret band at 417
nm, with a shift to higher energy after reduction to the Co(Il) form with dithionite to 398 nm
(Figure 2.8). A CoYfeX carbene intermediate is generated upon addition of EDA to a solution of
the protein, as shown by UV-vis spectroscopy, evident from a broadening and a concomitant shift
of the Soret band to 393 nm. CoYfeX can facilitate carbene transfer reactivity at pH 7 in buffer for
the N—H insertion of aniline, albeit only with 29% yield (with a TON of 292), and for the
cyclopropanation of styrene, the latter with a very small TON of only 49 (see Table 2.8).
Previously, the Fasan group used the CoPpIX-reconstituted Mb(H64V, V68A) mutant to analyze
carbene transfer reactivity.’! Their results show that CoMb(H64V, V68A) has a lower reactivity
for the N—H insertion than CoYfeX, with 13 % yield (and a TON of 129), but similar styrene
cyclopropanation activity with 4 % yield.’! The catalytic activity of CoYfeX is relatively low

compared to both WT YfeX and RuYfeX, and was therefore not further pursued.
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Figure 2.8 UV-vis spectra of CoYfeX [10 uM], which corresponds to apo-Y feX reconstituted with
Cobalt-protoporphyrin IX, in the oxidized form (red line), after reduction with sodium dithionite

[20 mM] (black line), and after generation of the carbene intermediate via addition of dithionite
[20 mM] and EDA [10 mM] (blue line).

Table 2.7 Carbene transfer reactivity of RuYfeX and CoYfeX.

H O YfeX variant Ejj\
0,
R, ﬁOEt 0.1 mol% _ OEt + N,
5 N328204
KPi buffer
R=-H, -Me
O YfeX variant 0
0,
N Hkoa 0.1 mol% _ MOB N,
4, Na,S,0, ©
KPi buffer
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Substrate Catalyst Yield [ TON Cis:Trans
(%)

aniline RuMpIX 48 482 + 11
aniline SW RuMb 36 360 + 37
aniline RuYfeX 43 433 £21
N-methyl aniline RuYfeX 39 385+ 60
aniline CoYfeX 29 292+ 11
N-methyl aniline CoYfeX 5 49+ 10
aniline CoMb(H64V, 13 129

V68A)
styrene RuMplIX 26 263 + 121 38:62
styrene SW RuMb 3 32+ 12 20:80
styrene RuYfeX 20 203 +£ 56 15:85
styrene CoYfeX 5 49+ 16 15:85
styrene CoMb(H64V, 4 not reported

V68A)Y]

[a] Reaction conditions: 20 uM YfeX derivative (0.1 mol%), 20 mM substrate, 40 mM EDA, 10
mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis. [b] Based on studies
by Sreenilayam et al.”!

2.5 MD and QM/MM Studies on the Si—H Insertion Reaction of YfeX

MD and QM/MM studies were performed by our collaborators, the Christov group from

Michigan Technological University. Since the Si—H insertion reaction is unusual and not fully
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understood, we undertook further computational studies to gain detailed insight into the energetics
and the mechanism of this reaction, in the YfeX active site. To evaluate effects of the protein

matrix as well, molecular dynamics and QM/MM studies were undertaken.

Conformational Flexibility of the YfeX-IPC Intermediate in the Presence of the
Dimethylphenylsilane Substrate. Heme-protein catalyzed carbene insertion reactions have been
reported to occur through a catalytic iron-porphyrin carbene (IPC) intermediate,> ¢! 1- 939 which
has been recently crystalized in the active site of Rhodothermus marinus (Rma) Cytochrome ¢ by
Arnold and co-workers.’! Since enzymes experience a broad range of internal motions that might

be crucial for catalysis,”®%

we performed MD simulations of the reactive IPC intermediate in the
presence of the substrate, dimethylphenylsilane, in the active site (Figure 2.9a) to gain insight into
its dynamical behavior and especially, the important interactions in the YFeX active site that might
enhance the stability of the carbene intermediate and influence the orientation of the
dimethylphenylsilane substrate. The protein complex is stable with an average root-mean-square
deviation (RMSD) of 1.51 A (Figure 2.9b), implying that the YfeX enzyme does not undergo
huge conformational changes in the presence of the coordinated carbene group and the
dimethylphenylsilane substrate, which are not naturally present in the enzyme’s active site. The
average distance between the carbene carbon atom and the Si atom of the substrate is 3.68 A
(Figure 9c¢), which is favorable for catalysis. The average N4-Fe-C1-C2 dihedral angle is found
to be -95.2°, and this orientation of the carbene unit (relative to the heme) is stable (Figure 2.9d).
This orientation of the carbene in the IPC with an N4-Fe-C1-C2 dihedral angle value of -90° has

been reported in the captured IPC intermediate by Arnold and co-workers,”! which is consistent

with our results with just a slight deviation due to the specific active site environment in YfeX.
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Figure 2.9 (a) Iron-porphyrin carbene (IPC) complex of YfeX with the substrate
dimethylphenylsilane present in the active site. (b) Plot of RMSD for the YfeX IPC bound to
dimethylphenylsilane substrate; (c) plot of the distance between the carbene carbon (C1) and the
substrate silicon (Si); and (d) plot of the N4—Fe—C1—C2 dihedral angle (see panel a) during the
course of the simulation.

The phenyl ring of the substrate orients parallel to one of the pyrrole rings of the heme in
a manner favoring its stability by m-stacking (Figure 2.10A), which is a key interaction that
stabilizes the substrate orientation in the [IPC complex. Several SCS residues further stabilize both
the substrate and the IPC in the active site. For example, the orientation of the substrate is further
stabilized via both m-stacking and cation-m stacking interactions of its phenyl ring with the
aromatic ring of Phe248 and with the guanidinium group of Arg232 (Figure 2.10B), respectively.
The salt-bridge interaction between Arg232 and one of the heme carboxylates enhances its

favorable interactions with the substrate (Figure 2.10B). Furthermore, the methyl groups of the
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substrate are stabilized by hydrophobic interactions with the methylene group of the Ser234 side
chain and the ethyl group of the IPC carbene unit (Figure 2.10A). Finally, the Asp143 side chain
orients in such a way that its methylene group is locked in by hydrophobic interactions with the
ethyl group of the IPC carbene unit (Figure 2.10A) Networks of hydrogen bonding interactions
between the axially ligating His215 and residues Asp274, Ser214, and Leu216, which are present
in 69%, 39% and 31% of the MD trajectories, respectively, likely contribute to the stability of the
complex. All these interactions play crucial roles in the stabilization of both the substrate and the
IPC carbene unit and the proper orientation of the overall reactant complex. In particular, the IPC
unit is firmly locked into this conformation, whereas the substrate shows some movement in the

different trajectories.
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Figure 2.10 (A) Dynamics of the hydrophobic interactions between the ethyl group of IPC, the
substrate methyl group, and the methylene groups of the Asp143 and Ser234 side chains, and of
the m-stacking interaction between one of the heme pyrroles with the phenyl ring of the substrate.
(B) Dynamics of the n-m stacking and cation-nt stacking interactions of the Phe248 and Arg232
side chains with the phenyl ring of the substrate, and of the salt bridge between the guanidinium
group of Arg232 and one of the heme carboxylates.

QM/MM Calculations of the Reaction Mechanism of Si—H Insertion. In the carbene transfer
reactions by iron porphyrin systems, the IPC intermediate has been reported to adopt three different
spin states, namely the open-shell singlet (OSS), closed-shell singlet (CSS), and triplet state.>®°":
93,99 To characterize the mechanism of carbene insertion into the Si-H bond of the substrate
dimethylphenylsilane, we used combined QM/MM calculations using Turbomole'® and

DL POLY!'"" for QM and MM, respectively, as implemented in the ChemShell package.'®?
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Interestingly, the QM/MM optimized IPC intermediates in the three spin states gave the triplet
state as the lowest energy, 2.1 and 4.6 kcal/mol more stable than the OSS and CSS, respectively.
In the optimized structures, the Fe-C1 bond distance in the triplet and OSS state are 1.92 and 1.86
A, respectively, while a shorter bond distance of 1.79 A is obtained in CSS. These structural
parameters agree with earlier computational results; however, the question of the correct spin state
of the IPC intermediate is still unclear.?®-°!- 93 °% 195 Computational studies that favor each one of
these spin states as the ground state have been reported.’® 629393 103-104 However, the majority of
studies have reported the OSS to be the lowest energy state.”!> °* - 10 Furthermore, although this
is still an open question, the protein environment might not affect the spin state energy order: a
recent study, using both a QM cluster model and the QM/MM method, concluded that the spin
state energy order is preserved in both cases for the studied system, independent of whether the
protein environment is included or not.”® The process of Si—H insertion, involving partial hydride
transfer from the silane to the carbene carbon and then the formation of a C-Si bond, passes through
transition states TSoss, TScss, and TStriplet for the OSS, CSS, and triplet spin states, respectively,
with reaction barriers of 16.4, 22.8 and 27.6 kcal/mol, respectively. Hence, even though the triplet
IPC has the lowest energy, our calculations reveal that the reaction coordinate requires a spin state
crossing and that the reaction passing through TSoss is faster than the reactions through the other
two transition states. TSoss is more favorable as it has the lowest barrier when compared to those
observed for the other two spin states; therefore, TSoss is preferred over TScss and TStriptet. The
computational results therefore point to a favorable OSS electronic spin state, in agreement with
some previously reported computational findings.”"> *> %% 19 However, as discussed above, the
nature of the most probable electronic ground state of the IPC intermediate is still a matter of

discussion.
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Fe-C1 = 2.06”
C1-5i=2.87
Ci1H=174
Si-H =1.53 y ? siH = 159 Y siH = 1.52

Figure 2.11 (a) QM/MM potential energy profile for Si—H insertion catalyzed by YfeX-IPC,
calculated at the BS2 + ZPE level of theory, (b-c) geometries of the reactant and product complexes
for the OSS state, and (d-f) geometries of the transition states in the OSS, CSS and triplet spin
states. The relative energies in (a) are in kcal/mol while the distances in (b-f) are in A.

At the TSoss, the Fe-C1 and Si-H bonds elongate to 2.06 A and 1.53 A from 1.86 A and
1.49 A, respectively, while both the C1-Si and C1-H bonds shorten in readiness to form a new
product involving the C1-Si bond, in agreement with previous computations.** ***> These bond
distances are shorter for TScss, as presented in Figure 2.11, than those obtained for the OSS and
triplet spin states. Importantly, the transition state geometries are stabilized by several SCS
residues. In TSoss, the guanidinium group of R232 forms a salt bridge with one of the heme

carboxylates. Further, the phenyl ring of the substrate is stabilized by both & stacking and cation-

n stacking interactions with the phenyl ring of F248 and the guanidinium group of R232,
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respectively. These interactions are also conserved in the MD simulation. A network of
hydrophobic interactions around the substrate and the carbene unit enhance the stabilization of the
transition states. The methylene backbones of D137, D143 and F141 form hydrophobic
interactions with the ethyl group of the carbene. The phenyl ring of F141 orients in a perpendicular
manner to the heme ring and this n-stacking interaction thus locks its methylene backbone group
in a position that favors the hydrophobic interaction with the ethyl moiety of the carbene unit. In
addition, the methyl groups of the substrate are stabilized by the methylene group of the S234
backbone and the isobutyl side chain of L246, while the phenyl ring is stabilized by hydrophobic
interactions with the R232 backbone methylene group as well as the hydrophobic environment
created by the sec-butyl and methyl side chains of 1230 and A250, respectively (Figure 2.12). The
hydrophobic interactions observed for the ethyl group of the carbene are weaker in TStriplet and
TScss. Overall, all these interactions contribute to the stabilization of the transition state. The
transition states relax to products (PDoss, PDcss, and PDuriplet), where the C1-Si bond is fully
formed, and the Si-H bond is broken. The products formed in the three spin states are highly
exothermic with energies of -77, -68, and -72 kcal/mol for PDoss, PDcss, and PDtriplet,
respectively. Overall, the calculations show that the OSS spin state, which possesses the lowest
transition state barrier of all the three spin states, is the most stable, implying that the formation of
the C-Si bond product via the OSS spin state is both kinetically and thermodynamically favorable
and preferred over the other spin states. The potential energy profile for the Si—H insertion
reaction and the QM/MM-optimized stationary point geometries are presented in Figures 2.11 and

10B.
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Figure 2.12 Second coordination sphere (SCS) residues that stabilize the open-shell singlet (OSS)
transition state. The YfeX-IPC center and the dimethylphenylsilane substrate are represented in
ball and stick while the SCS residues are in stick representation.

2.6 Discussion

In this chapter, we show that the enzyme YfeX is an excellent platform for further
development of biocatalysts for carbene transfer reactions. Such carbene transferases are of
particular interest for late-stage functionalization of drug precursors, allowing for the efficient
synthesis of pharmaceuticals. These enzymes have the ability to form new C-C and C-heteroatom
bonds under mild reaction conditions, where the tuning of the enzyme active site and beyond
enables stereo- and even enantioselective reactions to be performed.® 2% 333655 o far, Cyt. P450s

and myoglobin (Mb) have mainly served as the work horses for the development of carbene
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transferases.’® 1919 However, the catalytic activity of WT Mb, for example, is somewhat limited.
As pointed out by Arnold, for the development of robust biocatalysts it is of advantage to start
from a WT enzyme that itself has a high catalytic activity for a desired transformation.>® As we
show in this work, the peroxidase YfeX is an excellent platform for further biocatalyst
development, by either directed evolution and/or rational design. In particular, WT YfeX shines
with high catalytic activity for the N-H insertion of aromatic and aliphatic primary and secondary
amines that is comparable to those of the best Mb mutants available to this date from the Fasan
group.” For example, WT YfeX has a 70% yield (at 0.1 mol% catalyst loading in just 1 hour), and
up to a TON of >6000 (at 0.001 mol% loading after 20 hours) for the N-H insertion of aniline with
EDA. Curiously, the cyclopropanation activity of YfeX, on the other hand, is comparable to that
of Mb. As we show in this work, this is largely due to the lack of solubility of the corresponding
test substrate, styrene, in buffer, and its inability to access the YfeX active site. So, whereas the
intrinsic reactivity of the central carbene intermediate seems to be much higher in YfeX, Mb seems
to profit from easier access to its heme cofactor (due to the lack of a real active site pocket) when
substrates are used that lack water solubility. However, YfeX also shows remarkable stability in
organic solvents, and in the presence of 30% methanol to improve styrene solubility, the yield for
the cyclopropanation of styrene by WT YfeX increases to 47%. Under similar conditions,
benzylamine gives a 56% yield for N-H insertion. Other styrene and aniline derivatives were tested
as well, giving excellent yields for carbene transfer reactions, as shown in Tables 2.3 and 2.4.
Even more impressively, WT YfeX is able to catalyze the Si—H insertion of dimethylphenylsilane
with 11% yield (at 0.1 mol% catalyst loading in just 1 hour), which is superior to other WT proteins
studied so far.*®* % These results show that YfeX and potentially other peroxidases have great

potential to become the next universal work horses for the development of a broad range of new
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carbene transferases, given its high intrinsic reactivity for carbene transfer reactions. A basic

comparison between the reactivity of WT Mb and WT YfeX is given in Table 2.8.

Table 2.8 Product yield comparison between WT Mb and WT YfeX for standardized test
substrates. All WT YfeX data were obtained at 0.1 mol% catalyst loading.

Substrate Wt Mb Time Wt YfeX Time
0

styrene 36% L] 16 hrs %02 (4] 1 hr

aniline 21% ' 12 hrs 72% 1 hr

benzylamine 17% 4 16 hrs 56% 4 1 hr

dimethylphenyl-silane | 35% ! 12 hrs 11% 1 hr

[a] Using 30% DMSO (styrene) or 30% MeOH (benzylamine) as co-solvent. [b] Data from ref. 2*
using 0.2 mol% Mb. [c] Data from ref. * using 0.2 mol% Mb. [d] Data from ref. *° using 0.2 mol%
Mb. [e] Data from ref. °? using 0.2 mol% Mb.

To explore the substrate scope of YfeX for the N—H insertion and cyclopropanation
reaction, a variety of para-substituted anilines and styrenes with electron-donating and electron-
withdrawing substituents where subjected to reactivity with EDA. Similar to previous results with
Mb and P450s,33 333899, 107 jt as shown that YfeX favors electron-rich substrates. The enhanced
preference to electron-rich substrates is due to their higher reactivity toward the electrophilic
heme—carbene intermediate that facilitates these reactions.> % %I 197 Moreover, YfeX
cyclopropanation reactivity shows that it can generate the trans product in high yield with 87%
selectivity for the (R,R) enantiomer, unlike WT Mb, which produces 47% (R,R) enantiomer.?* It
has been shown that SCS interactions play a major role in diastereo- and enantioselectivity for

cyclopropanation reactivity; %+ %

therefore, differences in selectivity for WT YfeX compared to
WT Mb are likely due to variations near the heme active site. This point requires further

investigation. Fasan and coworkers have further explored cyclopropanation selectivity using

crystallographic, computational, and reactivity/mutagenesis studies in Mb and mutants.’* They
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highlight the importance of steric complementarity and noncovalent interactions to guide
stereochemical selectivity during cyclopropanation reactivity, and corresponding studies on YfeX

are currently in progress.”*

We further investigated if an improvement of catalytic activity of YfeX could be
achieved using other transition metals. For this purpose, we reconstituted YfeX with Co- and Ru-
heme cofactors, which have shown promise for improving carbene transfer reactivity for Mb.33-*
However, in the case of YfeX, no improvements in carbene transfer activity are observed in these
cases. In agreement, the previously noted instability of RuMb persists for RuYfeX, emphasizing
that carbene insertion into the porphyrin ring is a general reactivity feature of (biological) Ru-
hemes, which would otherwise be highly active catalysts.>® Therefore, the cheapest metal, iron,

turns out to also give the most active and robust catalyst of all transition metals tested thus far with

YfeX.

Since the Si—H insertion reaction is unique, we investigated this reaction further using
computational methods. Whereas many WT heme proteins are able to catalyze the N—H insertion
or cyclopropanation reaction, albeit often with very low yields, the Si—H reaction is much more
challenging, and there are very few WT heme proteins that are able to mediate this process
efficiently.’® Here, we investigated this reaction starting from the three possible electronic ground
states of the iron-porphyrin carbene (IPC) intermediate, which are the closed shell singlet (CSS)
and open shell singlet (OSS) state, and the corresponding triplet state. As observed previously,
these three states are very close in energy (within 5 kcal/mol), making it impossible to determine
which form corresponds to the ground state of the IPC based solely on the computational results.”!

197 Previous studies on truncated DFT models indicated that there is no energy barrier for either
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the N—H insertion and cyclopropanation reactions, but there is a free energy barrier due to the
entropic contribution, corresponding to 9 — 14 kcal/mol.** 1 In contrast, for the Si—H insertion
by YfeX, the calculated energy barriers are 16.4 (OSS), 22.8 (CSS) and 27.6 (triplet) kcal/mol,
indicating that the OSS state is ultimately allowing for this reaction to go forward. Overall, these
results show that the Si—H insertion reaction is energetically much less favorable compared to the
N—H insertion and cyclopropanation reactions, in agreement with the lack of reactivity of many

WT heme proteins towards carbene transfer to Si-H bonds.

A -
Figure 2.13 Electrostatic potential surfaces for the active site of (a) YfeX (PDB code 211Z) from
the outside, and (b) zoomed-in version for YfeX, (c) Rma TDE (PDB code 6CUN), and (d) Mb
(H64V, V68A) (PDB code 6M8F). Electrostatic potential surfaces were drawn in PyMOL using
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APBS electrostatics (the red color corresponds to negative potential and the blue color corresponds
to positive potential).

As shown by our results, the YfeX active site is uniquely equipped to stabilize the transition
state for the Si—H insertion with dimethylphenylsilane, by locking the IPC complex and the
substrate into a conformation that is productive for catalysis. During the MD simulations, the
orientation of the substrate relative to the IPC intermediate shows little variation, thereby
promoting this reaction despite the rather large activation barrier. Recently, Arnold, Houk and
coworkers investigated the Si—H insertion mechanism as catalyzed by the Rma Cyt. ¢ V75T
MI100D MI103E triple variant (termed “Rma TDE”) through experimental and computational
studies.>® They determined that Rma TDE catalyzes carbene insertion into Si-H bonds through a
concerted, nonradical mechanism, and in their DFT and QM/MM calculations, the CSS is the most
favorable transition state.> The transition state energies obtained from their QM/MM studies are
rather similar to the ones obtained by us for YfeX, again emphasizing that YfeX is intrinsically
suited for the Si—H insertion reaction, and thus, has the potential to be further optimized for this
reaction to achieve high turnover numbers. Similarly, Fasan, Zhang and coworkers investigated
the Mb-catalyzed carbene insertion into Si-H bonds, using a truncated DFT model for the
calculations and radical trap experiments. Based on their results, it was concluded that the carbene
insertion into Si-H bonds occurs through a concerted mechanism involving a CSS transition state.”
As discussed above, our calculations predict that in the case of YfeX, the mechanism of Si—H
insertion with dimethylphenylsilane involves an OSS transition state rather than a CSS transition
state, as found for Rma TDE and Mb. These differences could be related to variations within the
active sites of these proteins. Figure 2.13 compares the electrostatic potential surface maps for the
active sites of YfeX, Rma TDE, and Mb (H64V, V68A; one of the most active Mb-based carbene

transfer catalyst), indicating key differences in YfeX compared to these other catalysts. Whereas
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YfeX has a polar active site with both negatively and positively charged regions, and a narrow
tunnel that leads into the active site, both Rma TDE and Mb (H64V, V68A) have much more open
active sites with neutral to positive electrostatic potential. This explains why Y feX has intrinsically
a high reactivity for N-H insertion, where polar aniline has a relatively high affinity for the active
site of YfeX, whereas non-polar styrene does not. Styrene cyclopropanation is therefore drastically
enhanced in the presence of organic co-solvents that help improve the availability of this substrate
in solution for WT YfeX, whereas for aniline, the effect of an organic co-solvent is small. In
addition, YfeX is able to better confine dimethylphenylsilane in the active site, which promotes
reactivity. As evident from Figure 2.13, YfeX clearly contrasts with Rma TDE and Mb (H64V,
V68A) with respect to its active site properties, which again emphasizes the great potential of
YfeX and other peroxidases to access unprecedented reactivity space in biocatalytic

transformations. Investigations in this regard are ongoing.

In conclusion, our results show that YfeX is a highly reactive and versatile catalyst for
carbene transfer reactions, and in its WT form, shows excellent reactivity for the reactions we
explored here, compared to WT Mb and diverse WT Cyt. P450s. In addition, the protein shows
high stability against organic solvents, thereby enabling the use of organic co-solvents whenever
necessary in order to improve turnover for hydrophobic substrates. Utilizing MeOH and DMSO
co-solvents we show that cyclopropanation reaction yields significantly increase for WT YfeX,
overcoming some of the low solubility barrier faced by styrene in aqueous buffer. The rather large
active site of YfeX further promises exciting applications of this protein in the synthesis of
pharmaceuticals and fine chemicals, allowing for the processing of rather large substrates,
especially after (potentially) opening the tunnel into the active site via site-directed mutagenesis.

Such studies are in progress, further explored in Chapter 3, combined with site-directed
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mutagenesis studies that aim to explore the role of important second coordination sphere groups
in the YfeX active site during various carbene transfer reactions. YfeX is an exciting new target
for the design of new carbene transferases, with many potential applications in the pharmaceutical

industry in the future.
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2.7 Experimental Section

General Procedures

Materials. All chemicals and reagents were purchased from commercial suppliers (Sigma-
Aldrich, Fisher Scientific, Acros, Frontier Scientific) and used without further purification unless
otherwise noted. UV-visible spectra were recorded on an Analytic Jena Specord S600
spectrophotometer using sealed quartz cuvettes. '’C- and 'H-NMR spectra were measured on
either a Varian MR400 (operating at 400 MHz), a Varian Inova 500 (operating at 500 MHz), or a
Varian VNMRS 500 (operating at 500 MHz). Tetramethylsilane (TMS) served as the internal

standard (0 ppm) for 'H-NMR measurements.

Gas chromatography/mass spectrometry (GC/MS) analyses were performed using a
Shimadzu QP-2010 GC/MS equipped with a 30 m long DB-5 column with 0.25 mm ID. Separation
method: 1 pL injection, injector temperature: 200 °C, detector temperature: 250 °C. Gradient:
column temperature set to 60 °C for 3 min, then to 250 °C at 20 °C/min and held at 250 °C for 2.5
min (7.5 min for derivatives). Total run time was 15.00 min for the aniline and styrene reactions,

and 20.00 min for the reactions with the aniline and styrene derivatives.

Supercritical fluid chromatography (SFC) used to resolve the enantiomer products for
cyclopropane compounds was performed using a Waters SFC instrument equipped with a column
oven (35 °C), photodiode array detector, a backpressure regulator (12.0 MPa), a carbon dioxide
pump and a sample injection volume of 3 pLL. A Daicel Chiralpak IC column (5 um, 4.6 x 250 mm
analytical chiral column) was used for separation of the enantiomers and % ee determination. All

samples were eluted using an isocratic solvent system with the indicated modifier in liquid CO»,
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containing 10% isopropanol as co-solvent, at an elution rate of 4 mL/min and detection at A =250

nm with a total run time of 6.0 min.

YfeX protein expression, purification. Protein expression and purification followed a protocol
by the Weissenborn group (Martin-Luther-University Halle-Wittenberg in Halle (Saale),
Germany).”® The YfeX genes (pCA24N) were transformed into chemocompetent E. coli BL21
(DE3) cells by heat shock. Freshly plated transformants were grown overnight in 5 ml Terrific
Broth (TB) medium containing 50 pg/ml chloramphenicol. 2 ml of the pre-cultures were
inoculated in 400 ml TB autoinduction medium containing 50 pg/ml chloramphenicol. Cells were
incubated at 37 °C and 120 rpm. After 4 h of cultivation, aqueous solutions of FeCls/5-
aminolevulinic acid (final concentration: 100 pM) were added, the temperature was reduced to
30 °C and the cells were incubated for further 16.5 h. Cells were harvested by centrifugation (3000
x g, 20 min, 4 °C). The supernatant was discarded, and the pellets were resuspended in binding
buffer (50 mM Kpi, pH = 7.4, 200 mM NacCl). Cells were lysed by sonication (Bandelin Sonoplus
HD3100: 6x30 s, 70 % amplitude, pulse mode) and the lysate was incubated with hemin (final
concentration: 600 pM) at room temperature for 30 min with a final DMSO concentration of
2 %. The cell debris was removed by centrifugation for 45 min at 4 °C and 6000 x g. Excess of
hemin and traces of DMSO were removed during the protein purification steps. The protein
exhibits a hexahistidine-tag and was purified by IMAC (immobilized metal ion affinity
chromatography) using 1 mL His GraviTrap TALON columns (GE Healthcare Europe GmbH,
Freiburg, DE). Washing buffer consisting of 50 mM Kpi (pH = 7.4), 200 mM NaCl and 5 mM
imidazole was used to remove unspecific proteins. Protein was finally eluted by the addition of
elution buffer (50 mM Kpi (pH = 7.4), 200 mM NaCl and 250 mM imidazole). PD-10 desalting

columns (GE Healthcare Europe GmbH, Freiburg, DE) were used for buffer exchange of the
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pooled elution fractions, yielding the purified protein in 50 mM Kpi (pH = 7.4) and 10 % glycerol
(v/v). These stocks were flash-frozen in liquid N> and stored at -20 °C. Protein and heme b amounts
were determined in duplicates using the BSA Protein Assay and the Pyridine Hemochromagen

Assay (reduced form, &€ = 34.7 mM'cm™! at 557 nm).

Protein mass spectrometry analyses were performed using an Agilent Q-TOF HPLC-MS
equipped with a Poroshell 300SB-C8 column. Separation method: 20 puL injection, flow rate: 0.5
mL/min, gradient: 95:5 water/acetonitrile for 3 min, followed by an increase over 10 min to 100%
acetonitrile to elute the protein. Total run time was 13 min. Porphyrin mass spectrometry analyses

were performed using an Agilent 6230 TOF HPLC-MS.

N—H Insertion Reactions. Reactions were performed as previously described,>® at a ~450
uL scale using 20 uM YfeX, 20 mM aniline (or aniline derivative), 40 mM ethyl diazoacetate
(EDA), and 10 mM NaS;04. The sodium dithionite (100 mM stock solution) in potassium
phosphate buffer (100 mM, pH 7.0) was purged by bubbling nitrogen through the solution for 10
min in a sealed vial. All reagents and proteins were brought into a Coy vinyl anaerobic chamber
(10-30 ppm of O, 1.5-3.0% Hz) before running the reactions. The as-isolated, ferric YfeX was
first reduced to ferrous YfeX through addition of 40 puL of Na>S>O4 solution, followed by the
addition of 4 pL of aniline or aniline derivatives from a 2 M stock solution in methanol, and 8 puL
of EDA (2 M stock solution in methanol), which translates to a total MeOH content of 2.65%. The

reactions were left under magnetic agitation for 1 h at room temperature (or as indicated).

56



Cyclopropanation Reactions. Reactions were performed in the same manner as the N—H
insertion reactions, using 20 mM styrene (or styrene derivatives) instead of aniline. All 2 M styrene

solutions were prepared in methanol.

Si-H Insertion Reactions. Reactions were performed in the same manner as the N—H
insertion reactions, using 20 mM dimethylphenylsilane (or silane derivatives) instead of aniline.

All 2 M silane solutions were prepared in methanol.

Product Analysis. The reactions were analysed, as previously described,'> by addition of
20 pL of internal standard (2-phenyl-ethanol, 1 M in methanol) to the reaction mixture, followed
by extraction with 1.5 or 3 mL of ethyl acetate, depending on the reaction. The organic layers were
dried with magnesium sulfate and later filtered and analysed by GC/MS and/ SFC (see General
Procedures section for details on GC/MS and SFC analyses). Calibration curves for quantification
of the N—H insertion products of aniline and aniline derivatives and the cyclopropanation products
of styrene and styrene derivatives were constructed using authentic standards produced
synthetically (using 1-2 mol% Rh2(OAc)s as the catalyst). These products were used to generate
calibration curves for quantification of the aniline and styrene products in the catalytic reactions
with YfeX. The reactions to produce authentic standards were conducted according to the same
methods previously reported by our laboratory.>* All measurements reported in the Results tables
were performed in triplicate. Negative control experiments were performed in the absence of

YfeX.

Computational Methods: System Preparation and MD Simulation. The initial

coordinates of the system were generated using an X-ray crystal structure of YfeX (PDB code:
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5GT2).”* The precursor for the iron porphyrin carbene (IPC) intermediate and the
dimethylphenylsilane substrate were modelled in the active site using GaussView 6.0.!% The
protonation states of the ionizable side chains were accessed with Propka software,!*® while the
axial His215 that is coordinated to the Fe center of the heme was assigned a protonation state based
on visual inspection of its local environment. The active center parameters were generated using
Metal Center Parameter Builder (MCPB.py),'!? as implemented in Amber18. The bond and angle
force constants were derived using the Seminario method,''! while point charge parameters for the
electrostatic potentials were obtained using the ChgModB method. The parameters for the carbene
precursor complex and the silane substrate were generated using the Antechamber module of
Amber18.!'2 All the missing hydrogen atoms in the crystal structure were added with the Leap
module in Amber and charges were neutralized using Na* counterions. The system was solvated
with TIP3P water molecules in a rectangular box within a distance of 10 A from the protein's
surface.!!® Several MD and QM/MM studies on both heme and non-heme Fe containing enzymes
have successfully used the parameters generated via this procedure to study both the dynamics and

the catalytic mechanism of the Fe containing systems.*® ?!: 114-115

A two-stage minimization of the geometries was first performed using MM to eliminate
clashes of atoms. In the first stage of minimization, only the water molecules and the Na*
counterions were minimized, while the solute molecules were restrained with a harmonic potential
of 500 kcal/(molA?). In the last minimization stage, all the atoms were geometrically optimized
without any restraint. The system was subjected to 5000 steps of steepest descent, followed by
5000 steps of conjugate gradient energy minimization. The minimized system was first slowly
heated from 0 to 300 K for 50 ps in an NVT ensemble using a Langevin thermostat.!'® The heated

system was further subjected to constant temperature heating at 300 K for 1 ns in an NPT ensemble.
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The solute molecules were restrained with a harmonic potential of 10 kcal/(molA?) during all the
heating processes. After that, the system was equilibrated for 3 ns in an NPT ensemble at a fixed
temperature and pressure of 300 K and 1 bar, respectively, without any restraints on solute
molecules. After equilibration, a restrained productive MD was then run for 200 ns using the
distance NMR refinement module in Amber18 by restraining the distance between the Si atom of
the silane substrate and the carbene carbon from 2.8 and 3.5 A, followed by an unrestrained
productive MD for another 200 ns in an NPT ensemble with a target pressure set at 1 bar and
constant pressure coupling of 2 ps.!!” The pressure was held constant using Brendsen barostat'!®
and the SHAKE algorithm!!® was used to constrain the bond lengths of those bonds involving
hydrogen atoms. The simulations were performed using the GPU version of the PMEMD engine
integrated in Amber18.!>° The Amber FF14SB force field was used for the simulations,'?! and
periodic boundary conditions were employed. The obtained trajectories were processed and

analysed using the CPPTRAJ module from Ambertools utilities.!??

QM/MM Calculations. QM/MM calculations were performed with the ChemShell
program,'®? which combines Turbomole'® for the QM region and DL POLY!'"! for the MM
region. The electrostatic embedding scheme was used to describe the interactions between the two
regions, while hydrogen link atoms were used to treat the boundary between the QM and the MM
region. The QM region was represented using the UB3LYP functional with the 6-31G(d) basis set
for all atoms except Fe where the LANL2DZ basis set with an effective core potential (ECP;
labelled BS1) was used, as in previous, similar studies on carbene transfer reactions.”-* 103, 123
The MM region was described with the Amber force field. The QM region consists of the Fe-

porphyrin carbene intermediate, dimethylphenylsilane and the methylene imidazole group of the

axial His215 ligand. After the initial QM/MM geometry optimization, linear transit scans along
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the reaction coordinate were performed with 0.1 A increment to obtain the transition states using
a DL find optimizer.!>* The transition states were reoptimized using the P-RFO algorithm
implemented in the HDLC optimizer.'?* The fully optimized geometries of the minima and the
transition states were characterized via frequency calculations. The final energies of the optimized
stationary points were recomputed via single-point energy calculation using the all electron def2-
TZVP basis set (labelled BS2) for all atoms. To obtain the open-shell singlet state (OSS) structures,
the optimized triplet state structure was used as a starting point, followed by flipping one a-
electron to a B-electron, and then an unrestrained geometry optimization was performed on this

structure. To do the spin flip, the ‘flip’ module in Turbomole was used.
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Chapter 3 YfeX: A Biocatalytic Carbene Transferase

In this chapter, the biocatalytic carbene transferase properties of YfeX variants were
investigated. The following work was performed in collaboration with Professor Martin
Weissenborn and student Anja Knorrscheidt from Martin-Luther-University Halle-Wittenberg,
who provided protein plasmids, with Professor Christo Z. Christov from Michigan Technological
University, who helped with the computational calculations, and undergraduate student Hannah
Palomino who contributed with reactivity and computational studies. The following work will
contribute to a manuscript tentatively titled: Victor Sosa Alfaro, Hannah Palomino, Anja
Knorrscheidt, Martin Weissenborn, Christo Christov, Nicolai Lehnert. “Rational Design of YfeX
Biocatalyst for Enhanced Carbene Transferase Reactivity”, Manuscript in preparation. The
following manuscript was published for YfeX R232A data used in this chapter: Victor Sosa
Alfaro, Sodiq Waheed, Hannah Palomino, Anja Knorrscheidt, Martin Weissenborn, Christo
Christov, Nicolai Lehnert. “YfeX — A New Platform for Carbene Transferase Development with

High Intrinsic Reactivity”, Chem. Eur. J. 2022, €202201474.7°

3.1 Introduction

As described in Chapter 2, YfeX styrene cyclopropanation and Si-H insertion reactions
have moderate product yields and, in the case of the former, a low diastereomer selectivity. The

active site of YfeX has an overall hydrophilic pocket due to three prominent amino acids, D143,
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R232, and S234 (see Figure 3.1). To explore the steric and electrostatic effects of the second
coordination sphere (SCS) in the active site on YfeX catalysis, studies on the catalytic carbene
transferase activity of these YfeX variants were conducted. Furthermore, styrene is a non-polar
substrate with low water solubility requiring hydrophobic interactions for solubilizing and entrance
into the active site pocket. One of the important steps in reactivity is substrate binding into the
active site, and low cyclopropanation and Si-H insertion yields could be due to a lack of substrate
binding inside the polar YfeX active site. We therefore hypothesized that cyclopropanation and Si
insertion reactivity could improve when making the active site more hydrophobic, by improving

substate binding and retention for reactivity with the carbene intermediate.

$234

R232
D143 1230

Figure 3.1 PyMOL image of the WT YfeX active site. The important second coordination sphere
amino acids are highlighted. The image was generated from PDB code: 211Z.
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These three key amino acids within the active site, D143, R232, and S234 play an important
role in keeping the active site hydrophilic. Therefore, the initial approach is to mutate each of these
three amino acids to an alanine, a small hydrophobic amino acid, generating three distinct mutants,
D143A, R232A, and S234A, and then study their reactivity. Not only does adding an alanine
increase the pocket size, but it also changes the electrostatic interactions by enhancing the
hydrophobicity of the active site. Lastly, amino acid 1230, found in the entrance pocket near the
active site, may have an important role in substrate binding for YfeX (see Figure 3.1). Not only is
1230 a relative bulky amino acid and hydrophobic, but it is also positioned in between the heme
and the entrance channel. The goal is to further open the active site channel and guide substrates
into the active site. To do probe this idea the YfeX [230A variant was generated. By introducing
an alanine, the active site channel will potentially expand, and this mutation could allow substrate
to go into the active site and would lead to increased carbene transfer reactivity.

The most promising mutation is R232A since arginine sits right above the heme plane.
R232 not only has a positively charged side chain that repels hydrophobic substrates, but it can
potentially block substrates from interacting with the carbene intermediate. D143 A and S234A are
interesting targets since they could potentially have similar effects as R232A, but they can also
change the way styrene binds and hence, change the stereoselectivity of products generated.
Interestingly, both R232 and D143 have previously been investigated in peroxidases and it was
found that they have an important role in the overall mechanism and hence may also contribute to
carbene transferase activity.”* The study of these variants offers general insight into the role of the
SCS in YfeX for carbene transfer reactions, and in this way, identifies targets for future
mutagenesis studies to further improve catalysis with YfeX, especially selectivity, as further

discussed in this chapter.
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3.2 YfeX R232A Variant

To begin analyzing the role of the SCS within the YfeX active site for carbene transfer
reactivity, the YfeX variant R232A was investigated, where the R232 residue that sits right above
the heme is replaced with Ala. This choice was inspired by work on Mb, where removal of the
distal His has a notable effect on catalysis.’* > The N-H insertion with aniline and aniline
derivatives for YfeX R232A shows interesting results: although the reactivity for aniline and its
para-substituted derivatives is similar to that of WT YfeX, there is a difference in the results for
ortho-, meta-, and para-toluidine (see Table 3.1). These results suggest that Arg232 plays a subtle
role in substrate orientation in the active site, influencing the reaction of the carbene intermediate
with these bulkier substrates. When R232 is replaced by a smaller amino acid like Ala, the
discrimination against the ortho- and meta-substituted compounds is eliminated, and similar yields

are obtained for all toluidine substrates (see Table 3.1).

Table 3.1 Results for the N-H insertion reaction of anilines with YfeX R232A.

O YfeX R232A H ©
/©/NH2 . ﬁOEt I(\)1.1 mol% /@Nﬂoa + N,
R 2 Klgzt?jf?:r R
R=-H, -Me, -Br, -OMe
Substrate Total Yield “! (%) TON Mono: Di
aniline 75 756 + 64 83:17
p-toluidine 40 408 £ 4 67:33
o-toluidine 50 502 £38 80:20
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m-toluidine 51 512+ 96 54:46

4-bromoaniline 43 434+ 78 87:13
p-anisodine 54 544 £ 23 56:44
4-trifluormethylaniline 51 505+ 67 83:17

[a] Reaction conditions: 20 pM YfeX R232A (0.1 mol%), 20 mM aniline and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis.

In contrast and surprisingly, cyclopropanation reactions with YfeX R232A show no
enhanced reactivity, but instead, a slight decrease of the yields is observed (see Table 3.2). To
help increase styrene solubility in buffer, 30% methanol co-solvent was again used, similar to WT
YfeX. This approach enhanced WT YfeX cyclopropanation reactivity, but unfortunately, this
method did not improve catalysis with YfeX R232A. The reason for this became evident from
circular dichroism (CD) spectroscopy. The CD data indicate that there is a subtle difference in
protein folding between WT YfeX and YfeX R232A, with a slightly increased B-sheet contribution
to the fold in the R232A variant (Figure 3.2). In addition, the folding of the variant is modified
with increasing concentrations of methanol; this trend is not seen in WT YfeX where folding
remains essentially unchanged for up to 50% methanol concentrations (see Chapter 2). These
results indicate that YfeX R232A has a decreased stability compared to WT, and the structural

changes that occur in the presence of methanol are counterproductive for catalysis.

Table 3.2 Results for the cyclopropanation reaction of styrene derivatives with YfeX R232A.

\ 0 vfexR232A R o
0,
/©/\ + HKOEt 0.1 mol% )
R N2 N628204 OEt N2
KPi buffer

= -H, -Me, -Cl, -O-Me
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Substrate Total Yield ! (%) TON Cis:Trans

styrene 11 119+ 12 11:89
styrene® 9 89+ 12 7:93

4-methylstyrene 4 41 %5 23:77
vinylanisole 5 46 + 10 14:86
4-chlorostyrene 5 50£2 13:87

[a] Reaction conditions: 20 uM YfeX R232A (0.1 mol%), 20 mM styrene and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis. [b] Reactions

were run in 30% methanol.
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Figure 3.2 (A) Circular dichroism spectra of YfeX R232A [20uM] at various buffer/methanol
mixtures. (B) UV-visible spectra of YfeX R232A [30uM] at various buffer/methanol mixtures.

Utilizing molecular dynamics (MD) calculations, conducted by Ms student Hannah
Palomino in collaboration with the Christov lab, we are able to see changes that occur in the active
site of the R232A variant. Here, one of the propionate groups of the heme changes position and
hydrogen bonds with the nearby R195 side chain, instead of interacting with R232 (see Figure
3.3). The heme also slightly distorts compared to the heme in WT YfeX, likely due to the new
hydrogen bonding network created in the variant. Work by Pfanzagl et al. shows that similar heme
movements can be seen in the crystal structure of the dye decolorizing peroxidase (KpDyP) Arg
mutant of the pathogenic bacterium Klebsiella pneumoniae.'*® These changes in the active site
play a role in substrate binding and therefore affect the selectivity, as seen with the changes

between ortho-, meta-, and para-toluidine product yields. Furthermore, the removal of R232 opens
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the pocket above the heme group. Initially, this exposed active site was thought to be a good
approach to enhance reactivity with styrene, but further reactivity studies as described above show
that this substitution has more deleterious effects for cyclopropanation reactivity, and there is also

a reduced stability of the variant as shown by the CD and UV-vis spectroscopy (Figure 3.1).

YfeXaR232A

Figure 3.3 Molecular dynamics (MD) results comparing the active site of WT YfeX (in green) to
that of YfeX R232A (in blue). Image was generated in PyMOL from MD simulations.

3.3 YfeX 1230A Variant 2

The YfeX variant 1230A was investigated because of its enhanced carbene transfer
reactivity. The 1230 residue sits right near the active site tunnel where natural substrates such as
hydrogen peroxide are guided into the heme active site.”* It is proposed that this specific
modification may open up the overall tunnel, which would allow other, non-natural substrates to

enter. The N-H insertion with aniline and aniline derivatives for YfeX I230A demonstrates
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excellent results: compared to WT, the reactivity for aniline increases, giving up to 92% yield, and
other para-substituted aniline substrates have relative high yields as well. In addition, there is a
difference in selectivity between ortho-, meta-, and para-toluidine compared to WT YfeX. We
have previously shown that para-toluidine is preferred over the other isomers in WT YfeX.
Interestingly, with the 1230 mutation the meta-substituted toluidine derivative generates the
highest yield (giving 93% yield) and para-toluidine now gives the lowest yield (44%) amongst the
three isomers. These results show that 1230 plays a subtle role in substrate entrance and that it

might somehow affect the orientation of substrates in the active site.

Table 3.3 Results for the N-H insertion reaction of anilines with YfeX I230A.

O YfeX 1230A o 9
|2 N328204
R KPibuffer R
R= -H, -Me, -Br, -OMe
Substrate Total Yield 1 (%) TON Mono: Di
aniline 92 922 + 87 90:10
p-toluidine 44 447 £ 19 65:35
o-toluidine 74 737 +£49 89:11
m-toluidine 93 935+ 17 90:10
4-bromoaniline 37 367 +£47 92:8
p-anisodine 46 458 £ 17 59:41

[a] Reaction conditions: 20 uM YfeX 1230A (0.1 mol%), 20 mM aniline and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis.
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Distinct to N-H insertion reactivity, cyclopropanation reactions with YfeX 1230A show no
enhanced reactivity, but again, a decrease of the yields is observed (see Table 3.4). To help
increase styrene solubility in buffer, 30% methanol co-solvent was again used, similar to WT YfeX
and YfeX R232A. This approach enhanced WT YfeX cyclopropanation reactivity, but
unfortunately, this method did not improve catalysis with YfeX 1230A, as seen for R232A YfeX
as well. The CD data show that there is a difference in protein folding between WT YfeX and
YfeX 1230A, with a slightly increased B-sheet contribution to the fold in the I230A variant (Figure
3.4). These results show that YfeX 1230A has structural changes compared to WT, and potentially
decreased stability in the presence of methanol, which are all adverse properties for catalysis. The
increased tunnel size, as shown by molecular dynamics (discussed below), does not help styrene
binding as initially hypothesized, indicating more complex interactions occur during styrene and

styrene derivative binding into the active site.
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Figure 3.4 Circular dichroism spectra of YfeX 1230A [20uM] compared to WT YfeX.

Table 3.4 Results for the cyclopropanation reaction of styrene derivatives with YfeX 1230A.

~ O YfeX 1230A
/©/\ ¥ oFt _ 0.Tmol% \©
R ,2 Na28204 2
KPi buffer
R=-H, -Me, -CI, -O-Me
Substrate Total Yield “! (%) TON Cis:Trans
styrene 13 128 £ 14 8:92
styrene® 7 70+ 8 5:95
4-methylstyrene 53 53+£2 1:99
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vinylanisole 6.7 67+8 8:92

4-chlorostyrene 5.9 59+£10 9:91

[a] Reaction conditions: 20 uM YfeX 1230A (0.1 mol%), 20 mM styrene and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis. [b] Reactions
were run in 30% methanol.

To investigate the effects of 1230 on the overall protein structure, molecular dynamics and
electrostatic potential surface maps studies were conducted (by Ms student Hannah Palomino).
Electrostatic potential surface analysis shows a drastic change in overall electrostatic charge near
the tunnel of [230A compared to WT YfeX, which has a higher positive electrostatic charge (see
Figure 3.5). The tunnel entrance in 1230A also becomes slightly wider as seen in the MD
calculations, with the WT YfeX tunnel being ~8 A wide compared to 1230A YfeX tunnel with a
~10 A diameter. Molecular dynamics results for the I230A variant further show changes that occur
near the active site and specifically with the heme cofactor. Here, the propionate group from the
heme that does not interact with R232 changes position and hydrogen bonds with a nearby Lys’s
residue (2.7 A away) instead of the protein backbone and moves away from the entrance tunnel
(see Figure 3.6). This heme orientation may influence the way substrates enter the active site and
interact with the carbene intermediate, therefore affecting the yields of the para- and meta-

substituted compounds, as seen with toluidine (see Table 3.4).
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(A) (B)

Figure 3.5 Electrostatic potential surface for the active site of (A) YfeX [230A and (B) WT YfeX.
Electrostatic potential surfaces were drawn from optimized molecular dynamics calculations using
PyMol APBS electrostatics (the red color corresponds to negative potential and the blue color
corresponds to positive potential). Image was generated in PyMOL from MD simulations.

WT YfeX
YfeX 1230A

Figure 3.6 Molecular dynamics results comparing the active site of WT YfeX (in green) to that of
YteX 1230A (in yellow). The 1230 amino acid mutation is circled for clarity. Image was generated
in PyMOL from MD simulations.
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3.4 YfeX S234A Variant 3

The YfeX variant S234A was also investigated for enhanced carbene transfer reactivity.
The S234 residue is positioned above the heme in the active site, ~7.1 A away. The mutation of
this serine near the active site to an alanine may alter the hydrogen bonding network within the
active site and play an important role for substrate binding. The N-H insertion with aniline and
aniline derivatives for YfeX S234A turned out to be inferior to WT enzyme: the reactivity for
aniline decreased giving up to 54% yield, and other para-substituted aniline substrates have
moderate yields as well. There is also no drastic difference in selectivity between ortho-, meta-,
and para-toluidine compared to WT YfeX (see Table 3.5). These results show that Ser234 plays

a subtle role in reactivity and substitution with Ala is more deleterious than productive.

Table 3.5 Results for the N-H insertion reaction of anilines with YfeX S234A.

O YfeX S234A Ho O
|2 Nazszo4 R
R KPi buffer
R= -H, -Me, -Br, -OMe

Substrate Total Yield “! (%) TON Mono: Di
aniline 54 537+ 62 80:20
p-toluidine 43 429+ 10 64:36
o-toluidine 61 615+ 18 81:19
m-toluidine 60 604 + 31 54:46
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4-bromoaniline 53 534 + 69 87:13

p-anisodine 48 479 + 31 97:3

[a] Reaction conditions: 20 uM YfeX S234A (0.1 mol%), 20 mM aniline and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis.

Similar to the other variants, cyclopropanation reactions with YfeX 1234A show no
enhanced reactivity, but again, a decrease of the yields is observed (see Table 3.6). To aid styrene
solubility in buffer, 30% methanol co-solvent was applied for catalysis. However, this approach
did not improve cyclopropanation catalysis with YfeX S234A. The CD data show that there is a
difference in protein folding for YfeX S234A compared to that of WT YfeX, with an increased -
sheet contribution to the folding (Figure 3.7). These results show that YfeX S234A generates
structural changes that are antagonistic for catalysis, in comparison to the other variants discussed

above.
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Figure 3.7 Circular dichroism spectra of YfeX S234A [20uM] compared to WT YfeX.

Table 3.6 Results for the cyclopropanation reaction of styrene derivatives with YfeX S234A.

© YiexD143A R o
/©/\ + OEt 0.1 mol% \©
R L, Na,S,0, OEt + N,
KPi buffer
R=-H, -Me, -Cl, -O-Me

Substrate Total Yield “! (%) TON Cis:Trans

styrene 9 85+7 8:92

styrene® 10 96 +9 7:93

4-methylstyrene 4.1 41 +4 0:100

vinylanisole 5.4 54+3 0:100
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4-chlorostyrene 33 33£1 0:100

[a] Reaction conditions: 20 uM YfeX R232A (0.1 mol%), 20 mM styrene and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis. [b] Reactions
were run in 30% methanol.

3.5 YfeX D143A Variant 4

Lastly, the YfeX DI143A variant was investigated for carbene transferase activity.
Replacement of the D143 residue that sits right above the heme, 3.7 A away, with Ala it opens the
active site pocket. This amino acid substitution has a drastic effect for the overall electrostatic
charge within the active site, as seen in the electrostatic potential surface (Figure 3.8). Compared
to WT YfeX, D143 A reduces the negative electrostatic charge within the active site. Furthermore,
it has been shown by Pfanzagl et al. that D143 in KpDyP helps hydrogen peroxide bind in the
active site, and it stabilizes Compound I via specific hydrogen bonds during the native peroxidase
activity of this enzyme.”> '?° Similarly, we hypothesized that the D143 residue could also
participate in carbene transferase reactivity. The N-H insertion with aniline and aniline derivatives
for YfeX D143A revealed interesting results: the reactivity for aniline decreases compared to WT
YfeX, giving up to 50% yield, but electron withdrawing para-substituted aniline substrates show
relative high yields, especially for 4-bromo-aniline. In the latter case, D143A YfeX generates the
highest yield among WT and all variants studied so far (see Table 3.7). D143A YfeX also shows
a difference in selectivity between ortho-, meta-, and para-toluidine compared to WT YfeX. In the
WT enzyme, para-toluidine is the preferred isomer, whereas with D143 A the meta-substituted
toluidine derivative generates the highest yield (88%), and para-toluidine shows the lowest yield
(54%) amongst the three toluidine isomers. These results show that D143 plays an important role

1n substrate orientation in the active site.
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(A)

(B)

Figure 3.8 Electrostatic potential surface for the active site of (A) YfeX D143A and (B) WT YfeX.
Electrostatic potential surfaces were drawn from optimized molecular dynamics calculations using
PyMol APBS electrostatics (the red color corresponds to negative potential and the blue color
corresponds to positive potential). Image was generated in PyMOL from MD simulations.

Table 3.7 Results for the N-H insertion reaction of anilines with YfeX D143A.

O
NH2
/O/ + , OEt
R 2

YfeX D143A
0.1 mol%

R=-H, -Me, -Br, -OMe

N328204 g
KPi buffer

0]

H
N
)9 o+t
R

Substrate Total Yield “! (%) TON Mono: Di
aniline 50 498 + 15 97:3
p-toluidine 54 540 + 31 45:55
o-toluidine 78 787 £23 87:13
m-toluidine 88 881 £42 45:55
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4-bromoaniline 84 841 +70 77:23

4-trifluormethylaniline 76 764 + 52 94:6

[a] Reaction conditions: 20 uM YfeX D143A (0.1 mol%), 20 mM aniline and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis.

Lastly, cyclopropanation reactions with YfeX D143A show no enhanced reactivity, but
again, a decrease of the yields is observed (see Table 3.8). The CD data show that there is a small
difference in protein folding for YfeX D143A with a slightly increased -sheet contribution to
protein folding (see Figure 3.9), but not as drastic as observed for the variants discussed above.
These results show that YfeX D143A has some structural changes compared to WT, and the
positively charged active site might help binding of substrates with electron withdrawing

substituents and/or their reaction with the heme-bound carbene.
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Figure 3.9 Circular dichroism spectra of YfeX D143A [20uM] compared to WT YfeX.

Table 3.8 Results for the cyclopropanation reaction of styrene with YfeX D143A.
O YieX D143A R
@ + OEt 0.1 mol% \©
R ,2 Na28204 2
KPi buffer
R=-H, -Me, -CI, -O-Me

Substrate Total Yield “! (%) TON Cis:Trans

styrene 7 7116 5:95

[a] Reaction conditions: 20 uM YfeX D143A (0.1 mol%), 20 mM styrene and derivatives, 40 mM
EDA, 10 mM dithionite, 1 hour reaction time. Yields are based on GC/MS analysis.
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3.6 Discussion

As discussed in Chapter 2, WT YfeX is a great target for the design of a novel carbene
transferases due to its high intrinsic reactivity.”” The goal of this chapter is to begin the
development of an effective YfeX variant with enhanced biocatalytic reactivity. The approach used
was to analyze the effect of key amino acids in second coordination sphere (SCS) near the heme
active site, many of them known to be important in the native peroxidase reactivity of the enzyme,
on carbene transfer reactivity and regioselectivity. Specifically, four separate YfeX mutants,
R232A, 1230A, S234A, and D143 A, where investigated. It has been shown that SCS interactions
play a major role in enhancing biocatalytic activity as well as influencing product diastereo- and
enantioselectivity;>> ***° Previously, Fasan and coworkers explored cyclopropanation selectivity
of Mb using crystallographic, computational, and reactivity/mutagenesis studies in myoglobin
(Mb) and Mb mutants.’> ** They highlight the importance of steric complementarity and
noncovalent interactions to guide stereochemical selectivity during cyclopropanation reactivity.>
%% They showed that two key SCS amino acids substitution improved carbene transfer catalysis,
generating the very active double mutant Mb(H64V,V68A). These two key mutations on the distal
face of the heme (residues H64 and V68) enhance activity and stereoselectivity by creating a
hydrophobic cavity that helps carbene transfer reactions. Overall, this Mb double mutant displays
excellent efficiency for the cyclopropanation of styrene and EDA with yields >99% and over 9999
TON.>*%* This double Mb variant is also highly selective for the trans-cyclopropane product with
a de of 99.9% and an ee of the (1S,2S)-trans-cyclopropane of 99.9%.%>°* By comparison, wild-
type Mb has base reactivity of 36% yield with 180 TON and 87% de for the trans-cyclopropane.
Therefore, this approach is implemented with YfeX in hope to enhance carbene transferase

reactivity.
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To investigate the effect of key SCS interactions in the YfeX active site, four different
amino acid modifications were targeted and applied to WT YfeX. The first mutation studied in
YfeX was Arg232, a positively charged amino acid that could interact with the carbene
intermediate and/or the substrates, located right above the heme plane (5.9 A away from the heme).
Interestingly, work done with the peroxidase KpDyP shows that both D143 and R232 have an
important role in natural peroxidase activity and it is proposed that they help deprotonate hydrogen
peroxide once it is bound to the heme active site and stabilize Compound 0 formation, the ferric
hydroperoxo intermediate.!?® Due to its location within the active site, this amino acid could
therefore have a direct effect on reactivity. To investigate this point further, the YfeX mutant
R232A was generated. The work on YfeX R232A shows that for N-H insertion, an overall similar
reactivity is observed for aniline and its para-substituted derivatives as in the case of WT enzyme,
so the Arg232 residue is flexible enough (in contrast to the distal His in Mb) to not impact overall
carbene transfer reactivity significantly. However, a change in selectivity is observed for the
toluidine derivatives, with enhanced reactivity towards ortho- and meta-toluidine, indicating that
Arg232 does impact substrate orientation in the active site for bulkier molecules. Interestingly, a
slight decrease in yield is observed for cyclopropanation with YfeX R232A compared to WT
enzyme. This is in agreement with the proposal that access into the active site is the major
hindering factor for cyclopropanation with YfeX, so the R232A mutation only has a small impact
on catalysis. We further show that YfeX R232A is not as stable as WT YfeX, and this could

contribute to the lower reactivity.

YfeX 1230A is also expressed, purified, and studied for enhanced carbene transfer
reactivity. The 1230 residue is located near the active site channel, where the natural substrate H>O»

enters, and it is in the area where non-natural substrates also enter the active site. This mutation
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impacts the entrance channel by increasing the overall size of the channel and by allowing for an
easier entrance point for non-natural substrates, as shown by MD calculations. N-H insertion
reactivity studies on YfeX 1230A indeed show an enhanced reactivity for aniline and its para-
substituted derivatives compared to WT enzyme. Furthermore, a change in selectivity is shown for
the toluidine derivatives, with enhanced reactivity towards meta-toluidine, indicating that 1230 has
an influence in substrate orientation in the active site. Computational studies show that when 1230
is mutated to the smaller Ala residue, one of the heme’s propionate groups, the one near to the
protein back bone (and not the propionate that is hydrogen binding to R232) slightly moves away
from its original position in WT YfeX and this may influence substrate binding (see Figure 3.6).
Unfortunately, a decrease in yield is observed for cyclopropanation with YfeX 1230A. To help
styrene solubility, co-solvent (30% methanol) was used, but regrettably I found that YFeX 1230A
is not stable under these conditions and has no enhanced activity. Overall, I230A is seen as a
positive mutation for enhanced N-H insertion reactivity, but further work needs to be performed

to understand the decline in cyclopropanation reactivity.

To continue exploring the effects of SCS groups near the YfeX heme active site, both S234
(7.9A away from the heme) and D143 (3.7A away from the heme) amino acids were analyzed by
generating the corresponding YfeX mutants, S234A and D143A. Both S234 and D143 aid in
maintaining an overall negative electrostatic potential and polar environment in the active. These
amino acids side chains are also a part of the hydrogen binding network near the active site that
participates in natural substrate binding. It was hypothesized that the S234A and D143A
substitutions would have an impact on YfeX’s carbene transferase activity, similarly to native
peroxidase activity. To investigate their potential influence in carbene transfer reactivity, both the

YfeX variants S234A and D143A were expressed and purified. The work on S234A and D143 A
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shows that for N-H insertion, an overall similar reactivity is observed for aniline and its para-
substituted derivatives as in the case of WT enzyme, and no enhancement of overall carbene
transfer reactivity is observed. However, a change in selectivity is observed for the toluidine
derivatives, with enhanced reactivity towards meta-toluidine for both S234A and D143A,
indicating that both amino acids have a slight influence on substrate orientation in the active site.
D143 also showed the highest activity with halogenated, p-bromoaniline substrate compared to
WT and the other variants. Further work needs to be conducted to understand these interactions,
but it is proposed that D143 opens the active site pocket and allows larger halogenated substrates
to bind and react with the carbene intermediate. Interestingly, a decrease in yield is observed for
cyclopropanation for both YfeX S234A and D143 A variants, even after the addition of co-solvent.
In general, both S234A and D143 A substitutions only have a small impact on catalysis.
Throughout the series of four YfeX variants, it was shown that there is no improvement
with cyclopropanation activity compared to N-H insertion reactivity. Since N-H insertion
reactivity does in fact increase, for two different variants YfeX R232A and 1230A, it indicates that
the carbene intermediate is still being generated and it is active. One possible factor that blocks
cyclopropanation reactivity is a lack of styrene binding into the active site, which will then allow
for reactivity to occur. Styrene does have low buffer solubility and it was proposed the higher
concentrations of styrene in solution would help reactivity. It is shown, in Chapter 2, that this is
the case: utilizing co-solvents (30% methanol or 30% DMSO) helps increase styrene
concentrations in buffer, but this approach did not help with neither of the four variants. The
addition of co-solvents may have unintended consequences to the protein structure and reduce
overall reactivity. Future work using computational analysis may help understand the reasons why

styrene reactivity is low. It could be that there are very specific amino acids that block its entrance
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or binding into the heme active site, and hence, reduce its ability to be near the carbene
intermediate and react.

In conclusion, our results show that the YfeX variants studied in this Chapter enhance
carbene transfer reactivity. Specifically, YfeX R232A and YfeX 1230A variants show an increase
in N-H insertion reactivity and are therefore good starting points to further improve YfeX for this
reaction. We further show that all the SCS amino acids near the heme active site affect
regioselectivity in some way, as shown by the changes in ortho, meta, and para- toluidine
reactivity. However, and curiously, none of the four amino acid substitutions help with
cyclopropanation reactivity, which is difficult to rationalize. Further computational analysis is
underway to help identify the factors that limit YfeX’ ability to excel in this reaction. We show
that simply adding co-solvents is not effective, since protein stability is lowered due to the amino
acid substitutions around the active site. Ongoing work will investigate the effects of combining
the two most promising single mutants by generating a double variant, such as YfeX R232A
1230A. Computational analysis will be used to further analyze these proposed amino acid
substitutions, which can help identify other promising mutations. Furthermore, these beneficial
mutations can be utilized for the synthesis of pharmaceuticals synthons via its enhanced N-H

insertion reactivity.
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3.7 Experimental Section

General Procedures

All chemicals and reagents were purchased from commercial suppliers (Sigma-Aldrich,
Fisher Scientific, Acros, Frontier Scientific) and used without further purification unless otherwise
noted. UV-visible spectra were recorded on an Analytic Jena Specord S600 spectrophotometer

using sealed quartz cuvettes.

Gas chromatography/mass spectrometry (GC/MS) analyses were performed using a
Shimadzu QP-2010 GC/MS equipped with a 30 m long DB-5 column with 0.25 mm ID. Separation
method: 1 pL injection, injector temperature: 200 °C, detector temperature: 250 °C. Gradient:
column temperature set to 60 °C for 3 min, then to 250 °C at 20 °C/min and held at 250 °C for 2.5
min (7.5 min for derivatives). Total run time was 15.00 min for the aniline and styrene reactions,

and 20.00 min for the reactions with the aniline and styrene derivatives.

YfeX Mutants Protein Expression and Purification. Protein expression and purification
followed a protocol by the Weissenborn group (Martin-Luther-University Halle-Wittenberg in
Halle (Saale), Germany).”® The YfeX genes (pCA24N) were transformed into
chemocompetent E. coli BL21 (DE3) cells by heat shock. Freshly plated transformants were
grown overnight in 5 ml Terrific Broth (TB) medium containing 50 png/ml chloramphenicol. 2 ml
of the pre-cultures were inoculated in 400 ml TB autoinduction medium containing
50 pg/ml chloramphenicol. Cells were incubated at 37 °C and 120 rpm. After 4 h of cultivation,

aqueous solutions of FeCls/5-aminolevulinic acid (final concentration: 100 pM) were added, the
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temperature was reduced to 30 °C and the cells were incubated for further 16.5 h. Cells were
harvested by centrifugation (3000 x g, 20 min, 4 °C). The supernatant was discarded, and the
pellets were resuspended in binding buffer (50 mM Kpi, pH = 7.4, 200 mM NaCl). Cells were
lysed by sonication (Bandelin Sonoplus HD3100: 6x30 s, 70 % amplitude, pulse mode) and the
lysate was incubated with hemin (final concentration: 600 pM) at room temperature for 30 min
with a final DMSO concentration of 2 %. The cell debris was removed by centrifugation for 45
min at 4 °C and 6000 x g. Excess of hemin and traces of DMSO were removed during the protein
purification steps. The protein exhibits a hexahistidine-tag and was purified by IMAC
(immobilized metal ion affinity chromatography) using 1 mL His GraviTrap TALON columns
(GE Healthcare Europe GmbH, Freiburg, DE). Washing buffer consisting of 50 mM Kpi (pH =
7.4), 200 mM NaCl and 5 mM imidazole was used to remove unspecific proteins. Protein was
finally eluted by the addition of elution buffer (50 mM Kpi (pH = 7.4), 200 mM NaCl and 250
mM imidazole). PD-10 desalting columns (GE Healthcare Europe GmbH, Freiburg, DE) were
used for buffer exchange of the pooled elution fractions, yielding the purified protein in 50 mM
Kpi (pH = 7.4) and 10 % glycerol (v/v). These stocks were flash-frozen in liquid N> and stored
at -20 °C. Protein and heme b amounts were determined in duplicates using the BSA Protein Assay

and the Pyridine Hemochromagen Assay (reduced form, € = 34.7 mM'cm™! at 557 nm).

Protein mass spectrometry analyses were performed using an Agilent Q-TOF HPLC-MS
equipped with a Poroshell 300SB-C8 column. Separation method: 20 puL injection, flow rate: 0.5
mL/min, gradient: 95:5 water/acetonitrile for 3 min, followed by an increase over 10 min to 100%
acetonitrile to elute the protein. Total run time was 13 min. Porphyrin mass spectrometry analyses

were performed using an Agilent 6230 TOF HPLC-MS.
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N—H Insertion Reactions. Reactions were performed as previously described,” at a ~450
uL scale using 20 uM YfeX, 20 mM aniline (or aniline derivative), 40 mM ethyl diazoacetate
(EDA), and 10 mM NazS;04. The sodium dithionite (100 mM stock solution) in potassium
phosphate buffer (100 mM, pH 7.0) was purged by bubbling nitrogen through the solution for 10
min in a sealed vial. All reagents and proteins were brought into a Coy vinyl anaerobic chamber
(10-30 ppm of O, 1.5-3.0% H2) before running the reactions. The as-isolated, ferric YfeX was
first reduced to ferrous YfeX through addition of 40 puL of Na>S>O4 solution, followed by the
addition of 4 pL of aniline or aniline derivatives from a 2 M stock solution in methanol, and 8 puL
of EDA (2 M stock solution in methanol), which translates to a total MeOH content of 2.65%. The

reactions were left under magnetic agitation for 1 h at room temperature (or as indicated).

Cyclopropanation Reactions. Reactions were performed in the same manner as the N—H
insertion reactions, using 20 mM styrene (or styrene derivatives) instead of aniline. All 2 M styrene

solutions were prepared in methanol.

Product Analysis. The reactions were analysed, as previously described,' by addition of
20 pL of internal standard (2-phenyl-ethanol, 1 M in methanol) to the reaction mixture, followed
by extraction with 1.5 or 3 mL of ethyl acetate, depending on the reaction. The organic layers were
dried with magnesium sulfate and later filtered and analysed by GC/MS and/ SFC (see General
Procedures section for details on GC/MS and SFC analyses). Calibration curves for quantification
of the N—H insertion products of aniline and aniline derivatives and the cyclopropanation products
of styrene and styrene derivatives were constructed using authentic standards produced
synthetically (using 1-2 mol% Rh2(OAc)4 as the catalyst). These products were used to generate

calibration curves for quantification of the aniline and styrene products in the catalytic reactions
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with YfeX. The reactions to produce authentic standards were conducted according to the same
methods previously reported by our laboratory.>* All measurements reported in the Results tables
were performed in triplicate. Negative control experiments were performed in the absence of

YfeX.

The active site is connected to the protein surface via a tunnel, which, in the native peroxidase
reaction of YfeX, is proposed to guide hydrogen peroxide to the active site.”* This tunnel is
important, as the substrates for abiological carbene transfer catalysis with YfeX also must enter
the active site via this tunnel. Further exploration of the tunnel was done my mutating 1230 amino
acid that is placed in the active site tunnel.

Computational Methods: System Preparation and MD Simulation. The initial
coordinates of the system were generated using an X-ray crystal structure of YfeX (PDB code:
5GT2).” The precursor for the iron porphyrin was modelled in the active site using GaussView
6.0.1% The protonation states of the ionizable side chains were accessed with Propka software,'%
while the axial His215 that is coordinated to the Fe center of the heme was assigned a protonation
state based on visual inspection of its local environment. The active center parameters were
generated using Metal Center Parameter Builder (MCPB.py),!!? as implemented in Amber18. The
parameters for the carbene precursor complex was generated using the Antechamber module of
Amber18.!'2 All the missing hydrogen atoms in the crystal structure were added with the Leap
module in Amber and charges were neutralized using Na* counterions. The system was solvated
with TIP3P water molecules in a rectangular box within a distance of 10 A from the protein's
surface.!'® Several MD studies on both heme and non-heme Fe containing enzymes have
successfully used the parameters generated via this procedure to study both the dynamics and the

catalytic mechanism of the Fe containing systems.3% %> 114-115
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Chapter 4 NrfA: Mechanistic Insight into Cytochrome ¢ Nitrite Reductase (NrfA):
Elucidating Electron Storage and Distribution within the Pentaheme Scaffold

In this chapter, the electron storage and distribution properties within the pentaheme
protein of Geobacter lovieyi NrfA were investigated utilizing electron paramagnetic resonance
(EPR) spectroscopy coupled with chemical titration experiments. The following work was done in
collaboration with Professor Eric Hegg and post-doc Dr. Julius Campeciiio from Michigan State
University, who expressed and purified NrfA, and with Professor Sean J. Elliott and graduate
student Matthew Tracy from Boston University, who conducted all the electrochemistry
experiments. The following manuscripts were published for this chapter: J. Campecifio, S.
Lagishetty, Z. Wawrzak, Victor Sosa Alfaro, N. Lehnert, G. Reguera, J. Hu, E. Hegg.
"Cytochrome c nitrite reductase from Geobacter lovieyi represents a new NrfA subclass", J. Biol.
Chem. 2020, 295, 11455-11465;% and Victor Sosa Alfaro, Julius Campeciiio, Matthew Tracy,
Sean J. Elliott, Eric L. Hegg, Nicolai Lehnert. “Elucidating Electron Storage and Distribution
within the Pentaheme Scaffold of Cytochrome ¢ Nitrite Reductase (NrfA)” Biochemistry 2021, 60,

1853-1867.88

4.1 Introduction

4.1.1 Cytochrome c Nitrite Reductase (NrfA) Environmental Importance

Nitrogen is a critical building block of many essential biomolecules in all forms of life. In the

biosphere, nitrogen is mostly found in the form of gaseous dinitrogen (N2) which makes up 78% of'the earth’s
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atmosphere.'?’ For plants and other organisms to be able to use Nz it must be “fixed” (reduced to ammonia,
NH3) first. In biological nitrogen fixation, nitrogenase enzymes are responsible for this reaction, which are
found in microbes that live in association with leguminous plants, like alfalfa, clover, beans, peas,
lentils and lupins.!?*'*° Nature alone, however, often does not produce sufficient fixed nitrogen for robust
crop cultivation. Because of this, farmers augment this process using synthetic fertilizer, produced by the
Haber-Bosch process (N2 + 3 H, = 2 NH3), to ensure that nitrogen is never a limiting nutrient for crop growth.
This supplementation stimulates other pathways in the global nitrogen cycle, a vital biogeochemical cycle

127. 131132 wwhich ultimately leads to the depletion of ammonia in the soil. Here,

driven by microorganisms,
nitrification is a major pathway that competes with crops for ammonia, leading to the oxidation of ammonia
to nitrite (NO>") and nitrate (NO3"). These oxidized forms of nitrogen are detrimental for the environment,
since they easily leach into bodies of water, eventually contributing to eutrophication in lakes and oceans.**"
135 Furthermore, nitrate and nitrite can then be taken up by microbes and enter the denitrification process,
ultimately being reduced to the gaseous products nitrous oxide (N2O) and N». This process leads to the
pollution of the atmosphere (N2O) and results in general nitrogen loss from the soil. In contrast, the
dissimilatory nitrate reduction to ammonium (DNRA) pathway reverses nitrification and,
therefore, conserves the usable nitrogen in the soil.®! Dissimilatory nitrate reduction is a two-step

82-83 \where nitrate is first reduced to

process, mediated by chemoorganic heterotrophic anaerobes,
nitrite by nitrate reductases. This is followed by the reduction of nitrite all the way to ammonium

by Cytochrome c nitrite reductases (CcNIR or NrfA) in one multi-step reaction, as described by

the following equation:

NO; + 8H" + 6¢” > NH4* + 2H,0 (1)
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NrfA is a bacterial enzyme that is located in the periplasm and receives electrons from a
designated membrane-bound reductase, which is either NrfH or the NrfBCD complex.!**13° NrfA
homologs have been previously isolated and characterized from a number of organisms, including

141

Wolinella succinogenes,'*® Escherichia coli, Shewanella oneidensis,'** Desulfovibrio

143 144 145

desulfuricans, Desulfovibrio  vulgaris, and  Sulfurospirillum  deleyianum. X-ray
crystallography generally shows homodimeric (a2) structures for these enzymes, where the
dimerization occurs along the interface of two alpha-helices via various salt bridges, (Figure 4.1)
with a molecular mass ranging from 52 to 65 kDa. One exception includes NrfA from the
haloalkaliphilic bacterium T nitratireducens, which stabilizes a hexamer containing 48 hemes.'#°
NrfA crystal structures reveal that each monomer contains five ferric c-type hemes (Figure 4.2)
within each monomer of the enzyme. These hemes are numbered according to the sequence of
occurrence of their binding sites in the polypeptide chain. The active site Heme 1 is presumed to
be five-coordinate (5C) and high-spin in the ferric resting state of the enzyme and features an
unusual proximal lysine ligand. However, the exact role of the Lys residue for catalysis is not
known. The remaining four hemes (Heme 2-5; see Figure 4.2B) are bis-histidine coordinated and
are low-spin in both the ferrous and ferric state and help shuttle electrons to the active site. These
four hemes are covalently linked to the peptide backbone by thioether bonds via cysteine residues
of a classical heme-binding motif for periplasmic proteins such as (Cys-Xi-X2-Cys-His) or (Cys-
X1-X2-Cys-Lys). Heme 2 is believed to be the initial entry point for electrons from either NrfH or
the NrfBCD complex, and it shuttles electrons to the other hemes and ultimately Heme 1 during
catalysis. For example, it has been shown that the E. coli NrfA utilizes soluble penta-heme

cytochrome, NrfB, as a redox partner, but in comparison, W. succinogenes and S. deleyianum NrfA

accept electrons from a membrane-anchored tetra-heme cytochrome (NrfH). One of the
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distinguished differences between these proteins is the surface around heme 2, which again may

be the docking site for the redox partner.'4’
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Figure 4.1 Crystal structure of fully oxidized G. lovleyi NrfA (PDB: 6VOA).

All five hemes in the S. deleyianum NrfA crystal structure, within a monomer, are in near
contact with one another, having Fe-Fe distances of between 9-12.8 A (Figure 4.2B). Hemes 1, 3
and 4 are arranged almost coplanar with edge-to-edge distances below 4 A and are close enough
to allow direct m-electron interactions of the porphyrin rings. Hemes 2 and 5 are farther apart and
are perpendicular to their nearby heme (see Figure 4.2B). Heme 5 lies close to the dimer interface
(dimerization occurs along the interface of two alpha-helices via various salt bridges) with a short

Fe-Fe distance of 11.7A and it is suggested that an electronic interaction between two dimers
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occurs via these two heme centers.!*® One of the key questions in this regard is whether Hemes 2-
5 act only as a wire to shuttle electrons to the catalytic heme, or whether they could also function
as capacitors, storing electrons before, during, or after each catalytic cycle. The fact that NrfA
catalyzes the reduction of nitrite to ammonia without the release of any partially reduced species
indicates that electrons can be stored on-site, but the details of how electrons are distributed in the
electron storage unit are not exactly known. A catalytic mechanism of NrfA for nitrite reduction
has been proposed based on crystallographic and computational analysis,3*%¢ but many details,

especially concerning the nature of key intermediates, are still lacking experimental verification.

Heme 1

Figure 4.2 A. Crystal structure of one monomer of fully oxidized G. lovieyi NrfA (note that the
protein crystallizes as a homodimer; PDB: 6V0OA). B. Spatial arrangement of the five hemes, along
with their numbering scheme. Note that Heme 1 is the active site, and Hemes 1-3-4 are exchange
coupled in the fully oxidized form of the enzyme. Distances between the iron centers of
neighboring hemes are also indicated.
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4.1.2 NrfA Proposed Mechanism

The catalytic mechanism of NrfA for nitrite reduction has been proposed based on
crystallographic and computational analysis,***’ but many details, especially concerning the
nature of key intermediates, are still under investigation. NrfA reduces nitrite to ammonia with
high turnover rates including: S. deleyianum (962 s™), E. coli (777 s™"), and D. desulfuricans (415
s'1) and with high specific activity, for example S. deleyianum NrfA with up to 1,050 (umol min!
mg') of nitrite at pH 7.'* The first proposed reaction mechanism proposed by Neese and
coworkers was based on crystallographic analysis and DFT calculations (Figure 4.3)."°° The
overall proposed mechanism initiates once nitrite binds to the ferrous active site heme. Heterolytic
cleavage of the first N—O bond occurs via the assistance of two external protons. Next, two rapid
reductions generate a series of heme-nitrosyl intermediates, {FeNO}® —{FeNO}?, and a following
protonation step is proposed to generate an Fe'-HNO intermediate. Further reduction by two
electrons and protonation yield the hydroxylamine intermediate Fe''-H,NOH.!*! The cleavage of
the second N—O bond occurs after an additional reduction and protonation event that allows the
release of another water molecule from the active site. The final product, ammonia, is produced

and closes the catalytic cycle once it dissociates out of the active site.
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Figure 4.3 Scheme of the proposed reaction mechanism of NrfA nitrite reduction.

Two important components are necessary during nitrite reduction catalysis once nitrite
binds to the active site. First is fast electron shuttle into the active site. The required electrons are

donated from a designated membrane-bound reductase, which is either NrfH or the NrfBCD

complex (species dependent).'*51% The second critical component are protons, which are supplied

through a positively charged substrate channel.!> Importantly, the substrate channel contains a
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bound calcium site (for example in S. deleyianum NrfA) or a critical arginine residue (for example
in G. lovleyi NrfA) that are in direct proximity to the active site (Figure 4.4). The role of Ca?" in
S. deleyianum NrfA within the substrate channel, located only 10.7 A away from the iron catalytic
center, is to help with structural stability of the active site combined with electrostatic interactions,
and to assist with proton-transport during catalysis. During turnover hydroxide ions can be
stabilized within the Ca** coordination sphere, while protons can shuttle to the active site and take
part in the catalytic nitrite reduction. It was also demonstrated that calcium or arginine are essential

for enzyme activity, and when either calcium is removed (for S. deleyianum NrfA) or R277 is

80, 153-154

mutated out (for G. lovleyi NrfA) there is no observed enzymatic activity.

Figure 4.4 Crystal structures of NrfA active site channel from S. deleyianum (left) and the G.
lovleyi NrfA (right). The images were generated using PyMOL from PDB codes 1QDB and 6VOA.
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4.1.3 Scope of this Chapter

In previous work, Stein et al. made specific midpoint potential assignments to each of the
five hemes in S. oneidensis NrfA using spectropotentiometric titrations in the presence and absence
of a strong field ligand, cyanide, as a mimic of the enzyme’s natural substrate, nitrite.!> The redox
potentials of the five hemes were determined, in addition to assigning features of the enzyme’s
EPR spectrum to individual hemes, by following the appearance and disappearance of the EPR
features upon reduction by bulk electrolysis. These results provided insight into the sequence of
electron transfers to the pentaheme scaffold of NrfA, but important questions remained, in large
part because a complete assignment of the complex EPR spectrum of fully oxidized NrfA has not
been accomplished. In addition, due to the close redox potentials of some of the hemes, a clean,
step-by-step titration of the enzyme with equivalents of reductant is hard to achieve by
electrochemical methods (e.g., bulk electrolysis).

In this chapter, the electron storage and distribution properties within the pentaheme
scaffold of Geobacter lovieyi NrfA were investigated via EPR spectroscopy coupled with chemical
titration experiments. Initially, a chemical reduction method was established to sequentially add
electrons to the fully oxidized protein, one equivalent at a time. The step-by-step reduction of the
hemes was then followed using UV-Vis and EPR spectroscopy. EPR-spectral simulations
elucidate the sequence of heme reduction within the pentaheme scaffold and identify the signals
of all five hemes in the EPR spectra. Work performed by our collaborators, the Elliott Lab at
Boston University, allowed us to experimentally ascertain the reduction potentials for each heme,
observed in a narrow +11 (Heme 5) to -212 mV (Heme 3) range (vs SHE). Based on quantitative
analysis/simulation of the EPR data, we demonstrate that Hemes 4 and 5 are reduced first (before

the active site Heme 1) and serve the purpose of an electron storage unit within the protein. To
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probe the role of the central Heme 3, a HIO8M NrfA variant was generated where the reduction
potential of Heme 3 is shifted positively. The H108M mutation significantly impacts the
distribution of electrons within the pentaheme scaffold and the reduction potentials of the hemes.
We propose that this is due to Heme 3’s important role as an electron gateway in the wild-type
enzyme. Overall, this work gives insight into the complicated NrfA mechanism. This chapter has
been reproduced in part from a manuscript published in Biochemistry (Victor Sosa Alfaro, Julius
Campecifio, Matthew Tracy, Sean J. Elliott, Eric L. Hegg, Nicolai Lehnert. Biochemistry 2021,

60, 1853-1867).88

4.2 Redox Titrations Followed by UV-Vis Spectroscopy

In order to conduct redox titrations on wild-type (WT) NrfA, a reductant is needed that can cleanly
reduce NrfA stoichiometrically, one heme at a time, without the need for excess reductant. To identify a
suitable compound, we conducted titrations with several reductants and followed them by UV-Vis
spectroscopy. Here, changes in the UV-Vis spectrum are used to follow the reduction of NrfA. In the fully
oxidized form of the enzyme, the Soret band is observed at 410 nm (see Figure 4.5), which, upon addition of
reductant, decreases in intensity. Fully reduced enzyme shows the Soret band at 420 nm. Different reductants
that were initially tested include sodium dithionite (£° = -660 mV vs NHE at pH = 7.0, referred to as E”),
sodium borohydride (E° = -1240 mV at pH = 14), [Ti(II)(Cit);] (£ = -702 mV) and europium(II)
diethylenetriamine pentaacetate (DTPA), [Eu(I(DTPA)] (E” =-902 mV). Figure 4.5 shows the UV-Vis-
spectral changes for two representative examples, dithionite and [ Ti(IIT)(Cit)s]. Here, the reductant was added
to a solution of 2.0 uM fully oxidized NrfA in 1 equiv steps. Sodium dithionite requires excess of up to 10
equiv (relative to the number of hemes per NrfA monomer, based on the extinction coefficient 547 mM™! cm

! of the Soret band, or a 2-fold excess per heme) to fully reduce all five hemes of the protein (see Figure
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4.5A). On the other hand, [Ti(IIT)(Cit)3], a more potent reductant, enabled the stoichiometric reduction of
NrfA, one heme at a time (see Figure 4.5B). The same is true for [Eu(I)(DTPA)] (data not shown).
Therefore, [ Ti(IIT)(Cit)3] was ultimately chosen as the preferred reductant for the EPR titrations. In this regard,
it should be noted that [Ti(III)(Cit)s] is not particularly stable in solution and decomposes over time. To
address this problem, fresh stock solutions of [Ti(IIT)(Cit)3] were prepared prior to the titration experiments

and calibrated by titration against met-Mb.
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Figure 4.5 UV-Vis-spectral changes of as-isolated, fully oxidized G. lovieyi NrfA upon addition of
reductant in different equiv as indicated (given relative to the number of hemes per NrfA monomer):
(A) sodium dithionite; (B) [Ti(IIT)(Cit)s] (in this case, note the that the spectra for 5 and 6 equiv overlay

exactly).

4.3 Analysis of the EPR Spectra of Fully Oxidized NrfA and Comparison to the Literature

As-isolated, fully oxidized NrfA contains five c-type ferric hemes with unique EPR
spectroscopic signatures, based on axial ligand coordination/orientation and the coupling between
the hemes in the pentaheme unit. Heme 1 is presumably 5C in as-isolated protein, with proximal
lysine coordination and a high-spin ferric (S = 5/2) ground state. However, the typical gesr = ~6

and 2 signals of high-spin ferric hemes that would therefore be expected for Heme 1 are obstructed
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by exchange coupling with Heme 3, as previously noted,'> but the details of this interaction were
not investigated in the previous work (which requires detailed spectral simulations as performed
here; see below). In the previous report, direct evidence for the Heme 1-3 coupling was derived
from electrochemical titration experiments, where upon reduction of Heme 1 to the ferrous state,
the signals of Heme 3 appear in the EPR spectrum.!> In addition, Hemes 2-5 have been shown to
be low-spin, bis-His ligated hemes with S = 1/2 ground states in the ferric form. In order to assign
the signals for Hemes 2-5, it is important to first review the basic structural properties of bis-His

ligated hemes, and how this relates to their EPR properties.

In many previous studies on metalloproteins and synthetic model complexes, it has been
established that structural factors and electronic properties of bis-His ligated hemes are clearly
reflected by their EPR properties.!*!>” In short, these studies have shown that the relative
orientation of the imidazole planes of the axially-coordinated His ligands is the key determining
factor for the EPR-spectroscopic properties of a bis-His ligated heme, giving rise to unique spectral
features. Hemes with axial imidazole groups with close to parallel orientation exhibit rhombic EPR
spectra with pronounced g anisotropy. Signals for all three g values are usually observed in the
spectra, where g, > g, > gy (the latter two by convention). Hemes with axial His ligation with close
to perpendicular orientation of the imidazole planes give rise to so-called “gmax* (or HALS) spectra
with large g anisotropy (gmax () = 3 - 4).!°° The EPR features are relatively weak, and other than

gz, the remaining resonances are often difficult to observe.

In the case of Hemes 2 and 3, the axial imidazole groups show a parallel orientation, which
should lead to the generation of rhombic EPR spectra as described above. Indeed, previous studies

identify very similar Heme 2 signals at g = 2.94, 2.29, 1.52 and 2.92, 2.3, 1.52 in the spectra of S.
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oneidensis and E. coli NtfA,'%"- 155 respectively. The Heme 3 signals are not observed in fully
oxidized enzyme, due to exchange coupling with Heme 1 (see above). In contrast, Hemes 4 and 5
show axial His ligation with a perpendicular orientation of the imidazole planes and should
therefore give rise to weaker gmax signals. The position of these signals is not easily determined in
the EPR spectrum of fully oxidized NrfA. Based on electrochemical titration experiments, the
Heme 4 signals were assigned to a feature at g = 3.39 in S. oneidensis NrfA, whereas the signal
for Heme 5 could not be identified unambiguously.!* In the study on S. oneidensis NrfA, it is
proposed that Heme 5 is coupled to the Heme 5° of the other subunit in the assumed NrfA
homodimer. However, because our recent studies have shown that the homodimeric structure of
the protein, observed by crystallography (see Figure 4.1), is not necessarily maintained in

solution,® this explanation given by Stein et al. in their report is questionable.

A typical EPR spectrum of as-isolated, fully oxidized G. lovileyi NrfA, obtained in this
work, is shown in Figure 4.6 (black line). The data contain prominent features that include the
rhombic signal with g values of g,=3.01, gy=2.21 and gx= 1.52, which are assigned to Heme 2
based on literature precedence, and its bis-His coordination with parallel imidazole planes. This
heme is magnetically isolated from the other hemes in the scaffold and would therefore be expected
to give relatively unperturbed EPR signals. The EPR signals observed at gerr = 10, 3.6 were
previously assigned to the exchanged-coupled Heme 1-3 pair.!#’- 18 Similar EPR signals were
reported for S. oneidensis NrfA with gegr = 15, 3.42 and E. coli NrfA with gefr =10.8, 3.5 (with the
3.5 signal being more intense than in the other cases).'*’- 1> As discussed below, we propose that
Hemes 1-3-4 form a triad of exchange coupled hemes, based on our EPR simulations. Overall, the
as-isolated, fully oxidized G. lovleyi NrfA has EPR features that are similar to those of both S.

oneidensis and E. coli NrfA.
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Figure 4.6 Typical X-band EPR spectrum obtain for as-isolated, fully oxidized G. lovleyi NrfA in
50 mM HEPES buffer with 150 mM NaCl at pH 7.0 (black line), and oxidized NrfA with [400

uM] cyanide added (red line). The derivative signal marked with an asterisk (*) in the cyanide-
bound enzyme corresponds to an impurity (from the treatment of the sample with chelex).

Cyanide-bound NrfA. To further investigate Heme 1 and its coupling pattern to the other hemes,
excess cyanide (CN ) was added to the as-isolated, fully oxidized protein sample to mimic nitrite
binding and switch Heme 1 to low-spin ferric (S = 1/2), as previously shown.!>* The EPR-spectral
changes observed when a 100 uM solution of as-isolated, fully oxidized NrfA was exposed to 400
uM CN are shown in Figure 4.6 (red). The addition of cyanide to the protein causes complex
changes to the EPR spectrum that are not easily rationalized. As shown in Figure 4.6, the features
at g =10, 3.6 and 1.7 as well as the derivative-shaped signal centered at g = 2.6 disappear upon

cyanide binding to Heme 1. Hence, all of these spectral changes must relate to the spin state change
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at Heme 1, and the concomitant change in the exchange coupling with Heme 3. The isolated
rhombic signals of Heme 2 do not change upon the addition of cyanide, as shown in Figure 4.6.

This is due to a lack of magnetic interactions between Heme 2 and Heme 1.

Previous work on S. oneidensis NrfA reported similar EPR-spectral changes in the g = 10,
3.6 region upon cyanide binding. In addition, an intense signal at g =2.87 disappears and is thought
to become a sharp signal at g = 2.94 in cyanide-bound S. oneidensis protein.'> In contrast, the
changes at g =2.6 and 1.7 in G. lovleyi NrfA are not observed in the previous studies on S. oneidensis

NrfA. 1>

4.4 EPR Simulations and Assignments

To simulate the EPR spectrum of the as-isolated, fully oxidized G. lovieyi NrfA, we began
to analyze the different components discussed above and previously assigned in the literature. As
noted, the signals at g, = 3.01, gy=2.21, and gx = 1.52 arise from Heme 2, and the corresponding
simulation is shown in Figure 4.7B (red; see also Table 4.1). In S. oneidensis and E. coli NrfA,
the corresponding signals are observed at g, = 2.94, gy=2.29 and gx=1.51 and g,=2.92, g,=2.3

147, 155

and gx=1.52, respectively, which indicates an interesting variation in the properties of Heme

2 in different NrfA homologs. In the literature, an EPR analysis of the triheme periplasmic
Cytochrome A (PpcA) from Geobacter sulfurreducens was reported by Ponomarenko et al.'>
PpcA contains one rhombic heme and two gmax hemes, and similarly to NrfA, the spectrum of the

rhombic heme is clearly distinguished from the other signals. In this case, the rhombic heme shows

EPR signals at g, =2.96, gy = 2.21, and gx = 1.47, similar to Heme 2 of G. lovieyi NrfA.
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Since Hemes 4 and 5 are expected to show gmax EPR signals due to their bis-His
coordination with perpendicular imidazole planes (with g, >3), the remaining signals with g <3 of
the fully oxidized protein must therefore correspond to the Heme 1-3 coupled dyad. However,
despite many efforts, we were not able to obtain satisfactory spectral simulations with this model.
On the other hand, as shown in Figure 4.2, Hemes 3 and 4 are at a similar, n-n stacking distance
to each other as Hemes 1 and 3. Here, the iron-iron distances are ~9.6 A for both heme pairs
(Hemes 1 and 3 and Hemes 3 and 4, respectively; see Figure 4.2). We therefore started to explore

the possibility that all three hemes, 1, 3 and 4, actually form an exchange-coupled triad.

Raw Data

Total Simulation

B) 2 21 Heme 2 Simulation
1.52
3.22
© <10 3.6 Heme 1,3,4 Simulation
32826 1.7

(D) ™ Heme 5 Simulation

I T T T T T T T T T T T |
0 100 200 300 400 500 600

B (mT)

Figure 4.7 A. Overlay of the EPR spectrum of as-isolated, fully oxidized G. lovieyi NrfA (green
line; highly purified protein via multiple rounds of chromatography) and the total simulation (=
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sum of the spectra shown in panels B-D, black line). The three simulate components consist of
[Heme 2] (red, panel B), [Heme 1 (S=5/2)-Heme 3-Heme 4] (blue, panel C), and [Heme 5]
(magenta, panel D).

Because Heme 1 is in the high-spin ferric state, its three g values are about 2. As a starting
point for the simulations, we assumed ZFS parameters of this heme that are typical for high-spin
ferric hemes in the literature (|D| < 10 cm™, E/D ~ 0).!%° The EPR parameters of Heme 3 can be
obtained from the EPR redox titration (see below), as this heme becomes visible in the EPR
spectrum once Heme 1 is reduced. The EPR parameters for Heme 3 are therefore: g, = 3.22, gy =
2.2, and g« = 1.41 (see below and Table 4.1). Finally, since Heme 4 is a gmax heme, we know that
its main EPR signal is roughly located in the 3.1 < g, < 3.8 region. Unlike Heme 3, Heme 4 does
not show up with prominent signals in the redox titration. Finally, for the simulations, we also took
into consideration the spectral changes that are observed upon cyanide binding to Heme 1, as
further discussed below. To simulate the three-heme coupling, a range of possible values for the
exchange coupling constants, J, between Heme 1-Heme 3 (J;3) and Heme 3-Heme 4 (J34) were
explored in EasySpin. It should be noted here that we treated all exchange coupling interactions as
isotropic, to limit the parameter space, but this is certainly an approximation. As (J;3) increases
from 0.5 cm™ to 3.0 cm™ (Figure 4.8), the derivative signal at 240 mT (see Figure 4.7) moves to
lower magnetic fields (~350 - 400 mT), allowing us to accurately estimate the value of this
coupling constant, which must be J;3< 0.5 cm™'. Next, we analyzed the coupling between Hemes
3 and 4 and simulated spectra where (J34) increases from 0.01cm™ to 2.0 cm™! (Figure 4.9). As J34
increases, the signal at 200 mT and the derivative signal at 240 mT move to lower magnetic fields,
and when Jz4> 1 cm™!, all signals converge into a broad signal at 120 mT. From these findings, we

conclude that J34 < 0.01 cm™.
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Figure 4.8 EPR simulations of the Heme 1-3-4 triad. Variation of the J3 value (coupling of Hemes
1 and 3) with (A) Ji3= 0.5 cm™, (B) Ji3= 1.0 cm™, (C) Ji13=2.0 cm™, (D) Ji13= 3.0 cm™'. All
simulations were conducted with: D =2.5 cm™, E =0.005 cm™!, E/D = 0.002, and J34=0.001 cm’
! For the g values used in the simulations see Table 4.1. As evident from panels A-D, the position

and intensity of the derivative-shaped signal at ~250 mT in panel A is highly dependent on the
magnitude of J13, allowing us to fit the value of this exchange coupling constant.
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Figure 4.9 EPR simulations of the Heme 1-3-4 triad. Variation of the J34 value (coupling of Hemes
3 and 4) with (A) J34=0.01 cm™, (B) J34= 0.1 cm™, (C) J34= 1.0 cm™!, (D) J3a= 2.0 cm™. All
simulations were conducted with: D =2.5 cm™, E = 0.005 cm™, E/D = 0.002, and J13=0.334 cm
!, For the g values used in the simulations see Table 4.1. As evident from panels A-D, the shape

of the spectra is highly dependent on Jz4, allowing us to fit the value of this exchange coupling
constant.

For the simulation, the ZFS parameters of Heme 1 were also varied, starting with D in the
2 - 5 cm™! range and using the constraint that £/D remains close to axial. When increasing the D

value further in the simulation (Figure 4.10), the signals at 100 mT become more intense and shift
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to lower magnetic field, which is not in agreement with experiment. The simulation is less sensitive
to E/D if E/D < 0.01. When E/D > 0.01, new spectral features appear in the simulations that are
not observed experimentally (Figure 4.11). Lastly, the g-strain of Heme 1 (see Figure 4.12) was
adjusted to finalize the three-heme simulation. Ultimately, it was found that a D value of 2.5 cm’!
along with J;3 = 0.334 cm™ (relatively strong coupling between Hemes 1 and 3) and J54 = 0.001
cm™! (weak coupling between Hemes 3 and 4) best fit the EPR data of as-isolated, fully oxidized
G. lovleyi NrfA (see Table 4.1). The resulting simulation of the Heme 1-3-4 triad is shown in
Figure 4.7C, which reproduces key features of the NrfA EPR data, including the g=10,g=3.6, g

= 1.7 signals, and the derivative signal at g =2.6.
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Figure 4.10 EPR simulations of the Heme 1-3-4 triad. Variation of the D value for Heme 1 (S =
5/2) between 1 - 3 cm™ (A) and 2.5 - 8 cm™! (B). All simulations were conducted with: E = 0.005
cm™, J13=10.334 cm™ and J34=0.001 cm™'. For the g values used in the simulations see Table 4.1.
As evident from panels A and B, the low-field signals are very sensitive to the value of D, allowing
us to fit the value of this parameter.
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Figure 4.11 EPR simulations of the Heme 1-3-4 triad. Variation of the E/D ratio of Heme 1 (S =
5/2) between 0.002-0.01 (A) and 0.01-0.1 (B). All simulations were conducted with: D = 2.5 cm’
1 J13=0.334 cm™!, and J34=0.001 cm™'. For the g values used in the simulations see Table 4.1. As
evident from panels A and B, the simulations do not depend much on the E/D ratio, as long as E/D
<0.01.

The EPR signal for Heme 5 was again identified in the EPR redox titrations (see below),
by very careful experimentation, and it was found that the gmax signal of this heme, located at g, =
3.28, is very weak. Similarly, in the case of PpcA, the signals of the two gmax hemes are weak and
overlaid, and assigned to spectral features in the g = 3.2 - 3.5 region, generating a broad peak in

the EPR spectrum.'® The corresponding simulation for Heme 5 is shown in Figure 4.7D.
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Figure 4.12 EPR simulations of the Heme 1-3-4 triad. Variation of the Heme 1 g-strain. All
simulations were conducted with: D = 2.5 cm-1, E = 0.005 cm-1, E/D = 0.002, J13 = 0.334 cm-1
and J34 =0.001 cm-1. For the g values used in the simulations see Table 4.1.

The combined EPR spectrum obtained from the simulations of the EPR signals of all five
hemes is shown in Figure 4.7A in black, overlaid with the experimental spectrum of as-isolated,
fully oxidized G. lovieyi NrfA in green. As evident from this comparison, excellent agreement
between the simulation and the experimental data is obtained (see Table 4.1 for all simulation
parameters). In particular, the broad signals at 3.2 and 3.6 corresponding to an overlaid signal from
Heme 5 and the coupled Heme 1-3-4 triad, the derivative signal at g = 2.6, and the high-field

signals at g = 1.7 and 1.5 are all reproduced in our simulation.
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Table 4.1 EPR parameters of the simulated EPR spectra of fully oxidized G. lovleyi NrfA in the
absence (high-spin Heme 1) and presence (low-spin Heme 1) of cyanide (see Figures 4.6 and 4.7).

2x gy g Linewidths (x,y,z)
Heme 2 (S=1/2) 1.52 2.21 3.01 0.08, 0.03, 0.05
Heme 3 (S=1/2) 1.41 2.20 3.22 0.1, 0.02, 0.05
Heme 4 (S=1/2) 0.7 1.75 3.7 0.1,0.1, 0.07
Heme 5 (S=1/2) 1.11 1.9 3.28 0.3,0.3,0.15
Heme 1 (S=5/2) 2 2 2 0.35, 0.35,0.35
Heme 1 (S=1/2) 0.93 1.7 3.2 0.35, 0.35,0.35
J[em™] D[em!] | E[cm™] E/D
Heme 1 (S=5/2) J13=0.334 25 0.0049 0.002
J34=10.001
Heme 1 (S=1/2) J13=0.333
J34=2.0
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4.5 EPR Simulations and Assignments of Cyanide-Bound NrfA

The cyanide-bound NrfA EPR spectrum is simulated to further explore the three-heme
coupling that occurs between Hemes 1, 3 and 4, and how these change upon cyanide binding,
which causes Heme 1 to become low-spin (S = 1/2). As mentioned above, EPR features that change
upon addition of cyanide, especially at g = 10, 3.6, 1.7 but also the derivative-shaped signal
centered at g = 2.6, must only relate to the spin state change at Heme 1, and the accompanying
alterations of the exchange couplings within the Heme 1-3-4 triad. To begin the simulations, the
EPR-parameters of the cyanide-bound Heme 1 were evaluated. EPR analysis of low-spin forms of
ferricytochrome ¢ hemes show that they can give a range of EPR signals with g, = 3.05-3.4, gy =
2.05-2.25, and g« = 1.25-1.40 at neutral pH.!®' More relevantly, cyanide-bound ferric horse
cytochrome ¢ gives EPR signals at g, = 3.45, gy = 1.89, and gx = 0.93.'®! Taking this into
consideration, we started our simulations with g,= 3.2, gy= 1.7, and gx= 0.93 for low-spin Heme

1 to best fit the raw data (Figure 4.13C, Table 4.1).

Next, the coupling constants of Heme 1-Heme 3 (J;3) and Heme 3-Heme 4 (J34) were fit to
reproduce the EPR spectral changes. Our analysis shows that the simulated spectrum is moderately
sensitive to J;3, with the best results obtained when this parameter stays within similar values (J;3
=0.334t0 0.333 cm™"). On the other hand, J3, is distinctively increased from J34= 0.001 to 2.0 cm’
! when Heme 1 becomes low-spin. This change in the Heme 3-4 coupling is necessary to affect
the g = 3.6 signal upon cyanide binding, as observed experimentally. Since Heme 4, which is
largely responsible for the g = 3.6 signal, does not interact with cyanide, the spectral changes in
this region must be due to a secondary effect. Here, the increase in the Heme 3-4 coupling constant

shifts the g = 3.6 signal and turns it into a broad signal around g = 3.4, which reproduces the
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experimental observations (see Figure 4.13). Other than this, the same simulation parameters were
used for Hemes 3 and 4 as in the absence of cyanide (Table 4.1). The spectral features of Heme 2
and Heme 5 are not affected by cyanide addition, and similarly, the same simulation parameters
are used for these hemes (Figures 4.13B and 4.13D). The combined EPR spectrum obtained from
the simulations of the EPR signals of all five hemes is shown in Figure 4.13A in black, overlaid
with the experimental spectrum of fully oxidized, cyanide-bound G. lovleyi NrfA in green. The EPR
simulation shows excellent agreement with the experimental data. The only deviation is the broad
shoulder observed in the g = 330 mT region, which is absent in our simulations. We believe that
this shoulder is due to an impurity, since it is not observed in the EPR spectra of all protein

preparations (compared to Figure 4.6, for example).
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Figure 4.13 A. Overlay of the EPR spectrum of fully oxidized, cyanide-bound G. lovieyi NrfA
(green line) and the total simulation (= sum of the spectra shown in panels B-D, black line). The
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three simulated components consist of [Heme 2] (red, panel B), [Heme 1 (S=1/2)-Heme 3-Heme
4] (blue, panel C), and [Heme 5] (magenta, panel D). The signals marked with an asterisk (*)
correspond to impurities.

4.6 Redox Titration of WT NrfA Followed by EPR Spectroscopy

A redox titration of 100 uM fully oxidized WT G. lovleyi NrfA was conducted via stepwise addition
of [Ti(IIT)(Cit)3] as the reductant and monitored by EPR spectroscopy to determine the sequence in which
Hemes 1 — 5 are reduced. Figure 4.14 shows an overview of the data obtained this way, and Figure 4.16
better illustrates the observed EPR changes. Upon addition of the first equivalent of reductant, only very small
spectral changes were observed. Careful analysis of multiple data sets shows that the broad signal at g ~3.4
decreases in intensity upon the addition of the first equivalent of reductant (Figure 4.16A and 4.15), and that
intensity further decreases in the g = 1.7 region. Based on our spectral simulations and analysis (see above),
these spectral changes are clearly due to reduction of either Heme 4 or Heme 5, with the gmax signals of these
hemes being located in the g = 3.2 - 3.6 region. In contrast, in the electrochemical titration of S. oneidensis
NrfA, the first reduction event was suggested to cause a decrease in the g = 2.87 signal.'®® These spectral

changes were attributed to the reduction of Heme 1.

115



,\/\/\/\/\/W\/\/———— No Reductant

0.5¢q
1.0 eq
1.5eq

2.0eq

2.5¢eq

e j\vﬁ 45¢q
~ A\ f 5.0eq
f T T T T T T T T T T T 1
0 100 200 300 400 500 600
B (mT)

Figure 4.14 Titration of fully oxidized NrfA in 50 mM HEPES buffer with 150 mM NaCl at pH
7.0, followed by EPR spectroscopy. Here, the addition of half-equivalents of reductant
[Ti(IIT)(Cit)3], up to 5 equivalents, causes characteristic spectral changes that are further analyzed

in the text. The large signal observed at g = 1.9 upon addition of 5 equiv of reductant corresponds
to excess [Ti(IIT)(Cit)3] (S = 1/2).

Addition of the second equivalent of [ Ti(III)(Cit)3] to G. lovieyi NrfA causes further changes in the g
= 3.2 - 3.6 region, as shown in Figure 4.16B. This clearly indicates reduction of the second gmax heme.
Addition of the second reductive equivalent causes further, subtle changes in the high field region of the EPR
spectra (for example, around g ~ 2.6), which would indicate that Heme 5 becomes reduced before Heme 4,
but it is also possible that both hemes are reduced concomitantly. So, at this point, the exact order in which

the gmax hemes become reduced is not clear. Nevertheless, our EPR titration demonstrates that the two Zuma
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hemes are reduced first in G. lovleyi NrfA. Interestingly, in the S. oneidensis NrfA redox titration, the second
heme to be reduced was proposed to be Heme 4, which was identified with a decreasing signal at g =3.41,

while simultaneously, a signal at g = 2.93 increased in intensity as well.'>
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Figure 4.15 Titration of fully oxidized WT NrfA in 50 mM HEPES buffer with 150 mM NaCl at
pH 7.0, followed by EPR spectroscopy. Here, we show the respective difference spectra from Figure
8 after the addition of half-equivalents of reductant [Ti(III)(Cit);], up to 5 equivalents. This causes
characteristic spectral changes that are further analyzed in the text. Spectra shown in the panels
correspond to the subtraction of spectra with different equiv of [Ti(II[)(Cit)s;] added, as indicated: (A)
0 equiv - 1 equiv; (B) 1 equiv - 2 equiv, (C) 2 equiv - 3 equiv, and (D) 3 equiv - 3.5 equiv. * The
g = 2 peak is due to a residual radical from the reductant and not the protein.

Following the reduction of Hemes 4 and 5, addition of the next reductive equivalent to G.

lovleyi NtfA causes clear spectral changes as shown in Figure 4.16C. Here, Heme 1 is reduced and
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in this way, decoupled from Heme 3, which allows the EPR-spectral signals of Heme 3 to appear
at g, = 3.22, gy = 2.2, and g« = 1.41. Heme 3 contains bis-His ligation with parallel imidazole
planes and is therefore expected to show a thombic EPR spectrum (see above). Because Heme 4
is already reduced at this point and diamagnetic, it seems that upon reduction of Heme 1, Heme 3
is now magnetically isolated. In addition to the appearance of the spectral features of Heme 3,
reduction causes the derivative signal at g=2.6 and the signals at g=10 and g=1.7 to disappear,
again confirming that these signals arise from the exchanged coupled Heme 1-3 dyad. These
spectral changes are similar to those observed upon CN binding to Heme 1 (see above). Finally,
it is notable that as the signals of Heme 3 appear, the signals of Heme 2 are starting to decrease in
intensity. This indicates that the reduction potential of Heme 1 is only slightly more positive than
that of Heme 2, causing a distribution of the 3" reductive equivalent over Heme 1 (major acceptor)
and Heme 2 (minor acceptor).

This trend continues upon the addition of the 4™ equivalent of reductant to G. lovleyi NrfA
(see Figure 4.16C), where the signal of Heme 3 further increases and reaches maximum intensity,
indicating complete Heme 1 reduction, whereas the signal of Heme 2 further decreases. Because
of this, the Heme 3 signals at gy = 2.2 and gx = 1.41 become more pronounced in the EPR spectrum as
well.

Lastly, upon the addition of the final reductive equivalent to G. lovieyi NtfA (see Figure 4.14), both
Heme 3 and Heme 2 signals begin to decrease, with the decrease in the Heme 3 signal lagging behind the
reduction in the Heme 2 signal. This indicates that Hemes 2 and 3 have quite similar redox potentials (see

Table 4.2), but that the potential of Heme 3 is the most negative in the pentaheme unit of G. lovleyi NrfA.
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In summary, the chemical titration of G. lovieyi NifA allows us to cleanly track the reduction of the
hemes in the pentaheme scaffold of the enzyme by EPR spectroscopy. Combined with our detailed analysis
of the WT EPR spectrum, we demonstrate a sequence where initial reduction of Hemes 4 and 5 is followed
by reduction of Hemes 1, 2 and 3. However, the latter three hemes have somewhat similar reduction potentials

(especially Hemes 2 and 3), causing a distribution of electrons over these hemes as evident from the EPR

data.
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Figure 4.16 Titration of fully oxidized NrfA in 50 mM HEPES buffer with 150 mM NaCl at pH
7.0, followed by EPR spectroscopy. Here, the addition of half-equivalents of reductant [Ti(II)(Cit)3],
up to 5 equivalents, causes characteristic spectral changes that are further analyzed in the text.
Spectra shown in the panels correspond to different equiv of [Ti(III)(Cit)s]: (A) O (black) to 1 (red)
equiv; (B) 1 (black) to 2 (red) equiv, (C) 2 (black) to 3 (red) equiv, and (D) 3 (black) to 3.5 (red)
equiv. The respective difference spectra from each panel are shown in Figure 4.14.

4.7 Determination of Reduction Potentials (Elliott laboratory)

The work described in this section was performed by our collaborators in the Elliott Lab at
Boston University. Non-turnover protein film voltammetry (PFV) experiments performed on G.
lovleyi NrfA in the absence of substrate gave rise to an overlapping envelope of reversible signals
spanning about 400 mV. These signals, once deconvoluted and fit to Nernstian one-electron peaks,
are separable into five reversible signals corresponding to the reduction and oxidation of the five
heme cofactors within one protomer of the enzyme (Figure 4.17). Fitting to account for a
combination of three one-electron centers and one two-electron center was also investigated (data
not shown) which yielded poor fits. Electrochemical data taken at pH 6.0 were used for

determination of midpoint potentials, since at higher pH values, the signal envelope was observed
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to crowd together in a fashion which obscured the precision of our analysis using fits. The overall
signal shape is similar to previous work on E. coli NrfA,'%? and the assignment of five one-electron
reversible peaks is applicable for G. lovieyi NrfA (see Table 4.2) as for other NrfA homologs
including E. coli (with midpoint potentials of En= -37 mV [H2], -107 mV [H1], - 323 mV [H3],
and -250 to -400 mV [H4 and H5])'*" and D. desulfuricans (with midpoint potentials of Em= +7

mV, -20 mV, -55 mV, -120 mV, and -325 mV).!6
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Figure 4.17 Non-turnover voltammograms of (A) G. lovleyi WT NrfA (red) recorded at pH 6.0,
40C. Non-faradaic current subtracted data (black) is super-imposed with fitting of the data to five
individual redox couples (inset, red dash) and the sum of those fitted component (red dash). Em
values are -226, -180, -152, -66, and +10 mV. (B) Comparison with G. lovleyi H108M NrfA (red),
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with non-faradaic current subtracted data (black), inset with fitting of the data to five individual
redox couples (inset, red-dash). Em values are -210, -160, -103, -24, and +48 mV for both panels,
scan rate: 10 mV/s.

The H108M amino acid variant, whereby the bis-His Heme 3 was converted to a His-Met
heme, shows a broader signal envelope (Figure 4.17B). Compared to the WT enzyme, the signal
envelope spreads out in a wider distribution in both directions. The most positive signal was seen
to shift 38 mV more positive, while the other four signals shifted slightly more positive by varying
amounts (see Table 4.2). If all five heme signals were fully independent, an axial histidine to
methionine mutation would be likely to shift a single signal, corresponding to the midpoint
potential of Heme 3, to relatively higher potentials, as in previous observations of heme midpoint
potentials associated with bis-His and His/Met ligation.!®* Since a more complex change in the
voltammogram was observed in the H108M mutant NrfA, this further indicates electronic coupling
between heme cofactors, causing two or more hemes to change their midpoint potentials
significantly. It is possible that the broad change in the signal envelope was the result of a small
(relative to each other) modulation in the midpoint potentials of all five hemes, or the result of one
or more heme signals changing in potential sufficiently as to cross over each other and change the
ordering of all five signals. This point is further analyzed using a titration experiment followed by

EPR spectroscopy (see below).

Table 4.2 Midpoint potentials of wild-type and H108M mutant NrfA, determined at 4°C and pH
6.0.%

WT NrfA En (mV vs. SHE)® | HI08M NrfA En (mV vs. SHE) | S. oneidensis WT NrfA'>

+10 £2 (H4/5) +48 +8 (H3) 44 (H1)

-66 £11 (H4/5) 24 £17 (H4) -110 (H4)
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~152 £27 (H1) ~103 £22 (H5) 210 (H2)
-180 10 (H2) -160 £13 (H1) 257 (H5)

226 +7 (H3) 210 £9 (H2) -382 (H3)

& All electrochemical parameters were determined by PFV as described in the Experimental
Section. ® Errors were determined as standard deviation of three experimental replicates in
identical conditions.

We note that the fits of one-electron peaks for HIO8M NrfA are not as precise (they have
larger total residuals, Figure 4.18) compared to WT, which is also evident in the disagreement
between simulated electrochemical signals and experimental data for HI08M NrfA in Figure
4.17B, especially in the region -0.15 V to +0.05 V. This points to some complicating signal arising
in the mutant HIO8M NrfA which is not present in WT NrfA. An explanation for this could be the
existence of two distinct populations of HI08M NrfA with different reduction potentials; for
example, a population with Heme 3 existing in either a hexacoordinate or pentacoordinate state,
characterized by the Met ligand bound axially in the former population, and unbound and distant
in the latter. If this were true, it would give rise to a splitting of one or more of the electrochemical
waves and produce a voltammetry less able to be fit to five one-electron peaks. The EPR titration

of H1I08M NrfA shows some unusual behavior of the variant, supporting this idea.

124



>

400
200

0 1 -"J_\f\\/\\/\,/\_n

—200 +

Ox

Current (nA)

—-400
{1 Red
200 +

04

Current (nA)

—200 +

—400 -—
-0.5 -04 -0.3 -0.2 -041 0.0 0.1 0.2
B. Potential (V vs SHE)

400

1 Ox
200 —

0~ W
—200 +

Current (nA)

-400

4{Red
200 +

0 — e~ TN —

—200 +

Current (nA)

—400 T T T T T T T T T T T 1
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Potential (V vs SHE)

Figure 4.18 A. Residuals for fits of the oxidative and reductive scans of WT NrfA and B. Residuals

for fits of the oxidative and reductive scans of H108M NrfA. Conditions are pH 6.0, 4°C and 10
mV/sec.

PFV of WT NrfA taken at pH 8.0 (Figure 4.19) demonstrated a shift of all heme signals to
lower potentials, indicating that the midpoint potentials of each heme depend on pH in some way,
possibly by electrostatic effects of heme environment, or due to proton coupling to electron
transfer. This observation implies that none of the heme cofactors are sufficiently buried from
solvent as to possess fully pH-independent midpoint potentials. However, the two most positive
electrochemical waves were shifted by the greatest degree during this change of two pH units:

changes of =61 mV and —60 mV were observed. However, the most negative wave shifted by only
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approximately —20 mV with the pH increase. Notably, neither correlates with a Nernstian
prediction for a 1H":1-electron process, where we might anticipate a downward change of ~ 120

mV.

2000
1500
1000

500

-500
-1000
-1500
—-2000

1500 |-

Current (nA)

1000 -

500 -

(=

-500 |-

-1000 -

-1500 -

—2000 -
! | ! | ! | ! | ! | ! | !

-05 -04 -03 -02 -01 00 01 0.2
potential (V vs SHE)

Figure 4.19 Non-Faradaic current-subtracted non-turnover G. lovieyi NrfA voltammograms
recorded at pH 6.0 (top) and pH 8.0 (bottom), 4°C, scan rate: 10 mV/s. Em values for deconvoluted
data for the pH 8.0 trace are: -248, -197, -171, -127, and -50 mV.
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PFV data for WT and H108M NrfA exhibited some deviations from ideality, including
separation of oxidative and reductive half-scans on the order of tens of mV, and quasi-reversibility
(red dashed lines in Figures 7 and 8). To search for the underlying causes of this, we tested
alternative fits where the value of napp (the apparent number of electrons transferred per
electrochemical event) was no longer fixed at 1.0, an assumption which used in the fits presented
above. By allowing ny, to be a floatable parameter (Figure 4.20 and 4.21), fits improved, with

napp ranging from 1.0 to 0.69 (Table 4.3).

Table 4.3 Tabulation of calculated n values (electrons transferred) for each oxidative and reductive
wave for wtNrfA and H108M NrfA.

Most negative Peak 2 Peak 3 Peak 4 Peak 5
peak (peak 1)
Oxidative scan | 0.91 £0.007* 1.16 £0.01 0.93 +£0.01 0.85 +0.006 0.93 +£0.004
(WtNrfA)
Reductive scan | 0.79 +0.007 1.09 £0.01 1.06 £0.01 0.69 £0.008 0.81 £0.004
(WtNrfA)
Oxidative scan | 0.79 +£0.007 0.85+0.003 0.87 +£0.006 0.81 £0.003 0.69 £0.007
(H108M NrfA)
Reductive scan | 0.91 +£0.009 0.78 £0.005 1.03 +£0.01 0.74 £0.005 0.80+0.003
(H108M NrfA)

a. Errors shown are calculated statistical errors in fitting algorithm used by ODRPACK module in
qSOAS.
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Figure 4.20 Alternative fits for baseline-subtracted non-turnover G. lovieyi WT NrfA
voltammogram (pH 6.0, 4 °C, 10 mV/sec) with n value (electrons transferred per electrochemical
event) not fixed at n = 1, and instead calculated as a best fit.
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Figure 4.21 Alternative fits for baseline-subtracted non-turnover G. lovieyi HI08M NrfA
voltammogram (pH 6.0, 4°C, 10 mV/sec) with n value (electrons transferred per electrochemical
event) not fixed at n = 1, and instead calculated as a best fit.

While by theory, we would anticipate that all redox contributions should be marked by #app
being precisely 1.0, and that separation of oxidative and reductive half-scans be zero (REF
LAVIRON),!% such features are rarely observed in the PFE literature. This constant non-zero peak

separation has been observed in other quasi-reversible PFV data of azurin and flavocytochrome
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c3,'% among other cases involving multi-heme cytochromes c and even mono-heme cytochromes
c at heterogenous carbon-based electrodes.!*> 717! The physical meaning of a non-integer n value
lower than 1 is probably related to reduced accessibility of some of the redox cofactors to the
electrode, resulting in inefficient interfacial electron transfer. This would neatly explain the
minimum (the slight dip between the two peaks) in the middle of the observed signal envelopes at
pH 6. By this explanation, the attenuation in some heme signals relative to others is the result of a
buried or otherwise insulated heme cofactor being partially inaccessible to interfacial electron
transfer, compared to the other heme cofactors. Critically, the Ex, values for NrfA only shift by 4
to 6 mV whether simulated with free n values or with n values fixed at n = 1.0 (see Table 4.4), so
this analysis implies that variations in the reversibility and relative amplitude of the fits in Figures

1 and 2 are negligible sources of error in assignment of midpoint potentials.

Table 4.4 Tabulated midpoint potential values, in mV vs. SHE, comparing fits with fixed n=1 and
fits with free n values, for WT NrfA and H108M NrfA (data collected at pH 6.0, 4°C, and 10
mV/sec).

Most negative | Peak 2 Peak 3 Peak 4 Peak 5
peak (peak 1)
wtNrfA -226 -180 -152 -66 +10
wtNrfA (free n) -231 -186 -147 -69 +5
H108M NrfA -210 -160 -103 -24 +48
H108M NrfA | -210 -164 -99 -24 +44
(free n)

129



4.8 Redox Titration of H108M NrfA Followed by EPR Spectroscopy

To further explore the role of the central Heme 3 a HIO8M NrfA variant was generated. The
H108M mutation significantly impacts the distribution of electrons within the pentaheme scaffold
and the reduction potentials of the other hemes. This modification within the scaffold is drastic
and it is shown by the reduced catalytic activity of the enzyme to 3% compared to wild-type
(Figure 4.22). Replacement of the distal His ligand of Heme 3 by Met via site-directed mutagenesis
(H108M variant) is expected to cause a dramatic positive shift of the reduction potential of this heme (from
-212 mV to +29 mV), thereby altering the sequence of events in the EPR redox titration. Similar to WT
NrfA, aredox titration on 100 uM fully oxidized H108M G. lovieyi NrfA was conducted via stepwise addition
of [Ti(IIM)(Cit)s] as the reductant and monitored by EPR spectroscopy. The redox titration allows us to
determine the sequence in which Hemes 1 — 5 are reduced in H108M NrfA. Figure 4.23 shows an overview

of the data obtained this way, and Figure 4.24 illustrates the observed EPR changes.
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Figure 4.22 Nitrite reduction activity of the G. lovieyi NrfA H108M variant in comparison to the
WT enzyme.

Upon addition of the first equivalent of reductant to H108M, Heme 3 is expected to be reduced first.
Indeed, a strong increase of a signal at ger = 5.8 is observed, indicating reduction of Heme 3, which
subsequently becomes diamagnetic and allows the signals of the now uncoupled high-spin Heme 1 to appear
in the EPR data (Figure 4.24A). In addition, small spectral changes are observed around g = 3.6, indicating
partial reduction of Heme 4 at the same time, i.e., the sample is heterogeneous such that in some protein Heme
4 is reduced instead of Heme 3. The latter is evident from the fact that the derivative signal at g = 2.6 and the
signal at 1.7 decrease in intensity but do not disappear, indicating that in some of the protein the oxidized

Heme 1-3 dyad is still present.
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Figure 4.23 Titration of fully oxidized H108M NrfA in 50 mM HEPES buffer with 150 mM NaCl
at pH 7.0, followed by EPR spectroscopy. Here, the addition of half-equivalents of reductant
[Ti(IIT)(Cit)3], up to 4.5 equivalents, causes characteristic spectral changes that are further
analyzed in the text. The large signal observed at g = 1.9 upon addition of 4.5 equiv of reductant
corresponds to excess [Ti(IIT)(Cit)3] (S = 1/2).

These trends continue as the second equivalent of [Ti(III)(Cit)s] is added to HI08M NrfA. First, the
signal at gsr = 5.8 further increases, indicating additional reduction of Heme 3 (Figure 4.24B).
Concomitantly, the intensity in the g = 3.6 region further decreases, demonstrating additional reduction of
Heme 4. These results again indicate that in the H108M amino acid variant, Heme 3 and Heme 4 now have

quite similar reduction potentials, and hence, become reduced simultaneously. Therefore, after addition of 2
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equiv of reductant, it is expected that Heme 3 and Heme 4 are now fully reduced. Accordingly, the derivative
signal at g = 2.6 and the signal at g = 1.7 further decrease in intensity upon addition of the second equiv of
reductant. Curiously, besides these expected spectral changes, a new set of EPR signals also appears at g =
2.78 and g = 2.15 in the spectra. Since Heme 2 is still fully oxidized, evident from its typical EPR signals (g
=3.01, 2.21, 1.52), this new set of signals can only originate from Heme 3. This implies that upon two-
electron reduction of HIO8M NrfA, a small fraction of protein has been generated where Heme 1 is reduced
instead of Heme 3, allowing the signals of Heme 3 to appear in the spectra. Note that these EPR signals are
altered compared to WT, based on the change in axial ligation (His vs Met) of Heme 3. One possible
explanation for this observation is that Heme 3 can exist in two different states, with two different reduction
potentials, as also indicated in the electrochemical data (see above). Here, the majority form of Heme 3 has
the expected His/Met ligation with the more positive reduction potential, whereas the minority form has either
adifferent sixth ligand or a somehow altered active site environment, leading to a change in reduction potential
but keeping the heme low-spin (as evident from the EPR data). Alternatively, since Hemes 1-3-4 are coupled,
the simultaneous reduction of Hemes 3 and 4 and artificial (= not observed in WT) accumulation of negative
charge in close proximity might generate an equilibrium where in a fraction of the protein sample, an electron

is “pushed” from Heme 3 to Heme 1:

[H1(ID-H3(I1)-H4(ID)] (major) <> [H1(I-H3(II)-H4(ID)] (minor) @

In summary, after addition of 1 and 2 equiv of reductant, the protein sample shows heterogeneity in
each case with two different species present in solution, which is not observed for WT enzyme.

Addition of the third reductive equivalent to HIO8M G. lovieyi NrfA causes interesting
spectral changes as shown in Figure 4.24C. Here, Heme 3 appears fully reduced with minimal
changes in the high-spin signal at gesr = 5.8 for Heme 1. Small but distinct changes again appear in

the g = 3.2 - 3.6 region, leading to a decrease of a signal at g ~ 3.4 which we associate with Heme 5. Here,
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addition of 1.5 equiv of reductant is needed before this signal fully disappears, indicating that a small error in

equiv was introduced into the titration at this point.
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Figure 4.24 Titration of fully oxidized H108M NrfA in 50 mM HEPES buffer with 150 mM NaCl
at pH 7.0, followed by EPR spectroscopy. Here, the addition of half-equivalents of reductant
[Ti(IIT)(Cit)s], up to 5 equivalents, causes characteristic spectral changes that are further analyzed in
the text. Spectra shown in the panels correspond to different equiv of [Ti(IIT)(Cit)]: (A) 0 (black) to
1 (red) equiv; (B) 1 (black) to 2 (red) equiv, (C) 2 (black) to 3 (blue) to 3.5 (red) equiv, and (D) 3
(black) to 4 (red) equiv.
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Lastly, upon addition of the fourth reductive equivalent to HI08M G. lovieyi NrfA, the Heme 1 and
Heme 2 signals both decrease simultaneously, as shown in Figure 4.24D. This implies that Hemes 1 and 2
have similar reduction potentials in the variant. Further addition of reductant continues the trend and ultimately
leads to the disappearance of the signals of these hemes, as seen in Figure 4.23. Here, the reductions of Hemes

1 and 2 track almost perfectly, indicating that their reduction potentials are quite close.

4.9 Discussion

In this work, we use EPR spectroscopy coupled with chemical titration experiments and
detailed spectral simulations to elucidate the sequence of heme reduction in the pentaheme scaffold
of the dissimilatory multiheme nitrite reductase (Cytochrome c nitrite reductase (CcNIR) or NrfA)
from G. lovleyi. The latter organism serves as a representative of the Geobacter genus, which are
important soil bacteria that play a key role in the nitrogen cycle.®!"** To reduce the hemes of NrfA
in a stepwise fashion, we first developed a protocol where the chemical reductant titanium(III)
citrate, [Ti(IlT)(cit)3], is used to deliver electrons to the enzyme in clearly defined, one-electron
steps. Since the redox potentials for some of the hemes in the pentaheme scaffold of NrfA are very
close, this approach allows for a cleaner delivery of individual equivalents of reductant, compared
to bulk electrolysis, which is the method that was used in previous work.!>> In addition, our
previous work demonstrated that G. lovieyi NrfA is a monomer in solution, despite the dimeric
structure observed by X-ray crystallography for this enzyme (and all other crystallographically
characterized NrfA enzymes), which prevents any unwanted complications from monomer-dimer

equilibria during the reductive titrations.
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Using our new methodology combined with detailed EPR simulations, we identified the
EPR-spectral signatures for all five hemes and simulated the data of as-isolated, fully oxidized
(all-ferric) NrfA, including a form where the active site Heme 1 is shifted from the high-spin to
the low-spin state by cyanide binding. The EPR spectra of fully oxidized NrfA are surprisingly
complicated, evident from the lack of any signals for high-spin Heme 1 and the appearance of
spectral features around g = 10, broad signals in the g = 3.2 - 3.6 region, a derivative signal at g =
2.6, and high-field signals at g = 1.7 and 1.5 (see Figure 4.6). Similar spectral features have
previously been reported for S. oneidensis and E. coli NrfA.'>® Our results show that these unusual
features are due to exchange coupling between Hemes 1, 3, and 4, where the magnitude of the
coupling is influenced by the spin state of Heme 1 (see Figures 4.7 and 4.8). In addition, this is
the first time that the EPR spectral signals of Heme 5 could be identified. This heme gives rise to
a broad gmax signal at g = 3.28 that is quite weak, which we propose is due to the solvent exposure
of this heme and the coupling to surrounding water molecules, increasing heterogeneity of this

heme and relaxation times.

Based on the full quantitative analysis and simulation of the EPR data, we are then able to
follow the reduction of each heme in the pentaheme scaffold of NrfA, when the protein is titrated
with [Ti(III)(cit)s]. Our data demonstrate that the gmax Hemes 4 and 5 are reduced first, but the
exact order in which they are reduced could not be determined with certainty. Nevertheless, this
provides clear evidence, for the first time, that these hemes indeed serve the purpose of an electron
storage unit, as these hemes get charged before reduction of the active-site Heme 1 occurs. Hence,
catalysis does not start until at least 3 electrons are available on site. In other words, the four bis-

His hemes present in NrfA do not merely serve as a wire to pass electrons to Heme 1, but they also

serve as a storage unit. In addition, based on X-ray crystallography, it has been proposed that in
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vivo, NrfA is bound to its redox partner NrfH by formation of a NrfH(NrfA), complex as the
functional unit where the Heme 5 of the two NrfA subunits in the dimer would be in close
proximity.!**13° Hence, by charging Hemes 4 and 5 first, inter-subunit electron transfer (ET) to
the other subunit would be enabled, i.e., the electron(s) in Hemes 4 and 5 could be used to provide
additional reductive equivalents for the other subunit if needed. This model of “cooperative
catalysis”, however, requires the dimer to be the functional unit, which is currently an unsettled
question. In combination with the electrochemical data, we are further able to provide reduction
potentials for each heme, in the relatively narrow +10 (Hemes 4/5) to -226 mV (Heme 3) range

(reduction potentials vs SHE).

In this context, it is interesting to note that Heme 3, which sits at the branching point
between the active site (Heme 1) and the electron storage unit (Hemes 4 and 5; see Figure 4.2),
with electrons coming in through Heme 2 from external reductants, is the last heme to be reduced.
We posit that this is functionally significant; by keeping Heme 3 oxidized, fast electron transfer
from Heme 2 to either Heme 1 or Hemes 4 and 5 (electrons being delivered externally) or from
Heme 4 to Heme 1 (electrons being delivered from the storage unit) is enabled. Heme 3, in this
sense, is an open gateway allowing electrons to pass to Heme 1 from either direction, without any
kinetic barrier. The reduction potentials of Hemes 2 and 3 are quite similar, allowing electrons to
move between them quickly and “delocalize” in this way. In this sense, Hemes 2 and 3 serve as a
wire that connects the active site and the storage unit to the protein surface where electrons are
delivered (see Figure 4.25). We envision that under turnover and fast external electron delivery,
electrons are brought into Heme 1 via the wire for turnover, while the storage unit remains reduced.
If external electron delivery slows down, electrons can then be taken from the storage unit and

transferred directly to the active site via the oxidized Heme 3 to keep catalysis going. As external
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electron delivery speeds up or Heme 1 is idle (waiting for substrate), the storage unit can be
replenished and turnover proceeds. In order to accomplish this, it is favorable to keep the electron
gateway, Heme 3, oxidized. In contrast, if Heme 3 would have a more positive reduction potential
than either Heme 1 and/or Hemes 4 and 5, then Heme 3 would be reduced first and this would
considerably slow down electron transfer to the other hemes, as this would now add a

thermodynamic and kinetic barrier to every following electron transfer step.

Storage
Active Site
Heme 5
Heme 4
Heme 1 \ /
2 Heme 3
" ire
Heme 2

Figure 4.25 Representation of electron transfer (ET) within NrfA, where Heme 2 and Heme 3 act
as a wire and Heme 3 distributes the electrons to the storage Hemes 4, 5 or the active site Heme 1.
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This idea that Heme 3 has an important function as a gateway was further tested using the
H108M mutant, where the H108 ligand to Heme 3 was changed to a methionine (resembling a
heme c in a typical monoheme Cyt ¢).!”? Indeed, in the H108M variant, Heme 3 now has the most
positive reduction potential (+48 mV) and is the first heme to be reduced. However, surprisingly,
the sophisticated ET machinery of NrfA as a whole is greatly affected in this variant. First of all,
the alteration made to Heme 3 has a significant impact on the reduction potential of Heme 1, which
is shifted from -152 to -160 mV, indicating electronic coupling between Hemes 1 and 3. In
addition, in the titration experiments, a distribution of electrons between Hemes 1, 3 and 4 is now
observed, leading to sample heterogeneity and a blurring of the sequential reductions of the first
three hemes as observed for the WT enzyme. Negative shifts in reduction potentials are also
observed for Hemes 2 and 5, indicating extended interactions between the hemes. The latter
observation could also be related to charge compensation effects: as hemes become reduced,
protons should be transferred to their respective active site pockets, and the change in the sequence
of heme reductions in the variant could affect the related, sequential proton transfers as well,
thereby affecting the reduction potentials of the hemes. Finally, because Hemes 2 and 5 are located
at the protein surface, the shifts in their reduction potentials could also be related to structural
changes of the enzyme, but this point cannot be addressed without structural studies. In any case,
we propose that the observed, low catalytic activity of HI08M relates to (a) the low potential of Heme
1, potentially slowing ET kinetics to the active site heme due to the reduction of Heme 3 first, which blocks
the ET chain, and (b) the general disorganization of ET in the pentaheme unit of NrfA caused by this mutant.

In this sense, the H108M NrfA mutant again emphasizes the significance of Heme 3 as the branching point
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in the ET chain, connecting Heme 2 either to the active site Heme 1, or the electron storage unit

(Hemes 4 and 5).

In comparison to S. oneidensis NrfA studied previously, a couple of interesting differences should
be noted. First and most significantly, the reduction potentials of the five hemes of S. oneidensis NrfA all lie
between -44 to -382 mV and are shifted negative compared to those of the G. lovleyi enzyme (see Table
4.2). Most significant is the shift for Heme 3, the heme with the most negative reduction potential
in the chain, which is observed at -226 mV in WT G. lovleyi versus -382 mV in WT S. oneidensis
NrfA, a surprising shift of -156 mV. This could indicate a different electron source for NrfA in this organism,
operating at different potentials. Accordingly, S. oneidensis does not have an obvious homolog of NrfH or
the NrfBCD complex, which could explain this difference. The sequence of heme reduction is also
different in these enzymes, and for S. oneidensis NrfA it was proposed that Heme 1 is reduced before Heme
4. However, it should be noted that Heme 5 could not be unequivocally identified in the EPR spectra of S.
oneidensis NrfA, and hence, there is a bit of uncertainty as to when exactly this heme is reduced. Hence, it
is possible that in S. oneidensis NrfA, Hemes 5 is reduced first, but that the corresponding EPR-spectral

changes are masked due to the weakness of the EPR features of this heme.

In summary, using chemical and electrochemical titrations coupled to EPR spectroscopy and in-depth
spectral simulations, we have identified the reduction potentials of the hemes in the pentaheme scaffold of G.
lovleyi NrfA. Our data provide further insight into the potential roles of the four bis-His hemes of
the enzyme, with Hemes 4 and 5 serving as an electron storage unit, and Heme 3 being the central
heme important for efficient electron distribution in the circuit. Heme 5 has the potential additional

role to allow for ET of stored electrons into the other NrfA subunit, assuming that the functional
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unit, when bound to NrfH, is a (NrfA), dimer. In total, our data provide strong evidence that the

four bis-His hemes are much more than just a wire that allows for ET to the active site Heme 1.
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4.10 Experimental Section

a. NrfA Protein Expression, Purification and Mutagenesis

The G. lovleyi wild-type (WT) NrfA enzyme (uniprot ID: B3E641 and NCBIID: WP_012469115.1)
and the variant HI08M (Heme 3 distal ligand variant) were overexpressed and purified as previously
described with minor modification.® The cell cultures expressing the H108 variant were incubated for 16
hours after induction as opposed to the 12-hour incubation for the cultures expressing the WT enzyme.
Osmotic shock was employed to extract the enzyme from the cell pellets as opposed to the total lysis that was
previously employed. Briefly, each liter worth of harvested cell pellets was resuspended to 50 ml in 100 mM
Tris buffer at pH 8.0 containing 20% sucrose and 1 mM EDTA at room temperature for 10 min. The
suspension was then centrifuged for 10 min at 100,000 rcf. The supernatant was discarded while the pellet
was resuspended to 40 ml ice-cold water for 10 min. The suspension was then centrifuged for 10 min at
100,000 rcf. The pellet was discarded while the supernatant was added with 2 dissolved tablets of
cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) and 5 ml of 10 x 100 mM Tris
buffer at pH 7.5 with 150 mM NaCl. The resulting mixture was topped-off to 50 ml using distilled
water and then filtered using a 0.22 um filter. In cases where samples were sticky and difficult to
filter due to the leakage of genomic DNA and RNA during osmotic shock, 50 uL each of 10 mg/ml
Dnase I and RNase were added, and the samples were stirred for approximately 30 min before
filtering. The enzymes were then purified by strep-tag II affinity column chromatography (IBA
Life Sciences), followed by size exclusion chromatography (GE Life Sciences) as previously
described.®® The H108M variant yield was ~4 mg per liter of culture. The activity of the variant
was determined as previously described,*® and the H108M variant was found to be only 3% as

active (1 umol NO> min™' mg™") as the WT enzyme (1084 pumol NO, min™' mg’'; see Figure 4.22).
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To generate the HIO8M variant, polymerase chain reaction (PCR) on the codon-optimized
WT gene (Figure 4.26) inserted into pBAD202D-TOPO was performed using Phusion High
Fidelity DNA Polymerase (New England Biolab) with 3% DMSO as an additive. The sequences
of the primers and their corresponding annealing temperature are given in Table 4.5.

ATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCA
GCCGGCGATGGCCGCGCCGCCGAAAGCGGAACAAGCGAAGATTGCGGAGAT
CCCGGATGGCACCATTGACCCGGCGGTTTGGGGCAAGAACTACCCGGAGGAG
TACCAGACCTGGAAAGACACCGCGCTGCCGACCCCGGAAGGCAAGAGCAAA
TATAAGAAAGGCAACGACGGTGGCAAGGTTTACGATAAACTGAGCGAGTATC
CGTTCATCGCGCTGCTGTTTAACGGCTGGGGTTTCGGCATTGAGTACAACGAA
CCGCGTGGTCACGTGTATATGATGAAGGACCAGAAAGAAATTGATCCGAGCC
GTCTGAAGGGTGGCGGTGCGTGCCTGACCTGCAAGACCCCGTACGCGCCGCA
GCTGGCGCAGAAGCAAGGTGTTACCTACTTTAGCCAAAGCTATGCGGATGCG
GTGAACCAGATCCCGAAAGAGCACCAAGAAATGGGCGTTGCGTGCATTGACT
GCCACAACAACAAGGATATGGGTCTGAAAATCAGCCGTGGCTTCACCCTGGT
TAAGGCGCTGGACAAAATGGGTGTGGATCAGACCAAGCTGACCAACCAAGA
CAAACGTAGCCTGGTTTGCGCGCAGTGCCACGTGACCTACACCATTCCGAAG
GATGCGAACATGAAAAGCCAAGACGTTTTCTTTCCGTGGGATGAGAGCAAGT
GGGGCAAAATCAGCATCGAAAACATCATTAAGAAAATGCGTAGCGACAAGA
GCTATGGTGAATGGACCCAGGCGGTGACCGGCTTTAAAATGGCGTACATCCG
TCACCCGGAGTTCGAAATGTATAGCAACCAAAGCGTTCACTGGATGGCGGGT
GTGAGCTGCGCGGATTGCCACATGCCGTACACCAAAGTGGGCAGCAAGAAA
ATCAGCGACCACCGTATTATGAGCCCGCTGAAAAACGATTTTAAGGGTTGCA
AACAGTGCCACAGCGAGAGCAGCGAATGGCTGAAGAACCAGGTTATCACCA
TTCAAGACCGTGCGGCGAGCCAATACATTCGTAGCGGTTATGCGCTGGCGAC
CGTGGCGAAGCTGTTCGAGATGACCCACAAACAGCAAGCGGCGGGCAAGCA
GATCGACCAAAAAATGTACGATCAGGCGAAATTTTACTATGAGGAAGGCTTC
TATCGTAACCTGTTCTTTGGTGCGGAGAACAGCATCGGCTTTCACAACCCGAC
CGAAGCGATGCGTATTCTGGGTGACGCGACCATGTACGCGGGCAAGGCGGAT
GGCCTGCTGCGTCAAGCGCTGACCAAAGCGGGTGTGGACGTTCCGGTGAAGA
TCGATCTGGAACTGAGCAAATATACCAACAACCGTGGCGCGAAAAAGCTGAT
GTTTAAGCCGGAGCAGGAGCTGAAAGACCCGTATGGCCCGCAGAAGTGGAG
CCACCCGCAGTTCGAAAAGTAA

Figure 4.26 The optimized G. lovleyi wild-type NrfA gene sequence (codons in black) fused with
the pelB (codons in red) and strep-tag II (codons in blue).

Table 4.5 Primers and annealing temperature for the HI08M variant of G. lovleyi NrfA.
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Variant | Primers Annealing
Temp. [°C]
5’>-ATGGTGTATATGATGAAGGACCAGAAAGAAATTGATCC-3’
H108M | 5’-ACCACGCGGTTCGTTGTAC-3’ 66

b. Overview of Sample Preparation for UV-Vis and EPR Spectroscopy

Titanium Citrate Preparation. The protocol for preparing solutions of titanium(III)
citrate, [Ti(III)(cit)s], was adapted from prior reports.'”>"1"* Solutions of [Ti(IIT)(cit);] were made
fresh daily. Under anaerobic condition inside an anaerobic chamber (Coy Laboratory Products; O
< 15.0 ppm), a 40 pL aliquot of 12% titanium(I1I) chloride in 10% HCI stock solution (Millipore)
was added to 200 pL of a 0.2 M sodium citrate solution (Bio Basic, Amherst, NY). The pH of the
resulting solution was then adjusted to pH 9 by slowly adding 160 uL of a saturated potassium
carbonate solution, pH 10.6. A stock solution generated in this way has a concentration of 100 mM
of [Ti(IIT)(cit);] and an approximate pH of 9. Working solutions of 9 mM or 1 mM concentration
of the reducing agent were then prepared by appropriate dilution using 50 mM HEPES buffer at

pH 7.0 with 150 mM NacCl.

UV-Visible Titrations. UV-Vis spectra of the oxidized, as-isolated wild-type G. lovieyi
NrfA (1.65 uM NrfA) were obtained using a solution that contained 50 mM HEPES (pH 7.0) and
150 mM NaCl. In an anaerobic environment, UV-Visible spectropotentiometric titrations were
performed on the as-isolated G. lovleyi NrfA by incremental addition of the reducing agent in a
1:1 equivalent per heme per NrfA monomer, based on the extinction coefficient 547 mM™ cm™ of the
Soret band. The titration was performed by adding 1 pL of the 1 mM [Ti(III)(cit)3] solution at a

time, up to 5 equivalents (based on five hemes per monomer; 5 pL) to generate fully reduced
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enzyme. The samples were placed in sealed quartz cuvettes, and the UV-Vis spectra were collected

using an Analytic Jena SPECORD S600 spectrophotometer.

Electron Paramagnetic Resonance (EPR) Spectroscopy. Electron paramagnetic
resonance spectra were collected using 20.5 mW microwave power and 9.277 GHz microwave
frequency using a Bruker EMX 200 spectrometer equipped with an ESR 900 continuous-flow

liquid helium cryostat (Oxford Instruments) to maintain the temperature at 10 K + 1K.

Samples of oxidized, as-isolated WT G. lovleyi NrfA enzyme were prepared at a
concentration of 100 uM in 50 mM buffer (HEPES at pH 7.0 with 150 mM NaCl). The cyanide-
bound enzyme was prepared by adding 10x equimolar potassium cyanide to the oxidized, as-
isolated NrfA, allowing the sample to incubate for 5 additional min at RT. Once prepared, samples
were transferred into 4 mm wall x 250 mm EPR sample tubes (Quartz Glass) and flash frozen

using liquid nitrogen.

Similarly, the EPR samples for the reductive titrations were obtained by the stepwise
addition of 0.5 equivalent (per heme per NrfA monomer, 1 pL) of the 9 mM [Ti(IIl)(cit)3] solution
to oxidized, as-isolated WT NrfA, up to 5 equivalents (based on five hemes; 10 pL), to generate
fully reduced enzyme inside an anaerobic chamber. The samples were placed in sealed quartz EPR

tubes and flash frozen in liquid nitrogen.

EPR simulations. The EPR spectra were initially processed using the software SpinCount
(by Prof. Michael Hendrich, Carnegie Mellon University).!”> The simulations were performed
using both SpinCount and EasySpin (by Prof. Stefan Stoll, University of Washington).!”

Simulation parameters are provided in the text. As evident from Figures 4.27 and 4.28, data

145



obtained at different microwave energies overlay very well, which demonstrates minimal power
saturation of the signals originating from NrfA in the 20 mW data used here for the analysis. This

contrasts with the impurity signal in Figure 4.27, which shows a different power dependence.

(A)
— 1mW
* —5mW
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—20.5mW
I T T T T T T T T T T 1
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Figure 4.27 Power dependence of fully oxidized WT NrfA in 50 mM HEPES buffer with 150 mM
NaCl at pH 7.0 EPR signals recorded at different microwave power at (A) 10K and (B) 15K. The
signals marked with an asterisk (*) correspond to impurities.
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Figure 4.28 Power dependence plots of fully oxidized WT NrfA in 50 mM HEPES buffer with
150 mM NacCl at pH 7.0 at (A) 10K and (B) 15K (generated from Figure 4.27 data).

c. Protein Film Voltammetry Experiments

Pyrolytic graphite edge (PGE) electrodes were prepared by polishing with an aqueous
slurry of 1.0 pm alumina, and then the alumina was removed by sonicating in water for several
minutes. After drying, a 3 mg/mL solution of multiwalled carbon nanotubes (Sigma) in N,N-
dimethylformamide (Fisher) was prepared and sonicated for several minutes. 14 uL of carbon
nanotube solution were pipetted on the electrode surface and allowed to dry overnight. G. lovieyi

NrfA was immobilized on dry carbon nanotube electrodes by pipetting 3 uL of 300 uM enzyme
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solution onto the electrode surface, waiting approximately 20 s, then pipetting off excess enzyme
solution. After generation of the enzyme film, electrodes were immersed in a multi-component
buffer containing 10 mM each of MES, MOPS, TAPS, CHES, HEPES, and CAPS, 100 mM NaCl,
and 2 mM CaCl,, which was adjusted to pH 6.0. A three-electrode electrochemical cell was used,
with a platinum wire as counter-electrode, and a saturated calomel reference electrode (SCE). All
potentials were corrected by +260 mV, for a single calibrated SCE, and reported relative to the
standard hydrogen electrode (SHE). The electrochemical cell was water-jacketed and cooled to

4°C for every experiment.

Protein film voltammetry (PFV) experiments were carried out anaerobically in a MBraun
Labmaster glovebox under a nitrogen atmosphere, using a PGSTAT30 AutoLab (Ecochemie),
equipped with FRA and ECD modules. All PFV data were collected using the GPES software
package (Ecochemie). All cyclic voltammograms were analyzed using the qSOAS package,'®?
through which background electrode capacitance was subtracted from the raw data, and data was
filtered to remove electrical noise. Deconvolution of the electrochemical data was achieved within

qSOAS using standard procedures, !4 167-168

where a model of adsorbed redox-active species as
described by Laviron is used,'”” where the stoichiometry of all redox cofactors (five hemes in this

case) is set to 1.0, and napp is allowed to be either a set or floatable parameter, to describe the

ideality of the redox, by equation (2):

1y "l VAT oxplngy - BRI
g RT 1+ expln,, F(E - Jt'fp)/RT]]2 Q?)

Fits were compared where napp was either 1.0 or a floatable parameter, the resulting En

values for each redox cofactors was found to alter by only so much as 5 mV.
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Chapter 5 Conclusion and Future Work

5.1 Conclusions

Carbene transferase development is an important area of interest in organic synthesis since
these enzymes catalyze the production of hard to synthesize carbon-carbon or carbon-heteroatom
bonds in late-stage functionalization of larger molecules.® 2% 33-3 55 Furthermore, catalyzing
organic reactions in water with highly controlled product stereoselectivity, large turnover number
(TON) and turnover frequency (TOF), and long lifetime are ideal attributes for industrial
applications.!>!'* Biocatalysts are attractive due to their ability to function under environmentally
friendly conditions at high rates, with high stereo- and enantioselectivity.> !> Designing novel
biological catalysts leads to a significant reduction in waste and cost in industrial-scale synthesis
compared to stoichiometric syntheses and other catalytic processes.'®!” Herein, I focus on the
devolvement of biocatalyst with enhance carbene transferase reactivity using YfeX and rational
designed YfeX variants.

The initial contribution of this thesis was the investigation of carbene transfer reactivity of
wild-type (WT) YfeX for N—H insertion, cyclopropanation, and Si-H insertion to give further
insight into YfeX’ biocatalytic profile. Chapter 2 focused on WT YfeX’s reactivity, kinetic, and
substrate scope studies on these carbene insertion reactions. First, the N—H insertion activity of
YfeX with aniline as the substrate was investigated and results show high product yields with a
72% yield. Even higher compared to free porphyrin [Fe"PpIX] with a 27% yield and sperm whale

WT FeMb with a 21% yield.*” Overall YfeX has a high TON of 6274 for the aniline N-H insertion
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using 0.001% catalyst loading over 20 hours, with a kops = 0.210 min™'. Furthermore, at higher
YfeX loading aniline can produce the di-insertion product (diethyl 2,2-(phenylimino) diacetate)
with EDA, and at 0.1% catalyst loading, 30% of the disubstitution product is obtained. As the
catalyst loading is reduced (or, in other words, the excess of aniline is increased), the disubstitution
reaction is suppressed, and at 0.01% catalyst loading, the di-insertion product only contributes 1%
to the total yield. To further investigate the N—H insertion reaction of secondary amines, similar
to the disubstitution reaction, using N-methyl aniline as a substrate it was shown that YfeX
produces a 62% yield of product with a TON of 620. Additional substrate scope studies for the
N-H insertion reaction using anilines with electron-withdrawing substituents (4-bromoaniline, 4-
trifluoromethylaniline) gives 52% to 57% yields and electron-donating substituents (4-
methylthioaniline, 4-methoxyl-6-methylaniline, p-toluidine) gives 40 - 51% yields. Lastly, using
para-, meta-, and ortho- methyl aniline, substrate steric contribution was analyzed, and it is shown
that as the methyl group moves closer to the reactive amine group, from -para to -meta to -ortho
substitution, the N—H insertion yields decrease accordingly, from 57% to 37% to 23%. Overall,
these studies demonstrate that WT YfeX is a fantastic N-H insertion biocatalyst with great
potential for applications in drug synthesis.

Cyclopropanation reactivity with YfeX is also investigated utilizing styrene as substrate.
Reactivity studies show that YfeX generates a 27% yield of styrene cyclopropane product with a
TON of 268 and a kobs = 0.096 min™', which is comparable to that of WT Mb (36% yield, with a
TON of 180).>* Stereoselectivity analysis of the styrene cyclopropane product displays a cis to
trans ratio of the product of 11 to 89, comparable to WT Mb (9:91) and [Fe'PpIX] (13:87). YfeX
procedures the trans product with 87% selectivity for the (R,R) enantiomer, which is different

from WT Mb, which produces 47% (R,R) enantiomer.?* Furthermore, various para-substituted
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styrene derivatives were examined for cyclopropanation activity, with the functional groups
analogous to the aniline derivatives. 4-methylstyrene shows the highest yield with 48% compared
to styrene and other derivatives. Vinylanisole, 4-chlorostyrene, and 4-trifluorormethylstyrene
show a moderate conversion to the cyclopropane products with similar yields (30%, 23% and 29%,
respectively). All the substrates exhibit similar diastereoselectivity, yielding 80 - 90% of the trans
isomer. Organic co-solvents were used to help increase styrene substrate solubility and at a 30%
methanol co-solvent concentration, the yield for the aniline-based product remains similar, but,
importantly, a doubling of the yield for the styrene substrate is observed (47% yield). We further
show that 30% DMSO as a co-solvent further improves the cyclopropanation yield, with an
increase to 59%. Utilizing dimethylphenylsilane as a substrate, we explored whether YfeX is able
to catalyze the carbene insertion into silicon-hydrogen (Si—H) bonds. WT YfeX is able to catalyze
the carbene transfer to dimethylphenylsilane, generating ethyl[dimethyl(phenyl)silyl] acetate in
11% yield with a TON of 108 at 0.1 mole percent of catalyst after just one hour. In short,
cyclopropanation and Si-H insertion reactivity with YfeX was not as robust as N-H insertion, but
additional YfeX protein optimization can be conducted to help with reactivity.

To understand YfeX carbene insertion reactivity, specifically Si-H insertion, we further
investigated reactivity using computational methods. Initial reactivity began from three possible
electronic ground states of the iron-porphyrin carbene (IPC) intermediate, which are the closed
shell singlet (CSS) and open shell singlet (OSS) state, and the corresponding triplet state. It was
shown that Si—H insertion by YfeX, the calculated energy barriers are 16.4 (OSS), 22.8 (CSS)
and 27.6 (triplet) kcal/mol, indicating that the OSS state is ultimately allowing for this reaction to
go forward. Overall, these results show that the Si—H insertion reaction is energetically much less

favorable compared to the N—H insertion and cyclopropanation reactions, in agreement with the
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lack of reactivity of many WT heme proteins towards carbene transfer to Si-H bonds. Our findings
are aligned to previous observations, where these three states are very close in energy (within 5
kcal/mol), making it impossible to determine which form corresponds to the ground state of the
IPC based solely on the computational results.®: 17 Previous studies on truncated DFT models
indicated that there is no energy barrier for either the N—H insertion and cyclopropanation
reactions, but there is a free energy barrier due to the entropic contribution, corresponding to 9 —

14 kcal/mol %+ 193

One of the advantages of rational design is the ability to modify the primary coordination
sphere. Considering this benefit, the YfeX heme cofactor within the active site was removed and
reconstituted with Co- and Ru-heme cofactors and carbene transfer reactivity studies were
conducted with these two new catalysts. This approach has shown promising results when
implemented with Mb.33-** RuYfeX N—H insertion reactivity in buffer was achieving with a 43%
yield (TON of 433) at pH 7. The N—H insertion of a secondary amine, N-methyl aniline, gave a
somewhat lower yield of 39% compared to aniline. Similar to Mb, the TONs decrease for the
cyclopropanation of styrene upon RuMplIX substitution into YfeX, giving a yield of 20% for
RuYfeX at pH 7, which is comparable to free [Ru""MpIX] and WT Mb and variants. Notably
though, the cyclopropanation activity of RuYfeX is greatly superior to RuMb.>® Styrene
cyclopropanation with RuYfeX delivers a cis to trans ratio of 15 to 85, showing a higher trans
selectivity compared to free [Ru™™pIX], which yields a cis to trans ratio of 38 to 62. CoYfeX can
facilitate carbene transfer reactivity at pH 7 in buffer for the N—H insertion of aniline, albeit only
with 29% yield (with a TON of 292), and for the cyclopropanation of styrene, a very small TON
of only 49 is obtained. Previously, the Fasan group used the CoPpIX-reconstituted Mb(H64V,

V68A) mutant to analyze carbene transfer reactivity.’! Their results show that CoMb(H64V,
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V68A) has a lower reactivity for the N—H insertion than CoYfeX, with 13 % yield (and a TON of
129), but similar styrene cyclopropanation activity with 4 % yield.’! The catalytic activity of
CoYfeX is relatively low compared to both WT YfeX and RuYfeX, and was therefore not further

pursued.

YfeX variants were investigated for biocatalytic carbene transferase reactivity in Chapter
3. Structurally, YfeX contains a buried heme active site with hydrophilic secondary coordination
sphere (SCS) amino acids and an entrance tunnel, where substrates and hydrogen peroxide enter
during native peroxidase reactivity. These attributes make YfeX an ideal starting point for
development of a novel robust carbene transferase catalyst. In order to improve reactivity, the
initial approach taken is to study the effects amino acids in the SCS on carbene insertion reactivity.
This was done by mutating three sites (R232, S234, and D143) to an alanine, a small hydrophobic
amino acid, generating three distinct variants, R232A, S234A, and D143A. Additionally, to probe
the entrance pocket near the active site the 230A variant was also investigated, to probe the effects
of a wider tunnel into the active site.

Initially, the YfeX variant R232A was investigated for N-H insertion reactivity with aniline
giving 75% yield. Substrate scope studies for the N—H insertion reaction using anilines with
electron-withdrawing substituents (4-bromoaniline and 4-trifluoromethylaniline) gives 43% and
51% yields and electron-donating substituents (p-toluidine, p-anisodine) gives 40% and 54%
yields. In contrast, the cyclopropanation reaction demonstrated no enhanced reactivity, but instead,
a slight decrease with 11% yield and 9% yield with 30% MeOH co-solvent. The YfeX variant
1230A was also investigated for N-H insertion reactivity with aniline giving the highest product
yield of 92%. Substrate scope studies for the N—H insertion reaction using anilines with electron-

withdrawing substituent (4-bromoaniline) gives 37% yields and electron-donating substituents (p-
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toluidine, p-anisodine,) gives 44% and 94% yields. In contrast, the cyclopropanation reaction
demonstrated no enhanced reactivity, but instead, a slight decrease with 13% yield and 7% yield
with 30% MeOH co-solvent. Lastly, the YfeX variants S234A and D143 A were investigated for
N-H insertion reactivity with aniline giving the lowest yields (54 and 50%). Similarly, the
cyclopropanation reaction demonstrated no enhanced reactivity, with 9% and 7% yields. In short,
these new mutations give further insight into the effects of the SCS near the active site and the
entrance tunnel that help design the next generation of YfeX carbene transferases.

The results in chapters 2 and 3 demonstrate that rational design is a great tool for the
development of biocatalysts. Although modifications in the primary coordination sphere with
YfeX, by introducing Ru"pIX and CoPpIX, did not enhance carbene transferase reactivity it did
give insight into the complicated electronic effects metal complexes within biological scaffolds.
Modification of the SCS displayed a more promising approach and two YfeX variants, R232A and
1230A, showed enhancing N-H insertion reactivity. Computational analysis gives further insight
into important interactions that occur within the active site and help illustrate nature’s meticulous
efforts in generating highly active enzymes.

In Chapter 4, the electron storage and distribution properties within the pentaheme protein
cytochrome c nitrite reductase (NrfA), from Geobacter lovleyi, were investigated utilizing electron
paramagnetic resonance (EPR) spectroscopy coupled with chemical titration experiments. Initial
work focused on developing a technique to reduce NrfA’s five hemes in a stepwise fashion, and it
was found that the chemical reductant titanium(III) citrate, [ Ti(III)(cit)3], can deliver electrons to
NrfA in defined one-electron steps. Utilizing this new method, combined with detailed EPR
simulations, we identified the EPR-spectral signatures for all five hemes and simulated the data of

as-isolated, fully oxidized (all-ferric) NrfA. We demonstrated that the gmax Hemes 4 and 5 are
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reduced first, hence, indicating that these hemes assist as an electron storage unit for Heme 1, the
active site. The EPR spectrum of fully oxidized NrfA is complex, and there is a lack of any signals
for the high-spin Heme 1. We demonstrate that these unusual observations are caused by exchange
coupling between Hemes 1, 3, and 4, and it is confirmed using EPR simulations. Interestingly,
Heme 3, which sits at the branching point between the active site (Heme 1) and the electron storage
unit (Hemes 4 and 5), with electrons coming in through Heme 2 from external reductants, is the
last heme to be reduced. The reduction potentials of Hemes 2 and 3 are quite similar, allowing
electrons to move between them quickly and “delocalize” in this way. Therefore, it is proposed
that Hemes 2 and 3 serve as a wire that connects the active site and the storage unit to the protein
surface where electrons are delivered. We predict that under turnover and fast external electron
delivery, electrons are brought into Heme 1 via the wire for turnover, while the storage unit remains
reduced. The reduction potentials for each heme were further determined using electrochemical
data and show that they have a relatively narrow +10 (Hemes 4/5) to -226 mV (Heme 3) range
(reduction potentials vs SHE). In short, our data provide strong evidence that the four bis-His

hemes are much more than just a wire that allows for electron transfer to the active site Heme 1.

Heme 3 has a significant function as a gateway between shuttling electrons from Heme 2
to the active site or the storage unit (hemes 4 and 5). To further study the role of Heme 3,2 HIO8M
variant was generated, where the H108 ligand to Heme 3 was changed to a methionine (resembling
a heme c in a typical monoheme Cyt c).!”? In this new NrfA H108M variant, Heme 3 now has the
most positive reduction potential (+48 mV) and becomes the first heme to be reduced. EPR studied
showed that the overall electron transfer machinery of NrfA is greatly modified in this new variant.
The HI08M also has low catalytic activity, and it is probably due to the low potential of Heme 1,

potentially slowing electron transfer to the active site heme due to the reduction of Heme 3 first, which blocks
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the natural electron flow. In this sense, the HI08M NrfA mutant again emphasizes the significance of Heme

3 as the branching point in the electron transfer chain.

The results in chapter 4 give further insight into the complicated mechanism of electron
transport, storage, and distribution in NrfA. We demonstrate that Hemes 1, 3, and 4 have exchange
coupling, not shown previously, that helps explain the complicated fully oxidized NrfA EPR
spectrum. Additionally, to probe the important role of the central Heme 3, the HI08M NrfA variant
was generated. This HI08M variant has a significant impact in the distribution of electrons within
the pentaheme scaffold and decreases the catalytic activity of the enzyme to 3% compared to WT
NrfA. Using this information, we were also able for the first time identified the EPR signals of all
five hemes in the fully oxidized NrfA, which allowed to track electron flow within NrfA.
Furthermore, EPR-spectral simulations were used to elucidate the sequence of heme reduction and
reveal that Hemes 5 and 4 are reduced first (before the active site Heme 1) and can serve the
purpose of an electron storage unit within the protein instead of simply serving as a wire to pass

electrons into Heme 1.

5.2 Future Work

In this thesis I show that YfeX and variants are great carbene insertion biocatalyst with
enhanced N-H insertion reactivity. Unfortunately, YfeX and variants have low product yields for
the cyclopropanation of styrene. Future work will focus in improving YfeX’s capabilities for
cyclopropanation reactivity, specifically by utilizing and expanding on the results presented in
Chapters 2 and 3 in combination with additional computational analysis. The limiting
cyclopropanation reactivity is not due to a lack of carbene intermediate formation, since we see

good N-H insertion reactivity, but instead we propose it is due to a lack of styrene entering the
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active site. Initially it was thought that a deficiency of styrene solubility in aqueous buffer could
contribute to the reduced reactivity, and the addition of organic co-solvents did not increase yields
similar to those for N-H insertion. Therefore, it is proposed that styrene potentially has difficulty
entering the active site or once inside it is not oriented properly in a way to react readily with the
carbene intermediate. To explore this hypothesis, modifications in the SCS with the active site and
near the entrance channel were made to YfeX. So far, none of the four variants investigated show
enhanced cyclopropanation reactivity. Another approach for future work is to explore styrene
cyclopropanation reactivity using styrene substrates with charged para-substituents. Cationic
substrate (4-vinylphenyl) trimethylaminium or anionic substrate 4-styrene sulfonic acid would
help scope any differences in charges (see Figure 5.1). These charged styrene substrates are water

soluble and would allow to investigate their interactions within YfeX active site channel.
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Figure 5.1 Charged styrene substrates (A) (4-vinylphenyl) trimethylaminium and (B) 4-styrene
sulfonic acid.

Recently, Huang and coworkers rationally designed and engineered a variant of nitrophorin
2 (NP2), a nitric oxide transport hemoprotein, that catalyzes olefin cyclopropanation with high
activity and stereoselectivity.!” NP2 protein structure consists of an eight-stranded B-barrel typical

for a lipocalin fold with a hydrophobic active site and contains a wide substrate channel. They
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demonstrated that steric interactions from SCS amino acids near the heme active site have an
important role in reactivity. They therefore designed a triple variant, NP2(L122V/ L132V/I120V),
that is able to facilitate the styrene cyclopropanation reactivity with very high selectivity, (95%de,
93%ee), giving the (1S,25)-isomer, by reducing the size of SCS amino acids while maintaining
the highly hydrophobic active site pocket.!”® Inspired by these interesting results, future work may
investigate the effects of multi-mutations on YfeX . Both YfeX R232A and [230A show improved
N-H insertion reactivity and based on these results, a double mutant YfeX R232A, 1230A would
be a potential target for further investigation. Not only would this double variant enhance the active
site cavity but also change the electrostatic interactions within the active site, and more importantly
it would also modify the substrate channel, by removing I1e230. This double variant could have
promising results for styrene cyclopropanation reactivity.

Furthermore, future work may investigate the effects of a new variant not yet investigated,
for example YfeX F248A. This Phe248 is situated (~3.3 A) above the heme active site and could
potentially block styrene entrance or influence styrene orientation within the active site in a
negative manner (see Figure 5.2). This Phe248 residue could potentially nt-stack with styrene and
prevent a productive orientation for carbene insertion to occur. By removing this Phe248 residue
and replacing it with alanine the active site pocket size would also increase, again potentially
allowing styrene to enter more readily to react with the carbene intermediate. Depending on the
results, this mutation can also be implemented into a multi-mutation YfeX variant. So far, all amino
acid replacements have been done with alanine and, although this is a great starting point, further
investigations can be conducted by replacing these SCS residues with other amino acids. This
approach would initially need to be tested using computational analysis to gain knowledge about

suitable amino acids to introduce. Future work will also focus on characterizing the kinetic profile
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of the different YfeX variants. This can be done similar to the kinetic studies of WT YfeX
presented in Chapter 2, by monitoring the rate of reaction for N-H insertion of aniline with EDA
and for cyclopropanation of styrene with EDA. Overall, these new proposed variants have
potential positive characteristics for cyclopropanation reactivity and could help styrene enter the
active site and react readily with the carbene intermediate. Further computational studies are

underway to model some of the variants and get a better understanding of their interaction.

N

Figure 5.2 PyMOL image of YfeX heme active site highlighting the distance of Phe248 to the
heme active site (PDB code: 2117).

QM/MM modeling has been an essential tool for understanding reaction mechanisms of

different metalloenzymes.!”*'¥! It can be used to further understand the limitations of YfeX for
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cyclopropanation reactivity and hence help modify the active site accordingly to improve
reactivity. As an example, Dim and co-workers used site-directed mutagenesis assisted with
QM/MM modeling to enhance glutamate carboxypeptidase II activity.'®? They show that a single-
point mutation, E424H, had positive effects on enzyme kinetics, via QM/MM, and the mutant was
experimentally characterized to have enhanced reactivity.!®? Furthermore, QM/MM can also be
used to improve selectivity of a specific stereoisomer of product, as shown by Arnold and
coworkers (see Chapter 2).3° This approach can be implemented to help improve stereoselectivity
for N-H insertion or cyclopropanation reactivity to generate pharmaceutics or pharmaceutical
synthons. As seen in Chapter 2, in collaboration with Prof. Chritov lab, we have analyzed the
mechanism of Si—H insertion with dimethylphenylsilane via QM/MM and our calculations
predict that YfeX goes through an open shell singlet (OSS) transition state. In addition, future
computational work can focus on investigating the local environment for the carbene intermediate
reaction center via analysis using steric contour maps, as conducted in Huang S. et al.!”® This
approach helps understand any steric hinderance that occurs during substrate binding or any
interactions that would orientate substrate in an unproductive manner. These proposed
computational studies will help gain further information about the SCS interactions that occur
during cyclopropanation reactivity and would lead the development of the next generation of YfeX
carbene transferase catalysts.

Besides improving YfeX carbene insertion reactivity, via structural modifications, future
work may focus on substrate scope and exploring novel reactivity. As highlighted previously,
YfeX has high N-H insertion reactivity, and this can now be applied to different substates, such as
aniline analogs. As an example, the benzimidazole core structure, a prominent drug synthon for

183-184

antimycobacterial, analgesic, and anti-inflammatory agents, can be potentially
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biosynthesized utilizing YfeX’s N-H insertion reactivity with o-phenylenediamine (see Figure
5.3). Once reactivity and products are confirmed further development can be done with o-
phenylenediamine derivatives to generate other relevant synthons. This similar approach could be
used to produce other pharmaceutical synthons and by specifically taking advantage of YfeX’s

high N-H insertion reactivity.

NH,

H CO,Et
H CO,Et N CO,Et

N/ N/ HN’<\‘
NH, c cZ—H H
: +
NH,

Figure 5.3 Mechanism for the generation of the benzimidazole core structure from a carbene
intermediate that is reacted with o-phenylenediamine.

Chapter 4 focuses on the investigation of electron storage and distribution properties within
the pentaheme scaffold of Geobacter lovieyi cytochrome C nitrite reductase (NrfA). In this project,
I was able to establish a method to sequentially add electrons to the fully oxidized protein and
track electron flow (by using electron paramagnetic resonance (EPR) and UV-Visible
spectroscopy coupled with chemical titration experiments under anaerobic conditions). EPR-
spectral simulations were further used to elucidate the sequence of heme reduction within the
pentaheme scaffold. Ongoing research aims to capture NrfA intermediates to shed further light on
the complicated NrfA mechanism.

The proposed mechanism of NO>™ reduction by NrfA incorporates several different steps
(see Scheme 4.1 in Chapter 4), but direct experimental evidence of these proposed intermediates

is lacking because intermediates have not been trapped and characterized. As a result, our current

163



understanding of the mechanism is mostly based on computational studies (see Section 4.2).185-187

To obtain additional experimental insight, we propose to prepare NrfA in different redox states
using chemical reduction in the presence of nitrite. Reactions will proceed only until they consume
the available electrons, allowing us to trap and characterize any stable intermediates. Since these
intermediates are potentially fleeting, the strategy is to utilize stopped-flow spectroscopy. These
trapped intermediates can then also be studied using EPR spectroscopy.

To implement this approach, it is proposed that NrfA will be reduced with 1 to 5 electrons
at a time chemically (as described in Chapter 4), and the reaction will be initiated by the addition
of NO>". These single-turnover reactions would help generate different types of intermediates as
shown in Figure 5.4, which are based on the computational studies.'®%7 It would be expect that
the {FeNO'S, {FeNO}’, and Fe(II/Ill)-hydroxylamine complexes are stable species, such that
stopped-flow methods will track these reactions and determine the basic kinetics. Analogous
studies to those described above can be performed with the alternate substrates NO and HNOH
to provide additional mechanistic information. The {FeNO}° intermediate can also be obtained by
reacting the fully oxidized form of the enzyme with NO. The {FeNO}’ intermediate can be
captured by reacting the one-electron reduced form of the enzyme with NO. The {FeNHO}?
species can be captured by reacting the two-electron reduced form of the enzyme with NO or one-
electron reduced form of the enzyme with HNO. Lastly, the other intermediates are accessible by
coordinating HoNOH to the fully oxidized and one-electron reduced form of the protein. These

proposed studies will give insight into the complex NrfA mechanism.

164



| —— _
TR N L N + H,O

| 2H* 6
N(Lys) {FeNO}
F ] e
o
TR s Fe(l)-NO*+ H,0
N(Lys) {FeNOY
] e
F o | NO,
C R 22 Fe(l)-NHO + H,0
N(Lys) || {FeNHO}®

D o,
I LN 2 Fe(lll)-NH,OH + H,0
e |

‘ 5H
N(Lys)
] e
F ~ NO,”
C_Fe e 2y Fe(ll)}-NHyOH + H,O
| o | 5/6H
N(Lys) [ -] or: Fe(lll)-NHy + 2H,0

Figure 5.4 Reaction of 1-5 electron-reduced forms of NrfA with NO2". The indicated products are
derived from comparison to other enzymes and DFT computations.

Initial work has focused on developing methods to investigate NrfA via stopped-flow
spectroscopy. Under pseudo-anaerobic conditions a kinetic trace of NrfA reduction is obtained in
the presence of excess reductant. We are able to see that NrfA is fully reduced after 0.6 seconds,
after mixing fully oxidized NrfA with excess reductant in the stopped-flow chamber, generating a
kinetic curve with no further spectral changes after 1 second (see Figure 5.5). From these
preliminary experiments, a rate of reduction can be fitted, and we found that NrfA is fully reduced
under these conditions with a kops = 0.7 (sec™) (see Figure 5.5C). To begin trapping any NrfA
intermediates the next step is to reduce NrfA by one equivalent of reductant at a time under
anaerobic conditions, since once NrfA gets reduced it has been shown to be unstable in an aerobic

environment. Any amounts of molecular oxygen will react with any reduced state of NrfA and
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oxidize it back to its resting state. This major issue of having molecular oxygen around makes it
difficult to do further studies with NrfA even with rapid stopped-flow methodologies. To
investigation this issue, extensive precautions are taken during preparation, including introduction
of anaerobic buffer within the stopped-flow instrument (since it is set up aerobically) and samples
are preparation was done all anaerobically. Unfortunately, even after these precautions are taken
NrfA is still being oxidized once it loaded into the stopped-flow system (see Figure 5.6). In future
work we are planning to use a stopped-flow system stored in an anaerobic environment, in

collaboration with the Ragsdale group, hence preventing molecular oxygen from oxidizing NrfA.
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Figure 5.5 Stopped-flow UV-Vis spectra following NrfA [10uM] reduction with excess dithionite
[S0mM] (A) after 10 seconds and (B) after 1 second. (C) The rate of reduction was calculated
utilizing Origin software exponential fit.
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Figure 5.6 (A) UV-visible spectra of NrfA [10uM] fully reduced with 5 equivalents of Ti(III)
citrate under anaerobic condition before injection into the stopped-flow instrument. (B) The same
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reduced NrfA [10uM] sample after injection into the stopped-flow apparatus, showing the
unwanted oxidation process during injection.

Once these issues are resolved, NrfA intermediates can be studied by Stopped-flow UV-
Vis spectroscopy. If intermediates with sufficient stability are obtained, they can further be
prepared in bulk and then studied using EPR and resonance Raman spectroscopy. Several of the
proposed intermediates are paramagnetic (Fe(II)-NO°, Fe(IlI)-NH>OH and Fe(III)-NH>) and can
be studied with EPR. Resonance Raman spectroscopy, a well-established tool to study the

electronic structures of heme proteins, 83192

can be applied on NrfA. Similar methodologies with
resonance Raman spectroscopy have been previously conducted to obtain vibrational assignments
for ferric porphyrins.!®>'%> In addition, Fe-NO stretching vibrations (in the range of 400-600 cm™
1) have been identified in the spectra of {FeNO'%, {FeNO}’, and {FeNHO}® complexes of

myoglobin, other heme proteins, and model systems.'*® Overall, these proposed experiments will

help further understand NrfA’s complex mechanism.
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