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ABSTRACT
THE SEARCH FOR THE FOUR-ELECTRON REDUCED INTERMEDIATE IN THE

CYTOCHROME C NITRITE REDUCTASE (CCNIR) - CATALYZED REDUCTION OF
NITRITE

by
Victoria Lynn Mandella

The University of Wisconsin-Milwaukee, 2023
Under the Supervision of Professor A. Andrew Pacheco

Although there are many nitrogen species in the nitrogen cycle, nitrite occupies a central
role. Nitrite can either reduce to ammonium or dinitrogen or oxidize to nitrate. Ammonium and
nitrate can be found in the environment; however, problems arise when the accumulation of
these nitrogen species leads to eutrophication in aquatic environments. High ammonium or
nitrate levels in lakes or other bodies of water can lead to the overgrowth of algae, which causes
the blockage of sunlight to different species below the water surface. Imbalance in the ecosystem
is a serious environmental issue that can be addressed by further studying and understanding the
nitrogen cycle. Cytochrome c Nitrite Reductase (ccNiR) is a complex multi-heme respiratory
enzyme, found in the aquatic bacteria Shewanella oneidensis, that catalyzes the reduction of
nitrite to ammonium. Earlier in vitro studies had used the strong reductant methyl viologen
monocation radical (MV/eq) to study the reaction, but under these conditions, no intermediates
accumulate, which leaves the mechanistic steps of the catalysis uncharted. In this study, ccNiR-
mediated nitrite reduction was effected by a variety of weak reductants in place of MV eq. Assays
for hydroxylamine and ammonium formation showed that ammonium was still the only
significant product under these conditions. However, intermediate species in which partially
reduced nitrogenous moieties were bound at the ccNiR active site were now detectable. The

kinetics of intermediate and ammonium formation were monitored by conventional and stopped-



flow UV-Visible Spectroscopy. The results presented herein pave the way to further
characterizing the catalytic intermediates using electron paramagnetic resonance spectroscopy
and time resolved X-ray crystallography. To that end, preliminary crystallographic results

collected at the European X-Ray free-electron laser facility are also presented.
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Figure 1.1

Figure 1.2

Figure 1.3

LIST OF FIGURES

The nitrogen cycle, showing various enzyme-catalyzed
pathways. Purple: Nitrogen fixation (Mo or Fe metal
containing nitrogenase), Red: Dissimilatory nitrite
reduction to ammonium (DNRA) (NaR: Mo containing
nitrate reductase, ccNiR: c-heme containing cytochrome
nitrite reductase), Orange: Assimilatory Ammonification
(NaR: Mo containing nitrate reductase, CsNiR: siroheme
containing nitrite reductase), Green: Denitrification,
Yellow: Anaerobic ammonium oxidation (Anammox),
Light Blue: Nitrification (AMO; ammonium
monooxygenase, HAO: hydroxylamine oxidase).

The homodimeric structure of S. oneidensis ccNiR. Each
protomer contains five heme centers, heme#1l — heme#5.
Electrons enter at Heme #2 (green). Heme# 1 (purple) is the
active site in each protomer. The calcium ion is present twice
in the dimer (left protomer; yellow sphere, right protomer;
gray sphere). B. A closer depiction of the left protomer
showing the substrate entry to Heme #1, and the exit of the
product. The two funnel-like channels were drawn using free
software Caver 3.0.3 plugin in PyMol (PDB 6P73). The
green ball represents the entry of substrate following the path
shown by the dashed black line. The blue ball shows the
possible ammonium product release through the front side of
the tunnel. C. The five ccNiR hemes of one protomer
oriented based on the proximal and distal ligands. The
histidine ligands are shown in blue, while the active site
lysine is represented in yellow. D. A closer view of the S.
oneidensis active site Heme #1 with the three conserved
amino acid residues; H257, R103Q, and Y206F shown in red.
All the hydrogen atoms are represented in green. 8.

Multiple sequence alignments of different ccNiR
homologues. Blue: The conserved amino acid sequence for
the c-heme motif (CXXCH). The lysine (K) residue of the
active site heme is highlighted in yellow. Red: The histidine
residues conserved in the distal site for the heme centers,
which conclude the bis-his ligated heme center. A brown
arc focuses the fixates on a misalignment in the sequence
for the G. lovleyi ccNiR, which contains R122. Green:
Amino acids outside of the active site that are not
structurally or catalytically active, thus far. Red Highlight:
A methionine (M255) in place of the usual tyrosine in G.
lovleyi ccNiR. The function remains unclear. The G. lovleyi
ccNiR also has an arginine (R277) next to the active site
histidine instead of a glutamine residues that is seen in other
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Figure 1.4

Figure 1.5
Figure 1.6

Figure 1.7

Figure 2.1

Figure 2.2

Figure 2.3

Figure 3.1

homologues ®.histidine instead of a glutamine residues that
is seen in other homologues *.

The arrangement with the ccNiR dimer of S. oneidensis.
The protomers are separated by a black dotted line.
Electrons are donated from CymA (shown in brown),
entering through Heme #2. The electrons are then shuttled
to Heme #3, with the predicted pathway of electron transfer
shown in red. Heme #3 (blue), Heme #4 (cyan), and Heme
#5 (orange) are the bis-histidine ligated electron transferring
hemes (six-coordinate).The five-coordinate active site
Heme#1 has the CXXCK motif, containing the Lysine and
an open distal site for substrate binding.257,2%in W.
succinogenes they are Arg-114, Tyr-218, and His-277, and
in S. deleyianum they are Arg-113, Tyr-217, His-282. %
The possible modes of nitrite bound to iron.

The back-bonding interaction between the active site heme
of ccNIR (in the ferrous state) and the physiological
substrate nitrite. The dx; orbital of iron interacts with the
NO-" lowest unoccupied molecular orbital (LUMO) of NO2
, which has an antibonding character with respect to the N-
O bond.®

Cartoon representation of the ccNiR-catalyzed nitrite
reduction path proposed on the basis of experimental and
theoretical data available at the start of the project described
in this thesis.

Large scale (45 L) Shewanella oneidensis culture for high
amount wtccNiR enzyme purification. A carboy used for
this culture was surrounded by water. A thermostat
maintains the constant optimum temperature (30 °C). To
keep the culture aerated and to avoid cell settling, two
fritted sparging tubes inside of the carboy provided
compressed air circulation that continuously agitated the
culture.

SDS-PAGE gel of various samples of purified, wild type ccNiR.
Each lane consists of a sample of purified protein from individual
50 L cultures utilized for crystallography, with a molecular
weight ladder in the left most lane.

The spectrum in red represents the mass spectrum up to 800 m/z.
The spectrum in blue shows the full spectrum up to 150,000 m/z.
Both spectra show a peak around 52,000 -53,000 m/z, which
confirms the mass of a ccNiR protomer. The full spectrum shows
a peak at ~125,000 m/z, which corresponds to the mass of the
ccNiR dimer. This confirms the presence of ccNiR in the sample.
Spectra of the reaction mixtures containing a 1uM ccNiR,
60uM partially reduced Indigo trisulfonate, and 500uM
Nitrite, with a known amount of hydroxylamine at
concentrations ranging from 100-500uM.
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Figure 3.2
Figure 4.1
Figure 4.2

Figure 4.3

Figure 4.4

Figure 5.1
Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

A comparison of the standard curve to the linear fit of the
reaction mixtures.

Spectral trace at 342nm corresponding to the oxidation of
NADH to NAD™ over time.

NADH spectral changes observed over the course of 15
minutes for the 40uM ammonium standard.

Spectral changes observed at t = 0 (red) and t = 450s (blue)
for a solution containing 40uM ammonium standard
solution and also oxidized 13S. Changes in the 340 nm
range correspond to the decrease in absorbance as NADH is
consumed, but for complex mixtures such as this one, it is
advisable to fit the entire spectrum as described in section
4.2.7, rather than a single wavelength, as in Fig. 4.1.

The calibration curve produced from measuring the change
in NADH concentration over time for standards ranging
from 2-80uM ammonium. The linear fit is shown in red.
Spectral changes observed after mixing ~1 uM ccNiR and
500 mM nitrite with 80 UM 13Spr.

Absorbance vs time traces at specific wavelengths obtained
from the Fig. 5.2 data.

Spectral component that was present at t = 0 after mixing ~1
MM ccNiR and 500 mM nitrite with 80 puM 13Spr.

Spectral component that grew in with a half-life of 111 ms
after mixing ~1 pM ccNiR and 500 mM nitrite with 80 uM
13Spr.

Spectral component that grew in with a half-life of 4.8 s
after mixing ~1 UM ccNiR and 500 mM nitrite with 80 uM
13SpR.

Spectral component that grew in ~1 s with 13Sgr at varying
concentrations, ~1 UM ccNiR and 500 mM nitrite.

Rate constant kions for the reactions described in Figure 5.6.(
Linear fit shown as a solid red line.)

Spectra extracted at different timescales from the reaction of
10 uM 14S, 2 uM ccNiR, and 500 mM Nitrite produced
from a UV-visible spectrophotometer run on cycle mode.
Spectral changes observed in the first 20 ms after mixing ~1
UM ccNiR and 500 mM nitrite with 200 uM methyl
viologen monocation radical (MV'eq).

Spectral changes observed between 20 ms and 10 s after
mixing ~1 mM ccNiR and 500 mM nitrite with 200 pM
methyl viologen monocation radical (MV/eq). The dotted red
curves are the fits obtained with the Scheme 4.2 model.
Spectral traces observed after mixing ~1 uM ccNiR and 500
mM nitrite with 200 uM methyl viologen monocation
radical (MVreq). The dotted red curves are the fits obtained
with the Scheme 4.2 model.
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Figure 5.12

Figure 5.13

Figure 5.14

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5
Figure 6.6

UV/Vis absorbance spectrum taken after 30 ms from the
Fig. 5.10 data set. The spectrum shows extensive bis-His
heme reduction.

The fifth spectral component obtained in the fit of the
stopped-flow data presented in Fig. 5.10 with the Scheme
5.2 model. This component appears with a half-life of ~170
ms.

The sixth spectral component obtained in the fit of the
stopped-flow data presented in Fig. 5.10 with the Scheme
5.2 model. This component appears with a half-life of ~6.5
S.

A schematic representation of ccNiR microcrystals flowing
through the injector to be struck by the X-ray beam. A
diffraction pattern is created on the detector and later used
to obtain a crystal structure.

A representation of the catalytic activity of ccNiR
microcrystals. The linear fit is shown in red. The activity of
the crystals increases with increasing crystal number
density.

Crystal preparation viewed in a Neubauer counting
chamber. In addition to crystals, amorphous debris is
present.

SONICC signal of ccNiR microcrystals.

A. Crystal lattice. B. Electron diffraction using Micro-ED.
Diffraction patterns of microcrystals beyond the water ring.
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Scheme 1.1

Scheme 1.2

Scheme 3.1
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Scheme 4.3

LIST OF SCHEMES

Enemark — Feltham notation used to represent iron nitrosyl
species for which the electron distribution is uncertain.
Some of the catalytic steps proposed for the reduction of
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Chapter 1 Introduction

1.1. The importance of nitrogen

Nitrogen is an element that is important to all living things. It is found in animals, plants,
soil, water, and air. Around 78% of the Earth’s atmosphere is nitrogen. It is one of the key
elements in nucleic acids, DNA and RNA, which are present in all living things and form the
genetic blueprint of a lifeform. Organisms need nitrogen to produce amino acids in order to make
proteins necessary for proper function. For example, when a plant is lacking nitrogen, the plant
DNA cannot produce the proteins necessary for the plant cells to grow, and such deficiencies can

have detrimental effects.

As described in the previous paragraph, one of the key roles of nitrogen is in plant
growth. When there is too little nitrogen available to plants, this can lead to a low crop yield,
meaning there is less food to feed all of the lifeforms on the planet. 2 When there are low levels
of nitrogen in soil, farmers tend to add fertilizer to aid in the growth of the plants. There are two
main problems that can arise when fertilizer is overused. There is the effect on soil, as well as the
effect on ground water. An excess of nitrogen in the soil can lead to the plants’ inability to form
strong roots and an overgrowth of biomass, such as stalks and leaves, inhibiting the strength of
the plant. Another issue that occurs due to high nitrogen levels is the poisoning of the animals

that consume the plants. 3.

Overuse of fertilizer can also affect aquatic life. When too much nitrogen is present in
soil, it can leach into nearby bodies of water. This results in the overgrowth of algae into algal
blooms. When algae overgrow, a barrier is created on the surface of the water. Sunlight can no

longer penetrate below the surface, which leads to the decrease of different organisms below the



surface, especially the ones that need sunlight to perform photosynthesis to grow. Alternatively,
when algae die off, microbes in the water decompose them, which in turn, consumes a lot of the
oxygen in the water. Lack of oxygen causes organisms to die, leading to dead zones, which is
especially impactful on bigger organisms such as fish. Fertilizer runoff can also affect animals or
people that drink the water. * Finally, excess nitrogen causes overgrowth of cyanobacteria and
other organisms that are toxic when consumed. For all these reasons, an in depth understanding
of the global nitrogen cycle, which could lead to better use of fertilizer, is critical in order to help

plan for and mitigate changes that could threaten ecological balance.

1.2. What is the nitrogen cycle?

The nitrogen cycle is one of the many important biological cycles on Earth. It is a
cyclical process in which nitrogen interconverts between different species that are distributed in
living and non-living things such as soil, water, plants, animals, and bacteria. Figure 1.1 outlines
the different nitrogen species that make up the nitrogen cycle. Most terrestrial nitrogen is in the
form of dinitrogen (N2). The form of nitrogen that is most directly usable by organisms is
ammonium (NH2*), though nitrate (NO3") is typically more abundant, and plants, bacteria and
fungi can often convert nitrate to ammonium. When fertilizer is used, nitrogen is found as

ammonia (NH3), ammonium nitrate (NH4NO3), or other ammonium salts.

There are five stages to the nitrogen cycle: nitrogen fixation, mineralization, nitrification,
immobilization, and denitrification. This cycle is crucial to biological life and requires balance in
order to conserve ecosystems. Nitrogen fixation is the stage in which atmospheric nitrogen is

transferred from the air to the soil. As previously stated, most of the nitrogen available on Earth
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is present in the atmosphere as dinitrogen. Dinitrogen is a gaseous form of nitrogen that is
unusable to most forms of life. Therefore, the conversion to more usable forms of nitrogen is
very important in the balance of an ecosystem. There are three possible ways for nitrogen
fixation to occur. The first is that lightning must strike the air, causing a reaction between
dinitrogen and oxygen. This reaction will then produce nitric oxide or nitrogen dioxide, which
can then enter to soil by either rainwater or snow. 4. The second way for nitrogen to be fixed is
industrially via the Haber-Bosch process, where high heat and pressure are applied to
atmospheric nitrogen and hydrogen, thus forming ammonia. Ammonia can be further processed
into ammonium nitrate, which is then added to soil. The third, and until recently the most
common, way that nitrogen is fixed is by nitrogen-fixing bacteria living in the soil. Many of
these bacteria get energy from photosynthesis and can convert nitrogen into usable forms for the
plant to absorb through its roots in the soil. Mineralization occurs when either manure is in the
soil or plant materials have decomposed, and nitrogen moves from this organic material into
inorganic nitrogen forms. This process can proceed due to microbes in the soil completing this
conversion. The result of this conversion is ammonia, that upon addition of water, can be
converted into ammonium and used by other plants. Nitrification occurs when the ammonium in
the soil is converted into nitrites and nitrates by some bacteria such as Nitrosomonas sp. Nitrate
is usable by plants and some bacteria and fungi that can convert it back to ammonium.
Furthermore, many plants have a siroheme-based nitrite reductase that converts nitrite to
ammonium like ccNiR does. Immobilization is the fourth stage of the nitrogen cycle and is often
referred to as reverse mineralization. Both plants and microbes need nitrogen species in order to
function. Problems can arise when organic materials that are placed in the soil for decomposition

are limiting in nitrogen, thus increasing the C/N, or carbon to nitrogen ratio. When this ratio is



high, microorganisms that need nitrogen scavenge and store all the inorganic nitrogen in the soil.
The final step of the nitrogen cycle is denitrification, where microbes reduce nitrate in the soil
back to dinitrogen in the atmosphere. This occurs stepwise via nitrite, nitric oxide, and nitrous

oxide.

1.3. The importance of nitrite in the nitrogen cycle

One of the extraordinary points described in the previous section is the interconversion of
nitrogen species by bacteria. Specifically, looking at nitrification, it is known that ammonia can
be converted to nitrite by Nitrosomas, then further converted to nitrate by Nitrobacter.®
Although there are many nitrogen species in the nitrogen cycle, nitrite plays a central role. Nitrite
can undergo reduction to either ammonia or dinitrogen, or oxidization to nitrate, in processes
catalyzed by various biological enzymes. Ammonia and nitrates can be found in the
environment; however, problems can arise when the accumulation of these nitrogen species lead
to eutrophication in aquatic environments. Energy conservation and balancing eutrophication in
the environment, among other things, is of high interest to ecologists and microbiologists.

Biological nitrite reduction can play a pivotal role in this environmental regulation.

The reduction of nitrite can occur in two ways. The first way is by assimilatory nitrite
reduction, where nitrite is reduced to ammonium for incorporation into biomass. This
assimilatory process is found in plants, fungi, and bacteria. Assimilatory nitrite reduction is
catalyzed by either NAD(P)H- or ferredoxin-dependent cytoplasmic siroheme-containing nitrite
reductases (CsNiR). ° The second way in which nitrite can be reduced is by dissimilatory nitrite
reduction. Bacteria are able to carry out dissimilatory nitrite reduction as an anaerobic respiratory

process for which the product can be dinitrogen (respiratory denitrification) or ammonium



(respiratory nitrite ammonification). " & 1° However, during anaerobic respiration, both

dinitrogen and ammonium are never produced concurrently. 1

1.4. Metalloenzymes and their relationship to the nitrogen cycle

Metalloenzymes are fundamental to both assimilatory and dissimilatory processes;
indeed, they are involved in every step of the nitrogen cycle. The first step in respiratory
denitrification is the reduction of nitrite to nitric oxide (NO'), which can either be catalyzed by an
enzyme called cytochrome cds nitrite reductase, or by a copper-containing nitrite reductase.
Another enzyme called NO reductase aids in the reduction of NO- to nitrous oxide (N20), which
is then reduced by N20 reductase to dinitrogen (N2). Nitrite reductases, NO reductase, and N2O
reductase are all metalloenzymes. The complete denitrification process converts the more
reactive nitrogen species, that are universally bioavailable, into dinitrogen. Dinitrogen, as
mentioned previously in this chapter, is the largest terrestrial nitrogen source, but is only able to
be used by a handful of prokaryotes that express the nitrogen-fixing enzyme nitrogenase (NiF).
Nitrogenase is a metalloenzyme that reduces dinitrogen to the reactive nitrogen species
ammonium, making nitrogen bioavailable for non-nitrogen fixing organisms, which are the vast

majority. ©

Although ammonium is directly incorporated into the biomass, nitrate is the main source
of reactive nitrogen in the biosphere, as well as being the less toxic nitrogen species. Nitrate is
converted to nitrite by molybdenum-containing enzymes referred to as Nitrate reductases. Nitrite
can be further converted to ammonium for incorporation into the biomass by either the

assimilatory or dissimilatory nitrite reduction pathway, as described earlier in this section. 12



Cytochrome c nitrite reductase (ccNiR, also called NrfA after the nrfA gene that codes for
it), depicted in Fig. 1.2, is the main enzyme in the dissimilatory nitrite reduction process, which
is also referred to as the nitrite ammonification pathway. Under standard assay conditions in
vitro, ccNiR converts nitrite to ammonium, without the release of any potential toxic
intermediates. Nitrite is not the only in vitro terminal electron acceptor in this reduction process
though. Other nitrogenous molecules, such as nitric oxide and hydroxylamine, can be reduced to
ammonium by ccNiR. Over the past 20 years, various groups have provided interesting results

relating to ccNiR. 1%

The focus of this thesis is to explore the mechanism of the ccNiR-catalyzed reduction of
nitrite to ammonium and examine the possibility of toxic side product formation during nitrite
reduction. As mentioned above, no side products or reaction intermediates are generated in vitro
under standard assay conditions (described below in Section 1.11). However, as will be seen in
Section 1.11, the Pacheco group has, over the past 8 years, shown that transient reaction
intermediates can be detected under weakly reducing conditions. Earlier studies conclusively
identified nitrite-loaded 1-electron and 2-electron reduced intermediates, and also showed that
small quantities of NO- are generated when ccNiR catalyzes reduction of nitrite by very weak
reductants such as ferrocyanide. ¢ 17 This thesis explores the possibility of generating 4-electron
reduced intermediates under conditions that are more weakly reducing than used in the standard
assay but more strongly reducing than used earlier by the Pacheco group. In addition, the thesis
also describes experiments to quantify the amount of ammonium and hydroxylamine generated
during ccNiR-catalyzed reduction of nitrite by weak reductants, where hydroxylamine is a

possible side-product of partial nitrite reduction (Fig. 1.1). The ccNiR used for the studies
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shown in red. All the hydrogen atoms are represented in green. ®.



presented in the upcoming sections was sourced from the bacterium called Shewanella

oneidensis, so a brief introduction to this bacterium is presented in the next section.

1.5. Shewanella Oneidensis MR-1

Shewanella oneidensis is a proteobacterium with highly versatile respiration abilities, as
well as great potential for bioremediation applications, which makes it quite interesting to study.
A Shewanella species was first discovered in putrid butter, along with other forms of bacteria.
After further investigation, it was found that Shewanella is a rod-shaped bacterium with a polar-
type flagella, allowing it to swim around through marine sediment and soil. A single bacterium is
2-3 mm in length, and 0.4-0.7 mm in width. * Originally, Shewanella were classified under the
Achromobacter genus, ** however, they were later reclassified under a new genus name of
Shewanella, after the renowned marine microbiologist, Dr. James M. Shewan. % The species
referred to as S. oneidensis was discovered when a group of scientists were studying the aquatic
life in Lake Oneida. Upon their investigations, they found a large amount of reduced manganese
(Mn?*) with a comparatively lower amount of oxidized manganese (Mn** as MnOy).
Interestingly, this was unexpected due to the natural aeration of the water. After performing
DNA hybridization and 16S rRNA sequencing studies, the evidence presented a new metal-
reducing species that could be classified under Shewanella bacteria. This new species was hamed
Shewanella oneidensis, coined from the lake in which it was discovered. Since S. oneidensis has
a manganese reducing property (due to the high levels of Mn?* found in the water of Lake
Oneida), the suffix MR-1 was added to signify the manganese- or metal-reducing property of the
bacteria. This particular Shewanella species is very adaptable in anaerobic respiration;
specifically, S. oneidensis can reduce a wide variety of inorganic, organic, soluble, and non-

soluble compounds, using them as terminal electron acceptors. Besides reduction of manganese,



these bacteria can reduce, among other compounds, iron, dimethyl sulfoxide, dioxygen, and

uranium during anaerobic respiration. *°

The S. oneidensis MR-1 species was the first in the Shewanella genome to be sequenced.
S. oneidensis contains 39 cytochrome c genes, and 14 of these genes encode for multi-heme
proteins containing at least four hemes. This makes S. oneidensis one of the most prolific
producers of c-type hemes in nature, second only to Geobacter sulfurreducens, that currently
holds the record at 111 cytochrome ¢ encoding genes. Out of these, 73 genes encode for at least
two heme groups per protein. 222 The c-heme count is based on identifying the c-heme
attachment motif, CXXCH, as not all the c-hemes in S. oneidensis (or G. sufurreducens) have
been purified and characterized. The multi-heme enzymes in S. oneidensis and G. sulfurreducens
play essential roles in providing allow organisms with the capability of using a broad range of
substrates for respiration. 2%, The Pacheco group’s main reason for choosing S. oneidensis as a
ccNiR source was it’s ability to readily produce large quantities of the enzyme under both

aerobic and anaerobic conditions.

1.6. Hemes

Hemes are prosthetic groups found in living cells. The roles that they play include
electron transfer, energy metabolism, catalysis, and small molecule transport. 2* A heme contains
a central iron with four nitrogen donor atoms coordinated equatorially from a macrocyclic
porphyrin ligand. Hemes tend to have ligands bound to the iron axial sites. The function of a
variety of heme proteins or enzymes can be correlated with the arrangement of the porphyrin
ring, in conjunction with the axial ligand arrangement. For example, hemes that are involved in
electron transfer are usually six-coordinate, with two amino acid ligands bound to the axial

positions of the iron. 2° 26 Commonly, in electron transfer heme proteins, the amino acid residues

10



will be histidine or methionine. When both the proximal and distal sites are occupied, the heme
is considered to be “closed”. By contrast, a penta-coordinated heme is said to be “open” because
the open distal site allows for substrate binding to occur. In this case, histidine or another residue
is bound in the proximal site, leaving the open site available for small molecules, such as
oxygen, to bind. Generally, the role of a protein with this type of heme structure will be small
molecule transport. In contrast, a closed heme does not necessarily remain closed. The closed
heme can become open when a weakly-held proximal ligand such as water leaves which allows
it to be displaced by a substrate. Once a substrate ligand is bound, oxidoreductase reactions can
occur. 26 Varoius examples of weak distal ligand coordination are demonstrated by Cd1NiR,
bacterial cytochrome ¢ peroxidase, Neuroglobin (Nb), or Cytoglobin. ?’ In these cases, the distal

ligand is often an amino acid from the protein backbone.

The nature of the proximal site ligand is often important in dictating heme reactivity.
CytP450 and NO synthase are examples of enzymes that have hemes containing cysteine amino
acids in the proximal site, whereas peroxidases have histidine, and catalase contains tyrosine. 2
Unusually, CcNiR, the subject of this thesis, has a lysine ligand in the proximal site. ¢ 2° It is
also worth noting that, when looking at nitrite reduction, the nitrite ammonifying ccNiR has the
lysine as the proximal ligand, whereas the NO-producing cd1 type heme (Cd1NiR) has histidine

in the proximal site. ¥

1.7. Cytochromes

Cytochromes are a class of heme proteins involved in electron transport, as well as
oxidation-reduction processes. Cytochromes are quite prevalent in the biosphere as electron
transport proteins. In the process of respiration, cytochromes are among the primary electron

transporting molecules. Cytochromes are very versatile, due to the vast tunability of hemes

11



within the structure, as well as the various oxidation states accessible to iron, which include the
oxidized Fe*", reduced Fe?*, and the possible Fe** forms of iron present in catalytic

intermediates.

Cytochromes were initially classified into groups a-c by entomologist David Keilin. This
classification was based on the differences in the lowest energy absorption band position in the
reduced state of the various heme types. For cytochrome a, the lowest energy band is found at
around 605 nm, in contrast to the lowest energy band absorption of cytochrome b and
cytochrome ¢, which are found at 565 nm and 550 nm, respectively. 3! Subsequently, cytochrome
d was added to the classification, 3! and more recently cytochrome 0*? and cytochrome P450, and
many others have joined the cytochrome family. The spectroscopic properties of cytochromes
correlate with the chemical properties of the heme prosthetic group. This will be further

described in the next section, specifically for the case of cytochrome c.

Nearly 80% of the total outer membrane protein composition in S. oneidensis is
composed of cytochrome ¢ proteins, due to the metal-reducing properties of these proteins. 3
What makes cytochrome c proteins unique is that they contain c-type hemes. Of the various
types of hemes, the c-type heme structure is unique because of the capability of the porphyrin
rings to covalently bind to the protein backbone. This is in contrast to the other hemes, which are
held in place by non-covalent interactions, as well as by the interactions between one, or possibly
both of the iron axial sites with the amino acid residues from the protein backbone. Heme ¢
covalently binds to the protein backbone via two thioether bonds. Moreover, the bond formation
region of the amino acid sequence in the cytochrome ¢ family is specifically encoded by the
motif CXXCH, where C represents the amino acid cysteine, X symbolizes any amino acid

residue, and H is for Histidine. Figure 1.3 compares ccNiR sequences from various bacteria,

12



highlighting their CXXCH sequences. The thioether bonds between the backbone and the c-type
heme are formed by covalent bonding between the sulfur atoms from the two cysteine residues
and the two vinyl groups from the porphyrin ring. The histidine ligand from the CXXCH

sequence binds to one of the axial sites on the heme iron.

Over one hundred years ago, mammalian cytochrome ¢ was discovered, deeply studied, and over
the years became the best characterized among the cytochrome ¢ family. 3 S. oneidensis contains
at least 42 types of possible cytochrome c proteins which were identified based on the number of
CXXCH motifs present in the genome. * Unusually, cytochrome c nitrite reductases, including
the ccNiR found in S. oneidensis, contain a unique motif, CXXCK instead of CXXCH, which is
involved in covalently attaching the active site heme. 3 In prokaryotic cells, the primary function
of cytochrome c¢’s is in respiration and photosynthesis. However, they can also perform other
important roles. For example, in some organisms ccNiR reduces nitrite in response to nitrosative

stresses instead of as part of anaerobic respiration.

In most organisms, the fundamental role of ccNiR is to catalyze nitrite ammonification
during anaerobic respiration. In this process, nitrite is the electron sink in energy transduction.
However, the microaerobic bacteria Campylobacter rectus are unable to survive when nitrite is
the only electron sink, and in this case the role of ccNiR in C. rectus is to reduce nitric oxide to
lower nitrosative stress. Because of this detoxification process, C. rectus bacteria are able to
survive in the human oral cavity and circulatory system. Some results of this adaptation are
periodontal disease, formation of plaque in the arterial walls, and other pathologies. 3" 3 Another

example in which ccNiR’s primary role appears to be nitrosative stress reduction rather than
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Figure 1.3. Multiple sequence alignments of different ccNiR homologues. Blue: The conserved

amino acid sequence for the c-heme motif (CXXCH). The lysine (K) residue of the active site

heme is highlighted in yellow. Red: The histidine residues conserved in the distal site for the

heme centers, which conclude the bis-his ligated heme center. A brown arc focuses the fixates

on a misalignment in the sequence for the G. lovleyi ccNiR, which contains R122. Green:

Amino acids outside of the active site that are not structurally or catalytically active, thus far.

Red Highlight: A methionine (M255) in place of the usual tyrosine in G. lovleyi ccNiR. The

function remains unclear. The G. lovleyi ccNiR also has an arginine (R277) next to the active site

histidine instead of a glutamine residues that is seen in other homologues .

respiration is provided by the Campylobacter jejuni homologue. This homologue contains a

CXXCH active site motif instead of the CXXCK motif seen in most ccNiR homologues, * as a
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result of which it does not readily reduce nitrite. On the other hand, the C. jejuni enzyme still

readily reduces nitric oxide, which is essential in the moderation of nitrosative stress.

1.8. Structure of ccNiR

Cytochrome c nitrite reductase is a stable, soluble, multi-heme respiratory enzyme found
in the periplasm of a variety of gram-negative bacteria. Originally, the first crystal structure of
ccNiR from S. oneidensis was obtained at room temperature using the Laue method (2.59 A PDB
3UBR) %°, however, more recently a low temperature structure was also captured at an even
higher resolution (1.66 A, PDB 6P73). ¢ Both crystal structures revealed that the S. oneidensis
enzyme is structurally similar to the previously characterized ccNiR homologues from Wolinella
succinogenes, “° E. coli, ** Sulfurospirillum deleyianum (1.9 A), *¢ Desulfovibrio desulfuricans, 42

Desulfovibrio vulgaris, * and Haemophilus influenzae. ¢

The S. oneidensis protein is a homodimer, where each protomer contains five c-type
hemes and has a molecular weight around 52.9 kDa. However, the molecular weight of a
protomer can vary from 52-70 kDa depending on the bacterial source. ® ** Four of the hemes,
specifically Heme #2 to Heme #5, are low spin, bis-histidine ligated and covalently attached to
the backbone through the CXXCH sequence that was described in the previous section. In
contrast, the active site heme (Heme #1) is five coordinate, high-spin ferric resting state (Fe3*),
and contains a unique lysine (Lys 123) bound to the proximal site instead of a histidine (Fig.
1.4). % This unusual lysine exemplifies the novel CXXCK motif peculiar to ccNiRs. In addition
to the CXXCK sequence, which is characteristic of most homologues, all cytochrome c nitrite
reductases that have been structurally distinguished have three conserved amino acid active site

residues, argninine, tyrosine, and histidine, that seem to be pivotal for optimal catalytic activity.
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These amino acids may vary in residue number among the homologues; in S. oneidensis ccNiR

the residues are Arg-103, Tyr-206, and His-257.

Electron Pramagnetic Resonance spectroscopy (EPR) is a useful tool for identifying the
arrangement of hemes in ccNiR. The two imidazoles of the histidines in six-coordinate c-hemes
can range from being completely parallel to completely perpendicular to each other (Fig. 1.2c).
In EPR, hemes with perpendicular imidazoles have axial signals, whereas hemes with parallel
imidazoles have rhombic signals, differences that are readily distinguishable in an EPR
spectrum. Thus far, in all ccNiR variants, the imidazole planes in Heme #2 are close to parallel;
however, they are the most parallel in the S. oneidensis homologue. The imidazole planes in
Heme #3 are close to parallel as well, but the imidazole planes in Heme #4 and Heme #5 are

perpendicular. #*

An investigation completed by Page et al. showed that electron transfer can occur
between redox centers provided the distance between the centers is less than 14 A. %6 Thus,
electron shuttling can occur between the ccNiR hemes since the heme centers are closely spaced,
with the Fe-Fe distances being less than 13A. The physiological electron donors appear to shuttle
electrons through Heme #2, then from there electrons can move from heme to heme until they
reach the active site of the same protomer. > %3 Electrons can also move between protomers
because the Heme #5s of the protomers are in close proximity to each other. Therefore, electrons
can exit one protomer, enter the other protomer, and then shuttle through the other protomer’s

hemes to the active site heme (Fig. 1.4). 4

A calcium ion near the active site of ccNiR was first identified by Einsle et.al,

specifically in the S. deleyianum homologue. The calcium ion was found in the X-ray crystal
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Figure 1.4. The arrangement with the ccNiR dimer of S. oneidensis. The protomers are separated
by a black dotted line. Electrons are donated from CymA (shown in brown), entering through
Heme #2. The electrons are then shuttled to Heme #3, with the predicted pathway of electron
transfer shown in red. Heme #3 (blue), Heme #4 (cyan), and Heme #5 (orange) are the bis-histidine
ligated electron transferring hemes (six-coordinate).The five-coordinate active site Heme#1 has
the CXXCK motif, containing the Lysine and an open distal site for substrate binding.257, %2 in
W. succinogenes they are Arg-114, Tyr-218, and His-277, and in S. deleyianum they are Arg-113,

Tyr-217, His-282. 3¢

structure, but later confirmed ICP-MS. 3 To date, with one exception discussed below, the
calcium ion has been found in all structural analyses of ccNiR; however, the role of calcium in
the enzyme catalysis is at present unclear. 4> 4744 Through structural analysis, researchers have
found that the calcium ion is 10.7 A away from the active site. There is a possibility that the

cation may facilitate proton delivery during catalysis.
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The secondary structure motif of ccNiR consists mainly of alpha helices. Upon the end of
the peptide chain, there are four long helices and four short turns. Each protomer contains two
short antiparallel beta sheets, one of which seems to form a funnel-like structure that is found
relatively close to the active site, promoting substrate entry. Einsle et al, named two helices h22
and h25, which help to form the dimer interface. The helix h25 directly interacts with the second
protomer. The dimer forms upon interactions between approximately 28 amino acid residues
along a distance of 42 A. This stretch is around 8.5% of the total available surface area of a

protomer (Fig. 1.2). %

1.9. Atypical nitrite ammonifying enzymes

Contrary to ccNiR found in S. oneidensis that contains a five c-type heme protomer, there
are a few structural variations that have been observed in other bacterial strains. For example, in
Thialkalivibrio nitratireducens and Thialkalivibrio paradoxus, which are characterized from the
Thialkalivibrio species, ccNiR is homohexameric. In these strains, a single protomer consists of
eight hemes and has two domains. Three hemes are conserved in the N-terminal domain with a
unique fold, while the other five hemes are in the C-terminal domain in the usual pattern
observed in S. oneidensis. The Thialkalivibrio pentaheme sequence only shows about 20%
similarity to the sequence in the S. oneidensis domain; however, the main catalytic amino acid
residues, calcium metal-binding site, and lysine bound in the proximal axial site are homologous.
The T. nitratireducens ccNiR (referred to as TVNIR) is also different than S.oneidensis in the fact
that there is a covalent modification between the amino acids Tyrosine-331 and Cysteine-333. %°

Another difference can be seen in the substrate entry and product exit channels, %% 5!
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The Desulfovibirio desulfuricans ccNiR displays similar activity to that seen in the
S.oneidensis ccNiR; however, there are some structural differences. The D. desulfuricans
homologue is a NrfA:NrfH adduct (as previously stated, ccNiR is also referred to as NrfA).
Therefore, with this adduct, for every five hemes of NrfA, there will be four hemes from NrfH,
making the D. desulfuricans a nine-heme ccNiR enzyme. NrfH is the electron donor for the D.
desulfuricans ccNiR instead of CymA, which is the electron donor for ccNiR in S.oneidensis.
The difference between these two homologues is that ccNiR can be purified without CymA from
S.oneidensis, whereas the D. desulfuricans ccNiR structurally depends on NrfH. This homologue

will be discussed more in depth in Chapter 2 of this thesis. 42

A recent crystal structure of ccNiR from Geobacter lovleyi (2.55 A resolution, PDB
6VOA) showed an interesting result in that the calcium ion normally found in the active site was
not present. The structure revealed that the amino acid residue Arginine-277 provides the
electrostatic stability and hydrogen-bond network that the calcium ion usually supports in the
active site. Even with this modification, the ccNiR from G. lovleyi still displays similar catalytic

properties to the other ccNiR homologues.

1.10. The bioenergetics of nitrite ammonification

Nitrite is the main electron acceptor during the ccNiR-catalyzed anaerobic respiration
process, while formate is the electron donor, with NAD*/NADH mediating the transport of
electrons. This process is not simple by any means because there are many reactions occurring at
once. Nitrite reduction is not the only ammonification process that occurs. Ammonification also
takes place because of nitrogenous oxidative stress due to high amounts of nitric oxide,

hydroxylamine, and o-methyl hydroxylamine. In order to decrease this type of stress, these
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stressor molecules must be reduced to ammonium. Sequentially, ccNiR can also mediate the

reduction of sulfite to sulfide, helping to bridge the sulfur and nitrogen cycles. & 39 40.47.52,53

In the previous section, CymA was cited for its role in supplying electrons to the S.
oneidensis ccNiR during the anaerobic respiration process, in contrast to D. desulfuricans which
has NrfH as an electron donor. This variation in physiological electron donors is dependent on
the bacterial source. The 9, €, and y-proteobacteria have different electron transport proteins that
directly administer electrons to Heme #2 in ccNiR. Heme #2 is the physiological entry point for
electrons. *:5* S, oneidensis is a y-proteobacterium, therefore electrons are supplied by
Cytoplasmic Membrane Protein A or CymA. CymA is an electron transport protein that is
anchored to the inner membrane with a molecular weight of ~21 kDa (Fig. 1.4). Along with S.
oneidensis, E.coli is a y-proteobacterium, however instead of CymA, the electron source is NrfB,

which is a periplasmic pentaheme protein with a similar molecular weight to CymA. 4%

The structures of the S. oneidensis and E.coli homologues are quite similar, with the main
difference between them being in the protein surface surrounding the electron entry point of
Heme #2 (Fig. 1.4). This makes sense given the difference in electron donors for the two
homologues, and results in rather interesting electrochemical effects on the enzyme. ¢ Another
electron donor found in other homologues of ccNiR is NrfH, which is a cytoplasmic membrane-
anchored protein with a molecular weight of ~20 kDa. This is the electron source for the ¢-
proteobacterium W. succinogenes, 1 4056 and for the two §-proteobacteria D.desulfuricans, 42

and D. vulgaris. 457

In S. oneidensis, the CymA protein is fixed in the inner membrane and can distribute

electrons to various periplasmic reductase proteins. Upon mutating CymA, ccNiR activity,
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fumarate to succinate conversion, as well as DMSO to dimethyl sulfide conversion would all be
affected. CymA mediates a complex electron transport system. The Cytochrome Periplasmic
Metal Reducing Proteins MtrA and Mtr B work in this complex with the outer membrane protein
MtrC to facilitate the respiratory extracellular reduction of insoluble metals such as manganese

dioxide. %8

The respiratory enzyme fumarate reductase (FccA) also has an essential role in the S.
oneidensis electron transport system. FccA is a soluble, monomeric protein responsible for the
reduction of fumarate to succinate upon the supply of electrons from CymA. In S. oneidensis,
FccA has additional roles that are not seen in other organisms. For example, FcCA seems to also
store electrons, taking on a role as an intermediate electron acceptor when a terminal electron

acceptor is not present. >

1.11. CcNiR reaction mechanism

1.11.1. Overview

The ccNiR-mediated nitrite ammonification pathway involves the transfer of six electrons
and eight protons in proton-coupled electron transfers (PCETS) at the ccNiR active site heme
center. The complexity of this respiratory process has captured the interest of many researchers
over time. The standard assay used for in vitro studies of ccNiR utilizes methyl viologen
monocation radical (MVyeq, E° = - 0.449 V vs. SHE) as a strong reductant to facilitate nitrite
reduction. The result of this assay is ammonium product, without any detectable enzyme
intermediates or other nitrogenous products. 3¢ 37410 The absence of any intermediates
correlates with the prediction that each reduction step increases the protonation affinity, thus

increasing the affinity for the next reduction step. *° Scientific researchers soon became skeptical
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of the nonappearance of intermediates and speculated that nitrogenous species such as nitric
oxide and/or hydroxylamine bound to the iron of the heme active site might in fact be catalytic
intermediates, which could be detected under the right conditions. This hypothesis was supported
by the observation that both nitric oxide and hydroxylamine can act as substrates in the standard
assay. 3414245 More recently, the Pacheco group has demonstrated that during the ccNiR-
catalyzed nitrite reduction process, putative intermediates can be trapped and studied under more
weakly reducing conditions than those used in the methyl viologen standard assay. 2% 48 4°
Milwaukee, W1, 2019., 61 These experimental results, together with crystallographic and computational
studies of ccNiR have provided a progressively more complete understanding of the enzyme’s
mechanism. The upcoming sections describes the mechanism that has been proposed based on

the computational and experimental results.

1.11.2. Structural and computational analyses of the ccNiR mechanism

1.11.2.1. The resting enzyme and nitrite activation at the active site.

Early on, spectroscopic evidence suggested that the resting state of ccNiR was a ferric
iron with either no distal ligand, or a water or hydroxide bound at the distal site, depending on
the protonation state of the active site conserved histidine residue. *> %2 More recently, the
resting-state of ccNiR was observed crystallographically to have a variety of ligands occupying
the distal position of Heme #1.22 The S. oneidensis and E. coli homologues were crystallized
with water or hydroxide in the distal position, 1® 4! whereas the crystal structure of W.
succiogenes and S. deleyianum displayed a sulfate instead. * The crystal structure of W.
succiogenes was also studied in the presence of the substrate nitrite, as well as the putative

transient reaction intermediate, hydroxylamine. * In-depth computational studies were
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completed by Bykov and Neese in which experimental structures were used as the basis of their

calculations. #3% These studies will be further addressed in the following sections.

The resting state of the enzyme was first modeled by the Neese group. The active site
displayed water at the distal site of a ferric heme with a calculated bond distance of 2.106 A
between the iron of the heme and the oxygen of the water molecule. %3 % This calculation agreed
well with the experimental structure that presented a 2.1 A distance. *> Contrary to the density
functional method used in the calculations, EPR evidence suggests that the active site is high
spin instead of low spin. “+ %7 This discrepancy between the theoretical and experimental results
is due to the DFT method overestimating the stability of low spin states. % Although there are
limitations, the calculations are still valuable in comparative studies. The calculations give
evidence that water weakly binds in both the ferric and ferrous states, with binding energies of -
5.6 kcal/mol and -10.8 kcal/mol, respectively. Also, during reduction, the bond length between

iron and oxygen increases from 2.106 A to 2.134 A.

The ccNIR catalytic mechanism is proposed to be a multi-step process. This process
begins upon the binding of nitrite to the distal position of the active site heme (Heme #1). In
principle, nitrite can bind to iron through either a nitrogen or oxygen donor atom, since nitrite is
an ambidentate ligand. The result would be a nitro form in the case of the metal-nitrogen bond
formation, or a nitrito form in the case of metal-oxygen bonding (Fig. 1.5). The 2002 structure of
ccNiR from W. succinogenes presented the nitro isomer. *° The theoretical calculations by Bykov
and Neese support the structural representation of the W. succinogenes homologue because the

metal-oxygen bonding was predicted to be 4 kcal/mol less favorable than
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Figure 1.5. The possible modes of nitrite bound to iron.

metal-nitrogen bonding. % These calculations suggest that the proximal lysine ligand in the
active site contributes to the stabilization of the iron-nitrogen bond formation. Furthermore, the
positively charged amino acid residues in the active site pocket interact with the oxygen atoms of
the nitrite ligand, in the case of the nitro form. 4> 3% For example, in the S.oneidensis
homologue, His-257 and Arg-103 are the positively charged amino acids that help to stabilize the
nitro isomer. ®° These residues form an electropositive environment that helps to fine-tune the
iron-nitrite backbone for optimization of the consecutive PCET reactions, which will be

discussed further in this section.
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Figure 1.6. The back-bonding interaction between the active site heme of ccNiR (in the ferrous

e

state) and the physiological substrate nitrite. The dx; orbital of iron interacts with the NO2™ lowest
unoccupied molecular orbital (LUMO) of NO2", which has an antibonding character with respect

to the N-O bond. ©.

Bykov and Neese implemented density functional theory (DFT) to study the energetics
and kinetics of the initial stages of nitrite reduction. The low-lying d-orbital of Fe'' and the
lowest unoccupied molecular orbital of nitrite interact to form the Fe'' NO, complex. DFT
calculations predicted that the nitro isomer becomes significantly stronger when nitrite is loaded
on to a reduced ferrous active site. This prediction is supported by the p-backbonding that occurs
when the electron density from the reduced iron is pushed into nitrite, which has p-antibonding
with respect to the N — O bond (Fig. 1.6). As a result, the Fe'' — N bond length decreases to
1.877 A. By contrast, the Fe — O bond distance (between Heme #1 iron and water) in the aquo
complex lengthens from 2.106 A to 2.134 A during the reduction of the hemes, which
consequently facilitates the replacement of water by nitrite under a driving force calculated to be
-39 kcal/mol. ® The shortening of the Fe'' — N bond leads to the simultaneous weaking of the N —
O bond in the nitrite ligand, as it adds electron density to the antibonding orbital. The nitrite N —

O bond elongates, which facilitates the heterolytic cleavage of one of the N — O bonds. 4> 63 65 68
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However, this catalytic process becomes more intricate because the N — O bond cleavage is

dependent on the protonation capabilities of the active site residues.

1.11.2.2. The Possible Pathways for the First N—O Bond Cleavage

The theoretical investigation by the Neese group included the role of the three conserved
active site residues mentioned previously. The theory is that the residues help mediate the first N
— O bond cleavage. Based on the pKas of the free amino acids, at physiological pH, Tyrosine and
Arginine will have protonated side chains because the pKa values are 10.1 and 12.5, respectively.
The pKa of the imidazole side chain of Histidine is 6, therefore it can be protonated or
deprotonated due to the close proximity to the physiological level. Based on the study performed
by Bykov and Neese, there are two possible pathways of N — O bond cleavage, either under the

conditions where His is protonated, or where His is deprotonated. 6% 6°

Under the condition where His is protonated, the idea that Tyr was a proton donor leading
to HONO formation was negated because the Fe(HONO) adduct is unstable. The Fe(HONO)
adduct is stable when either Arg or His act as the proton donor. However, the protonation by His
is more energetically feasible, having a AG = +4.9 kcal/mol, whereas the proton transfer by Arg
is more endergonic (AG = +17.7 kcal/mol). The calculations concluded that the transition state
energy in this proton transfer step via His is +5.5 kcal/mol. The proton transfer by His is still
predicted to be endergonic; however, if the Fe(HONO) is continually removed by the subsequent

reactions, this process will be manageable.

The N — O bond will be cleaved upon the second proton transfer to the Fe(HONO)
adduct. There are three possibilities of where this proton will come from; however, for His to be

a possible donor, the side chain must be re-protonated first. When investigated computationally,
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the second proton transfer event was shown to be highly endergonic. Kinetic studies have shown
that the rate limiting-step of this event should stay beneath +15.2 kcal/mol. Bykov and Neese
calculated that His could be re-protonated if the Fe(HONO) adduct temporarily rotated towards
Tyr with an energy cost of +4.2 kcal/mol. Given the rotation of the Fe(HONQO) complex and the
re-protonation of His (+7.9 kcal/mol), the proton transfer event and the subsequent release of the
water molecule from Fe(H2ONO) would cost +12.1 kcal/mol energetically. This compares
favorably with the expected experimental value, making the mechanistic pathway quite
plausible. By contrast, protonation by Arg or Tyr have activation barriers of +24.4 kcal/mol and
+37.5 kcal/mol, respectively. These values greatly exceed the experimental Kinetic barrier,
proving that His is the more favorable proton donor. 4”5 After the second PT, the water

molecule would dissociate and as a result, an{Fe(NO)}® intermediate would form.

There is strong crystallographic evidence that supports the theoretical conclusions of
Bykov and Neese. > %° In the crystal structure of nitrite-loaded ccNiR, the active site Arg is 2.8
A away from the second oxygen atom of nitrite; however, the active site His is 2.6 A away from
one of the oxygen atoms, making it slightly closer in proximity. Bykov and Neese calculated the
hydrogen bonding distance between nitrite and His to be 1.56 A and the two H-bonding
interactions with Arg to be 2.67 A and 2.30 A. %563 The crystal structure with hydroxylamine in
the distal site shows that the hydrogen bond between His and oxygen is now missing, but there is
a hydrogen bond interaction between Arg and hydroxylamine oxygen (3.0 A). This suggests that

the oxygen from nitrite that was interacting with the protonated His was cleaved.

The analyses described thus far assumed that the active site His started out protonated.
Alternatively, if the active site His started out in a deprotonated form, presumably at high pH,

then the predicted proton transfer events would be different. There are still three possible ways
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that the first protonation could occur. The most thermodynamically unfavorable proton transfer
events would occur if either a Tyr or neutral His performed the first proton transfer. The most
probable amino acid for the first protonation is thus Arg. The activation energy for this proton
transfer is +16.7 kcal/mol, which is still within the range required by the experimental value.
Another idea that was presented is that the protonation occurs from a water molecule in the
active site with similar energy to the proton transfer from Arg. Under high pH conditions, the
second proton transfer could occur via Tyr or Arg. However, in the case of Tyr, the reaction
enthalpy is +19.2 kcal/mol and the transition state energy is +31.1 kcal/mol, which greatly
exceeds the experimental barrier value. The most promising is the pathway in which Arg is re-
protonated in an exothermic process with an energy of -13 kcal/mol, but must overcome an
activation barrier of +14.1 kcal/mol. The key idea is that this catalytic process can occur under

varying pH conditions with great adaptability.

1.11.2.3. Heme iron-nitrosyl intermediates and the second N — O bond cleavage

In an extensive computational study, the Neese group analyzed the reduction steps that
take place after the cleavage of the first N — O bond. The study spans two detailed articles %
and a review. ® These investigations analyzed not only the changes that occur at the active site
heme, but also the protonation states of the three active site amino acid residues and how these
changes contribute to the enzymatic catalysis. This section summarizes the main analyses using a
modified version of the shorthand key used in various papers by Bykov and Neese. Specifically,
changes to the protonation states of each of the conserved amino acid residues will be signified

by the one letter amino acid code with either an H or a 0 as a subscript (Schemel.2).
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Following the hydrolysis and cleavage of the N — O bond, the nitrosyl intermediate
{Fen1(NO)}® is formed. The Enemark-Feltham notation is used to describe the various
intermediates that form during the reduction process (Scheme 1.1). ° During catalysis,

{Fen1(NO)}® is reduced to {Fer1(NO)}’ under conditions predicted to by highly exergonic. %

{Fe(NO)}¢ = [Fe!l(NO*) <> Fe'(NO")]
{Fe(NO)}’ = [Fe!l(NO") < Fe(NO7)]

Scheme 1.1. Enemark — Feltham notation used to represent iron nitrosyl species for which the

electron distribution is uncertain.

This reduction process was confirmed in recent experiments performed by the Pacheco group. %
17 Next, a proton-coupled electron transfer occurs resulting in the switch from {Fen1(NO)} to
{Fen1(HNO)}2. In the {Fen1(NO)}’ state, Tyr and Arg are protonated, while His remains
deprotonated. The {Fen1(NO)}’ intermediate sits at an energetic minimum but PCET to form the
{Fen1(HNO)}® intermediate can occur in a thermoneutral process with a 6.5 kcal/mol activation
barrier (Step 2, Scheme 1.2). % The re-protonation of the active site residues is crucial during
catalysis because as the residues re-protonate, there is an increase in positive charge which leads
to elongation of the N — O bond. This is due to the influence that the positive charge surrounding

the active site residues has on the electron density from iron in the heme.

Reduction of {Fen1(HNO)}2 can only occur if it is coupled to proton transfer, or else the
sole reduction is exceedingly endergonic. Bykov and Neese present calculations suggesting that,
before PCET can occur, there is a rate-limiting step involving the protonation of the active site

His (+12.9 kcal/mol, Scheme 1.2). %® The reduction of {Fen1(HNO)}® results in two energetically
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"
{Fe,.,(HNO)¥ YR, H, _;ow_> {Fe,,(HNO)}’ v,Rr. H, )
H‘re ” .
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. H', e ;
[Fe",,H,NO] Y.R, H, A , [Fe,H,NOH] v,Rr, H, -
"
[Fe',,H,NOH] v,R. H, ASI—> [Fe',,H,NOH] v,R, H, )
ow

[Fe' . HNOH]v.rRH, — > [Fe' H.NTv.RH +HO @

[Fe"H1H2N+] YuRu H, ¥> [Fe”H1H2N] Y,.R, H, (8)
e

[Fe' HN]vRH — ————  [Fe' HN]v.RH, -
H' e

[FeIIH1H2N] YuRy H, ApCET—> [FemmHaN] Y.R. H, (10)

Scheme 1.2. Some of the catalytic steps proposed for the reduction of nitrite to ammonia at the
ccNiR active site, based on computational analysis. -5 7© The heme-bound nitrosyl species are
represented by their Enemark-Feltham notations (Scheme 1.1). When present in protonated form,
the catalytically important conserved active site amino acids are labeled as follows (using S.
oneidensis numbering): Yn, Tyr-206; Rn, Arg-103; Hu, His-257; and Ho-where His-257 is not in
a protonated form. This shorthand is adapted from that used by Bykov and Neese, % but with some

modifications. PCET: Proton Coupled Electron Transfer.
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plausible intermediate products: [Feni"H2NO'] and [Feni"H2NOH]. The [Feri"H2NO']
intermediate, shown in Step 4 of Scheme 1.2, correlates nicely with the experimental results of
the Pacheco group. ?° Step 5 of Scheme 1.2 represents the sequential protonation and reduction of
[Fen1H2NO'] to generate the hydroxylamine bound intermediate. Both these intermediates have
the nitrogenous species bound to a ferrous heme. This factor must be distinguished in light of the

final catalytic step described in the next paragraph.

The last step of the proposed catalytic cycle is the reduction of the hydroxylamine bound
intermediate to ammonium. The computational studies®® and the experimental analysis
completed by the Pacheco lab offer evidence that this stage is quite energetically expensive. The
computational results by Neese suggest that the rate limiting step is the dehydration of
hydroxylamine. The pathway requires the active site His to be re-protonated at an energy
expenditure of 5 kcal/mol (Step 6, Scheme 1.2). The protonation of the His is followed by the
proton transfer to the oxygen of hydroxylamine, then the dehydration (Step 7, Scheme 1.2)
occurs. These consecutive events have an endergonic cost of 9.0 kcal/mol and an activation
barrier of 12.2 kcal/mol. % Two experimental results from the Pacheco group support this set of
events being rate limiting at pH 7.0. First, the rate constants for nitrite and hydroxylamine
reduction by MVreq (in electrons transferred per second) are the same. %° Second, hydroxylamine
can be oxidized but not reduced by resting ccNiR, despite the fact that the reductive step is more
thermodynamically favorable. 2° The fact that ccNiR is incapable of catalyzing hydroxylamine
disproportionation, despite a strong thermodynamic driving force, also argues for a kinetic

barrier to hydroxylamine reduction. 2

After the hydroxylamine is dehydrated, the following reaction steps are very exergonic.

Steps 8-10 in Scheme 1.2 are representative of a potential set of subsequent reactions leading to
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heme-bound ammonia. In the computational analysis, the final nitrogenous product is
presumably ammonia bound to ferric heme, meaning that somewhere in the process, the heme
must re-oxidize with ammonia still bound. The dissociation of ammonia is dependent upon the
rate at which the iron switches from a low-spin to a high-spin ferric. As the Fe""' — N bond
lengthens, the low-spin state energy increases but the high-spin state one decreases, thus the
activation barrier for the dissociation coincides with the intersection between the potential energy
surfaces of the low-spin state and high-spin state. % Although His provides the lowest energy
pathway to the dehydration of hydroxylamine, calculations by Bykov and Neese show that the
protonation by Tyr is advantageous as well given that Tyrosine appears to play an important role

for hydroxylamine reduction. %

1.12. Possible roles for the Ca?* ion

A calcium ion close to the active site was first noted by Einsle, et.al. in a X-ray
crystallographic study of the ccNiR homologue from S. deleyianum. The presence of calcium
was later confirmed by inductively coupled plasma mass spectrometry (ICP-MS). % The calcium
ion has been found in every structural characterization completed for ccNiR homologues, 4> 47
with the exception of the G. lovlei homologue. "* The role of the ion in enzyme catalysis is still
ambiguous. This Ca?* is found 10.7 A in distance to the active site, advocating for the hypothesis
that the ion may indirectly facilitate proton delivery at the time of catalysis. The theory is that the
calcium ion stabilizes hydroxide that forms during the protonation of the nitrogenous
intermediates in PCET. % Another possibility is that hydrogen bonding can occur between Ca?*
and the three conserved amino acids in the active site. This would provide stability and a positive

electrostatic potential to help facilitate the substrate entry of nitrite to the active site. 4>
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1.13. Detection of catalytic intermediates under weakly reducing conditions

1.13.1. Detection of high potential intermediates

For the Pacheco group, the first hint that catalytic intermediates between nitrite and
ammonia might be observable under the right conditions came from comparison of protein film
voltammetry (PFV) and spectropotentiometry experiments. In PFV experiments, no significant
catalytic current was observed at potentials higher than -120mV vs SHE, #8061 and yet, heme 1
ligated with the strong field ligand cyanide could be reduced at +20 mV vs SHE. ** As nitrite is
also a strong field ligand, it seemed possible that nitrite-loaded heme 1 would be reducible at
potentials above those needed to fully reduce nitrite to ammonia, thus trapping one or more
intermediates. This conjecture was later verified in studies that trapped the 2-electron reduced
{Fen1NO}’ intermediate, 16 and detected a transient [Fena''(NO2)] intermediate. *” Notably, in the
spectropotentiometry experiments, [Fena'"'(NO2")] was reduced to {Fen1NO}’ in a single
concerted step with a midpoint potential of +246 mV vs SHE at pH 7.0, 6 which is 220 mV
higher than the reported midpoint potential of the cyanide-bound active site, and over 350 mV
greater than the potential at which the onset of catalysis was observed in PFV experiments. 48 6
These results show that {Fen1(NO)} is in fact a trappable putative intermediate that forms in the
nitrite reduction process catalyzed by ccNiR. The accumulation of this moiety is dependent on
the applied potential. At lower applied potentials, such are generated in the presence of MVRred (-
449mV vs SHE), rapid reduction occurs without intermediates; however, at higher potentials,
catalytic ammonia formation appears to be kinetically slow, allowing intermediates to
accumulate. These observations formed the basis for the Pacheco group’s continuing studies of
ccNiR-catalyzed reduction of nitrite by a variety of reducing agents of varying potency, with the

intention of fine-tuning the applied potential to find other trappable intermediates.

33



1.13.2. Detection of lower potential ferrous nitrosyl intermediates

In the experiments mentioned in the previous section, the reaction of nitrite-loaded ccNiR
by the weak reductant TMPD was studied by stopped-flow and UV-Vis spectropotentiometry
and resulted in the observable generation of the transient intermediate Fen:'"(NO2") and the
longer lived intermediate {Fen1(NO)}’. %17 Dr. Shahid of the Pacheco group also found that
under steady-state conditions, ccNiR catalyzed the slow one-electron reduction of nitrite to nitric
oxide by the weak reductant TMPD. Kinetic analysis provided good evidence that the nitric
oxide is released from {Fen1(NO)}®, though this species is not detected, but also from
{Fen1(NO)} at a much slower rate. '’ In model complexes, the {Fe (NO)}® moiety is usually

more labile than {Fe (NO)}'. 2

In the computational studies performed by Bykov and Neese, they identify various steps
in the ccNiR catalyzed nitrite reduction, suggesting that other moieties besides {Fen1(NO)}’
might be experimentally trappable under the right conditions. This was further discussed in a
recent report from the Pacheco group. ¢ Evidence of a second intermediate accumulating at
applied potentials between -80 mV vs SHE and -120 mV vs SHE was presented in preliminary
UV-vis spectropotentiometric studies, ** This was supported by the results from rapid-mixing
experiments performed with hydroxylamine and ccNiR. 2° Upon mixing ccNiR with excess
amounts of hydroxylamine in varying concentrations (1L0mM-300mM), UV-visible stopped-flow
experimental results showed that ccNiR is reduced in a triphasic exponential process. A
supplemental experiment using the rapid freeze-quench technique gave evidence that a radical
species builds up within 100 ms of mixing and then decays; however, the concentration never
reaches zero. An EPR analysis performed by the Pacheco group suggests that this intermediate is

likely to be the [Fen1"H2NO-] moiety that was presented in studies by Bykov and Neese shown
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in Step 4 and 5, Scheme 1.2. ?° % The stopped-flow and rapid freeze-quench EPR experiments
both reveal that within 10s of mixing ccNiR and hydroxylamine, the electrons are transferred
from hydroxylamine to the ccNiR heme pool, generating an equilibrium mixture of partially
reduced nitrosylated ccNiR putative intermediates. 2 The use of reducing agents that are more
powerful than TMPD but weaker than MV g, such as reduced indigo trisulfonate (13Sreqd), may
generate one or more catalytic intermediates, tentatively assigned as four-electron reduced, and

possibly the three-electron reduced ccNiR moieties.

1.14. Specific objectives of this thesis

Our understanding of the ccNiR reaction mechanism is summarized in Figure 1.7. This
schematic is based on the theoretical and experimental evidence reviewed in Section 1.13. The
Pacheco group proposes that the rate-limiting step for ccNiR-catalyzed reduction of nitrite to
ammonia is the final 2-electron reduction of a Heme #1-bound hydroxylamine equivalent
(specifically, Steps 6 and 7 in Scheme 1.2). A strong reducing agent, such as MV, is capable of
overcoming this activation barrier, whereas weaker reductants may allow the accumulation of
partially reduced nitrosylated ccNiR moieties. This hypothesis is supported by the fact that the
keat Values (measured in electrons transferred per second) are the same for nitrite and

hydroxylamine reduction to ammonium in the presence of MVreq. &

Chapter 2 of this thesis provides an in depth description of the growth of S.oneidensis, the
purification of ccNiR from the bacteria, the identification and quantification of ccNiR, and the
steady-state kinetics of the ccNiR-catalyzed reduction of nitrite under standard assay conditions.
Chapter 3 describes assays aimed at detecting any hydroxylamine that might form as a side

product under weakly reducing conditions, while the study presented in Chapter 4 is aimed at
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Figure 1.7. Cartoon representation of the ccNiR-catalyzed nitrite reduction path proposed based

on experimental and theoretical data available at the start of the project described in this thesis.

quantifying the amount of ammonium formed from ccNiR-catalyzed reduction of nitrite by the
weak reductants reduced indigo trisulfonate (13Sred), reduced indigo tetrasulfonate (I14Sreq) and
hexaammineruthenium(l1) (Ru"). The quantification of ammonium under these conditions not
only helps to put a limit on side product formation, but also gives further indication that putative
ccNiR intermediates form in the reduction process. Chapter 5 describes the search for the
putative four-electron reduced ccNiR intermediate using UV-Vis stopped-flow techniques. In
these experiments, 13Sred and 14Sreq are the weak reductants used to reduce nitrite-loaded ccNIR.
In addition though, Chapter 5 also presents a stopped-flow study in which nitrite-loaded ccNiR is
reduced by MVreq. This study shows that even when MV q is used, enzymatic intermediates with
nitrogen moieties in the active site are detectable after the MV eq has been consumed, and these
moieties are comparatively long-lived. Finally, Chapter 6 presents preliminary studies that have

as a long-term goal the investigation of the two-electron reduced ccNiR intermediate by time-
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resolved X-ray crystallography. The chapter describes the conditions needed for making ccNiR
microcrystals, catalytic studies of microcrystals using the standard assay, and SONICC Signal
and Micro-ED crystal screening tests. Preliminary diffraction patterns obtained with the

European X-ray free electron Laser (EuXFEL) will also be presented.
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Chapter 2 The expression, purification, and characterization of Cytochrome c Nitrite

Reductase

2.1 Overview

The cytochrome c nitrite reductase (ccNiR) homologue that is studied by the Pacheco
group is found in Shewanella oneidensis. However, the efficiency of the enzyme leads to low
expression levels in the bacteria, which poses a problem when larger quantities are required for
study. Unfortunately, due to the complex heme architecture utilized by ccNiR, recombinant
expression in alternate organisms using more conventional techniques has proven difficult.
Despite these complications, a method to promote overexpression of ccNiR in S. oneidensis was
established in Youngblut et al.* Over the years, the original purification process has undergone
many iterative modifications. This chapter describes the expression of S. oneidensis, a
purification of ccNiR from the bacteria that incorporates all the latest improvements, and the
methodology used to identify, quantify, and assess the purity of the enzyme. Lastly, this chapter
presents a comparison of the ccNiR enzymatic activities of the S. oneidensis and D.

desulfuricans homologues, obtained using the standard MV eq assay.
2.2. Materials and Methods

2.2.1. General instrumentation

Routine UV/Vis spectroscopy was performed using a CARY Bio 50 UV/Vis
spectrophotometer. Two of these spectrophotometers are already placed inside nitrogen-filled
gloveboxes (MBraun and Innovative Technologies) which provide an anaerobic environment.
The oxygen level was strictly monitored and maintained at less than 2 ppm; the glovebox

catalysts were regenerated with 5% or 7% Hydrogen (Airgas) once a month or whenever the
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oxygen level rose above 2 ppm. The mass spectrum ccNiR was obtained using a Shimadzu

MALDI-7090 MALDI-TOF Mass Spectrometer.

2.2.2. General Materials
All reagents were of high bio-grade purity and purchased from Thermo-Fisher, Dot

Scientific, or MP Biomedicals, unless specified otherwise.

2.2.3. Large Scale S. oneidensis TSP-C cell culture for wild type ccNiR protein

Wild type ccNiR (wtccNiR) was obtained from an S. oneidensis TSP-C expression
system first reported by Youngblut et al. 2 A petri dish containing autoclaved LB agarose and the
antibiotics kanamycin (Kan, 50 pg/mL) and rifampicin (Rif, 30 pg/mL) was inoculated with S.
oneidensis TSP-C cells containing the plasmid with the wtccNiR gene and incubated overnight at
30 °C. A single bacterial colony from the petri dish was suspended in 5mL LB (20 mg/mL), Kan
(50 pg/mL), Rif (30 pg/mL) solution and was incubated for 10-11 hours in an incubator shaker at
200 rpm and 30 °C. After that period, 1 mL of bacterial culture was transferred into 1 L of the
same medium, which was then incubated for 16 hours under the same conditions as in the first
step. In a final step, 1 L of bacterial cell culture was transferred into a 50 L carboy that already
contained 45 L LB, Kan (50 pg/mL), Rif (30 pg/mL) thermostated at 30 °C in a constant
temperature water bath (Fig. 2.1). The culture was incubated for 16 - 18 hours at 30 °C while
being continually sparged with compressed air, which served to agitate the culture suspension
and to keep it aerated until late in the growth process when high bacterial density consumed
oxygen faster than it could be replenished (Fig. 2.1). The cells were harvested from the 45 L cell
culture by centrifuging aliquots in 1 L bottles for 10 minutes at 5,000 x g. The pooled cell pellets

were resuspended using a buffer that contained 20 mM HEPES, 1mM EDTA pH=7.0 (final
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Figure 2.1. Large scale (45 L) Shewanella oneidensis culture for high amount wtccNiR enzyme
purification. A carboy used for this culture was surrounded by water. A thermostat maintains the
constant optimum temperature (30 °C). To keep the culture aerated and to avoid cell settling, two
fritted sparging tubes inside of the carboy provided compressed air circulation that continuously

agitated the culture.

volume ~500 mL), after which the two protease inhibitors leupeptin (1-10 uM), AEBSF/PMSF
(0.1 - 1.0 mM) were immediately added. The resuspended pooled cell pellet was frozen and
stored at -80 °C in a stainless-steel beaker until needed.

Concentrated suspensions of cells containing the overexpressed wtccNiR were lysed by
sonication in an ice-cooled stainless-steel beaker, using cycles of 30 s ultrasonic bursts at 70%
amplitude followed by 45 s pauses, repeated for 10 minutes of sonication time. The lysed cell
products were centrifuged for 30 minutes at 14,000 rpm (21,952 x g) and the supernatant
solution was collected to remove cell debris. Finely ground ammonium sulfate (AS) was added

very slowly to the solution, which was stirred with a magnetic stirrer, until the solution contained
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50 % of the AS needed to saturate at 4 °C. Slow AS addition reduced unwanted ccNiR
precipitation. The final mixed salt sample was centrifuged at 14,000 rpm (21,952 x g) for 30 min,
and then the supernatant was collected.

In total, four columns were used to sequentially purify witccNiR protein. First, the
collected supernatant protein sample was loaded onto a 600 mL octyl-sepharose column
(hydrophobic interaction chromatography, HIC, by GE Healthcare). This column was pre-
equilibrated with a buffer that contained 3 M AS, 20 mM HEPES and 1 mM EDTA, adjusted to
pH = 7.0 (Buffer A). The HIC column was deemed to be equilibrated when the UV reading at
280 nm of the column flow-through and the conductivity became constant. After the clarified
cell extract had been loaded, the column was washed with Buffer A until the UV reading at 280
nm of the column flow-through was once again constant. The loaded protein sample was then
washed with at least 2 column volumes of a mixture containing 60% Buffer A and 40% of a pH
7.0 low salt buffer containing 20 mM HEPES and 1 mM EDTA, pH = 7 (Buffer B) until the UV
at 280 nm once again dropped to a stable baseline. The eluent contained mostly non ccNiR
protein and nucleic acids and was discarded. In a third step, the column was washed with a
solution containing 20% Buffer A and 80 % Buffer B. All fractions from this step for which the
absorption reading at 280 nm deviated significantly from the baseline were pooled and
transferred to Snake-Skin dialysis tubes (9 mL /1 cm, ThermoFisher) for dialysis at 4 °C for
roughly 4 hours in a reservoir containing Buffer C (20 mM NaHEPES, 1 mM EDTA pH =7.0)
which was an optimum buffer for the second column, an 80 mL Q-sepharose anion exchange
column (GE Healthcare). After 4 hours, the dialysis bags were transferred to a reservoir
containing 4 L of fresh Buffer C, a process that was repeated a second time after a further 4

hours. The conductivity of the protein eluent solution was evaluated after the dialysis was
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completed. It is imperative that, before proceeding to the next step, the conductivity of the eluent
matches that of Buffer C.

The eluent was loaded onto the Q-sepharose column that had been pre-equilibrated with
Buffer C, and the unretained flow-through was collected. The Q column retains only negatively
charged proteins, and ccNiR is nearly neutral at pH = 7.0. Important: it is critical to employ
buffer made with the HEPES sodium salt rather than the HEPES acid. HEPES buffer made with
20 mM HEPES acid has an ionic strength of 10 mM and at this ionic strength ccNiR binds
weakly to Q-Sepharose, which greatly decreases the resolution. HEPES buffer made with 20 mM
HEPES sodium salt has an ionic strength of 20 mM and passes through the column cleanly
without binding.

The eluent buffer from the Q-Sepharose column was concentrated using a tangential flow
filtration device (TFF,30 K, OAPMP220, Pall Life Sciences). After concentrating the volume
from ~1L to 100mL, ground solid AS was added directly to the concentrated protein sample in
order to match the conductivity of Buffer D (2 M AS, 20 mM HEPES, 1 mM EDTA). The
sample was loaded onto a 3.5 mL RESOURCE isopropyl HIC column (GE Healthcare, capacity
25 mg protein/mL) that had been pre-equilibrated with Buffer D, and then eluted with a 0 to
100% gradient of Buffer B. CcNIiR eluted at 20 — 30 % Buffer B, and was detectable as a sharp
peak in the UV(280 nm) chromatogram.

After concentrating the ccNiR-containing samples and exchanging the enzyme buffer for
one with 20 mM HEPES, 1 mM EDTA pH 7.0, using Pall centrifugal concentrator tubes,
samples were run through a final 315 mL Hi-Prep 26/60 Sephacryl S100 High Resolution
column. The column was equilibrated with buffer containing 150 mM NaCl, 20 mM HEPES, 1

mM EDTA pH = 7.0, after which the sample was loaded with a sample loading volume between
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0.5-4% of the column volume (approx. 1.5-12 mL) and eluted using the same buffer used to
equilibrate. There was an observable two band separation, the first band to elute being pure
ccNiR. The purity of ccNiR was initially checked by UV/Vis spectrophotometry (pure ccNiR has
an Auoo/ A2go absorbance ratio > 4) and confirmed by observing a single band at ~ 55 kDa via
SDS-PAGE (Fig. 2.2). The ccNiR sample was concentrated and exchanged with the enzyme
storage buffer (20 MM HEPES, 1 mM EDTA pH 7.0) using Pall centrifugal concentrator tubes

and stored in 1 mL aliquots at -80 °C until needed.

2.2.4. Pyridine hemochromagen assay for determining the concentration of wtccNiR

The pyridine hemochromagen assay was performed to determine the concentration and
the extinction coefficient spectrum of wtccNiR. The method used was similar to that described
by Berry and Trumpower, 3 and Barr and Guo, * but with the following minor modifications.
Briefly, Solution-I containing 10 mL 0.1 M potassium ferricyanide was mixed with 800 mL of
0.5 M NaOH, 800 mL of pyridine (Anhydrous, 99.8% pure, Sigma-Aldrich) and 390 mL nano-
pure water to make 2 mL of Solution-I1. The final concentrations in solution Il were 500 mM
Ks[Fe(CN)s], 0.2 M NaOH and 40% v/v pyridine. A solution containing equal volumes of
Solution-11 and 50 mM HEPES buffer, pH 7, was used to set the baseline for the UV/Vis
spectrophotometer. CcNiR samples were dissolved in a 50 mM HEPES buffer, pH = 7.0, to
make Solution-111. Equal volumes of Solution-11 and Solution-111 were mixed in a cuvette, and
the UV/Vis spectrum was recorded in the range 450 nm — 800 nm. This was the oxidized
pyridine hemochrome sample and was labeled as Dataset-1. A few grains of solid sodium
dithionite (sodium hydrosulfite) were added into the cuvette, the solution was carefully mixed,
and then several UV/Vis spectra were recorded at 30 s intervals until the spectra remained

unchanged. The final spectrum was the reduced pyridine hemochrome sample and was labeled
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Sample: VM2-137 VM2-143 VM2-149
MW Dilution: 10x  100x 1000x 10x 100x 1000x  10x 100x  1000x

(kDa) : =

170
130
95
72
55

43

34

26

17

Figure 2.2. SDS-PAGE gel of various samples of purified protein. This gel corresponds to protein

samples used for crystallography (Chapter 6). Each lane represents wild type CcNiR samples from

separate purifications.

as Dataset-2; the reduced solution is distinctly pink, compared to the orange oxidized pyridine

hemochrome. The difference spectrum (Dataset-2) — (Dataset-1) was fit in the range from 525

nm — 620 nm using the known extinction coefficient difference spectrum? to determine the

concentration of pyridine hemochrome in solution. This concentration was divided by 5 to obtain

the ccNiR protomer concentration in the pyridine hemochrome solutions (as each ccNiR

protomer contains 5 hemes), and then multiplied by 2 to obtain the ccNiR protomer
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concentration in Solution-111. To obtain the extinction coefficient spectrum of ccNiR, the
spectrophotometer baseline was first reset in the range from 250 nm — 800 nm with a 50 mM
HEPES buffer, pH 7. A known volume of Solution-111 was diluted to 1 mL such that the Soret
band absorbance (409 nm) was < 1.0, and the UV/Vis spectrum was recorded from 250 nm —
800 nm. As the ccNiR concentration was known from the pyridine hemochrome assay, the
extinction coefficient spectrum was readily obtained by dividing the absorbances collected
between 250 nm and 800 nm by the concentration and pathlength (Beer’s law). A
complementary extinction coefficient spectrum for the lower intensity region from 500 nm — 800

nm was also obtained from less diluted samples of Solution-I1I.

2.2.5. Mass Spectrometry for mass confirmation of wtccNiR

Matrix Assisted Laser Desorption lonization Time of Flight (MALDI-TOF) was
performed in order to obtain the molecular mass of S. oneidensis ccNiR. A 1 uM sample of
ccNiR was exchanged into mass spectrometry grade water using small centricon tubes and the
small centrifuge. The exchange of solvents was conducted three times. This was done to avoid
interferences from the enzyme buffer. Next, a 1 pL aliquot of sinapinic acid was transferred to
the MALDI-TOF plate and left to dry and crystallize. Then, a 1 pL aliquot of exchanged ccNiR
was placed on the sinapinic acid sample and left to dry. Lastly, another 1 pL aliquot of sinapinic
acid was placed on the layered ccNiR and sinapinic acid and left to dry in order to form a
“sandwich”. The plate was then inserted into the mass spectrometer for evaluation (Fig. 2.3).
2.2.6. The standard ccNiR activity assay using the methyl viologen monocation radical

The standard assay is used to obtain the specific activity of newly purified ccNiR and
check for possible batch-to-batch variations. The assay was completed in an anaerobic glovebox,

where the O levels are limited to 2 ppm or less. Preparations for this assay provide a good
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Figure 2.3. The spectrum in red represents the mass spectrum up to 800 m/z. The spectrum in
blue shows the full spectrum up to 150,000 m/z. Both spectra show a peak around 52,000 -
53,000 m/z, which confirms the mass of a ccNiR protomer. The full spectrum shows a peak at
~125,000 m/z, which corresponds to the mass of the ccNiR dimer. This confirms the presence of

ccNiR in the sample.

template for other experiments involving ccNiR and electrochemically prepared reducing agents
and will be described in detail.

Small aliquots (~100 mL) of concentrated ccNiR stock solution were frozen and
transferred into the glovebox antechamber in open vials. The antechamber was evacuated and
refilled with nitrogen three to five consecutive times to fully exchange the air with pure nitrogen
from the glovebox, after which the inner antechamber door could be opened to bring the still
frozen air-free enzyme into the glovebox. Care should be taken to minimize the amount of time
used in the pump-purge cycles so that the enzyme does not thaw during the process.

Dry assay ingredients were weighed outside the glovebox. For a typical experiment,

0.0206 g methyl viologen (MVox) and 0.0468 g of NaCl were weighed into one glass vial and
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0.028 g NaNO: into a separate vial. The vials were covered with parafilm, through which a few
holes were poked with a needle to allow gas to flow in and out, after which they were placed into
the antechamber of the glovebox and degassed by the same procedure as described above for
ccNiR. Within the glovebox, stock MVox and nitrite solutions were made by adding to each vial
4.0 mL of degassed assay buffer (50 mM HEPES, pH 7.0, made from HEPES free acid); the
procedure for degassing buffers and bringing them into the glovebox is described in a separate
standard operating procedure available in the Pacheco lab. Note: EDTA is not included in the
assay buffer because, in the past, it has sometimes interfered with the assays. The final
composition of the MVox stock was 20 mM MVox and 200 mM NaCl, while that of the stock
nitrite was 100 mM NaNO:..

To prepare the reduced methyl viologen monocation radical (MV/ed), the stock MVox was
transferred to a bulk electrolysis cell and a potential of -700 mV vs SHE (~-900 mV vs the
Ag/AgCl electrode used in the lab) was applied for 5 minutes, during which the current change
with time was monitored. After the 5 minutes, the contents of the electrolysis cell were gently
mixed with a 1-mL pipette, then the 5-minute electrolysis procedure was repeated up to 20 times,
until the background current at the end of each cycle decreased below 50 mA. The applied
potential of -700 mV vs SHE is ~250 mV below MV s midpoint potential (-449 mV vs SHE),
which is sufficient to reduce most of the MV, but not low enough to promote unwanted 2-
electron reduced methyl viologen.

Two common technical problems with bulk electrolysis are drift in the reference
electrode and a clogged junction or dirty buffer in the auxiliary electrode’s salt bridge. To guard
against reference electrode drift, the reference electrode was tested prior to almost every use by

performing cyclic voltammetry on a solution of MVox. The MV solution from the previous
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section could be used for this purpose, and since CV doesn’t harm the solution, the same stock
could be used first for CV and then for bulk electrolysis to prepare MV/eq. In the Epsilon/Basi
software program for CV, the initial potential was set to 0 mV, the switching potential was set to
-900 mV vs Ag/AgCl, the segment number to 2, the scan rate to 100 mV/s, and the scale was set
to 1 mA. Two peaks, one with positive and one with negative current, should be detected
between 0 and -900 mV vs Ag/AgCl. The potentials recorded for the two peaks must be added
together and divided by two to give the midpoint potential, which should be about -649 mV vs
Ag/AgCI (roughly -449 mV vs SHE, the known midpoint potential of MV,). If the measured
differs significantly from -649 mV vs Ag/AgCl, the electrode must be tended to, or the bulk
electrolysis procedure may not work.

To guard against a clogged junction or dirty buffer in the auxiliary electrode’s salt bridge,
the buffer in the salt bridge should be changed frequently (possibly after each electrolysis run, or
after every other run), and the Vycor tip of the salt bridge should be changed if it gets dark and
limits current. New Vycor tips will be yellow. The salt bridge (and indeed the reference
electrode) junction may also be blocked by an air bubble, which can be difficult to detect. An air
bubble at the salt bridge junction can be gently removed with a pipette, while one in the
reference electrode can sometimes be dislodged by gently flicking the tip.

With an MV/eq stock solution in hand, the standard assay proceeded as follows. To an
Eppendorf tube were added 5 [1L of a 100 mM NaNO: solution, 100 [1L of an 800 pM solution
of ccNiR, and 885 [JL of 50 mM HEPES pH=7.0 assay buffer. Lastly, 10 (1L of 10 MM MVRed
solution was added to the Eppendorf tube, at which point the assay solution was mixed and
quickly transferred to a quartz cuvette where the reaction was monitored for 5 minutes at 15

second intervals using a UV-Vis spectrophotometer. MV/eq exists as a mixture of monomer and
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dimer in proportions that vary with total MVeq concentration and monitoring the 500 nm — 700
nm visible range allowed for the contributions from each species to be distinguishable. In the
kinetic experiments, the rate of change in total MVyeq was reported, where (MVred)tot =
MVied+2(MV'ieg)2.

MV eq is oxidized by nitrite even in the absence of ccNiR, and this background reduction
must be subtracted. In addition, residual oxygen in the glovebox may also oxidize MVred. TO
measure background MV eq oxidation, 500 (1M NaNO. were allowed to react with ~100 (1M
MV eq in the absence of ccNiR for 5 minutes in 50 mM HEPES pH = 7.0 buffer. The uncatalyzed
reaction rate was then subtracted from the catalyzed one. This background rate should typically
be no greater than ~3.57 x 10° mM MV/eq oxidized per second. Higher rates indicate the
presence of substantial residual oxygen in the glovebox, which will make assays unreliable.
Thus, the glovebox should be regenerated if an elevated MV eq 0xidation background is
observed.

2.3. Results of the Standard MVred Assay

Upon completing the assay using the spectrophotometer, the datafiles are saved as CSV
files. To analyze the data set, four Mathcad programs are used sequentially. The first program is
called “Step 1 submatrix former.” The CSV file containing the data is uploaded into this
program, which will display the first absorbance vs wavelength (in nm) spectrum in the time
series. The program has sliders that can allow the user to trim from the spectrum any noisy or
off-scale data; all other spectra in the time series will be similarly trimmed. For the standard
assay, one usually keeps data above 500 nm that include the MV eq absorbance maximum at 600

nm, and discards data from 200 nm — 500 nm that are often off scale. The program saves the
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trimmed data set (upon command from the user), and this trimmed file is called by the “Step 2
data extractor” after the user opens it.

The second program takes the data prepared by the first program, and upon being
supplied by the user with the time interval between spectra (typically 15s), reformats the data
into a matrix that contains times in the first column, wavelengths in the first row, and
absorbances in every other cell of the array (the cell at the intersection of the first row and first
column is left as zero). This matrix is exported as a file named “reformatted data.csv”, to be used
by the third program.

The third program, called “Step 3 SVD-wavelength in rows” is opened next. This
program inputs the reformatted data and first separates the data into three distinct matrices: a
matrix of wavelengths (extracted from the first row of “reformatted data.csv”), one of times
(extracted from the first column of “reformatted data.csv”), and one of absorbances, obtained
from the corresponding cells of “reformatted data.csv”’. The program then performs singular
value decomposition (SVD) on the absorbance matrix. > A slider allows the user to plot each
column of the SVD U matrix vs wavelength, and each column of the SVD V matrix vs time. For
the standard assay, the first two columns of the U and V matrices will typically have signal,
while the remaining ones will look like noise, showing that only two components are
contributing to all the time-resolved spectra. If the slider is set to 1, the program reconstructs a
“clean” absorbance matrix using only the first two columns of U and V, together with the first
two singular values from the S matrix (in Mathcad, the first row and column of an array have
have a zero index. > Chemically, the two components correspond to the monomer MVeq and the
dimer MV2, as MV,x does not absorb above 500 nm. The step 3 program exports three separate

csv files, one containing the wavelengths, one the times, and the third the absorbance matrix
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reconstructed using only the non-noise columns of the U and V matrix, and the corresponding
singular values. ®

Finally, the fourth Mathcad program, referred to as “Step 4 Model fit”, takes as input the
three output files from the Step 3 program and fits the SVD-processed absorbance spectra using
the independently known extinction coefficient spectra of MV eq and MV> to obtain the
concentrations of each species as a function of time. From this, the total methyl viologen
monocation radical concentration was obtained as (MVred)tot = MVred+2(MVreq)2, after which the
initial rate of (MV/ed)wot Was obtained from a least-squares fit of the linear part of a (MVred)tot VS t
plot. The first data set to be analyzed was the blank containing no enzyme, after which the
uncatalyzed rate was subtracted from the initial rates of all assays obtained in the presence of
ccNiR. In the Step 4 program, a variable labeled “uncat” will be highlighted in blue; for the
blank, “uncat” is set to zero. The initial rate is output as the variable “Inrate”, while the initial
rate with the background subtracted is output as Inratecorr, Which is calculated as the difference
Inrate — uncat.

In the standard assay, a saturating nitrite concentration is used, so kcat (in s)for the
ccNiR sample can be calculated as Inratecor/[CCNIR] (the initial rate is independent of (MV req)tot,
at least down to 20 mM). ® The kcat parameter provides a direct measure of the ccNiR batch’s
specific activity. The kcat Values for a representative set of purified ccNiR batches are presented
in Table 2.1.

2.4. Discussion of the Standard MVred Assay

The standard assay was performed after almost every purification to evaluate the specific

activity of the enzyme. Protein purification can lead to a decreased enzyme activity, especially in

a long protocol such as that required to purify ccNiR from Shewanella oneidensis. Table 2.1 lists
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Enzyme Bacterial Source Koot (s) at pH=7.0

wtceNiR (VM2-137) Shewanella oneidensis 5400
wtccNIR (VM2-143) Shewanella oneidensis 3950
wtccNiR (VM2-149) Shewanella oneidensis 5380
ccNiR (NrfA:NrfH) Desulfovibrio desulfuricans 5721
wtccNiR (Youngblut) Shewanella oneidensis 4944
wtccNiR (Alam) Shewanella oneidensis 3600
wtccNiR (Shahid) Shewanella oneidensis 4666

Table 2.1. A comparison of the kcat Values for different protein purifications of the S. oneidensis
ccNiR, as well as the D. desulfuricans ccNiR provided by Gabriela Almeida (Instituto

Universitario Egas Moniz, Portugal).

the keat Values obtained from several representative purifications, by different researchers, over a
twelve-year span. These values range from 3600-5400 s at pH=7.0. Some of the observed
variation in activity reflects real differences in enzyme quality from batch to batch; however,
several Pacheco group researchers over the years have also observed significant variability (as
much as 7% — 10%) when repeatedly measuring the kcat value for a single ccNiR batch. This
variability is primarily due to the fact that activity is quickly lost if ccNiR samples more dilute
than ~ 107 M are left standing, even though solutions with concentrations of 10 M or greater
are stable for days. To mitigate this effect, the ~80 pM ccNIiR present in the assay reaction
mixture was diluted in multiple steps from ~1 mM stocks for each assay, and the partially diluted
solutions were discarded immediately after the assay.

The standard assay was completed not only with ccNiR from S. oneidensis, but also from
the Desulfovibrio desulfuricans homologue. As noted in Chapter 1, Section 1.9, the D.

desulfuricans homologue differs from the S. oneidensis ccNiR in an interesting way. The S.
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oneidensis homologue contains five c-type hemes, whereas D. desulfuricans contains nine c-type
hemes in a heterodimeric assembly. The large number of hemes in D. desulfuricans can be
attributed to the enzyme being a NrfA:NrfH adduct, therefore for every five hemes of NrfA,
there will be four hemes from NrfH. ” As can be seen in Table 2.1, despite the structural
differences between the homologues, and the extra four c-type hemes found in D. desulfuricans,

the activities of the enzyme homologues were quite comparable.
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Chapter 3 The test for hydroxylamine side product generation during ccNiR catalyzed

reduction of nitrite under weakly reducing conditions

3.1. Overview

The ccNiR- catalyzed reduction of nitrite was previously modelled using computational
methods by Bykov and Neese (Scheme 1.2, Chapter 1). ! In steps 5 and 6 of the proposed
mechanistic model (Scheme 1.2), hydroxylamine is bound in the active site. A proton transfer to
the oxygen of hydroxylamine must then occur, followed by a dehydration (Scheme 1.2, step 7)
which is energetically costly. Previous experimental results from the Pacheco group are
consistent with steps 6 and 7 of the Scheme 1.2 mechanism being overall rate-limiting in the
nitrite reduction to ammonia at pH 7.0. The question addressed in this chapter is whether, under
certain conditions, hydroxylamine might be released from the intermediate species proposed to
be present at the end of step 5 in Scheme 1.2. No such release is detected when the strong
reductant MVreq is the electron source, but we wanted to explore the possibility that
hydroxylamine release could compete with the putative rate limiting steps 6 and 7 of Scheme 1.2
when weaker reductants were used. Scheme 3.1 summarizes this conjecture for the case where
50% reduced indigo trisulfonate (13S), is used as an electron source.

There are few assays for detecting micromolar concentrations of hydroxylamine, and of
these, perhaps the most straightforward is one reported by Johnson in 1968 (hereafter referred to
as the “Johnson assay”). 2 The basis of this assay is simple, as shown in Scheme 3.2. If there is
hydroxylamine present in the reaction mixture, and 4-nitrobenzaldehyde is added to it, then upon

heating, the hydroxylamine and 4-nitrobenzaldehyde will react to form an oxime product. The
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_ ccNiR/I3S +
NO; + 8H* + 6e"——— NHJ + 2H,0 (4)

B ccNiR/I3S
NO; + 5H* + 4e——— NH,0H + H,0 ®

Scheme 3.1. The possible outcomes of the ccNiR-catalyzed reduction of nitrite in the presence of

partially reduced Indigo trisulfonate (13S). A. The six-electron reduction of nitrite to ammonium
by ccNiR using I3S as a reducing agent. B. The four-electron reduction of nitrite to

hydroxylamine by ccNiR using 13S as a reducing agent.

H O H NOH

+ NH,OH +H,0

NO, NO,

Scheme 3.2. The reaction between hydroxylamine and p-nitrobenzaldehyde to form the oxime

product measurable by UV-Visible Spectrophotometry.?

oxime absorbs light at 368 nm, so if a band appears at this wavelength, it can be assumed that

hydroxylamine is present in the solution. ?
3.2. Materials and methods

3.2.1. General materials

Sodium nitrite was purchased from Acros Organics; Ammonium sulfate (AS), EDTA and

HEPES free acid and sodium salt were obtained from Fisher Scientific, nitrogen gas (high purity

grade) from Airgas. Wild type S. oneidensis ccNiR was purified as described in Chapter 2.
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Potassium Indigo Trisulfonate, Hydroxylamine, 4-Nitrobenzaldehyde, Hydrochloric Acid, and

Sodium Hydroxide were all received from Millipore Sigma.

3.2.2. General instrumentation

Cary 50 (Varian) spectrophotometers were used to record the UV/vis spectral data. Two
of these spectrophotometers are housed in gloveboxes. The gloveboxes (MBraun and Innovative
Technologies) were used to maintain anaerobic conditions while recording UV/vis spectra or
doing controlled potential electrolysis. The gloveboxes are filled with high purity nitrogen
(Airgas, 99.99 % pure), which is continually circulated through an oxygen scrubber to maintain
an oxygen level of less than 2 ppm. The glovebox scrubbers were regenerated with 5% or 7%
Hydrogen (Airgas) at least once a month, or whenever the oxygen level rose above 2 ppm. BASI
Epsilon EC potentiostats were used to measure spectropotentiometric data and to reduce required
reagents at the appropriate potentials. An Ag/AgCl electrode (BASi model RE-5B) was used as
the reference, and routinely calibrated against the methyl viologen midpoint potential as
described in Chapter 2. Concentrations of ccNiR stocks were obtained by fitting UV/Vis spectra
with the ccNiR extinction coefficient spectrum independently obtained using the pyridine

hemochromagen assay, ® as described in Chapter 2.

3.2.3. Preparation of reduced indigo trisulfonate

The reduction of 13S was completed in the glovebox to ensure that there was no oxygen
present. To a clean glass vial were added 0.012 g of 13S and 0.046 g of NaCl, after which the vial
was transferred into the glovebox using the procedure described in Chapter 2 for methyl
viologen. A solution with 5 mM 13S and 200 mM NaCl was then made by adding 4 mL of 50
mM HEPES pH 7.0 buffer to the vial. This solution was transferred to the bulk electrolysis cell

and a potential of -90 mV vs SHE (-290 mV vs Ag/AgCl) was applied for 10 min. The solution
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in the cell was gently mixed with a 1-mL pipette, after which it was subjected twice more to 10-
minute electrolysis bursts at -90 mV vs SHE. The applied potential coincides with the midpoint
potential of 13S, so after electrolysis, the solution should contain 50% 13Sreqd (2.5 mMM). Fully
oxidized, the solution starts as a dark blue color, and once the solution was partially reduced, it
should be a green/aqua in color. Pure 13Sreq is yellow. This solution can be stored in the glovebox
refrigerator for a week and not undergo significant changes.

For the experiments described later in this chapter, 1.6 mL of the electrolyzed solution
were diluted to 4.0 mL with assay buffer, to produce a solution containing 2 mM total I3S, or 1
MM 13Sreq. This will be referred to below as the 1 mM 13Sreq stock solution.
3.2.4. Johnson assay calibration curve

In preparation for the assay, the following stock solutions were prepared. A 600 mM
solution of hydrochloric acid was made by transferring 5 mL of 12 M HCI to a 100 mL
volumetric flask, then making up to the mark with nanopure water. A 0.3 M solution of sodium
hydroxide was prepared by diluting 0.6 g of NaOH to volume with nanopure water in a 50 mL
volumetric flask. Note that the NaOH solution must be prepared daily. A 13 mM 4-
nitrobenzaldehyde solution was prepared by weighing out 0.2 g of 4-nitrobenzaldehyde into a
100 mL volumetric flask. A 50 mL aliquot of ethanol was transferred to the flask using a
volumetric pipette, after which the solution was made up to the mark with nanopure water.
Finally, a 10 mM hydroxylamine hydrochloride stock solution was produced by measuring
0.0695 g of hydroxylamine hydrochloride in to a 100 mL volumetric flask, adding 10 mL of
nanopure water, and then diluting to the mark with ethanol.

Five different standard solutions ranging from 100-500 uM hydroxylamine in 100 uM

increments were prepared. This was done by adding 0.5, 1.0, 1.5, 2.0, and 2.5 mL of 10 mM
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stock hydroxylamine solution into five different 50 mL volumetric flasks. Each of these solutions
was diluted to volume with ethanol. Next, the reaction solutions were prepared. A blank
containing no hydroxylamine was prepared by adding 1 mL of ethanol and 1 mL of 4-
nitrobenzaldehyde stock into a graduated test tube. This was referred to later as standard O.
Standards 1-5 were prepared in separate test tubes by adding 1 mL of the 100 uM, 200 uM, 300
UM, 400 uM, and 500 uM hydroxylamine solutions prepared above to 1-mL aliquots of 4-
nitrobenzaldehyde stock solution. The six test tubes containing standards 0-5 were then placed in
a 90 °C water bath, with a piece of aluminum foil covering the tubes, and the solutions were
heated for thirty minutes, during which time the solution volume decreased to ~0.5 mL due to
solvent evaporation. After the thirty minutes, the test tubes were removed from the water bath,
left to cool for at least 10 minutes.

Formation of the oxime product was determined by appearance of the 368 nm peak in the
absorbance spectrum (Fig. 3.1). For obtaining the UV/Vis spectra, the spectrophotometer’s
baseline was set with a solution made by adding 1.5 mL of 0.3 M sodium hydroxide to a
graduated test tube and diluting to 8 mL with ethanol. All spectrophotometric measurements,
including the baseline, were made in semimicro quartz cuvettes with 1-cm pathlengths. For the
standard curve, it was best to begin with the highest concentrated standard (standard 5). To the
cooled standard 5 test tube were added first 5 mL of ethanol and then 1.5 mL of 0.3 M sodium
hydroxide. Lastly, the solution was diluted to the 8 mL mark of the test tube with more ethanol.
The solution was diluted 2-fold more by combining 500 mL of it with 500 mL of ethanol in an
Eppendorf tube. The contents of the Eppendorf tube were then quickly transferred to a cuvette
and the UV/Vis spectrum collected. The procedure was repeated for the remaining standard

solutions. A plot of absorbance at 368 nm vs the concentration of hydroxylamine (as oxime) in

64



Johnson Assay with ccNiR Spiked with Hydroxylamine Standards
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Figure 3.1. Spectra of the reaction mixtures containing a 1uM ccNiR, 60uM partially reduced
Indigo trisulfonate, and 500uM Nitrite, with a known amount of hydroxylamine at

concentrations ranging from 100-500uM.

the cuvette after the final dilution was linear, (red trace, Fig. 3.2) and a least-squares fit generated
an extinction coefficient value of 2.6x10* M"cm™ for the oxime.
3.2.5. Johnson assay as a test for ccNiR-catalyzed hydroxylamine generation

To test whether hydroxylamine was generated during ccNiR-catalyzed reduction of nitrite
by 13Sreq, Six replicates of a reaction mixture were prepared by anaerobically mixing in each of
six Eppendorf tubes 120 pL of 13Sreq stock solution (Section 3.2.3), 5 pL of 100 mM NaNO>
stock (Section 2.2.6), 25 pL of 60 uM ccNiR stock, and 850 uL of assay buffer (1.0 mL total
volume in the Eppendorf tube). The concentrations of the species in solution were thus 120 mM

13Sieq, 500 mM NOy, and 1.5 mM ccNiR. The six reaction mixtures were allowed to incubate in
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Hydroxylamine Concentration in the Presence of Indigo Trisulfonate
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Figure 3.2. A comparison of the standard curve to the linear fit of the reaction mixtures.

the glovebox for 15 min, after which they were removed from the glovebox and centrifuged for 5
minutes at 13,000 rpm in a centrifugal concentrator to remove the ccNiR from the solutions.

Six assay mixtures were prepared in graduated test tubes as follows. One of the six
filtered reaction mixtures was combined with 1 mL of 4-nitrobenzaldehyde stock, while each of
the remaining five reaction mixtures was combined with 1 mL of one of the hydroxylamine stock
solutions from Section 3.2.4 that ranged from 100-500 uM concentration, and 1 mL of 4-
nitrobenzaldehyde stock. The assay mixtures were covered with foil and heated for thirty
minutes at 90 °C, during which time the solution volumes decreased to less than 1 mL due to
solvent evaporation. After thirty minutes, the test tubes were removed from the water bath and

left to cool for at least 10 minutes. Once again, the assay mixture that was spiked with standard 5
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(500 mM stock hydroxylamine) was assessed first. To the assay mixture were added 5 mL of
ethanol and 1.5 mL of 0.3 M sodium hydroxide, after which the mixture was diluted to 8 mL
with ethanol. The assay solution was diluted 2-fold more by combining 500 mL of it with 500
mL of ethanol in an Eppendorf tube. The contents of the Eppendorf tube were then quickly
transferred to a cuvette and the UV/Vis spectrum collected. The procedure was repeated for the
remaining assay mixtures. A plot of absorbance at 368 nm vs the concentration of added
hydroxylamine (as oxime) in the cuvette after the final dilution was linear, (blue trace, Fig. 3.2)
and a least-squares fit generated a slope and intercept very close to that seen for the standard

curve (red trace, Fig. 3.2).

Hydroxylamine Reaction
Concentration (uM) Standard Abs  Mixture Abs

0.00 0.00 -0.0632
6.25 0.112 0.0974
12.50 0.307 0.267
18.75 0.482 0.436
25.00 0.664 0.516
31.25 0.768 0.835

Table 3.1. The final concentration of hydroxylamine calculated to be present in the standards
and the spiked reaction mixtures. The absorbances for the standards and the reaction mixtures are

listed in the table and correspond to those plotted in Figure 3.2.

3.3. Results and discussion of the Johnson assay
Scheme 3.3 summarizes the stoichiometry for nitrite reduction to hydroxylamine by

I3Sred. 13Sreq is @ 2-electron donor, so 2 equivalents are required to reduce nitrite by 4 electrons to
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hydroxylamine. In the experiment described in Section 3.2.5, 120 mM 13Syeq would supply

enough electrons to reduce at most 60 mM of nitrite to hydroxylamine, which after dilution to

NO; +4e” +5H" — NH,OH +H,0 1)
213S,, —213S,, + 26 @)
NO; +213S,, +5H" — NH,OH +2I3S_, + H,0 (net)

Scheme 3.3. Half-reactions for nitrite oxidation to hydroxylamine and 13Sreq OXxidation, and the
net reaction for nitrite reduction to hydroxylamine by 13Seq. The reactions show that 2

equivalents of 13Sreq are required to reduce one equivalent of nitrite to hydroxylamine.

generate the assay buffer, would be decreased to 7.5 mM. Given the calculated extinction
coefficient of oxime at 368 nm (Section 3.2.4), 7.5 mM of extra oxime added to the solutions
spiked with varying amounts of added hydroxylamine stock would shift the intercept of the blue
trace in Fig. 3.2 up by 0.195 absorbance units. Clearly, this is not observed, either in Fig. 3.2 or
in the values tabulated in Table 3.1. Indeed, given the r-squared values of the two fits (0.9912 for
the standard and 0.9716 for the reaction mixture), the data sets appear to be statistically identical.
To explore this possibility more rigorously, a t-test was completed to compare the two data sets.
In applying a two-tailed test, the degrees of freedom value used was 10. The first equation in
Scheme 3.4 was used to obtain a calculated T (Tcaic) value of 0.2265, after which Table 3.2 was
used to find the tabulated T (Ttb) value for 10 degrees of freedom. The Tcac value can be
compared to the T Value at various confidence levels. From 50-99.95% confidence levels, Tcarc
was less than Ttan, therefore it can be concluded with 99.95% confidence that the two sets of data
(standard absorbances vs reaction mixture absorbances) are not significantly different from each

other. Conversely, if the data sets are not significantly different from each other, then the
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reaction mixture contributed negligible amounts of hydroxylamine to the assay mixtures of Fig
3.2. This result is important because it shows that release of free hydroxylamine from ccNiR is
minimal even under conditions where a catalytic intermediate that has hydroxylamine bound to

the active site might be building up during the catalytic cycle.

A %y — %] | myny (A)
calc — T
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Scheme 3.4. Equations used to complete a t-test. A. The tcac Value obtained by evaluating the
means of two data sets, the number of values in each data set, and the Spooted Value. B. The Spooled
value obtained from the standard deviations of the two data sets, the number of values in the data

set, and the degrees of freedom.

t Table
cum, Prob | fwse .75 1 0.50) 1 (.85 t (.90 1 (0.95) 1 (0.975) 1 (0.99) .99s)  To9e  Lussss)
one-tail | 0.50 0.25 0.20 0.15 0.10 0.05 0.025 0.01 0.005 0.001 0.0005
two-tails | 1.00 050 040 030 020 010 0.05 002 001 0002 0.001
df

1| 0.000 1.000 1.376 1.963 3.078 6.314 12.71 31.82 63.66 31831 636.62
2| 0.000 0.816 1.061 1.386 1.886 2.920 4.303 6.965 9925 22327 31.599
3| 0.000 0.765 0.978 1.25 1.638 2.353 3.182 4.541 5.841 10215 12.924

4| 0.000 0.741 0.941 1.190 1.533 2.132 2.776 3.747 4.604 7173 8.61

5| 0.000 0.727 0.920 1.156 1.476 2.015 2.571 3.365 4.032 5.893 6.869

6| 0.000 0.718 0.906 1.134 1.440 1.943 2447 3.143 3.707 5.208 5.959

7| 0.000 0.711 0.896 1.119 1.415 1.895 2.365 2.993 3.499 4.785 5.408

8 | 0.000 0.706 0.889 1.108 1.397 1.860 2.306 2.896 3.355 4.501 5.041

9| 0.000 0.703 0.883 1.100 1.383 1.833 2.262 2.821 3.25 4.297 4.781

10 | 0.000 0.700 0.879 1.093 1.372 1.812 2228 2.764 3.169 4.144 4.587

11| 0.000 0.697 0.876 1.088 1.363 1.796 2.201 2.718 3.106 4.025 4.437

12 | 0.000 0.695 0.873 1.083 1.356 1.782 2.179 2.681 3.055 3.93 4318

Z. | 0.000 0.674 0.842 1.036 1.282 1.645 1.96 2.326 2.576 3.090 3.291
0% 50% 60% T0% 80% 90% 95% 98% 99% 99.80%  99.90%

Confidence Level

Table 3.2. T-test table.
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Chapter 4 The quantification of ammonium present in solution after the ccNiR-catalyzed

reduction of nitrite under weakly reducing conditions

4.1. Overview

The goal of the work described in this chapter was to quantify the amount of ammonium
that was generated when ccNiR mediated the reduction of nitrite by a series of weak reductants.
Earlier studies in the Pacheco lab had shown that no ammonium is generated from the ccNiR-
mediated reaction of nitrite with the very weak reductants ferrocyanide or N,N,N’,N -
tetramethyl-p-phenylenediamine (TMPD), but that ccNiR catalyzed the very slow 1-electron
reduction of nitrite to NO- under these conditions. 12 The Chapter 3 experiments from this thesis
showed that hydroxylamine, another possible side-product of partial nitrite reduction, was not
produced in detectable quantities when ccNiR mediated the reaction between nitrite and reduced
indigo trisulfonate (13Sreq). However, as will be seen in Chapter 5, when 13Syeq is mixed with an
excess of nitrite in the presence of ccNiR, all the 13Sreq re-oxidizes over time. This raises the
question that the work of this chapter answers: do 13Seq and other weak reductants reduce nitrite
exclusively to ammonium as does MVred? 13Sred iS @ more potent reducing agent than
ferrocyanide or TMPD, but still significantly weaker than the MV eq used in the standard assay,
so the answer to the question wasn’t obvious apriori.

In 1985, Bergmeyer and Beutler published a method that allowed for not only the
detection of ammonium, but also for its quantification. The method is summarized in step 2 of
Scheme 4.1. Briefly, a test sample containing an unknown amount of ammonium is mixed into a

solution that contains nicotinamide adenine dinucleotide (NADH), a-ketoglutarate (a-KG), and
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Figure 4.1. Spectral trace at 342nm corresponding to the oxidation of NADH to NAD" over

time.

ccNiR/Reductant n
NO; + 8H* + 6e"———  NH; + H,0

GDH
aKG + NH; + NADH— NAD* + H* + H,0 + Glu

Scheme 4.1. A. The six electron reduction of nitrite to ammonium catalyzed by ccNiR in the
presence of a weak reductant. B. The glutamate dehydrogenase catalyzed reduction of a-
ketoglutarate to glutamate using NADH as an electron donor. NADH oxidation to NAD™ can be

correlated with the concentration of ammonium in solution.

the enzyme glutamate dehydrogenase (GDH). GDH catalyzes the reductive amination of a-KG
by NADH, which generates glutamate (Glu) and NAD". If reaction conditions are set such that a-
KG and NADH are in excess of expected ammonium concentrations, then the amount of a-KG

and NADH consumed will be limited by the ammonium concentration. The Scheme 4.1 reaction
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can be monitored by UV/Vis spectrophotometry as NADH absorbs light at 340 nm while NAD*
does not; the amount of NADH consumed is thus determined from the change in absorbance at
340 nm (Fig. 4.1), and since NADH and ammonium are consumed in equimolar proportion, the
amount of NADH consumed will directly reflect the amount of ammonium initially present in
solution.

For the experiments described in this chapter, the Bergmeyer and Beutler assay was used
to quantify the amount of ammonium generated when nitrite reacted with partially reduced 13S
(by an applied potential of -90 mV vs SHE), fully reduced 13S (by an applied potential of -290
mV vs SHE), fully reduced Indigo tetrasulfonate (14Sreq) (by an applied potential of -230 mV vs
SHE), and fully reduced hexaammineruthenium (Ru'") (by an applied potential of -100 mV vs

SHE), in the presence of ccNiR.
4.2. Materials and Methods

4.2.1. General materials

Sodium nitrite was purchased from Acros Organics; Ammonium sulfate (AS), EDTA and
HEPES free acid and sodium salt were obtained from fisher scientific, Nitrogen gas (high purity
grade) from Airgas. Wild type S. oneidensis ccNiR and ccNiR variants were purified as
described in Chapter 2. Potassium indigo tetrasulfonate, potassium indigo trisulfonate,
hexaammineruthenium(l1l)chloride, glutamate dehydrogenase, a-ketoglutarate, nicotinamide
adenine dinucleotide, and sodium chloride were obtained from Millipore Sigma.
4.2.2. General instrumentation

Cary 50 (Varian) spectrophotometers were used to record the UV/vis spectral data. Two
of these spectrophotometers are housed in gloveboxes. The gloveboxes (MBraun and Innovative

Technologies) were used to maintain anaerobic conditions while recording UV/vis spectra or
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doing controlled potential electrolysis. The gloveboxes are filled with high purity nitrogen
(Airgas, 99.99 % pure), which is continually circulated through an oxygen scrubber to maintain
an oxygen level of less than 2 ppm. The glovebox scrubbers were regenerated with 5% or 7%
Hydrogen (Airgas) at least once a month, or whenever the oxygen level rose above 2 ppm. BASI
Epsilon EC potentiostats were used to measure spectropotentiometric data and to reduce required
reagents at the appropriate potentials. An Ag/AgCl electrode (BASi model RE-5B) was used as
the reference, and routinely calibrated against the methyl viologen midpoint potential as
described in Chapter 2. Concentrations of ccNiR stocks were obtained by fitting UV/Vis spectra
with the ccNiR extinction coefficient spectrum independently obtained using the pyridine
hemochromagen assay, ® as described in Chapter 2.
4.2.3. Calibration Curve

A 2.76 mM stock solution of NADH was prepared by dissolving 0.1000 g of NADH in
50 mL of 50 mM HEPES free acid pH=7.45 buffer (which will henceforth be referred to as the
assay buffer). The solution was distributed into cryotubes in 1 mL aliquots and stored in a —80
°C freezer until needed to ensure the stability of NADH over time. A 19 mM solution of a-KG
was produced by dissolving 0.0362 g into 10 mL of the assay buffer. This solution can be stored
in a 4 °C refrigerator for up to one month. Stocks of glutamate dehydrogenase (GDH) were made
by dissolving 0.0565 g of GDH in 10 mL of assay buffer in order to produce an enzyme
concentration of approx. 100 unit/mL. Aliquots of 1 mL were transferred into Eppendorf tubes
and then frozen in a -20 °C freezer until needed.

A stock of 20 mM (NH4)2SO4 was prepared by dissolving 0.0264 g of solid in 10 mL
assay buffer. 100 puL of 20 mM (NHa4)2SO4 solution were then transferred to a falcon tube and

diluted to 10 mL with assay buffer to make a 200 mM solution. Ammonium standards with
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concentrations of 2, 5,10, 20, 40, and 80 uM were made from this solution. The 2 uM (NH4)2SO4
standard was made by taking a 10 pL aliquot of the 200 uM (NH4)2SO4 solution and diluting to 1
mL with 990 pL of assay buffer. The 5 uM (NH4)2SO4 standard was made by taking a 25 pL
aliquot of the 200 UM (NHa)2SO4 solution and diluting to 1 mL with 975 pL of assay buffer. The
10 UM (NH4)2SO4 standard was made by taking a 50 pL aliquot of the 200 UM (NH4)2SO4
solution and diluting to 1 mL with 950 pL of assay buffer. The 20 uM (NH4)2SO4 standard was
made by taking a 100 pL aliquot of the 200 uM (NH4)2SO4 solution and diluting to 1 mL with
900 pL of assay buffer. The 40 pM (NH4)2SO4 standard is made by taking a 200 pL aliquot of
the 200 uM (NHa4)2S04 solution and diluting to 1 mL with 800 pL of assay buffer. The 80 uM
(NH4)2S04 standard was made by taking a 400 pL aliquot of the 200 uM (NH4)2SO4 solution and
diluting to 1 mL with 600 pL of assay buffer.

Prior to running the ammonium assays, a spectrum of NADH was first obtained by
adding a 30 pL aliquot of 2.76 mM NADH stock to 970 uL of assay buffer (final NADH
concentration, 82.8 mM). Next, a blank was run to make sure there were no competing reactions
occurring (for example, with adventitious ammonium present in one or more of the reagents).
This was done by adding 30 pL of 2.76 mM NADH, 185 pL of 19 mM o-KG, and 685 pL of
assay buffer to a cuvette, for a total of 900 L of solution. The spectrometer was then put on a
cycle mode for 15 minutes, with a spectrum being taken every 15 seconds. Data collection was
started, then after the first spectrum was obtained, 100 pL of GDH was added to the cuvette and
the solution mixed with a stir stick before the spectrometer recorded the second spectrum. The
GDH addition brings the volume up to a total of 1 mL, which is important when calculating the
NH4* concentration. Each standard was obtained using the same procedure except that instead of

685 pL of buffer, 500 pL of an NH4* standard and 185 pL of assay buffer were added, along
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with 30 pL of NADH and 185 pL of a-KG. Once again, data collection was then started with
900 mL of reaction mixture in the cuvette, then 100 uL of GDH stock were added before the
spectrometer recorded the second spectrum.

The concentration of [NH4"] can be calculated using a rearrangement and variation of the

Beer’s law equation described in the equation below.

A4,(0.9) — A,
NH;}] =
[NH,] 6300 M~1cm1

Ao describes the absorbance maximum at 340 nm after the initial spectrum, 0.9 is the dilution
factor after the addition of GDH, A | is the absorbance obtained after NADH oxidizes no further,
and 6300 M-cm™ is the extinction coefficient of NADH at 340 nm. Figure 4.1 shows the A340
vs time trace fit to the exponential function A = Ao(0.9)e™ + A that can be used to accurately
obtain the parameters Ao and A... The concentration of GDH was adjusted to make the half-life
of the reaction roughly 100s, which made it easy to obtain Ag and A.. accurately. Figure 4.2
shows how the complete spectra change over time in one of the standard assay runs. As will be
discussed in Section 4.2.7, fitting the set of time-resolved spectra instead of absorbance changes
at a single wavelength is advantageous when analyzing complex reaction mixtures, such as one
shown in Fig 4.3.
4.2.4. Electrolytic preparation of reducing agents

13S, 14S, and hexaammineruthenium, were prepared and reduced by bulk electrolysis in
much the same way as described for 13S in Section 3.2.3, or methyl viologen in Section 2.2.6.
Specific details are as follows.

4.2.4.1. 13Sred preparation. Stock solutions containing 5 mM 13S and 200 mM NacCl
were prepared in 50 mM assay buffer as described in Section 3.2.3. To make I3S solutions

containing approximately 50% I3Syeq, (“partially reduced, 13Spr”) the stock was
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Figure 4.2. NADH spectral changes observed over the course of 15 minutes for the 40uM

ammonium standard.
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Figure 4.3. Spectral changes observed at t = 0 (red) and t = 450s (blue) for a solution containing
40uM ammonium standard solution and also oxidized 13S. Changes in the 340 nm range
correspond to the decrease in absorbance as NADH is consumed, but for complex mixtures such
as this one, it is advisable to fit the entire spectrum as described in section 4.2.7, rather than a

single wavelength, as in Fig. 4.1.
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electrochemically reduced at an applied potential of -90 mV vs SHE. To make 13S solutions
containing close to 100% I3Syeqd, (“fully reduced, I3Srr”), the stock was electrochemically
reduced at an applied potential of -290 mV vs SHE. 13Spr solutions were turquoise green, while
I3Skr solutions were bright yellow. Spectra were routinely taken of the reduced I3S solutions to
monitor reoxidation. The I13S does not stay reduced for more than a week, therefore, it must be
used quickly after reduction.

4.2.4.2. 14Sred preparation. To prepare 14S stocks, 0.014 g of oxidized 14S and 0.046 g
of NaCl were added into a clean, glass vial and dissolved in 4 mL of 50 mM assay buffer. As
with the 13S and MV stocks, the buffer was added in the glovebox. The solution thus prepared
contained 5 mM 14S and 200 mM NaCl in 50 mM HEPES pH 7.0. To make 14S solutions
containing close to 100% 14Sreq, (“fully reduced, 14Srr”), the stock was electrochemically
reduced at an applied potential of -230 mV vs SHE. 14Sgr solutions were bright yellow.

4.2.4.3. Hexaammineruthenium(I1) (Ru'"preparation. To prepare
hexaammineruthenium(I11) (Ru'") stocks, 0.0124 g of hexaammineruthenium(111) chloride and
0.046 g of NaCl were added to a clean, glass vial and dissolved in 4 mL of 50 mM assay buffer.
As with the 13S and MV stocks, the buffer was added in the glovebox. The solution thus
prepared contained 10 mM Ru'"" and 200 mM NacCl in 50 mM HEPES pH 7.0 buffer. To reduce
the Ru'"", the stock was electrochemically reduced at an applied potential of -100 mV vs SHE,
which is 150 mV below Ru""’s midpoint potential (+50 mV vs SHE). Hexaammineruthenium is
virtually colorless in either oxidation state, though Ru' is a faint yellow. However, a useful way
to monitor the extent of Ru reduction is to add a small amount (10-20 mM) 14S to the solution
before reduction. Oxidized 14S absorbs strongly in the 600 nm range, while reduced 14S does

not. Because 14S has a midpoint potential of -46 mV vs SHE, # when the absorbance at 600 nm
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drops to 50% of the initial value, the ruthenium in solution can be considered reduced. During
electrolysis, a spectrum was taken after every third 5-minute electrolysis burst to check the 600
nm absorbance. The solution appeared to be fully reduced after 10 bursts. Note that Ru"
degrades over the course of a day, probably due to substitution of the ammine ligands by water.
Therefore, fresh solutions must be prepared daily. Another possibility is to freeze the sample in

aliquots at —40 °C to use at a later date, though this approach has had variable success.

4.2.5. CcNiR-mediated reduction of nitrite in the presence of the various reducing agents

Nitrite was allowed to react under a variety of reducing conditions, in the presence of
ccNIR, after which the reaction mixture was assayed to determine how much, if any ammonium
was generated. For all experiments, ccNiR was added from a 60 mM stock solution and nitrite
from a 100 mM stock, prepared as described in Section 2.2.6. All reactions were carried out in an
anaerobic glovebox as described next for each individual reducing agent.

4.2.5.1. The ccNiR-mediated reduction of nitrite by 13Srr. A 2 mM I3Sgr solution was
prepared by combining 1.6 mL of the 5 mM stock (section 4.2.4.1) with 2.4 mL of assay buffer.
Six reaction mixtures with varying 13Srr concentrations were made in Eppendorf tubes by
combining 2 mM I3Skr solution, ccNiR stock, nitrite stock, and assay buffer, in the volumes
shown in Table 4.1. It is important to note that the 13Sgr solution was the last reagent to be added
to the reaction mixtures. After the last addition, each tube was capped, its contents mixed
thoroughly and then left to react in the glovebox for 30 minutes. These experiments were done in
triplicate. Reaction progress can be visually observed due to the color change of 13S from yellow
to blue. Alternatively, the reaction mixture can be transferred to a cuvette, where reaction

progress can be more quantitatively monitored by UV/Vis spectroscopy.
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Stock solution volumes (mL) JLEATY

I3S:, ccNiR NO, Assay buffer (mM)
45 25 5 925 90
60 25 5 910 120
75 25 5 895 150
90 25 5 880 190
105 25 5 865 210
120 25 5 850 240

Table 4.1. Volumes of each stock solution used to make reaction mixtures with varying
concentrations of 13Srr. The concentrations of ccNiR and nitrite are constant at 1.5 mM and 500
mM, respectively, in all reaction mixtures. The total volume of each reaction mixture was 1.0

mL.

4.2.5.2. The ccNiR-mediated reduction of nitrite in the presence of 13Spr. A reaction
mixture with a concentration of 240 pM 13Spr was produced by combining 48 puL of 5 mM 13Spr
stock, 5 pL of 100mM NaNO: stock, 25 pL of 60uM ccNiR stock, and 922 pL of assay buffer,
in an Eppendorf tube. This experiment was replicated six times.

4.2.5.3. The ccNiR-mediated reduction of nitrite in the presence of 14Skr. A 2 mM
14Skr solution was prepared by combining 1.6 mL of the 5 mM stock (section 4.2.4.2) with 2.4
mL of assay buffer. Six reaction mixtures containing 14Srr concentrations varying from 90 mM
— 240 mM were prepared as described for 13Sgr in section 4.2.5.1 above, using the same stock
solution volumes as shown in Table 4.1. The reaction mixtures were monitored for 1 hour in the
glovebox before applying the ammonium assay as described below. These experiments were
done in triplicate. UV/Visible monitoring of the reaction mixtures showed that the reactions

appeared to be completed within ~20 minutes.
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4.2.5.4. The ccNiR-mediated reduction of nitrite in the presence of Ru'. A 2 mM Ru"
solution was prepared by combining 0.8 mL of the 10 mM stock (section 4.2.4.3) with 3.2 mL of
assay buffer. Five reaction mixtures with varying Ru'' concentrations were made in Eppendorf
tubes by combining 2 mM Ru" solution, ccNiR stock, nitrite stock, and assay buffer, in the
volumes shown in Table 4.2. As with the other reaction mixtures described above, the Ru"
reductant was the last reagent to be added to the reaction mixtures. After the last addition, each
tube was capped, its contents mixed thoroughly and then left to react in the glovebox for 60
minutes. These experiments were done in triplicate. Unlike 13S and 14S, neither oxidation state
of hexaammineruthenium has significant absorbance in the UV/Vis spectrum, so neither visual
inspection or UV/Vis spectroscopy could be used to monitor Ru'' oxidation. On the other hand,
the lack of absorbance from the reducing agent made it easy to observe spectral changes due to

changes in ccNiR oxidation state. No spectral changes due to ccNiR were observed after 45-60

minutes.
Stock solution volumes (mL) =
[Ru ]ﬂm
Ru" ccNiR NOz Assay buffer (mM)

10 25 5 960 20
20 25 5 950 40
40 25 5 930 80
60 25 5 910 120
80 25 5 890 160

Table 4.2. Volumes of each stock solution used to make reaction mixtures with varying
concentrations of Ru''. The concentrations of ccNiR and nitrite are constant at 1.5 mM and 500
mM, respectively, in all reaction mixtures. The total volume of each reaction mixture was 1.0

mL.
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4.2.6. Ammonium assay for reaction products obtained under weakly reducing conditions

The ammonium assay was completed outside of the glovebox, since at this point the
nitrite reduction reaction should have consumed all available reductant, thus there was no longer
a sensitivity to oxygen. During the purification of ccNiR, ammonium sulfate was used in two
purification steps. Although multiple buffer exchanges were done after purification, there could
be residual ammonium salt. For this reason, a blank of ccNiR without reducing agent or nitrite
was run initially to calculate ammonium already present in solution. This was done by first
diluting the ccNiR to ~1 uM by transferring 25 pL of 60 uM ccNiR stock to 975 pL of assay
buffer. Then, 500 pL of the 1 uM ccNiR solution were added to an Eppendorf tube, along with
185 pL of assay buffer, 30 pL of 2.76 mM NADH, and 185 pL of 19 mM a-KG. This solution
was then put into a quartz cuvette with a pathlength of 1 cm. The spectrometer was then put in
cycle mode for 15 minutes, with a spectrum being taken every 15 seconds. Data collection was
started, then after the first spectrum was obtained, 100 pL of GDH was added to the cuvette and
the solution mixed with a stir stick before the spectrometer recorded the second spectrum. The
GDH addition brings the volume up to a total of 1 mL, which is important when calculating the
NH.4" concentration. To test the reaction mixtures produced in Section 4.2.5, a 500 pL aliquot of
each mixture was added to an Eppendorf tube, along with 185 L of assay buffer, 30 pL of 2.76
mM NADH, and 185 pL of 19 mM a-KG. These solutions were then transferred to a quartz
cuvette with a pathlength of 1 cm. The spectrometer was put in cycle mode for 15 minutes, with
a spectrum being taken every 15 seconds. Data collection was started, then after the first

spectrum was obtained, 100 uL of GDH was added to the cuvette and the solution mixed with a
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stir stick before the spectrometer recorded the second spectrum. The data collected for the

sample assays and blank were analyzed as described in the following section.

4.2.7. Analysis of the assay results

Upon completing the assays of Section 4.2.6, the datafiles are saved as CSV files. To
analyze each data set, six Mathcad programs are used sequentially. The first program is called
“Step 1 submatrix former.” The CSV file containing the data is uploaded into this program,
which will display the first absorbance vs wavelength (in nm) spectrum in the time series. The
program has sliders that allow the user to trim from the spectrum any noisy or off-scale data; all
other spectra in the time series will be similarly trimmed. In the ammonia assays that use 13Sreq
or 14Syeq as the electron source, the spectral regions above ~570 nm and below 335 nm are often
off scale and trimmed off using the adjustable sliders within the program. The program then
generates a new data set lacking the unwanted spectral regions and exports it with the file name
“truncated data set.csv”. The truncated data set CSV will automatically open in the next
program.

Next, the second program called “Step 2 data extractor” takes the data exported by the
first program, and upon being supplied by the user with the time interval between spectra
(typically 15s), it reformats the data into a matrix that contains times in the first column,
wavelengths in the first row, and absorbances in every other cell of the array (the cell at the
intersection of the first row and first column is left as zero). The program also has a slider with
output “index2” that allows the user to trim off unwanted spectra from the start of the time series.
In assay experiments, set index = 1 to remove the first spectrum, which is collected before GDH
has been added. The matrix prepared by the program is exported as a file named “reformatted

data.csv”, to be used by the third program.
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The third program, called “Step 3 SVD-wavelength in rows” is opened next. This
program inputs the reformatted data and first separates the data into three distinct matrices: a
matrix of wavelengths (extracted from the first row of “reformatted data.csv’’), one of times
(extracted from the first column of “reformatted data.csv’), and one of absorbances, obtained
from the corresponding cells of “reformatted data.csv”’. The program then performs singular
value decomposition (SVD) on the absorbance matrix. > A slider with output variable
“components” allows the user to plot each column of the SVD U matrix vs wavelength, and each
column of the SVD V matrix vs time. For the ammonia assays, the first two columns of the U
and V matrices will typically have signal, while the remaining ones will look like noise, showing
that only two components are contributing to all the time-resolved spectra. If the “components”
slider is set to 1, the program reconstructs a “clean” absorbance matrix using only the first two
columns of U and V, together with the first two singular values from the S matrix (in Mathcad,
the first row and column of an array have a zero index). > The step 3 program exports three
separate csv files, one containing the wavelengths, one the times, and the third the absorbance
matrix reconstructed using only the non-noise columns of the U and V matrix, and the
corresponding singular values. ®

The fourth Mathcad program, referred to as “step 4 rel Evalue extractor 1Exp”, fits the
SVD-processed absorbance data generated by the previous program to the equation shown in
Scheme 4.2. In the scheme, A;; is the absorbance obtained at wavelength A and time t, So IS a
spectral component present at t = 0, and Sz is a component that decays exponentially at a rate
governed by k. A slider allows the user to manually adjust the value of k, with which the program
calculates the best values of So, S1, and k by a combination of linear and non-linear least-squares

fitting. 2 The value for k should be manually adjusted until the resulting sum of squares value
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A = Sopy + Sy eXp(=kt)

Scheme 4.2. Equation used to fit the spectral changes associated with NADH oxidation in the

presence of other absorbing species such as ccNiR and I13S or 14S.

reaches a minimum, indicating an optimal fit between the experimental and calculated spectra.
Once a good fit is achieved, the program exports a file called “Rel ext coeffs.csv” that contains
So and Sz as columns in an array.

The last two programs, “Step 5 E1 fit auto” and “Step 6 E2 fit auto”, each fit one of the
spectral components So or S1 using independently known extinction coefficient spectra. Three
species were found to contribute to So in proportion to their concentrations at t = 0: ccNIR, 13Sex
or 14Soy, (but not Ru'""), and NADH. For most of the experiments, the extinction coefficient
spectrum of ccNiRwt was used; however, this could be replaced by the spectra of the
ccNiRRr103g, or cCNiRy206r Variants when necessary (see Section 4.3.3 below). The most
important role of the So fit was to obtain the concentration of I3S or 14S present in solution
because these values are necessary for calculating the percent of formation of ammonium
relative to the theoretical maximum (see Section 4.3.3).

Importantly, only the amount of NADH that oxidized during the GDH-catalyzed
amination of a-KG contributed to S1, so this component was fit with the extinction coefficient
spectrum of NADH only. In this way, the amount of NADH oxidized, and the corresponding
amount of ammonium present in solution at t=0, could be obtained very accurately, even in the
presence of other strongly absorbing species. Such a feat would be much less certain if only the

absorbance differences at 340 nm and the equation from Section 4.2.3 were used. To account for
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the fact that trace amounts of adventitious ammonium left over from ccNiR purification were
almost always present in the reaction mixture, the program that fit S1 was modified to
automatically subtract the concentration of adventitious ammonium present, which in turn was
obtained from the blank assay mixture that contained ccNiR but no added nitrite or reducing
agent (Section 4.2.6). The amount of adventitious ammonium is specified by the user by
adjusting the parameter NADHo. Then, the program calculates the ammonium formed by ccNiR-
catalyzed reduction of nitrite as the difference between the amount calculated from fitting S1 and

NADHo,. The corrected ammonium concentration is specified by the parameter NADH;.
4.3. Results

4.3.1. 13Spr as electron source

I13Spr Was chosen as the first reductant to test because a 1:1 mix of 13Sreq and 13Sox poises
the reaction mixture’s potential at -90 mV vs SHE, which is the potential at which a slight
current due to catalytic nitrite reduction is first detected in protein voltammetry experiments. °
Would ammonium be formed under these conditions? And if so, how much? To answer this
question, an experiment was conducted to see how much ammonium would be generated in the
presence of 120 UM 13Sred, 120 UM 13Sox, 500 mM nitrite, and 1.5 mM ccNiR. Three equivalents
of 13Sreq are required to reduce one equivalent of nitrite to ammonium (Scheme 4.3), so 120 uM
of 13Sreq is enough to produce a maximum of 40 mM ammonium. For the ammonia assay, the
reaction mixture is diluted by half when the assay reagents a-KG, NADH, and GDH are added
(Section 4.2.6), so a maximum of 20 mM ammonium could be present in the assay mixture if all
the available 13Sreq reacted with nitrite to produce ammonium. The Fig. 4.4 calibration curve
shows that the ammonium assay has a range of detection from 2 uM to 80 UM ammonium, so 20

mM should be readily detectable.
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NO; +6e” +8H" — NH: +2H,0
313S,, —3I3S, +6e”
NO; +3I3S,, +8H* —> NH; +3I3S,, + 2H,0 net rxn

red

Scheme 4.3. Stoichiometry for the reaction of 13S with nitrite to produce ammonium. 14S would
have the same stoichometry, whereas Ru'' is a 1-electron donor, so 6 equivalents are required to

reduce nitrite to ammonium.

Table 4.3 summarizes the results from 6 replicates of the experiment described in the
previous paragraph. The second column of the table lists the 13Sreq concentrations obtained
experimentally by fitting the So spectral component of Scheme 4.2 with the extinction coefficient
spectra of 13Sex, NADH, and ccNiRox. (Section 4.2.7). Note that the analysis of So tells only how

much 13Soy is present at the time that the assay is initiated. To obtain the 13Seq values listed in

Ammonium Assay Calibration Curve
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Figure 4.4. The calibration curve produced from measuring the change in NADH concentration

over time for standards ranging from 2-80uM ammonium. The linear fit is shown in red.
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I3Sg,; Nominal (UM)  I3Sg,; Calculated [NH,*] Expected [NH,*] Calculated Percent NH,*
(nM) (M) (uM) Formation

60.0 67.85 22.62 20.76 91.79
60.0 63.90 21.30 20.77 97.51
60.0 71.00 23.67 21.79 92.07
60.0 68.30 22.77 20.61 90.53
60.0 69.65 23.22 23.51 101.26
60.0 69.95 23.32 23.83 102.20

Table 4.3. Replicated experiments of the ccNiR-catalyzed reduction of nitrite in the presence of

partially reduced Indigo trisulfonate.

the second column of Table 4.3, it was assumed that exactly 50% of the total 13S was reduced
when I3S, nitrite, and ccNiR were first mixed. Based on the values listed in column 2, column 3
of Table 4.3 lists the ammonium concentrations expected if all the electrons from 13Seq go
towards generating ammonium. From the stoichiometry of Scheme 4.3, these would be one third
of the column 2 13Syeq concentrations. Column 4 of the table then lists the ammonium
concentrations obtained by fitting the S1 spectral component with the NADH extinction
coefficient spectrum (Scheme 4.2, Section 4.2.7). This reflects the actual ammonium present in
the assay mixture. Finally, the last column in the table lists the percent ammonium formation,

calculated as follows:

NHjf
Percent NH] Formation (%) = (NHs Icatcutatea x 100

[NHI]Expected

As can be seen from the table, the average percent formation of ammonium was 96+5%; that is,

all, or virtually all the electrons from 13Seq Wwent towards reducing nitrite to ammonium.
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4.3.2. 13Skr as an electron source

The ammonium assay was completed for five replicate sets of data obtained from ccNiR-
catalyzed reactions of nitrite with varying concentrations of 13Srr. Table 4.4 lists the ammonium
concentrations calculated by fitting each of the Si1 spectral components with the NADH
extinction coefficient spectrum (Scheme 4.2, Section 4.2.7). Table 4.5 then calculates the percent
ammonium formation observed for each 13Sreq concentration of the first data set from Table 4.4,
using the procedure described for 13Spr in Section 4.3.1; the other four data sets gave similar
results. The average percentage of ammonium formation was found to be 78+8%, which is lower
than was observed for 13Spr in Section 4.3.1. However, this is most likely because 13Srr
solutions did not in fact contain 100% reduced I3S (remember that fitting the So spectral
component reveals only the amount of 13Sox present after the reaction is over, not how much

I3Sred Was present at the reaction’s start).

I3S,Nominal  [NH,'] [NH,'] [NH/'] [NH,'] [NH/]
(HM) Calculated Calculated Calculated Calculated Calculated
(M) M) M) (uM) (uM)
Dataset 1 Dataset 2 Dataset 3 Dataset 4 Dataset 5
45.0 9.75 13.36 11.42 13.65 9.52
60.0 12.8 16.66 13.8 15.46 11.42
75.0 15.3 20.61 16.69 17.85 19.91
90.0 17.6 25.29 18.1 19.38 15.97
105.0 26.9 27.78 19.96 24.43 23.56
120.0 25.0 29.21 20.38 24.85 )

Table 4.4. The calculated ammonium formation for the ccNiR-catalyzed reduction of nitrite in
the presence of fully reduced indigo trisulfonate at concentrations ranging from 45-120uM. The

experiments were reproduced five times.
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I38g,s Nominal (M)  I3Sg, Calculated [NH,*] Expected  [NH,*] Calculated Percent NH,;*
M) M) nM) Formation

45.0 35.5 11.8 9.75 82.4
60.0 48.8 16.3 12.8 78.7
75.0 62.8 20.9 15.3 73.1
90.0 75.2 25.1 17.6 70.2
105.0 88.6 29.5 26.9 91.1
120.0 102.0 34.0 25.0 73.5

Table 4.5. The calculated percent ammonium formation for the ccNiR-catalyzed reduction of

nitrite in the presence of fully reduced indigo trisulfonate at concentrations ranging from 45-120

uM for Dataset 1 from Table 4.4.

4.3.3. 13Skr reduction of nitrite in the presence of the ccNiR variants R103Q and Y206F

In addition to measuring how much ammonium was generated when nitrite and 13Srr
were mixed in the presence of ccNiRwr, the assay was also used to assess how much ammonium
formed when the reagents were combined in the presence of the variants ccNiRRr103g and
ccNiRv206r. Table 4.6 and Table 4.7 show the results obtained with the R103Q variant, while
Table 4.8 and Table 4.9 list those obtained with the Y206F variant. In both cases, the amount of
ammonium formed was well below the maximum amount possible, 14+2% for ccNiRRr1030, and
20+4% for ccNiRy20er. Furthermore, the Table 4.7 data reveal a possible decrease in the percent
ammonium formed as the reductant concentration increases, though a more thorough analysis

will be needed to determine if this trend is statistically significant.
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I38S,.; Nominal [NH,*] Calculated [NH,'] Calculated [NH,*] Calculated

(uM) (uM) (um) (uM)
Dataset A Dataset B Dataset ¢
45.0 2.64 _8.43 1.93
60.0 3.37 4.37 3.00
75.0 3.81 3.28 3.54
920.0 455 4.74 3.39
105.0 4.84 4.87 5.72
120.0 5.63 4.84 4.67

Table 4.6. The calculated ammonium formation for the R103Q ccNiR variant -catalyzed
reduction of nitrite in the presence of fully reduced Indigo trisulfonate at concentrations ranging

from 45-120uM. The experiments were reproduced in triplicate.

I38 Nominal (uM)  I3S Calculated uM)  [NH,'] Expected  [NH,'] Calculated Percent NH,*
(uM) (nM) Formation

45.0 48.47 16.16 2.64 16.34
60.0 65.83 21.94 3.37 15.36
75.0 86.24 28.75 3.81 13.25
20.0 106.3 35.43 4,55 12.84
105.0 120.2 40.07 4.84 12.08
120.0 141.7 4723 5.63 11.92

Table 4.7. The calculated percent ammonium formation for the R103Q ccNiR variant -catalyzed

reduction of nitrite in the presence of fully reduced Indigo trisulfonate at concentrations ranging

from 45-120uM for Dataset A from Table 4.6.
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I3S,,; Nominal [NH,*] Calculated [NH,'] Calculated [NH,'] Calculated

(uM) (uM) (uM) (uM)
Dataset A Dataset B Dataset ¢
45.0 2.31 3.17 2.51
60.0 5.75 1.29 3.06
75.0 4.36 1.45 4.03
90.0 6.431 2.59 5.77
105.0 7.6 N/A 6.13
120.0 8.94 2.52 N/A

Table 4.8. The calculated ammonium formation for the Y206F ccNiR mutant-catalyzed
reduction of nitrite in the presence of fully reduced Indigo trisulfonate at concentrations ranging

from 45-120uM. The experiments were reproduced in triplicate.

I38 Nominal (uM)  I3S Calculated (uM)  [NH,'] Expected [NH_,*] Calculated Percent NH,*
um) (M) Formation

45.0 47 43 15.81 2.31 14.61
60.0 63.24 21.08 5.75 27.28
75.0 80.62 26.87 4.36 16.22
90.0 99.23 33.08 6.43 19.44
105.0 1135 37.83 7.60 20.09
120.0 130.9 43.63 8.94 20.49

Table 4.9. The calculated percent ammonium formation for the Y206F ccNiR mutant-catalyzed
reduction of nitrite in the presence of fully reduced Indigo trisulfonate at concentrations ranging

from 45-120uM for Dataset A from Table 4.6.
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4.3.4. 14Skr as an electron source

The analysis for the ccNiR-catalyzed reduction of nitrite in the presence of fully reduced
14S was completed in the same manner used to analyze the 13S data, the only difference being
that, when fitting the So spectral component, the extinction coefficient spectrum of fully oxidized
14S was used in place of the I3S one. The reaction was completed in triplicate with varying
concentrations of 14S. The calculated ammonium formations are listed in Table 4.10. Table 4.11
then calculates the percent ammonium formation observed for each 14Sreq concentration of the
first data set from Table 4.10, using the procedure described for 13Spr in Section 4.3.1. The other
two data sets from Table 4.10 gave similar results. Interestingly, the ccNiR-catalyzed reduction

of nitrite in the presence of 14S as a reducing agent resulted in an average of only 49+3%

ammonium formation.

I4S,,; Nominal (M) [NH,'] Calculated
(M)

Dataset 1

45.0 5.03

(M)

Dataset 2

6.66

[NH,*] Calculated

[NH,"] Calculated

()

Dataset 3

7.99
60.0 10.16 10.35 876
75.0 11.57 13.49 12.35
90.0 15.64 15.17 15.25
105.0 15.91 16.76 17.35
120.0 17.24 18.33 17.52

Table 4.10. The calculated ammonium formation for the ccNiR-catalyzed reduction of nitrite in
the presence of fully reduced indigo tetrasulfonate at concentrations ranging from 45-120uM.

The experiments were reproduced in triplicate.
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I45g.; Nominal (uM)  I4Sg,; Calculated [NH"] Expected [NH,*] Calculated Percent NH,*
(uM) M) (M) Formation

45.0 43.54 14.51 6.66 45.89
60.0 61.37 20.46 10.35 50.59
75.0 76.44 25.48 13.49 52.94
90.0 89.38 29.79 15.17 50.92
105.0 106.7 35.57 16.76 47.12
120.0 125.2 41.73 18.33 43.92

Table 4.11. The calculated percent ammonium formation for the ccNiR-catalyzed reduction of
nitrite in the presence of fully reduced indigo tetrasulfonate at concentrations ranging from 45-

120uM for Dataset 2 from Table 4.10.

4.3.5. Ru'" as an electron source

The ccNiR-catalyzed reduction of nitrite mediated by hexaammineruthenium(ll) yielded
a complicated, yet interesting result. Ru'' is different than 13S and 14S in that it does not have
significant absorbance at the concentrations used in the experiments. Therefore, when fitting So
from Scheme 4.2 as described in Section 4.2.7, only the NADH and ccNiR extinction coefficient
spectra were used in the fits, and the total hexaammineruthenium concentration couldn’t be
independently verified. Furthermore, data analysis is complicated by the fact that Ru'' (and Ru'")
has six ammonia ligands, and though the complex is relatively stable, it does undergo slow
substitution of the ammonia ligands by water, which releases free ammonium. To correct for this
interference, control ammonium assays were completed with only Ru' in solution, omitting

ccNiR and nitrite. Three sets of control reaction mixtures were analyzed. Each set consisted of 5
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experiments in which the Ru'" concentrations varied from 10-80 puM in the same way as they did
in the reaction mixtures containing ccNiR and nitrite (Table 4.12). The three control datasets
differed from each other in the amount of time that they were allowed to incubate in the
glovebox before being subjected to the ammonium assay: 30 minutes, 60 minutes, and 2 hours,
respectively. The amount of ammonium detected by the assay was found to plateau within a 60-
minute period, possibly implying that an equilibrium was reached between free and Ru-bound
ammonium,

For the analysis of the actual datasets, the amount of ammonium produced in the blank
dataset was averaged for each concentration and was subtracted from the total amount of
ammonium calculated by the S1 component fit (Section 4.2.7). As mentioned in Section 4.2.7,
the amount of adventitious ammonium contributed by the ccNiR stock solution was also
subtracted at this point. The net amounts of ammonium calculated to come from the reaction of
nitrite with Ru", rather than from other sources, are listed in Table 4.12. Note that these are
uniformly negative, which shows that the amount of adventitious ammonium calculated from the
control measurements overestimated the amount truly present in the reaction mixtures. Similar
results were obtained when Ru'" was allowed to react with nitrite in the presence of the ccNiR
variants R103Q and Y206F (Table 4.13 and Table 4.14). Though these experiments will need to
be repeated with better quantification of adventitious ammonium, the fact that the ammonium
concentration measured in all the experiments from Tables 4.12 — 4.14 remained constant as the
Ru' concentration increased suggests that little or no ammonium is generated when Ru' is the

electron source.
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HexRu,y [NH,'] [NH] [NH/] INH/] Average

Nominal (UM) Expected (uM)  Calculated Calculated Calculated [NH,*]
(uM) uM) (uM) (eM)
Dataset 1 Dataset 2 Dataset 3

10.0 1.67 -9.89 -9.56 -8.89 -9.45

20.0 3.33 -8.85 -8.51 -8.16 -8.51

40.0 6.67 -4.14 -7.4 -4.21 -5.25

60.0 10.0 -12.60 -8.77 -7.29 -9.55

80.0 13.33 -14.12 -11.65 -4.86 -10.21

Table 4.12. The calculated ammonium formation for the ccNiR-catalyzed reduction of nitrite in
the presence of fully reduced hexaammineruthenium at concentrations ranging from 10-80 uM.

The experiments were reproduced in triplicate.

HexRuyy [NH,] [NH,'] [NH,] [NH,] Average
Nominal (MM) Expected (uM)  Calculated Calculated Calculated [NH,]
(uM) (uM) M) (uM)
Set 1 Set 2 Set 3
10.0 1.67 -9.86 -10.64 -11.93 -10.81
20.0 3.33 -9.14 -9.71 -10.94 -9.93
40.0 6.67 -8.56 -9.06 -11.38 -9.67
60.0 10.0 -11.40 -13.18 -13.88 -12.82
80.0 13.33 -11.13 -9.74 -9.56 -10.14

Table 4.13. The calculated ammonium formation for the ccNiRRr1030 Variant-mediated reduction
of nitrite in the presence of fully reduced hexaammineruthenium at concentrations ranging from

10-80 uM. The experiments were reproduced in triplicate.
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[HexRu, 4] INH/'] [NH,*] [NH,] INH,] Average

Nominal (UM) Expected (uM)  Calculated Calculated Calculated [NH,]
(nM) (nM) (nM) (rM)
Set 1 Set 2 Set 3
10.0 1.67 -10.20 -10.57 -11.93 _10.90
20.0 3.33 -9.43 -9.56 -12.66 10,55
40.0 6.67 -8.20 -10.20 -6.82 _8.41
60.0 10.0 -8.54 -20.73 -6.41 11.89
80.0 13.33 -5.91 2,56 -8.33 560

Table 4.14. The calculated ammonium formation for the ccNiRy20sr Variant-mediated reduction
of nitrite in the presence of fully reduced hexaammineruthenium at concentrations ranging from

10-80 uM. The experiments were reproduced in triplicate.

4.4. Discussion

4.4.1. 13S as an electron source

The results reported in sections 4.3.1 and 4.3.2 (Tables 4.3 — 4.5) suggest that ccNiRwt
catalyzes the reduction of nitrite by 13Sreq to produce ammonium quantitatively and exclusively.
For the experiments with 13Spr (Section 4.3.1), the % ammonium formation was 96+5%, or
essentially 100%. The experiments with 13Sgr (Section 4.3.2) appeared to show less conversion
to ammonium (78+8%), but this is probably an artifact because 13S was not truly fully reduced at
the start of the reaction. It is more difficult to fully reduce 13S by bulk electrolysis than it is to
reduce it by 50%, and it is also more difficult to store it at that level of reduction. From these
results, we can conclude that 13S is a potent enough reductant to overcome the activation barrier
of the putative rate limiting step in the ccNiR-catalyzed reduction of nitrite to ammonium (Fig.
1.7). This is an important result because 13Sreq is a weaker reductant than MVreq, and yet it is still

able to produce ammonium quantitatively at a detectable rate.
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In contrast to the result obtained in the presence of ccNiRwr, the amounts of ammonium
produced when I3Srr and nitrite were mixed in the presence of the ccNiRRr103o and ccNiRy206r
were minimal (14+2% for ccNiRRr103q, and 20+4% for ccNiRy2oer; Tables 4.6 — 4.9). There are at
least three possible explanations for this result. First, the low yields could be due to the variant-
catalyzed reactions being much slower than those catalyzed by the wild type, so that not enough
time was allowed for the reactions to go to completion. Second, it is possible that, during
turnover, the variants are converted into inactive forms of the enzyme, so that catalysis stopped
after a few catalytic cycles. There is some spectroscopic evidence for this mechanism, 7 and the
possibility is currently being investigated further. Finally, it is possible that nitrogenous species
other than ammonium are generated when the ccNiRr103g and ccNiRy20sr mediate nitrite
reduction by 13Syeq, even though ammonium is the sole product of the ccNiRwt — catalyzed
process. In the experiments with the variants, the extent of 13Syeq re-oxidation that took place in
the glovebox before the reaction mixtures were brought out for the assay was not monitored.
Therefore, for now, it is unclear which of the possible mechanisms accounts for the low
ammonium yields. Further experiments are planned to address this question soon.

4.4.2. 14S as an electron source

When 14Sgr was the electron source, the %yield of ammonium was only 49+3% of that
expected if all the electrons available from 14S had gone to ammonium formation. Again, there
could be several reasons for this, but one intriguing possibility is that as the ratio of 14Syeqd/14Sox
decreases, the solution potential increases to a value too high to overcome the activation barrier
of the putative rate limiting step in the ccNiR-catalyzed reduction of nitrite to ammonium (Fig.
1.7). The midpoint potential for 14S is -45 mV vs SHE, which is about 50 mV higher than the

potential at which a slight current due to catalytic nitrite reduction is first detected in protein
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voltammetry experiments. ® At high 14Seq/14Sx ratios, the solution potential would be near -100
vs SHE. However, as the ratio decreased, the potential would increase, which might drastically
slow the rate of catalysis. The fact that the % yield of ammonium remained the same as the total
14S concentration was varied from 45-120 uM supports the hypothesis that it is the 14Sred/14Sox
ratio that determines reaction effectiveness. However, further experiments will be needed to

confirm this hypothesis.

4.4.3. Ru' as an electron source

As noted in Section 4.3.5, the amount of ammonium generated when Ru'' provided the
electrons could not be reliably quantified because estimates of the amount of adventitious
ammonium generated from hexaammineruthenium hydrolysis were unreliable (Tables 4.12-
4.14). Though these experiments will need to be repeated with better quantification of
adventitious ammonium, they suggest that little or no ammonium is generated when Ru'' is the
electron source. This could be because Ru'' catalyzes reduction of nitrite to ammonium too
slowly to generate detectable quantities during the time allowed for the reaction. In support of
this possibility, the fit of the So spectral component with the known extinction coefficient spectra
of ccNiRox and NADH was poor in a way that suggests that ccNiR remained reduced outside the
glovebox at the start time of the assay (the ccNiR Soret peak shifts from 409 nm to 424 nm as the
enzyme reduces). This is what might be expected if significant Ru'' was still present at the start
of the assay because it hadn’t been consumed in reactions with nitrite. By contrast, fits of the So
spectral component when 13Sreq Or 14Sreq Was the electron source were much better in the ccNiR
Soret region. The midpoint potential for hexaammineruthenium is +50 mV vs SHE, which is ~90

mV higher than that of 14S.
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4.5. Summary

In conclusion, with appropriate data processing, the Bergmeyer and Beutler assay was
able to reliably quantify the ammonium generated in ccNiR-mediated reactions of nitrite with
various reducing agents, even in the presence of interfering colored species. The results of the
assay showed that ammonium is generated quantitatively when I3S is the electron source,
irrespective of the 13Sred/13Sox ratio. On the other hand, the amount of ammonium produced
when 14Sq is the electron source may depend on the 14Syeq/14Sox ratio, while no ammonium
appears to be produced when Ru"" is the electron source. Studies are now under way to confirm
these results and to more accurately quantify how 14Sreq4 re-oxidation correlates with ammonium
formation. Lastly, even while ccNiRwr can catalyze reduction of nitrite exclusively to
ammonium when 13Syq is the electron source, the same is not true for the ccNiRr103g and
ccNiRy206r Variants. This is in line with previous studies by the Pacheco group, and the cause is

now being further investigated. ’
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Chapter 5 The search for the four-electron reduced putative ccNiR intermediate using the

stopped-flow technique

5.1. Overview

In recent years, the Pacheco group gathered evidence of an intermediate that accumulates
at an applied potential between -80 mV vs SHE and -120 mV vs SHE. One piece of evidence
was found in UV/vis spectropotentiometric and protein film voltammetry studies. 2 Rapid-
mixing experiments performed with hydroxylamine and ccNiR supported these results. 3 When
ccNiR was mixed with excess hydroxylamine at varying concentrations (10 mM-300 mM),
UV/visible stopped-flow experiments showed reduction of ccNiR taking place as a triphasic
exponential process. Rapid freeze-quench results gave EPR spectroscopic evidence that a radical
species accumulates within 100 ms of mixing and then decays without reaching a concentration
of zero. EPR analysis also indicated that the intermediate formed is most likely to be the [Fen:
(H2NO-)] moiety presented in computational studies shown in Step 4 and 5, Scheme 1.2, 34
These studies indicate that within 10 s of mixing ccNiR and hydroxylamine, electrons are
transferred from hydroxylamine to the ccNiR heme pool, generating an equilibrium mixture of
partially reduced nitrosylated ccNiR putative intermediates. 3 As mentioned in Chapter 1 and
summarized in Fig. 1.7, 1- and 2-electron reduced intermediates can be detected when nitrite-
loaded ccNiR is reduced by weak reductants such as ferrocyanide or TMPD. > © The results of
Stein and Youngblut suggest that, in the presence of reducing agents more powerful than TMPD
but weaker than MV eq, for example, 13Sreq, 3- and 4-electron reduced intermediates might also
be trappable. > This chapter begins with stopped-flow studies of the ccNiR-catalyzed reduction
of nitrite in the presence of strong reductant MVeq. Methyl viologen demystified the groundwork

of the experiments and presented quite unexpected results. Further experiments were performed
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with various weak reductants which included partially reduced Indigo trisulfonate (13Spr), fully
reduced I13S (13Sred), and fully reduced Indigo tetrasulfonate (14Sreq). The weak reductants were
reduced to potentials between -90 mV vs SHE and -290 mV vs SHE, which is within the range

that the second intermediate has been hypothesized to build up. 13
5.2. Materials and Methods

5.2.1. General materials

Sodium nitrite was purchased from Acros Organics; ammonium sulfate (AS), EDTA and
HEPES free acid and sodium salt were obtained from fisher scientific; nitrogen gas (high purity
grade) from Airgas. Wild type S. oneidensis ccNiR and variant ccNiRs were purified as
described in Chapter 2. Potassium indigo tetrasulfonate, potassium indigo trisulfonate,
hexaammineruthenium(l11) chloride, Mmethyl viologen, and sodium chloride were received
from Millipore Sigma.
5.2.2. General instrumentation

Cary 50 (Varian) spectrophotometers were used to record the UV/vis spectral data. Two
of these spectrophotometers are housed in gloveboxes. The gloveboxes (MBraun and Innovative
Technologies) were used to maintain anaerobic conditions while recording UV/vis spectra or
doing controlled potential electrolysis. The gloveboxes are filled with high purity nitrogen
(Airgas, 99.99 % pure), which is continually circulated through an oxygen scrubber to maintain
an oxygen level of less than 2 ppm. The glovebox scrubbers were regenerated with 5% or 7%
Hydrogen (Airgas) at least once a month, or whenever the oxygen level rose above 2 ppm. BASI
Epsilon EC potentiostats were used to measure spectropotentiometric data and to reduce required
reagents at the appropriate potentials. An Ag/AgCl electrode (BASi model RE-5B) was used as

the reference, and routinely calibrated against the methyl viologen midpoint potential as
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described in Chapter 2. Concentrations of ccNiR stocks were obtained by fitting UV/Vis spectra
with the ccNiIR extinction coefficient spectra of wild type and variants, independently obtained

using the pyridine hemochromagen assay, ’ as described in Chapter 2.

5.2.3. Preparation of reducing agents

5 mM solutions of partially and fully reduced 13S (13Spr and 13Sreq) Were prepared as
described in Section 4.2.5. A 5 mM stock solution of 14S was reduced as described in Section
4.4.2.2. A 20 mM stock solution of methyl viologen (MV) was reduced in the glovebox as
described in Section 2.2.6.
5.2.4. Preparation of the ccNiR/nitrite tonometers

For each stopped-flow experiment, 80 pL of 100 mM nitrite stock and an aliquot of
ccNiR were combined in a glovebox with enough degassed assay buffer to give a total volume of
8 mL, after which the solution was transferred to a tonometer. The exact volume of the ccNiR
aliquot varied depending on the concentration of the ccNiR stock from which it was obtained,
which in turn was determined by UV/Vis spectroscopy. In all cases, the final concentrations once
the tonometer contents were mixed on the stopped-flow should be 500 uM Nitrite, and 1 — 2 uM

ccNiR.

5.2.5. Preparation of the I13Skr Tonometers

Tonometers with 13Sreq concentrations varying from 60-240 uM were prepared to ensure
that the final concentration after stopped-flow mixing varied from 30-120 uM. The first
tonometer was made by transferring 288 pL of 5 mM [3Srr stock solution to the tonometer and
diluting to 6 mL with degassed buffer, creating a concentration of 240 UM 13Seq. The second
sample was made by transferring 252 puL of 5 mM 13Seq Stock solution to the tonometer and

diluting to 6 mL with degassed buffer, creating a concentration of 210 UM [3Srr. The next
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sample was made by transferring 216 pL of 5 mM 13Sieq Stock solution to the tonometer and
diluting to 6 mL with degassed buffer, creating a concentration of 180 M 13Syeq. The next
sample was produced by transferring 180 pL of 5 mM 13Seq Stock solution to the tonometer and
diluting to 6 mL with degassed buffer, creating a concentration of 150uM 13Syeq. The next
sample was created by transferring 144 pL of 5 mM 13Seq Stock solution to the tonometer and
diluting to 6 mL with degassed buffer, creating a concentration of 120 uM 13Syeq. The next
sample was produced by transferring 108 pL of 5 mM 13Syeq Stock solution to the tonometer and
diluting to 6 mL with degassed buffer, creating a concentration of 90 UM 13Sreq. The final sample
was created by transferring 72 pL of 5 mM 13Sreq Stock solution to the tonometer and diluting to

6 mL with degassed buffer, creating a concentration of 60 UM 13Syeq.

5.2.6. Preparation of the 13Spr Tonometer
A tonometer containing 160 uM 13Spr was made by diluting 128 pL of 5mM 13Spr stock

solution to 4 mL with degassed buffer.

5.2.7. Preparation of the 14Srr Tonometers

The first tonometer containing 14Srr was made by diluting 32 L of 5 mM 14Sgr stock to
a final volume of 8 mL with degassed buffer to give a concentration of 20 uM in solution. A
second 14Srr sample with a concentration of 10 uM was produced by adding 16 pL of 5 mM

14Srr stock to a tonometer and diluting to 8 mL with degassed buffer.

5.2.8. Preparation of the MVreda TOnometer
The tonometer which held MV eq was created to contain 200 M MV eq. This was

completed by adding 40 pL of 20 mM MV e and diluting to 4 mL with degassed buffer.
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5.2.9. Reduction of nitrite-loaded S. oneidensis ccNiR by various reductants: Stopped-flow

experiments

A single mixing SX-20 stopped-flow spectrophotometer (Applied Photophysics) was
used to monitor the pre-steady-state kinetics of nitrite-loaded ccNiRwt reduction by MV eq,
partially and fully reduced I3S, and fully reduced 14S. In preparation for the experiments, a 20
mL mixture of 20 mM a-D-glucose (0.0721 g) and 15 U/mL Aspergillus niger glucose oxidase
(3 mg, MP biomedical) enzyme was used to scrub oxygen from the stopped-flow apparatus.
Lyophilized glucose oxidase and glucose were dissolved in buffer inside a glovebox, and the
solution was transferred to a tonometer to which the stopcocks and caps were greased with
Apiezon M Economical High-Vacuum Lubricant. The sealed tonometer was removed from the
glovebox and connected to one of the stopped-flow loading ports, from which both stopped flow
syringes and the observation cell could subsequently be filled with the scrubbing solution,
according to the instructions provided in the SX-20 manual. This solution was flushed through
the stopped-flow apparatus and left in the stopped-flow overnight to make the system completely
anaerobic, after which it was washed out with anaerobic 50 mM HEPES, pH=7.0 buffer, again
following the SX-20 manual instructions. Stock reagent solutions were made in a glovebox as
described previously in Chapter 2, Sections 2.2.6. A tonometer containing only buffer was also
prepared in the glovebox, and the solution from this tonometer was used to wash out the glucose-
glucose oxidase scrubbing solution (see above) and was also used to blank the stopped-flow
spectrophotometer. The tonometer containing nitrite-loaded ccNiR was used to fill one of the
stopped-flow drive syringes, while a sample containing one of the reducing agents was used to

fill the other in the subsequent experiments. The solutions were mixed 1:1 by the stopped-flow
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drive piston. Data sets were collected on varying timescales from 0.01s to 1000s. Each
experiment conducted at a certain reductant concentration was repeated three times and the
dataset signals were averaged. All the data were collected in photodiode array (PDA) mode. Data
were collected in CSV format and later analyzed by using programs written for Mathcad 15.0

(PTC Software) and Origin 9.0 (Microcal Software). 8

5.3. Results and discussion

Each dataset was completed in triplicate. A Mathcad program called “Averager” was
used to average a triplicate data set at a particular timescale. The Averager program output a file
to the current folder labeled “Averaged data.csv”. Next, a program called “Step 1 submatrix
former” was opened that automatically imports the “Averaged data” file and displays the first
time-resolved spectrum for inspection. This program allows the user to trim out short wavelength
data that are often off-scale, using fine- and coarse-scale sliders to adjust the cutoff wavelength.
The program automatically exports a file called “truncated data set.csv”. It also exports a file that
contains difference spectra, which are formed by subtracting the first spectrum in the time
resolved series from the rest. For some cases, it may be useful to analyze difference spectra
instead of the absolute spectra, though this was not done in the studies reported herein.

The third program, called “Step 2 SVD” is analogous to the Step 3 program in the
Chapter 3 analysis. As with the earlier program, “Step 2 SVD” exports three files:
absorbance.csv, wavelength.csv, and time.csv. These files serve as the input for the fourth
program called “step 3 kinetic fit”, which fit the data to a kinetic model. The exact model used
depended on the data set being analyzed, as is described in more detail below. Whatever model
was used, “step 3 kinetic fit” exported a csv file containing spectral components, which could

eventually be fit with independently obtained extinction coefficient spectra, to determine what
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species were contributing to each component. This was not yet done in the work covered in the

chapter.

5.3.1. Partially Reduced I3S as the electron source

The stopped-flow experiments completed with partially reduced 13S were obtained at the
timescales 1 s to 40 s. The singular value decomposition (SVD) analysis suggested that there are
three spectral components, including the component at t = 0, so the data were fit to an A>B—C
model (Scheme 5.1). ® In Figure 5.1, the spectral changes observed after mixing ~1 mM ccNiR
and 500 mM nitrite with 80 puM 13Spr have been plotted for the 100 ms and 5 s time intervals.
From 100 ms to 5 s, there is a visible decrease in the 409 nm peak and an increase in the peak at
600 nm, suggesting that the ccNiR hemes are reducing, while 13S is re-oxidizing. The spectral
changes with time are more clearly seen in Fig. 5.2, which shows absorbance vs time traces from
Fig. 5.1 at 401 nm, 424 nm, and 598 nm. The Aso1nm trace decreases while the Asggnm trace
increases; the As2s4nm initially increases but begins to decrease after 1 s. The calculated fits for
each trace (dotted red curves) begin to diverge after nearly 20s, but less so at 598 nm than 401
nm and 424 nm, suggesting that the re-oxidation of 13S is finished after 50s, but heme re-
oxidation may be taking place on a longer timescale, which is not captured by the current fitting
model.

Figure 5.3 shows the spectral component present att = 0 (Aog), Scheme 5.1). The 409 nm
band shows that ccNiR is still mostly or completely oxidized at t = 0, and that I13S is mostly
oxidized as well. Figure 5.4 shows the spectral component that grows in with a half-life of 111
ms and corresponds to A1p,) in Scheme 5.1. Some I13S oxidation has taken place on this timescale
(peak at 585 nm), but the most prominent signals are due to c-heme reduction. The 525 nm and

554 nm are diagnostic of bis-His heme reduction, most likely because Heme #4 (Fig. 1.2c) is
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where:
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1 kl —k2 1 2
1
L®)= P {kz [I_EXP(_klt)]_kl [l—exp(—kzt)]}
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kZapp =0.145 S_l (Ig__g =438 S)

Scheme 5.1. The kinetic model for the partially reduced I3S data.

S A A TS

—— 100 ms intervals
—— 5 siintervals
calculated

Absorbance
(@)
N
|

NI TG IR TR TR TR A T

400 450 500 550 600 650 700
Wavelength (nm)

Figure 5.1. Spectral changes observed at selected times after mixing ~1 uM ccNiR and 500 mM

nitrite with 80 uM 13Spr.
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Figure 5.2. Absorbance vs time traces at specific wavelengths obtained from the Fig. 5.2 data.

reducing. The 401 nm and 424 nm features could be due to a bis-His heme reduction, active site
reduction, or possibly both. The spectral component that grew in with a half-life of 4.5 s

(associated with Az, Scheme 5.1) is presented in Fig. 5.5, and shows that the major change
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Figure 5.3. Spectral component that was present at t = 0 after mixing ~1 uM ccNiR and 500

mM nitrite with 80 UM 13Ser.
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ccNiR and 500 mM nitrite with 80 puM [3Spr.

occurring is 13S re-oxidation. Peaks that are diagnostic of heme reduction are visible, however, it

appears that most (if not all) of the heme reduction occurred on the millisecond timescale. From
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Figure 5.5. Spectral component that grew in with a half-life of 4.8 s after mixing ~1 UM ccNiR

and 500 mM nitrite with 80 uM 13Spr.

111



the results, 13S re-oxidation is completed by 50s. Heme reduction occurs on the millisecond
timescale. Heme re-oxidation seems to happen on a longer timescale, which can be inferred from
the deviation from the fits in Fig. 5.2. To see if any heme reduction had taken place at time zero
(Fig. 5.3), the data would need to be fit with the extinction coefficient spectra of 13Sex, 13Sred,

and ccNiRox.

5.3.2. Fully Reduced I3S as the electron source

The analysis for varying concentrations (45-120 uM) of 13Srr resulted in a dataset with
four spectral components in the SVD. Hence, the data were fit to a model A—>B—C—D. Most
interesting were the S1 components, corresponding to appearance of species B, which are shown
in Fig. 5.6 for the various 13Srr concentrations. These components grew in with half-lives of less
than 10 ms and show the 525 nm and 554 nm bands characteristic of bis-his-ligated heme
reduction, in addition to the 424 nm band characteristic of c-heme reduction in general. Notably,
there is no underlying broad band in the 520 — 570 nm region, which might have been attributed
to active site heme 1 reduction; ® © the broad band centered around 600 nm is attributable to 13S
oxidation. Thus, it appears that electrons populate the ccNiR bis-His heme pool before being
transferred to the nitrite-loaded heme 1 active site when 13Seq provides the electrons, even
though the midpoint potential of nitrite-loaded heme 1 is almost 300 mV higher than that of
heme 4, which has the next highest midpoint potential. *°

Figure 5.7 shows that kions Varies linearly with 13S concentration, which is what one
would expect if 13Sreq is directly reducing the ccNiR bis-His heme pool in a process that is first-
order in [13Sred], first-order in [ccNiR], and second-order overall. Importantly, the kions value is

about 100x higher than k2ons Which governs conversion of B to C, even at the lowest 13Sreq
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concentration studied, 30 mM. This means that the intermediate with the bis-His heme pool
reduced and the nitrite-loaded active site still oxidized should be easily trappable using the rapid
freeze-quench method and then studied by EPR. In fully oxidized ccNiR, the active site interacts
magnetically with at least one and maybe two of the bis-His hemes, which makes EPR spectra
difficult to interpret. With one or more bis-His hemes reduced and the nitrite-loaded active site
still in the ferric state, at least some of the magnetic coupling would be eliminated, which could

help greatly in EPR data interpretation.

5.3.3. Fully Reduced 14S as the electron source

The stopped-flow data using 14S were analyzed in the same manner as those using the
fully reduced 13S data. The timescales evaluated were from 1 s to 1000 s. An analysis using SVD
suggested that there were four components contributing to the reaction. From the 500 s dataset,
the spectral component at time zero showed some heme reduction had occurred, which can be
seen at the 409nm peak. At this time point, some re-oxidation of 14S had also taken place. The
first spectral component with a half-life of 1.77 s shows that heme reduction has taken place by
the shift in the soret band from 409 nm to 424 nm. There is a visible peak at 552 nm that
represents the reduction of the bis-his ligated heme, however a 522 nm peak is not visible yet,
which may be because the band is hidden under the one due to 14S re-oxidation. The second
spectral component that appeared with a half-life of 53 s shows that heme reduction is still
occurring visibly at the 522 and 552 nm peaks, however the absorbance of the Soret band is
constant from the first spectral component. More 14S re-oxidation has taken place which is
visible at the 584 nm peak. From the stopped-flow data, the information that was obtained was

that heme reduction and 14S re-oxidation appear to have occurred on a much slower timescale,
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and heme re-oxidation was not visible at all. This is expected since 14S is a slightly weaker
reducing agent than 13S.

To follow reactions occurring on longer timescales, conventional UV/Vis spectroscopy
was used. In one such experiment, 500 mM nitrite, 10 uM 14S, and 2uM ccNiR were mixed in a
cuvette inside of the glovebox and left to react for an hour. The reaction was monitored in cycle
mode (spectrum taken every 15 seconds) using the UV/vis spectrophotometer. After the data
were collected, spectra at ten different time increments were extracted from the data and plotted
(Fig. 5.8). Att =0, the 552 nm peak is visible, attributable to bis-His heme reduction. However,
this peak is no longer detectable after 3.75 minutes. Importantly, 14S reoxidation appeared to
level off by t = 22.5 min. It is unclear from visual inspection whether the heme 1 active site
remains reduced at t = 22.5 min because the 14S bands dominate the spectrum, but this question
could be answered in future by quantitatively analyzing the spectral components using

independently obtained 14S and ccNiR extinction coefficient spectra. 8
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Figure 5.8. Spectra extracted at different timescales from the reaction of 10 uM 14S, 2 uM

ccNiR, and 500 mM Nitrite produced from a UV-visible spectrophotometer run on cycle mode.
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5.3.4. Reduced methyl viologen as the electron source

The stopped-flow experiments using MVeq Were completed with collection timescales
from 10 ms to 10 s. An analysis using SVD suggested that there are six spectral components
contributing to the reaction, so the data sets were fit to the differential equations shown in
Scheme 5.2. Note though that the first three rate constants in Scheme 5.2 provide a purely
empirical fit and have no readily interpretable chemical significance.

Observe 6 SVD spectral components. Fit with the
following differential equations:

ﬁ =—kC,
dt Initial conditions:
9 -k, (€), =1
t
(€.),-(C), =0
% =k,C, - kC,
Beer’s law fit:
dc4 _
; =G -k, A= (CT 'C)%CT ) Aexper
dc —
—*=kC,—kC; Atﬁlt =C-A
dt
9 ke,

dt

Scheme 5.2. The differential equations that were applied to analyze the ccNiR-mediated

reduction of nitrite using the strong reductant MV/eq.

Figure 5.9 focuses on the spectral changes observed in the first 20 ms after mixing ~1
mM ccNiR and 500 mM nitrite with 200 UM MV'ed. MVreq Was re-oxidized in the first 20 ms of
mixing; however, ccNiR remained significantly reduced after this time. The spectral changes
observed between 20 ms and 10 s are shown in Fig. 5.10. The Soret band of oxidized ccNiR is at
~409 nm and the Q-band absorbs at ~530 nm. However, upon reduction, the Soret band shifts

from 409 nm to ~424 nm, and the Q- band splits into bands at 522 nm and 552 nm. At 20 ms, the

116



Soret band has shifted to 420 nm, while there are two visible bands at 522 and 552 nm, showing
that the enzyme is in a reduced state. However, from 20 ms to 10 s, there is a decrease in
absorbance at 420 nm, 522 nm, and 552 nm, but an increase in absorbance at 412 nm, conveying
that heme re-oxidation is occurring during this time. The re-oxidation of ccNiR is best followed
visually in the As2onm Vs t (S) trace in Fig. 5.11, which shows that the 10 s stopped-flow run only
captures a little over a half-life of the final re-oxidation step. A deeper look into the heme
reduction and re-oxidation is provided in Figs 5.12 to 5.14. Figure 5.12 is the UV/Vis absorbance
spectrum taken after 30 ms from the Fig. 5.10 data set. By this time, all the MV/eq has re-
oxidized and only ccNiR is contributing to the spectrum. This spectrum shows extensive bis-His
heme reduction (Fig. 1.2c), as evidenced by the prominent signals at 420 nm, and especially at

522 nm and 552 nm.
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Figure 5.9. Spectral changes observed in the first 20 ms after mixing ~1 pM ccNiR and 500 mM

nitrite with 200 uM methyl viologen monocation radical (MVreq).
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Figure 5.10. Spectral changes observed between 20 ms and 10 s after mixing ~1 mM ccNiR and
500 mM nitrite with 200 uM methyl viologen monocation radical (MVeq). The dotted red curves

are the fits obtained with the Scheme 4.2 model.
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Figure 5.11. Spectral traces observed after mixing ~1 uM ccNiR and 500 mM nitrite with 200
MM methyl viologen monocation radical (MVreq). The dotted red curves are the fits obtained with

the Scheme 4.2 model.
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spectrum shows extensive bis-His heme reduction.
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Figure 5.13. The fifth spectral component obtained in the fit of the stopped-flow data presented

in Fig. 5.10 with the Scheme 5.2 model. This component appears with a half-life of ~170 ms.
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Figure 5.14. The sixth spectral component obtained in the fit of the stopped-flow data presented

in Fig. 5.10 with the Scheme 5.2 model. This component appears with a half-life of ~6.5 s.

Figure 5.13 is the fifth spectral component obtained in the fit of the stopped-flow data
presented in Fig. 5.10 with the Scheme 5.2 model. This component appears with a half-life of
~170 ms. In this spectral component, there is no longer a 420 nm peak, which suggests that
significant heme re-oxidation has occurred; however, the Soret band is at 411 nm rather than at
409 nm, suggesting that the enzyme is not fully oxidized. Furthermore, though the peaks at 522
nm and 552 nm have decreased significantly in size, a 550 nm peak in particular is still clearly
present, which conveys that at least one bis-his ligated heme remains reduced after 850 ms.

Finally, the sixth spectral component that appears with a half-life of ~6.5 s is shown in
Fig. 5.14. At first glance, this spectrum is like that of fully oxidized ccNiR. However, there is
still a slight shift in the Soret band, from 409 nm to 411 nm, and the 535 nm band is slightly

broadened in the red region, which suggests that the active site is still in the reduced state.
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To summarize, the stopped-flow experiments with MV eq show that, even though the
MV eq is re-oxidized within 20 ms of mixing, The ccNiR hemes remain reduced for much longer.
Furthermore, these hemes re-oxidize at timescales sufficiently different from each other so as to
allow the relatively facile trapping of distinct partially reduced intermediates using the rapid
freeze-quench method. The trapped intermediates could, in turn, be analyzed by EPR and
Mossbauer spectroscopy. As noted earlier with the 13Sreq data (Section 5.3.2), in fully oxidized
ccNiR, the active site interacts magnetically with at least one and maybe two of the bis-His
hemes, which makes EPR spectra difficult to interpret. With one or more bis-His hemes reduced
and the nitrite-loaded active site still in the ferric state, at least some of the magnetic coupling
would be eliminated, which could help greatly in EPR data interpretation. A better understanding
of the EPR spectra will be essential for characterizing the ccNiR reactive intermediates that
accumulate under various reaction conditions, which in turn will allow the ccNiR reaction

mechanism to be worked out.
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Chapter 6 The Crystallographic Search for the Two Electron Reduced ccNiR Intermediate

6.1. Overview

The first crystal structure of the ccNiR homologue from S. oneidensis was obtained at
room temperature using the Laue method (2.59 A PDB 3UBR). * Recently, a low temperature
structure was also captured at an even higher resolution (1.66 A, PDB 6P73) 2. Both crystal
structures revealed that the S. oneidensis enzyme is structurally similar to the previously
characterized ccNiR homologues from Wolinella succinogenes, ® E. coli, # Sulfurospirillum
deleyianum (1.9 A), ® Desulfovibrio desulfuricans, ® Desulfovibrio vulgaris, ” and Haemophilus
influenzae®.

An advantage of the Laue method is that it produces picosecond X-Ray pulses, which
allow “snapshot” crystal structures to be obtained at different times following the initiation of a
reaction within a crystal. Stop-motion “movies” of reactions can then be generated by putting a
series of snapshots together. Another advantage of the Laue method’s picosecond pulses is that
they are short enough that data collection outruns X-ray damage to some extent, though some
damage is captured in Laue diffraction patterns. Set against its advantages, the Laue method also
has several limitations. In order to use the method, large crystals (>50 um) must be grown, which
has proven to be tricky with ccNiR, whose ability to crystallize is rather batch-dependent.
Another limitation of the Laue method is that a polychromatic beam is used, and analysis of such
data sets is more challenging than analysis collected with a monochromatic X-ray source.

An alternative to the Laue method for doing time-resolved crystallography, that has
become available over the last ten years, is Serial Femtosecond X-ray Crystallography (SFX).
SFX utilizes an X-ray Free Electron Laser (XFEL) that produces laser pulses on the femtosecond

timescale. Such ultrashort laser pulses allow data collection to easily outrun X-ray damage,
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which is especially useful when probing redox-active proteins such as ccNiR that are particularly
prone to such damage. In addition to providing ultrashort laser pulses, another advantage of
XFELSs is that they require very small crystals (<50 um). ® The SFX method was useful in
crystallographic studies of the large membrane protein Photosystem I, which has a molecular
weight near 350 kDa. This study produced not only a crystal structure of Photosystem I, but
gave insight into the mechanism of the Oxygen Evolving Complex (OEC). °.

SFX uses two sample injection approaches: pump-probe and mix-and-inject. In the
pump-probe method changes are induced within a crystal by a rapid temperature change of the
solvent surrounding a protein (ns), by releasing a photocaged compound in the crystal, or by
inducing a change in a photoactive protein (ns-us). In each case, the changes are initiated by ns
laser pulses of visible or infrared light. The Mix and Inject approach involves the rapid mixing
(us-ms) of micro-crystals with a substrate using a T-junction (Fig. 6.1). Furthermore, the
distance between the T-junction and the X-ray beam can be modified in order to vary the times
available for reaction between protein crystals and substrate™®.

As mentioned in Chapter 1 Section 1.13.2, stopped-flow and UV/Vis
spectropotentiometric studies revealed an observable accumulation of two transient intermediates
during the reduction of nitrite-loaded ccNiR by the weak reductant TMPD, which were assigned
as the short-lived one-electron reduced species Fen1'"(NO2) and the long-lived {Fen1(NO)}
species. 1! This chapter describes preliminary efforts ultimately aimed at characterizing the one-
and two-electron reduced ccNiR intermediates using SFX. The proposed strategy will use the
mix-and-inject approach to mix ccNiR micro-crystals with nitrite and then to further mix the
crystals with a weak reductant to generate the intermediates. First, a baseline crystal structure of

ccNiR micro-crystals will be obtained. Next, a crystal structure of nitrite-loaded ccNiR micro-
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Figure 6.1. A schematic representation of ccNiR

a crystal structure.

6.2. Materials and methods

l
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microcrystals flowing through the injector to be

struck by the X-ray beam. A diffraction pattern is created on the detector and later used to obtain

crystals will be collected, and lastly, the ccNiR-catalyzed reduction of nitrite will be probed. The
SFX experiments could show the orientation of nitrite and NO in the partially reduced active site
relative to the key R103, Y206, and H257 residues, which is information not readily obtainable
by any other method. Such information would complement the information about the active site

electronic structure being obtained in EPR experiments.

All reagents were of high bio-grade purity and purchased from Thermo-Fisher, Dot

Scientific, or MP Biomedicals, unless specified otherwise.
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6.2.1. Formation of ccNiR microcrystals

CcNiR enzyme was purified as described in Chapter 2 and concentrated to a final
concentration of 30 mg/mL. A typical precipitant solution was 32% w/v polyethylene glycol
4000 (PEG 4000) in 50 mM Triethanolamine (TEA) pH 7 buffer (but see Section 6.2.3 below).
To generate microcrystals, 30 uL each of stock ccNiR and precipitant were mixed in an
Eppendorf tube, creating a slurry with a final concentration of 15 mg/mL ccNiR, 16% w/v PEG
4000. This slurry was left to crystallize at room temperature over the course of 2-4 weeks while
briefly agitating the slurry every other day to increase the number of nucleation sites.
6.2.2. Test for the catalytic activity of ccNiR microcrystals

The standard methyl viologen assay was adapted to assess the activity of the
microcrystals. First, microcrystals were made inside of the glovebox using the degassed
precipitant solution and crystallization method described in Section 6.2.1. The slurry was left in
the glovebox for 2 weeks to allow for crystal formation. Methyl viologen was reduced and the
standard assay conducted in the same manner described in chapter 2, with the following slight
modifications. Degassed precipitant solution replaced the 50mM HEPES Free Acid pH 7 buffer,
and the stock nitrite solution was made with the precipitant solution as well. Three trials of the
standard assay were completed with concentrations of 200 MM MV/ed, 500 mM nitrite, and
(10%)x, (5x10%%)x, and (1x10°)x dilutions of ccNiR anaerobic microcrystal stock, respectively,
as the source of ccNiR (Fig. 6.2).
6.2.3. Preliminary screening tests for and investigation of serial femtosecond X-ray

crystallography

In preparation for a run at the European XFEL, two different crystallization conditions

were used in the Schmidt Lab, Milwaukee, W1, USA. Condition 1 started from a protein stock:
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Figure 6.2. A representation of the catalytic activity of ccNiR microcrystals. The linear fit is

shown in red. The activity of the crystals increases with increasing crystal number density.

30 mg/mL in 20 mM HEPES buffer at pH 7. The precipitant solution was 28 % PEG 4K, 100
mM triethanolamine at pH 7.5. The crystals were prepared by mixing protein solution (further
concentrated to 40 mg/ml) and precipitant solution in 1:1 ratio and vortexing thoroughly. The
final PEG concentration was 14%. The second condition started from a protein stock of 30
mg/mL in 150 mM NaCl, 50 mM HEPES, 30 mM ammonium sulfate at pH 7. The precipitant
solution was 40 % PEG 4K, 200 mM sodium malonate, 100 mM MES buffer at pH 6.5. The
crystals were prepared by mixing protein solution (further concentrated to 80 mg/ml) and
precipitant solution in the ratio 2:1. The final PEG concentration was also 14%. An example of
the crystal preparations can be observed in a Neubauer counting chamber shown in Fig. 6.3.

Next, the crystal preparations were analyzed using Second Order Nonlinear Imaging of Chiral

127



Figure 6.3. Crystal preparation viewed in a Neubauer counting chamber. In addition to crystals,

amorphous debris is present.

Crystal (SONICC), which is a type of imaging technology used to distinguish protein crystals
that are buried in precipitate (Fig. 6.4). Second Harmonic Generation (SHG) and Ultraviolet
Two-Photon Excited Fluorescence (UV-TPEF) were combined to quickly image crystal plates
and identify protein crystals. The SONICC image in Fig. 6.4 shows protein crystals fluorescing.
The crystals were transferred to a Micro-Electron Diffraction (Micro-ED) grid and analyzed
using a transmission electron microscope (TEM, Fig. 6.5). Originally, Micro-ED was used to
determine the structure of proteins from nanocrystals. This method was used in place of X-ray
diffraction when protein crystals were not of a suitable size. The main difference between Micro-
ED and X-ray diffraction is the type of beam used for diffraction. The purpose of completing a
screening test using Micro-ED was to confirm that the protein crystals will diffract using an

XFEL. Based on results of the tests shown in Figs 6.3 — 6.5, crystallization condition 1 was used
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Figure 6.4. SONICC signal of ccNiR microcrystals.

Figure 6.5. A. Crystal lattice. B. Electron diffraction using Micro-ED.

in the XFEL study at the European XFEL (Eu-XFEL). The injection was done with the double
focusing injector, ID 75 um, sample flow rate of 20 pl/min, sheet flow (ethanol) rate of 25

ul/min. Lastly, the XFEL repetition rate was 564 kHz.
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6.3. Results and Discussion

6.3.1. Catalytic activity of the ccNiR micro-crystals

Since the goal of future studies is to probe transient intermediates formed during the
ccNiR-catalyzed reduction of nitrite, ensuring that catalytic activity was maintained for ccNiR
micro-crystals was crucial. In Chapter 2, the standard assay using methyl viologen monocation
radical (MV'eq) was described. A method was developed to test the catalytic activity of the
crystals by forming anaerobic crystals, modifying the assay buffer, and performing the assay
under these new conditions. Three different dilutions, (10%)x, (5x10%°) x, and (1x10%°) x of
ccNiR anaerobic micro-crystal stock were tested in the presence of MVreq and nitrite. The data
were analyzed using the same program described in Chapter 2 Section 6.2. The rate of methyl
viologen oxidation was plotted against the micro-crystal densities, as shown in Fig. 6.2. The data
analysis resulted in a linear fit, showing that the activity of the ccNiR crystals increased with

increasing crystal density.

6.3.2. Preliminary XFEL Investigation

Both crystallization conditions described in Section 6.2.3 produced a strong SONICC
signal. However, when the crystals were transferred to a Micro-ED grid and examined with
TEM, only crystallization condition 1 displayed electron diffraction (Fig. 6.5). Thus, condition 1
was chosen for further studies using the Eu-XFEL. The double-flow focusing nozzle (DFFN) as
well as the conventional gas-dynamic virtual nozzle (GDVN) were used for injection. GVDN
uses a flow rate of 40-50 pl/min to produce a stable jet of protein crystals whereas DFFN has a
jet that flows sample through the center, and a sheath of liquid on the outside. The DFFN streams
are laminar and do not have time to mix, with a gas flow creating a meniscus in the sample

stream and allowing the sample to be drawn out into a fine jet of 2-5 um. The double-flow
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focusing nozzle is preferred because this type of injection requires very little sample
consumption, which is necessary for biological samples that cannot be produced in high
quantities. *? At the EuXFEL, the crystals diffracted beyond the water ring, as can be observed in
Fig. 6.6, though the DFFN and GDVN frequently clogged with crystal preparations. In an
attempt to minimize clogging, the crystal slurry was diluted ~100 fold; however, the crystal
density then became too low to provide hit rates high enough to collect a data set and produce a
diffraction pattern. The initial beamtime was a successful proof of concept that yielded nice
diffraction patterns, even though a full dataset could not be collected. Further studies on crystal
density and jet conditions are underway that should allow for the collection of good datasets in

the near future.

Figure 6.6. Diffraction patterns of microcrystals beyond the water ring.
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Chapter 7 Concluding Remarks

This thesis provides several important new insights about the ccNiR mechanism. The
results from Chapter 3 demonstrate that release of free hydroxylamine from ccNiR is minimal
even under conditions that should most favor such release. These conditions are a 1:1 mixture of
13Sred and 13Sex that poises the solution potential at ~ -90 mV vs SHE, which is a potential at
which protein film voltammetry studies show ammonium formation to be comparatively slow, *
and at which spectropotentiometric studies show that accumulation of a 4-electron reduced
ccNiR intermediate is most likely. 2

Perhaps the pivotal assays described in this thesis are found in Chapter 4. The
quantification of ammonium formed in the ccNiR-mediated reduction of nitrite by the weak
reductants reduced indigo trisulfonate (I3Sred), reduced indigo tetrasulfonate (14Sreq) and
hexaammineruthenium(l1) (Ru') showed that ammonium was virtually the sole product when
I3Sred Was the reductant, but was produced in ~50% yield when 14Seq was the reductant, and
maybe not at all when Ru' was the reductant. Such experiments help put an upper limit on the
amount of side product that could be forming under each set of conditions, and they also provide

guidance about the putative ccNiR intermediates that could form under those conditions.

Chapter 5 described UV-Visible stopped-flow experiments aimed at identifying optimal
conditions for detecting and characterizing a putative four-electron reduced ccNiR intermediate
(Fig. 1.7). The experiments showed that 13Sreq and 14Sreq are the ideal weak reductants that can
be used in future EPR studies to assist in trapping the formally hydroxylamine-Heme #1 bound
active side in the catalytic cycle. Interestingly, the studies in this chapter also showed that even
when MVreq is used, enzymatic intermediates with nitrogen moieties in the active site are

detectable after the MVreq has been consumed, and that these moieties are comparatively long-
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lived. These results open the door to many future studies in which the nitrosylated intermediates
will be prepared by rapid freeze-quench and examined using a variety of EPR techniques and
Mossbauer spectroscopy. Because MV g initially reduces many of ccNiR’s low potential hemes
at the same time as the nitrite-loaded heme 1, experiments with this reductant may remove some
of the spin couplings that complicate interpretation of the ccNiR EPR spectra obtained when
most hemes are in their ferric state. As the hemes sequentially re-oxidize, couplings will

sequentially re-appear and can thus be deconvoluted.

Lastly, Chapter 6 presented preliminary studies that have, as a long-term goal, the
investigation of the 2-electron reduced ccNiR intermediate by time-resolved X-ray
crystallography. These preliminary experiments provided knowledge about the conditions
needed for making ccNiR microcrystals, catalytic studies of microcrystals using the standard
assay, and SONICC Signal and Micro-ED crystal screening tests. Initial diffraction patterns were
also obtained with the European X-ray free electron Laser (EuXFEL). With the studies presented
in this thesis, a very clear path has been paved towards more experiments. In collaboration with
Professor Schmidt from the UWM Physics Department, studies of the the reaction of nitrite-
loaded ccNiR with weak reductants using time-resolved serial femtosecond X-ray
crystallography (TR-SFX) can be completed once an initial crystal structure of ccNiR is obtained
with microcrystals. Specifically, we anticipate being able to crystallographically characterize the
Fen''(NO2) and {Fen:NO}’ species that are proposed to be trapped when nitrite-loaded ccNiR is
reduced by a weak reductant such as TMPD. Further in the future, the 4-electron reduced ccNiR

catalytic intermediate might also be investigated using the TR-SFX technique.

The results presented in this thesis mainly focused on the detection and kinetic

characterization of putative intermediates generated during the ccNiR-catalyzed reduction of
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nitrite to ammonium. These results indicate the way in which future investigations that aim to
characterize the catalytic intermediates structurally and spectroscopically should be conducted.
Preliminary EPR characterization of {Fen1NO}’, and the proposed species [{Fern1(HNO)}?,
Fena"] and [Fen1"H2aNO-, Fens'""] has already been done previously by the Pacheco group, ° but
these studies left many questions unanswered. By using a suite of reductants with varying
midpoint potentials to poise the reaction solutions at different potentials, these and other
intermediates will be trapped by rapid freeze-quench to be studied by advanced EPR techniques
or Mossbauer spectroscopy or investigated by TR-SFX at an XFEL facility. Future spectroscopic
studies will be done in collaboration with Dr. Wilcoxen of the UWM Chemistry department,
while TR-SFX studies will be done in collaboration with Dr. Schmidt of the UWM Physics

department.
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