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Establishing a sustainable hydrogen (H,) economy requires developing catalysts that are
not reliant on rare and expensive metals like platinum. As summarized in Chapter 1,
microorganisms utilize hydrogenases to harness molecular H, for their metabolic processes.
Remarkably, these ancient gas-processing enzymes rely on earth-abundant metals to reach
activities on par with platinum. Investigating the biodiversity and understanding the mechanism
of these enzymes offer a promising route to develop sustainable catalysts for H-processing.

This thesis employed a multidisciplinary approach, including bioinformatics, biochemistry,
synthetic chemistry, and biophysics, to investigate two hydrogenase superfamilies, namely
[FeFe] and [NiFe] hydrogenases. Key methods are outlined in Chapter 2. The main aim was
to provide insights into their evolution, diversity, structure, function, and potential for green H,
applications.

Chapter 3 challenges the prevailing view of [FeFe] hydrogenase domain distribution by
revealing their presence and activity in diverse archaeal lineages, including DPANN, Asgard,
and Thermoplasmata, which notably host [NiFe]-[FeFe] hybrids. The study provides a new
minimal size requirement for functional hydrogenase and contests the notion of evolutionary
independence between the two hydrogenase superfamilies.

Chapter 4 identifies a distinct proton transfer pathway in the putatively sensory Group D
[FeFe] hydrogenases, diverging from the well-characterized pathway in the catalytic Group A
enzymes. The study supports the critical role of proton transfer in controlling overall enzymatic
function and provides insights for engineering catalysts that integrate both proton transfer and
redox chemistry.

Chapter 5 demonstrates how rational engineering approaches informed by evolutionary
insights can enhance both H, production and O, tolerance in a Group D [FeFe] hydrogenase,
TamHydS. This work reveals the synergistic impact of protein scaffold modifications on
catalytic performance and highlights the potential of integrating phylogenetic information and
protein engineering for developing robust and efficient biocatalysts.

Chapter 6 clucidates the mechanism by which Huc, an isolated O,-tolerant [NiFe]
hydrogenase, is able to efficiently oxidize trace atmospheric H,. This exceptional capability
arises from the intrinsic properties of the enzyme, particularly its high affinity for H, and
elevated overpotential, rather than being dependent on the cellular context. The insights gained
from this study provide valuable guidance for the design and engineering of (a)biotic catalysts
capable of operating under ambient conditions.
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Chapter 1, Introduction

Advancements in renewable energy:
The role of Hy-based systems

The growing concerns about climate change underscore the urgency of tran-
sitioning to clean energy systems. Renewable energy (such as solar, wind, hy-
droelectric, tidal, and wave power) represents a promising frontier in this re-
gard. Yet, to be harnessed effectively, these energy sources typically require
conversion into usable forms like electricity or heat. A single hour’s worth of
solar radiation (= 5 MJ/m?) could power the world for an entire year (demand
~ 1 MJ/m?), but its intermittency and the lack of a robust global infrastructure
(e.g., for extraction or conversion) limit its widespread use.'

Beyond electricity, society heavily relies on chemical fuels for energy
transport. Producing chemical fuels from non-hydrocarbon energy sources or
their derived electricity is, thus, inevitable. In this context, molecular hydro-
gen (H») stands out as a highly promising chemical fuel due to its high energy
output per unit mass in the form of heat (120—142 MlJ/kg), surpassing that of
conventional fossil fuels such as oil, natural gas, and coal (30—60 MJ/kg).? In
2022, global H, consumption reached 95 million metric tons (Mt).> Of this
total, 53 Mt were utilized in the chemical industry, with 60% allocated for
ammonia production. The projected H, demand for 2030 is expected to exceed
the combined utilization for fuel and power generation applications.

Hydrogen’s versatility is evident in its storage and transportation options:
it can be stored in cryogenic liquid, insulated tanks, metal hydride materials
via thermal adsorption/desorption, compressed gas cylinders, or underground
reservoirs and caverns. It can be transported via pipelines, trucks, and rails as
highly compressed gas or as a liquid through shipping routes. The oxidation
of H» theoretically results in zero carbon emissions. Given its high energy
content, zero-emission combustion, and adaptability, coupled with its large-
scale storage and transportation capabilities, H, emerges as a compelling en-
ergy carrier.*

While H»-based systems offer promising prospects, several obstacles hin-
der their large-scale implementation.” The challenges include the low volu-
metric energy density of hydrogen (8 MJ/L for H; as liquid vs 32 MJ/L for
gasoline?), high pressure requirement for liquefaction, the risk of pipeline
structural failures leading to explosive gas leaks, and the high costs linked to
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the entire harvesting-to-distribution chain. Global H, demand is rising, but it
remains largely fossil-fuel dependent.’ Mature technologies produce H, from
hydrocarbons (steam reforming and pyrolysis) or coal (gasification) as feed-
stocks.® These approaches, however, contradict the “hydrogen economy” vi-
sion, advocating large-scale, carbon-neutral H, production to displace our ex-
isting fossil fuel-based power economy.

Water (H»0), an abundant and accessible resource, offers a carbon-neutral
pathway for hydrogen production when split into H, and O,.” The primary
method, electrolysis, utilizes an electrical current to dissociate water mole-
cules into its constituent gases.® This process boasts a high production purity,
with electrolytic H, concentration exceeding 99.5%, surpassing the 97-98%
concentration typically obtained from fossil fuel-based sources.” ' When har-
nessed in fuel cells, H, serves as a clean energy medium—completing the cy-
cle by generating electricity with water as the primary by-product.

Electrocatalysts play a pivotal role in enhancing the efficiency of water-
splitting technologies. Noble metals such as in the platinum group excel as
electrocatalysts due to their high efficiency. However, even these robust ma-
terials face challenges in the acidic conditions inherent to proton exchange
membrane (PEM) cells, which can lead to electrode deterioration over time.
Moreover, the scarcity and the uneven geographical distribution of noble met-
als impede their global application and risk exacerbating social inequalities,
especially in regions that are already disproportionately affected by the cli-
mate crisis. "’

To address these limitations, research has sought alternative materials. Cat-
alysts derived from more abundant metals like cobalt and nickel have emerged
as potential substitutes, though they have yet to match the efficiency of their
noble metal counterparts.'> '* For instance, platinum in hydrogen evolution
reaction (HER) can achieve (faradaic) efficiencies up to 92%, setting a high
benchmark for substitute materials.

What if we could learn from Nature, which has mastered harnessing H» for
billions of years, by using earth abundant metals like nickel and iron, without
compromising rates, stability, efficiency, and selectivity?
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Hydrogenases drive Nature’s H, economy

Molecular hydrogen (H»)—the most abundant element in the universe—has
been fuelling life on Earth since time immemorial. While we, humans, only
recently realized its potential to power our future, microbes have been har-
nessing H, long before us (predicted to be = 4 billion years ago)."*'7 This
ancient fuel is pivotal in how living organisms acquire and transform energy
to perform biological or cellular processes. It serves diverse roles in microbial
physiology, from disposal of excessive reductant during fermentation to res-
piration, energy conservation, and carbon fixation.

Theorised as the primordial electron donor, H, has maintained its indispen-
sability in evolutionary history as an energy source and a diffusible electron
sink.'® The founding lineages of both archaea and bacteria are predicted to be
H»-dependent autotrophs, using carbon dioxide (CO») as electron acceptor in
the energy metabolism.'® ' Syntrophy involves the mutually beneficial ex-
change of nutrients or metabolic by-products between different organisms.
The syntrophic exchange of H, between archaea and bacteria is believed to
have largely influenced an important evolutionary milestone, eukaryogene-
sis—the transition from single-cellular prokaryotes to multicellular eukary-
otes.”” However, the syntrophy hypothesis remains a subject of debate, as al-
ternative models suggest that bacterial endosymbiosis and environmental
changes may have been more influential in this transition.”’ Additionally, the
origins and characteristics of the bacterial ancestors of eukaryotic components
remain enigmatic.”? Nevertheless, investigations to better differentiate be-
tween or refine current models are on-going.

Hydrogen exhibits physical characteristics that are desirable for biological
systems. Its negative redox potential, £°° = —0.42 V vs Standard Hydrogen
Electrode (SHE) at pH 7.0, is crucial in many biological processes, such as
cellular respiration. Moreover, its ability to efficiently permeate through bio-
logical tissues and cells (diffusion coefficient 4 x 10 m? s!) is important for
gas exchange and diffusion across the cell membrane. Indeed, H» as a micro-
bial fuel is of vital importance for the growth and survival of H,-processing
microorganisms.

Microorganisms consume and produce H, using ancient metalloenzymes
known as hydrogenases (Fig. 1.1).”% These enzymes convert protons (H")
and electrons (¢7) into H», and vice-versa, while leveraging abundant earth
metals such as nickel and iron. The capacity to uphold high rates, stability,
efficiency, and specificity while using abundant metals has garnered them at-
tention for their use in renewable and carbon-neutral energy technologies.
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1st coordination sphere
2nd coordination sphere
outer coordination sphere

Cys Cys Cys
{ L |

H-domain Large subunit
(with active site cofactor) (with active site cofactor)
F-domain Small subunit
(with FeS clusters) (with FeS clusters)

Figure 1.1. The active sites of (A) [FeFe] hydrogenases (H-cluster) and (B) [NiFe]
hydrogenases. From the perspective of the catalytic cofactor metal ions (Fe or Ni), the
first coordination sphere (green) includes the n-accepting, strong-field ligands CO and
CN™ and the thiols (S). The asterisk (*) indicates the open coordination site (OCS) for
substrate binding. In (A), the [4Fe-4S]q of the H-cluster, connected to the [2Fe]y site
via a bridging cysteinyl thiolate, acts as a “non-innocent”, redox-active ligand. The
second coordination sphere (white) includes the hydrophobic and electrostatic (e.g.,
hydrogen-bonding) contacts of the cofactor with the protein structure and for (A), the
amine bridgehead of the azadithiolate (ADT) ligand. (C-D) The outer coordination
sphere encompasses the remaining scaffold of the protein and includes electron trans-
fer (e7), proton transfer (H"), and hydrophobic gas channels. In (C), the H-cluster is
in the H-domain (magenta cartoon) and the additional FeS clusters (F-cluster) are in
the F-domain (grey cartoon). The PDB ID for this structure is 4XDC. In (D), the NiFe
cofactor is in the large subunit (magenta cartoon) and the FeS clusters are in the small
subunit (grey cartoon). The PDB ID for this structure is 3UQY. Genetic, structural,
and biophysical studies consistently show that the core H-cluster structure in [FeFe]
hydrogenases and the NiFe active site in [NiFe] hydrogenases are highly conserved
across phylogenetic groups, despite variations in the second and outer coordination
spheres.
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Prior to the work presented in this thesis, hydrogenases were summarized as
follows (for review, see refs.”> ). Three distinct families have independently
evolved:

Main classification according to the metal content (Fig. 1.1):

e Homobinuclear [FeFe] hydrogenase, with a diiron subsite and iron-
sulfur cluster(s).?” This was previously denoted as iron-only hydro-
genases before it was discovered that mononuclear [Fe] hydrogen-
ase also contains iron.

e Heterobinuclear [NiFe] hydrogenase, with an iron-nickel subsite
and iron-sulfur clusters.”®

e Mononuclear [Fe] hydrogenase, with an iron site but without iron-
sulfur clusters. This was previously denoted as iron—sulfur-cluster
free hydrogenase or H,-forming methylenetetrahydromethanop-
terin dehydrogenase (Hmd)*

General proposed physiological roles (see also Appendix I and II):

e [FeFe] hydrogenase: fermentative H, disposal, respiratory electron
release, electron bifurcation, H,-dependent CO; reduction, or Ho-
sensing.'® 33!

e [NiFe] hydrogenase: fermentative H, disposal, respiratory electron
release, electron bifurcation, or Hz—sensing.ls’ 32

e [Fe] hydrogenase: adopt a single function, coupling H»-oxidation
to reduction of a second substrate (5,10-methenyltetrahydrometh-
anopterin)'> ¥

Historical record and taxonomic distributions:

e [FeFe] hydrogenases are believed to have evolved in fermentative
bacteria (< 4 billion y. a.). They are encoded by anaerobic bacteria
and eukaryotes.'>-3%- 3433

e [NiFe] hydrogenases date back to the last universal common an-
cestor (LUCA) (=4 billion y. a.). They are encoded by bacteria and
archaea across all ecosystems.'>** 3

e [Fe] hydrogenases evolved in methanogenic archaeal species (< 4
billion years ago), aiding the reduction of CO; to methane under
anaerobic conditions.'>*?

General biochemical properties (notable exceptions described in the sub-
sequent sections):

e [FeFe] hydrogenases are typically O»-sensitive (irreversibly inhib-
ited by O,) yet fast-acting and catalyzes both H, oxidation and pro-
ton reduction (bidirectional).’ 37

e [NiFe] hydrogenases are typically O-tolerant (functions in the
presence of low levels of O»; often reversibly inhibited) or O,-in-
sensitive (unaffected by fluctuating O; levels) and has a notable
preference towards H, oxidation.
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e [Fe] hydrogenases are typically oxygen-sensitive and slow-acting
and can only activate H, in the presence of a hydride-accepting
substrate (methenyl-HsMPT™).*

This thesis primarily explores the structural and functional diversity of hydro-
genases, with a specific focus on binuclear [FeFe] and [NiFe] hydrogenase
families. Their shared uniqueness lies within the active site cofactor (Fig.
1.1A-B). The presence of both m-accepting, strong-field ligands such as car-
bon monoxide (CO) and cyanide (CN") as intrinsic components is highly un-
usual for biological systems. Because they are strong field, the ligands play a
crucial role in enabling the metal ion(s) to exist in low-spin states. Low-spin
configuration in this context is beneficial for forming a vacant coordination
site or easily accessible orbitals, making the metal center more receptive to H
binding and activation, and for allowing the reaction to proceed without a
large energy barrier.

However, [FeFe] and [NiFe] hydrogenases are considered to be unrelated,
i.e., they did not evolve from the same evolutionary origin or ancestor. This
makes them a striking example of convergent evolution, which is described as
when unrelated species independently evolve similar structures and functions.

The findings presented in this thesis may prompt a re-evaluation of certain
long standing assumptions and beliefs concerning the general characteristics
of these binuclear enzymes, as will be covered in the following chapters.
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Figure 1.2 Simplified schematic diagram illustrating the common roles of hydrogen-
ases in microbial physiology. Reduced and oxidized cofactors (e.g., Fd and/or
NADH/NAD™) are indicated as “red” and “ox”, respectively. SLP-substrate level
phosphorylation; OXP-oxidative phosphorylation; TEA-terminal electron acceptor.

The extensive diversification of the two families into (sub)groups—with
unique catalytic properties, level of O»-tolerance/sensitivity, and substrate af-
finities—has been pivotal for the long-term survival and adaptation of micro-
organisms across various ecosystems: ranging from low-O, environments rich
in H» (e.g., anaerobic waters, peat soils, sediments, and animal gastrointestinal
tracts), aerated soils and waters with minimal H» content, to ice-free desert
ecosystems.'* *® It has also been observed that certain microbial species ex-
hibit diversity in Hy-related enzymes, not just across, but also within them,
suggesting metabolic adaptability to environmental changes. This diversifica-
tion has allowed hydrogenases to carry out various functions linked to H, me-
tabolism (Fig. 1.2).!>2%:30.32.36

Dissipating excess reductant via fermentation: Excess reducing power
(electrons) is converted to H, gas, which can easily diffuse out of the cell. In
anaerobic environments, where alternative electron acceptors can be scarce,
microbial fermentation comes into play, converting carbon sources into alco-
hols, gases, or organic acids without O,.>****' Similarly, photobiological fer-
mentation involves sunlight-driven microorganisms like green algae and cya-
nobacteria, which convert water and sometimes organic matter into H,. Fer-
mentation serves to re-oxidize electron carriers (e.g., NADH, Fd) that are cru-
cial for the continuation of glycolysis and other metabolic pathways in the
absence of O, as well as the production of ATP via substrate-level phosphor-
ylation (SLP in Fig. 1.2A). In parallel, buildup of excess electrons, which
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could otherwise lead to harmful redox stress within the cell, is prevented. The
diffusible H> can be oxidized by other organisms in the environment, contrib-
uting to the ecological cycling of Ha.

Respiratory electron release and carbon fixation: Oxidation of H; re-
leases low-potential electrons, which are subsequently transduced through res-
piratory chains to generate energy through oxidative phosphorylation (OXP
in Fig. 1.2B).***? Energy harnessed from this process can drive carbon fixa-
tion processes. Hydrogenase-containing respiratory chains have been found to
efficiently generate energy in oligotrophic (low-level nutrients) environ-
ments.***

Energy conservation via bifurcating electrons: Electron bifurcation in
hydrogenases couples exergonic and endergonic redox reactions (Fig. 1.2C).
This process enables the simultaneous transfer of electrons to high and low
potential acceptors, effectively splitting energy from a single source into two
separate pathways and propelling thermodynamically unfavourable reactions
forward.**” This unique mechanism is essential for anaerobic microbes, aid-
ing them in efficiently utilizing H, for metabolic processes, including cellulo-
lytic fermentation, acetogenesis (making CH3;COOH from H, and CO;), and
methanogenesis (making CH, from H, and CO,).*!

Sensing external H,: Some sensory hydrogenases encoded by anaerobes
can detect high partial pressures of H, (pH>) and trigger regulatory cascades
that govern the expression of respiratory hydrogenases (Fig. 1.2D).>**° These
sensory hydrogenases are encoded by an operon (i.e., functionally related
genes controlled by a shared operator, allowing for coordinated gene expres-
sion) that include the Per-Arnt-Sim (PAS) domain, which act as sensors and
are widespread across all kingdoms of life. Some sensory hydrogenases may
regulate broader cellular functions, such as motility, in response to changes in
pHa in anaerobic environments.

Other (proposed) functions: Other specialized physiological functions
will be described briefly in the overview of [FeFe] and [NiFe] phylogenetic
groups in subsequent sections (see also Appendix I and II).
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[FeFe] hydrogenases

The [FeFe] hydrogenases exhibit exceptional activity, catalyzing H, evolution
and oxidation rates at 10°~10° s™', which exceeds activities displayed by syn-
thetic catalysts.”> 3 Across all phylogenetic groups, the active site cofactor
denoted as “H-cluster”, embedded within the H-domain, is proposed to be the
unifying feature based on genetic, structural, and biophysical studies of known
enzymes (Fig 1.1A).** This biologically unique cofactor consists of a canoni-
cal iron-sulfur cluster ([4Fe-4S]u) linked via a bridging cysteinyl thiolate to a
diiron subsite ([2Fe]i) with CO and CN™ ligands that stabilize the iron ions in
a low-spin state.?” °%° The two iron ions of the [2Fe]u subsite are further li-
gated by the sulfur atoms of the azadithiolate ligand ("SCH,NHCH.S",
ADT).®""%* The distal (Feq) and proximal (Fe,) iron in [2Fe]y are designated
based on their proximity to the [4Fe-4S]u. The direct ligation to the metal ion
encompasses the first coordination sphere.

A fully catalytically active [2Fe]n subsite transpires when it is linked to its
redox-active ligand [4Fe-4S]y and is incorporated into its protein frame-
work—the minimum being the “H-domain”—enabling critical interactions
within the second and outer coordination spheres (Fig 1.1C).%* %7 Similar to
other metalloenzymes, the spheres beyond the first coordination enhance cat-
alytic rate, stability, thermodynamic efficiency, and selectivity. The influence
and significance of secondary and outer coordination sphere effects are in-
creasingly recognized in the design of mimics for H, catalysis.** "

The second coordination sphere encompasses hydrophobic and electro-
static contacts between the H-cluster and the protein fold. The geometric po-
sitioning of the CO, CN", and ADT ligands is maintained by specific, fairly to
highly conserved amino acid residues within each phylogenetic group.’'” The
amine bridgehead of the ADT (—SCHNHCH,S—) ligand provides a second
coordination sphere interaction and is involved in proton transfer from the
bulk solution to the [2Fe]y subsite, and vice-versa. The frustrated Lewis pair
(FLP) interaction between the basic ADT-amine and acidic Feq of the H-clus-
ter plays a vital role in both the formation and cleavage of the H, bond.” In a
FLP, the Lewis acid and base sites remain in close proximity but are "frus-
trated" from forming the typical adduct due to steric hindrance. Insights into
the control of ligand spatial arrangement and H-cluster reactivity by the sec-
ond coordination sphere have been gathered from structural, functional stud-
ies, and site-directed mutagenesis studies.’ ">

The outer coordination sphere comprises of accessory electron-transferring
FeS clusters (F-clusters)*™ ** proton transfer pathway consisting of protona-
table amino acid residues or structured water molecules®'**, gas channels®**,
and interactive amino acid residues beyond the second coordination sphere.’®
.72 The ferredoxin-type F-clusters (additional [4Fe-4S] clusters) act as mo-
lecular conduits, enabling long-distance electron transfer between the H-clus-
ter and external redox partners. Additionally, a selective delivery system for
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substrates and products (H" or H») is provided. Transport systems in the outer-
coordination sphere can have long-range electronic (electron density or distri-
bution), thermodynamic (energetic landscape of reactions or relative stabili-
ties of reactants, intermediates, and products), and kinetic (rates of key steps,
such as H, diffusion/binding, proton/electron transfer) on the H-cluster.*® 7"
72, 78-80, 84, 85, 90-92

Collectively, the first, second, and outer coordination spheres streamline
the interconversion of protons, electrons, and molecular H,. The deficiency of
a single sphere can undermine overall catalytic performance.

Given its structural complexity, it is to no surprise that H-cluster synthesis
requires a dedicated machinery. [FeFe] hydrogenases can be “activated” into
“holo” enzymes either naturally by using multiple maturation enzymes
(HydE, HydF, and HydG) and iron-cluster assembly enyzmes or synthetically
by adding mimics of the [2Fe]n subsite into immature “apo” enzymes.** "3
The experimental section briefly outlines the “natural” biosynthesis process
and the artificial maturation method for activating heterologously-expressed
enzymes.

Although there is on-going debate about mechanistic models, all proposed
catalytic cycles include oxidized, singly reduced, and doubly reduced H-clus-
ter states, with the site of H» catalysis happening at the OCS of the distal iron
ion (Feq) (Fig. 1.3A).”*%® This thesis adopts the nomenclature proposed by
Haumann, Stripp, and colleagues’’, without making any value judgements or
claims about the molecular structures.

The oxidized “resting” state, Hox and its protonated equivalent form, HoxH,
comprise a [4Fe-4S]u*" cluster and a Fe'-Fe" site, with the iron ions bridged
with a CO ligand (uCO) (Fig. 1.3A).°* *° Singly reduced states involve an
electron residing in the [4Fe-4S]y" cluster forming the Hiq state ([4Fe-
4S]y"-Fel-Fe™).%% 190101 Ap “inactive”, slow pathway occurs when Hyeq” tran-
sitions to Hreq, resulting from deprotonation of [4Fe-4S]u" and the formation
of a bridging hydride (uH), with the pCO moved to an apical position. In-
volvement of a second electron forms the doubly reduced or "super-reduced"
states called Hgreq, having a configuration of [4Fe-4S]y"-Fe'-Fe'. Tautomeriza-
tion of Hgreq results in a terminal hydride (H") at the OCS to form the Hyyq state
([4Fe-4S]u"-Fe"-Fe'!).% 192183 proton-coupled electron transfer (PCET) from
Hied” bypasses the slow pathway involving pH to directly form Hyyg with a
protonated [4Fe-4S]u. Protonation of Hyyq at the ADT-amine is proposed to
yield HiygH".!%* 9 The ADT-amine positions a proton close to the Feq hydride
to facilitate H, bond formation.” An elusive Ho-H» state is hypothesized to
form and upon Ho release, the H-cluster reverts to Hox. The cycle is reversed
for H, oxidation, with the FLP enabling H, bond cleavage.

Inhibited states of the oxidized and singly reduced forms can occur upon
binding of cysteine thiol or exposure to inhibitors such as sulfide, leading to
Hinact or Hians, and carbon monoxide, resulting in Hox-CO or Hrq-CO
(Fig.1.3B).
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Figure 1.3 (A) The proposed mechanistic model for H turnover by Haumann, Stripp
et al.”7 The fast cycle is shown in dark cyan arrows, and the slow cycle is shown in
magenta arrows involving ligand rotation between pCO and pH. Black-filled squares
indicate a terminal CO or H™ occupying the OCS. The grey arrows indicate the pro-
posed equivalent molecular structures of Hred (HreaH") and Hgea (HseaH™) by Lubitz,
Birrell ef al.® The structure and catalytic significance of these states remain an active
area of debate, with the divergence of these models extensively discussed in recent
literature. 2% 30-93.97. 106 (B) Reported inhibited states of the oxidized and singly reduced
forms of the H-cluster. (C) Proposed structure of the mononuclear H-cluster species
(Hair) of Op-exposed Group D TamHydS.”! Orange star indicates that the state has been
observed in electron paramagnetic resonance spectroscopy (Tab. 4.1).
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Figure 1.4 This timeline illustrates the progression of [FeFe] hydrogenase literature,
with specific enzymes characterized at various points in time (bars corresponding to
each enzyme indicate duration). Each reference (first author, year) is represented as a
grey circle, with the size of each circle indicating the relative level of influence of that
reference (“momentum” that was calculated by Litmaps® based on cite count and
weighed by recency). The interconnecting lines between the circles illustrate the cita-
tions and cross-references. Enzyme names are color-coded according to their phylo-
genetic groups. Proposed physiological functions are indicated in magenta.
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At the start of my PhD studies, [FeFe] hydrogenases were classified into
Group A—D (Fig. 1.4).">-3%31.56.197 However, some of the findings from this
work may prompt a reassessment of this prevailing classification framework.

Group A: The most extensively studied [FeFe] hydrogenases are from Group
A, which can be further divided into Group A1—A4 (based on proposed func-
tions)'> or subclasses M1-MS5 (based on domain architecture)*. Examples in-
clude hydrogenases from green algae Chlamydomonas reinhardtii
(CrHydA1), soil bacterium Clostridium pasteurianum (Cpl and Cpll), dimeric
hydrogenase from sulfate-reducing Desulfovibrio vulgaris (DvH)/ Desul-
fovibrio desulfuricans (DdH/DdHydAB), ruminal Megasphaera elsdenii (Me-
HydA), and the electron-bifurcating enzymes from hyperthermophilic Ther-
motoga maritima (ITmHydABC) and acetogenic bacterium Acetobacterium
woodii (AwHydABCD).

Most members of Group Al such as Cpl, CrHydA1, and the hydrogenase
from butanol-producing Clostridium acetobutylicum (CaHydAl), are pro-
posed to facilitate the oxidation of ferredoxin (Fd) during anaerobic ferment-
ative or photobiological H, production. Exceptions include cytoplasmic
CpII'® and periplasmic DdH'*® ''°, which prefer H, oxidation and are pro-
posed as electron liberators for respiration and growth. Group A2 is unchar-
acterized and, thus, their function is unknown. Group A3 members have been
proposed to reversibly bifurcate electrons between H; and the enzyme’s redox
partners, ferredoxin and NAD(P)H (e.g., TmHydABC). Other members of
Group A include formate-dehydrogenase linked Group A4 from Clostridium
autoethanogenum (CaHytA-E/FdhA)'"" H,-dependent CO, reducing enzyme
from A. woodii (AwHydA2)""? and thermophilic Thermoanaerobacter kivui
(TkHydA2)'"®, as well as NADH-dependent non-bifurcating enzymes from
Syntrophomonas wolfei (SwHyd1ABC)"*, and Syntrophus aciditrophicus
(SaHydAB).'"

Although the highest turnover frequency rates were recorded from Group
A (TOF up to 10° s), most of these enzymes exhibit complete H-cluster deg-
radation upon exposure to even minimal levels of 0.5 ''® "7 Only a few char-
acterized members in this group show O»-tolerance such as MeHydA, DdH,
and the hydrogenase from soil or fecal bacterium Clostridium beijerinckii
(CHASH).” 56 118,119

With regards to electrochemical properties, Group A enzymes are deemed
as “reversible” catalysts capable of sustaining high rates of proton reduction
and H, oxidation exceptionally close to the thermodynamic potential of the
reaction (Fig. 2.5D).'*

Group B: Despite their phylogenetic divergence from Group A, Group B
enzymes share fairly conserved amino acid motifs around the H-cluster (Fig.
3.4D). Limited data exists on the in-depth characterization of Group B [FeFe]
hydrogenases. However, based on genomic data, they are suggested to play a
role in coupling the oxidation of Fd to fermentative evolution of H,."> Some
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examples are from C. pasteurianum (Cplll), C. acetobutylicum (CaHydB/Ca-
HydA2), hydrogenase from cellulolytic bacterium Ruminococcus albus
(RaHydA2), and from hemicellulolytic bacterium Thermoanaerobacterium
saccharolyticum (TsHfsD).

Recent electrochemical studies indicate that Group B C. pasteurianum 111
(CplIll) and M. elsdenii 11 (Mell) show bidirectionality, without any inherent
bias, and exhibit high susceptibility towards oxidative inactivation at high re-
dox potentials.''

Group C: Group C [FeFe] hydrogenases are predicted to sense H, and in-
duce cascades through co-transcribed regulatory elements (e.g., kinases and
phosphatases), thus acquiring the designation of a “sensory” group. All known
members of this group feature the signalling PAS domain.

A characterized enzyme from hyperthermophilic Thermotoga maritima
(TmHydS) demonstrated low catalytic rates.”’ Moreover, TmHydS has been
documented to exhibit higher tolerance to inhibitor CO compared to those in
Group A. However, like most Group A enzymes, its affinity for H, appears to
be quite low (K, >400 uM) and O can infiltrate and impair its active site.

Transcriptional evidence suggests that the putative phosphatase-linked sen-
sory hydrogenases of R. albus (RaHydS) and T. saccharolyticum (TsHfsB)
may regulate the transcription of Group A enzymes.'> > '?> However, this has
not been biochemically verified.

Group D: Group D [FeFe] hydrogenases are proposed to be putatively sen-
sory as they are closely related to Group C, sharing similar genomic localiza-
tions and domain structures. However, Group D lacks the PAS domain. In
comparison to Group A, Group D representative from thermophilic Ther-
moanaerobacter mathranii (TamHydS) shows lower catalytic activity rates,
an increased tolerance against CO inhibition, and require a significant amount
of overpotential for both proton reduction and H» oxidation, which makes it
an “irreversible” catalyst (Fig. 2.5D).”" '® Interestingly, TamHydS has a
unique reactivity towards to O, forming a mononuclear version of the H-clus-
ter, with limited catalytic ability and peculiar O,-stability (Fig. 1.3C).

A higher “apparent” affinity or substrate binding for H» was reported (K
90—100 uM) for TamHydS”', athough contradictory findings of a higher Mich-
aelis’ constant (600 uM) have also been published.'” Although K, provides
insights into the affinity between an enzyme and its substrate, the value does
not directly quantify this affinity. Instead, K, reflects the combined rates of
substrate binding and catalysis. Additionally, the K,,’s value can be affected
by experimental variables that complicate direct comparisons between studies
unless the conditions are consistent. Different enzyme-substrate pairs may ex-
hibit the same K, value if either a high binding affinity is paired with slow
catalytic turnover, or a low binding affinity is accompanied by rapid catalysis.

The protein scaffold surrounding the H-cluster, also denoted as the “active site
pocket”, is conserved within each group, but exhibits notable differences
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between groups.’”** Additionally, comparative genetic and structural analyses
suggest differences in proton transfer pathways among various hydrogenase
groups, though this requires experimental validation (Chapter 4).5% 8591124
Even within a group, the F-cluster domain exhibits structural diversity.*

While the H-cluster is the proposed common denominator in all phyloge-
netic groups, any discrepancies in reactivity are likely attributed to differences
in second and/or outer coordination sphere effects—such as the active site en-
vironment encompassing the H-cluster or the pathways for substrate transfer
(Chapter 4-5). Hence, comparative analyses of various [FeFe] hydrogenase
groups are anticipated to generate a wealth of novel insights into the impact
of the protein framework on modulating hydrogenase activity.
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[NiFe] hydrogenases

[NiFe] hydrogenases are recognized for their superior O,-tolerance/insensi-

tivity. These enzymes are composed of a catalytic (large, ~60 kDa) subunit
and an electron-relaying Fe-S (small, =30 kDa) subunit (Fig. 1.1D).*® The
large subunit accommodates the Ni-Fe cofactor, which is anchored by four
cysteine thiolate units: two terminal ligands to the nickel and two bridging
ligands between the nickel and iron ions (Fig. 1.1B).'*

During the catalytic cycle, the Ni—Fe cofactor exhibits several redox states,
with the nickel ion transitioning through multiple oxidation states (Ni’", Ni*",
and Ni") (Fig. 6.4F). Conversely, the low-spin iron ion maintains a constant
Fe?* state (S = 0), and is coordinated by one CO and two CN" ligands, along
with an additional ligand that may occupy the Ni—Fe bridging position (WOH,
or pH).? '?% Further details on the proposed catalytic cycle for [NiFe] hydro-
genases are outlined in Chapter 6.

Analogous to [FeFe] hydrogenase, some well-conserved amino acid resi-
dues in proximity to the Ni—Fe cofactor (second coordination sphere) are pro-
posed to play important roles in catalysis.”® '* '*” The outer coordination
sphere includes accessory electron-transferring FeS clusters ([4Fe-4S], [3Fe-
4S], or [4Fe-3S] clusters) in the small subunit, proton transfer pathway(s) and
gas channels (reported to be susceptible to blockage when pH, is high).'

Depending on the subgroup, the large and small subunits of the [NiFe] hy-
drogenase associate with other subunits.'> The resulting complexes can medi-
ate a variety of processes, including respiration, fermentation, energy conver-
sion, electron bifurcation, carbon fixation, and H, sensing. Comprehensive re-
views on the classification of [NiFe] hydrogenases, considering phylogeny,
genetic structure, and physiological roles, are available.'>?*3¢ A brief over-
view of the four main groups is provided here:

Group 1: Group 1 [NiFe] hydrogenases are membrane-bound and are fur-
ther divided into subgroups (Group la—1h) based on their proposed physio-
logical functions, including liberating electrons for the respiration of sulfate,
nitrate, and fumarate (Fig. 1.2B; Appendix II). The two Group 1 [NiFe] hy-
drogenases from E. coli, Hyd1 (Group 1d) and Hyd2 (Group 1c¢), exhibit dif-
ferent biases: Hyd1 is unidirectional and strongly biased towards H; oxidation,
while Hyd?2 is bidirectional. This group also includes O»-tolerant and O»-in-
sensitive enzymes such as Group 1d low-H; affinity hydrogenases from Ral-
stonia eutropha / Cupriavidus necator, E. coli, and Aquifex aeolicus and
Group 1h high-H, affinity hydrogenases from R. eutropha / C. necator, My-
cobacterium smegmatis, and Streptomyces avermitilis.

Group 2: Group 2 [NiFe] hydrogenases are primarily located in the cyto-
sol, with most members serving sensory functions. The well-characterized
sensory hydrogenases are the Group 2b [NiFe] hydrogenases (e.g., R. eu-
tropha / C. necator and Rhodobacter capsulatus). These enzymes have
adapted the [NiFe] active site to sense high partial pressures of H, (pH>) and
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subsequently activate two-component regulatory cascades that control the ex-
pression of respiratory hydrogenases. The operons encoding these hydrogen-
ases contain predicted PAS domains (similar to Group C [FeFe] hydrogen-
ases) that likely transduce the signal of hydrogenase activity to downstream
components, such as heme. A noteworthy member of this group is the Group
2a high-H, affinity, O-insensitive hydrogenase from M. smegmatis, which
can oxidize atmospheric pH, under atmospheric pO, levels (Chapter 6).

Group 3: Group 3 [NiFe] hydrogenases are typically bidirectional, cata-
lyzing both H, oxidation and proton reduction. These enzymes are known to
couple H; oxidation with the reduction of cofactors, and also enable the bifur-
cation of electrons from H» to cofactors. Several examples include enzymes
from Methanothermobacter marburgensis, Methanosarcina barkeri, and Py-
rococcus furiosus. Some Group 3 enzymes can behave as sulfhydrogenases in
vitro, reducing elemental sulfur (S°) to hydrogen sulfide (H,S).'*

Group 4: Group 4 [NiFe] hydrogenases, like Group 1, are membrane-
bound but are distinguished by their general role as fermentative H, evolvers.
The evolution of H; are coupled with the oxidation of cofactors and translo-
cation of protons. Some Group 4 enzymes form complexes with CO dehydro-
genase (CODH) to anaerobically respire CO using protons as terminal elec-
tron acceptors. Examples from this group include formate hydrogenlyase (dis-
proportionation of CHO,™ to CO; and H») from E. coli and Salmonella enter-
ica, and the CODH-linked hydrogenases from Carboxydothermus
hydrogenoformans, and Rhodospirillum rubrum.
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(Bio-)technological applications of hydrogenases

Biotic, biological H; production: Since its initial description in the 19" cen-
tury, biological H, production has made substantial progress, with some tech-
niques evolving into nearly mature technology levels."** '*! These processes
leverage (non-)photosynthetic microorganisms like green algae, anoxygenic
photosynthetic bacteria, and some heterotrophic bacteria encoding hydrogen-
ases for H, production. Both photo- and dark fermentation, which convert or-
ganic substrates into H» in the presence and absence of light, respectively,
have demonstrated promising potential.

While these biological methods can be technically feasible for attaining
carbon-free H» production and can operate well under ambient conditions,
they face several limitations.'*” '*' These include a lower-than-expected bio-
hydrogen yield, and suboptimal solar-to-hydrogen (STH) efficiency. High
costs linked to materials, production, and storage also pose challenges. System
instability in large volumes and the rapid inhibition of reactions, due to O;
production from water splitting, further complicate the process.

Cyanobacteria, as photoautotrophs, offer a distinct route to H, production
through photosynthesis-related mechanisms. Using cyanobacteria and [FeFe]
hydrogenase in tandem for photobiological H, production, the main chal-
lenges are: achieving in vivo maturation in cyanobacteria, efficiently redirect-
ing electrons from native metabolic pathways to the enzyme, and engineering
O»-tolerant variants.'**

Despite existing challenges, biological H, production is still a promising
avenue for renewable energy, given its potential for minimal to zero carbon
emissions. Ongoing research aims to improve efficiency and commercial fea-
sibility.

Abiotic, bio-mimetic catalysts: Although Nature has enabled hydrogen-
ases to possess top-tier turnover rates (particularly for [FeFe] hydrogenases),
their susceptibility to O, and costs for large-scale production limit their eco-
nomic viability. Mimicking the active site cofactor is an attractive alternative.
The relatively more simple and adaptable property of mimics not only pique
interest in catalyst design efforts, but also provide insights into the fundamen-
tal aspects of hydrogenase structure, maturation, and its catalytic mecha-
nism, 63 67 133-136

Despite the extensive array of [FeFe] hydrogenase cofactor mimics re-
ported in literature, they often grapple with instability in aqueous or aerobic
conditions, reduced catalytic efficiencies, unidirectionality, and high overpo-
tential requirements.'*’"1*

While research on the influence of the protein framework on rates, bias,
thermodynamic efficiency, electronic distribution, and geometry of the active
site cofactor is limited, a consistent insight from these outer sphere coordina-
tion effect studies is evident: the protein scaffold is crucial for fine-tuning the
active site cofactors’* > and for the delivery of substrates and products.®*
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This is most elegantly demonstrated by “artificially maturing” a [FeFe] hy-
drogenase with the insertion of the closest mimic of the [2Fe]y subsite:
[2Fe]*PT [Fey(u-ADT)(CO)4(CN),J*" (Fig. 2.1C). Artificial maturation with
[2Fe]*PT results in a holo [FeFe] hydrogenase that can catalyze rates compa-
rable with the native enzyme.** ¢’

To develop base-metal H»-processing catalysts for practical applications,
mimics should provide second and/or outer coordination spheres that can min-
imize solvation shifts, reorganization energies, synchronize electron and pro-
ton transfers, manage the formation and stability of intermediates, and protect
catalytically relevant states from participating in side reactions.'** '°

Researchers have endeavored to replicate the protein environment of hy-
drogenase enzymes to overcome some of the limitations inherent in synthetic
cofactor mimics.'*'"'*> A notable example of a functional cofactor mimic is the
H,-oxidizing Dubois catalyst'*"'*® featuring a Ni center ligated by two biden-
tate phosphines and at least one pendant amine group in the second coordina-
tion sphere that emulate the natural enzyme's architecture. This highlights the
catalytic significance of the amine group, later verified as the bridgehead atom
of the “native” H-cluster.

Further advancements in bio-mimicry have been achieved through fine-
tuning electron density. For instance, capping dicyanide ligands with Lewis
acids mimics the H-bonding interactions between the cyanide ligands of the
natural H-cluster and the protein backbone. This strategy enabled proton re-
duction at biologically relevant oxidation states, which was previously ham-
pered by proton-induced decomposition.'** Similar reactivity trends have been
observed with alternative ligands, such as phosphines, which do not exhibit
H-bonding in the same manner as the Lewis acid-capped cyanides. This ob-
servation highlights that while mimicking the H-bonding environment of the
natural system can be a viable strategy, other factors inherent to ligand design,
such as ligand field strength and metal center electrophilicity, are key deter-
minants of catalytic activity.

Despite this progress with catalysts that operate in aqueous environments
and incorporate proton transfer pathways, obtaining a deeper understanding
of catalyst-H; interactions, H, cleavage mechanisms, and catalyst deactivation
causes remains crucial for future developments.®

Although the top-performing mimics exhibit promising catalytic features,
their practical implementation is hindered by limited stability and electrode
surface immobilization challenges. Recent strides have been made in address-
ing these issues by integrating bio-mimetic catalysts into modified macromo-
lecular scaffolds, like organic polymers or carbon nanotubes. These modifica-
tions have led to improvements in immobilization techniques, catalytic effi-
ciency, and overall stability.'*

Biotic and abiotic: semi-artificial photosynthesis: Semi-artificial photo-
synthesis is an emerging field that seeks to circumvent the limitations and
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complexity of natural photosynthesis by combining the light-harvesting ca-
pacity of photosensitizers (abiotic) with hydrogenase catalysis (biotic).

In a typical biohybrid setup, photosensitizers capture light energy and
transfer electrons to a redox mediator, often a viologen-based molecule. This
mediator enables efficient electron transfer from the photosensitizer to the hy-
drogenase, preventing energy loss through charge recombination. These sys-
tems often require (sacrificial) electron donors, which provide a source of
electrons to regenerate the photosensitizer and maintain the catalytic cycle.

One approach utilizes non-photosynthetic microorganisms, such as E. coli
to produce H, upon illumination.'**'*? Another technique involves water-split-
ting photoelectrochemical cells (PECs). Notable STH efficiency was achieved
by combining a photoanode with a cathode having a hydrogenase immobilized
in a viologen-based polymer.'>

The field of artificial photosynthesis is advancing towards sustainable en-
ergy solutions; however, challenges persist, including limited efficiency,
along with scale and cost that remain significant obstacles in constructing a
device at high technology readiness levels.
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Rationale for investigating hydrogenase biodiversity

The post-genomic era (2000—present), characterized by an exponential in-
crease in available sequences, presents a vast, untapped reservoir of hydro-
genases, exhibiting remarkable diversity in their genetic makeup, structural
domains, and proposed physiological roles in H, metabolism.'**° This wide-
ranging structural and functional diversity is enabled by a modular architec-
ture and extensive genetic variation, that remain under-explored and not fully
understood. Only a select few branches of the phylogenetic trees have been
physiologically, biochemically, and biophysically characterized, with well-
studied model microorganisms coming from only five phyla (Proteobacteria,
Firmicutes, Cyanobacteria, Euryarchaeota, and Chlorophyta).*** Moreover,
high resolution structures are only available for a restricted number of sub-
groups (see Appendix I and II for list of PDB codes). Generalizing mecha-
nistic principles based on a limited ‘species pool’ is unjustifiable since it es-
sentially restricts the expansion of model systems that could further elucidate
the intricate details that owe hydrogenases their remarkable catalytic prowess
for Ho-turnover.

Investigating hydrogenase diversity is, thus, not just an endeavor for fun-
damental studies, but can be a strategic move towards the development of
green H»r-based technologies for several reasons:

Evolutionary principles: The evolutionary principles of hydrogenases
serve as a narrative of Nature’s ingenuity. Understanding their evolutionary
principles not only provides insights into microbial energy metabolism and
the tracing of evolutionary origins, but also reveals how they optimize rates,
stability, energy efficiency, and selectivity, all of which have been honed for
billions of years.

Molecular blueprints: Hydrogenases serve as structural and functional
models for designing and optimizing mimics, incorporating low-valent transi-
tion metals, hydride chemistry, and proton-coupled electron transfer, due to
“fine-tuning” effects by the protein framework.

Discovery of novel enzymes: The surge in genomic databases offers pro-
spects to discover enzymes with improved properties (e.g., compactness, Oa-
tolerance, H»-affinity, or stability). These newly-discovered enzymes can be
further optimized for desired properties through directed evolution or rational
design, and assessed in sustainable (a)biotic technological applications (e.g.,
integration into photosynthetic microbes or biohybrid photosynthetic sys-
tems).

By leveraging abundant metals like iron and nickel, the use of rare and costly
noble metals like platinum is avoided, thereby, positioning H, as a viable
green energy fuel for the future. While this is indeed a long-term goal, I hope
that my thesis will contribute small yet deep insights towards this vision.
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Summary and Aims

With the rationale discussed above, the main goal of my Ph.D. research is to
discover and characterize hydrogenases, as well as show that an improved un-
derstanding of their diversity will allow us to optimize them for (bio-)techno-
logical applications. This is done through the following key steps:

Gene mining and biochemical validation: Potential hydrogenase-encod-
ing genes are identified and screened through genome and metagenome
searches (performed in collaboration with Prof. Chris Greening). These genes
are then heterologously expressed in E. coli, and their ability to produce H is
biochemically verified, following artificial maturation techniques.®* ¢’

Spectroscopic validation: The capacity of the E. coli-expressed hydrogen-
ase genes to bind the active site cofactor is verified spectroscopically.

Purification and artificial maturation: The expressed enzymes are puri-
fied, the iron-sulfur clusters reconstituted, and artificially matured.

Biochemical and biophysical characterization: The matured enzymes
(and in one case, the enzyme is purified and matured in the native host) are
systematically characterized using biochemical assays, electrochemistry,
FTIR, and EPR spectroscopy.

Optimization and mutagenesis: Enzyme engineering and site-directed
mutagenesis studies are conducted to elucidate the effects of the second and
outer coordination spheres. Variants targeting the active site environment and
proton transfer pathway are included in the catalog of characterized isolates.

In line with the main goal, the following manuscripts have been published,
submitted, or prepared:

Chapter 3, Paper I and Appendix III validate the existence of active ar-
chaeal [FeFe] hydrogenases, which have been conventionally assumed to be
confined to the other two domains of life.'**

Chapter 4, Paper II elucidates the roles of the second and outer coordina-
tion spheres in altering the catalytic rates, electronic distribution, apparent
bias, and geometry of the active site cofactor. This chapter also highlights that
the proton transfer pathway is not universal across phylogenetic groups of
[FeFe] hydrogenase.'**

Chapter 5, Paper I1I presents a novel approach to improve the H,-produc-
tion rate and O»-tolerance of a [FeFe] hydrogenase by rationally designing
variants based on a genetic and structural comparison of representatives from
different phylogenetic groups.

Chapter 6, Paper IV provides structural, electrochemical, and spectro-
scopic insights into how an O,-tolerant, high-affinity [NiFe] hydrogenase can
oxidize atmospheric levels of H,.'5
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Chapter 2, Experimental Methods

In this chapter, I will outline the main tools used in my work to investigate the
catalytic and spectroscopic properties of hydrogenases, both in vivo and in
vitro. Attenuated total reflection — Fourier-transformed infrared spectroscopy
(ATR-FTIR) and Electron Paramagnetic Resonance spectroscopy (EPR) are
used to examine the electronic configuration of the active site cofactor and/or
iron sulfur clusters. I employed biochemical assays and protein film electro-
chemistry to assess activity rates, bias, and/or thermodynamic efficiencies.
The protein purification pipeline and the “artificial maturation” technique,
which enabled these investigations, is also discussed briefly in this chapter.

Hydrogenase purification and activation pipeline

Heterologous Expression and Purification (Fig. 2.1A): The hydrogenase
genes (and site-directed mutagenesis variants) were equipped with Strep tags
for affinity-based purification and were heterologously expressed in E. coli
chosen for its simplicity, reliability, and well-documented ability to often pro-
duce recombinant proteins with properties comparable to their native counter-
parts (Appendix I). While E. coli expression systems are commonly effective,
differences in post-translational processing or protein folding can sometimes
lead to variations between the properties of the expressed proteins and the na-
tive form."*® One approach to overcome this challenge was the use of codon-
optimized genes, which can help address issues related to codon bias and
translation efficiency."’

In some cases, small-scale expression tests were conducted in different .
coli cells to determine which yielded the best expression and solubility levels.
The cells were aerobically cultured at 37°C and 150 rpm in minimal media
until an optical density (ODsoo) of approximately 0.4 to 0.6 was reached under
these specific conditions. Within this range, the cells are in the mid-exponen-
tial growth phase, which is optimal for protein expression. Subsequently,
0.1 mM FeSO4 was added, and the cells were induced with 1 mM IPTG, fol-
lowed by overnight incubation at lower temperatures (20°C, 150 rpm, 16
hours). Afterward, the cells were harvested by centrifugation (4,424 x g,
10 min). To maintain an anaerobic environment during protein extraction, the
harvested cell pellets were lysed in an MBRAUN glovebox ([O2] <5 ppm).
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Lysis was performed either by three cycles of freezing/thawing in liquid N, or
sonication, and the lysate was clarified via ultracentrifugation (222,592 x g,
60 mins). The hydrogenase was purified from the clarified lysate using Strep-
Trap™ affinity chromatography, followed by size exclusion chromatography
(Superdex™) when necessary to enhance purity. The concentrated samples
(using 30 kDa centrifugal filters), were stored anaerobically at —80 °C until
further use. Coomassie-stained SDS-PAGE was used to assess purity.

Iron-Sulfur Cluster Reconstitution (Fig. 2.1B): To ensure the presence
of fully assembled FeS clusters, a crucial component of hydrogenase activity,
an established in vitro reconstitution protocol was employed.'*® This proce-
dure was conducted under strictly anaerobic conditions to mimic the enzyme's
native environment. Briefly, purified hydrogenase was incubated with iron
(Mohr’s salt: ferrous ammonium sulfate), and sulfur (L-cysteine) sources both
added in 1.5-fold molar excess to the desired number of Fe-atoms to be added.
Cysteine desulfurase from E. coli was added to facilitate cluster assembly by
releasing sulfide in situ from L-cysteine. UV-Vis spectroscopy was used to
monitor the increase of absorbance at 405 nm. The reconstitution process
ended by running the reaction mixture through a desalting column (PD-10).

EPR spectroscopy allowed checking for the integrity of the FeS clusters,
which are typically bound through cysteine (C) residues in a specific sequence
motif. For the canonical [4Fe-4S] clusters, the motif is commonly represented
as CX,CX,CX,C, where "X" represents any amino acid residue and "n" is the
number of amino acid residues between the C residues. A cuboidal structure
is generated with four iron atoms connected by four sulfide ions. Protein and
iron content were determined using standard protocols'>* '’ to further confirm
successful reconstitution.

H-cluster Maturation (Fig. 2.1C): E. coli lacks the native machinery for
the H-cluster maturation involving three maturase enzymes (HydG, HydE,
HydF).'®! Therefore, the purified hydrogenase was in its apo form, lacking the
complete H-cluster. To obtain the /#olo form, the apo hydrogenase was artifi-
cially matured by incubation with the synthetic mimic of the [2Fe]n subsite,
[2Fe]*PT ([Fea(u-ADT)(CO)4(CN),J*).%* ¢ In certain cases, the [2Fe]u subsite
was purposefully locked in a mixed valent state, which was achieved by acti-
vating the apo hydrogenase with another [2Fe]n subsite mimic ([2Fe]*™",
[Fex(u-PDT)(CO)4(CN),]*") that replaces the amine bridgehead of the
[2Fe]*PT ligand with a methylene (-CH»-) group. This approach can yield the
EPR-active Hox state, but the [2Fe]"™" -activated enzymes may also exhibit
EPR silence by yielding the Hrq’ state (Fig. 1.3A).

After apo enzyme incubation with the mimic for at least an hour, the sam-
ples were desalted through a PD-10 column equilibrated with the desired
buffer (typically 10 mM Tris-HCI, 2 mM sodium dithionite, pH 8.0). The
eluted proteins were concentrated, aliquoted into PCR tubes, and transferred
into airtight serum vials (3-5 pL each) before they were flash-frozen in liquid
N and stored at -80°C until further use.
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Figure 2.1 (A) Schematic representation of protein expression, isolation, reconstitu-
tion of FeS clusters, artificial maturation, and characterization. (B) Semi-enzymatic
assembly of [4Fe-4S] clusters, inspired by the mitochondrial iron-sulfur cluster as-
sembly (ISC) machinery, is depicted. In this process, L-cysteine and Mohr’s salt serve
as the sulfur and iron sources, respectively. Cysteine desulfurase, Csd(A), catalyzes
the reaction, releasing readily available sulfide. (C) Illustrates the natural maturation
of [FeFe] hydrogenase, involving maturation enzymes (HydG, HydE, HydF) to form
the H-cluster.'®' The [2Fe]u subsite is color-coded based on the proposed molecular
origin of its elements (CN: green, CO: magenta, S: orange, Fe: gold, NH: blue). SAM:
S-adenosyl-l-methionine. Alternatively, the artificial maturation technique bypasses
the need for the complete maturation machinery by introducing the [2Fe]y subsite
mimic ([2Fe]*PT) to the apo enzyme, resulting in H-cluster formation.% ¢7

39



Spectroscopic properties
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Figure 2.2 Example spectra illustrating information obtained from EPR spectroscopy
(A-B) and FTIR spectroscopy (C-D). (A) Higher temperature (20 K) spectra probe the
H-cluster, with indicated g-factors of the rhombic signal typically observed for the
Hox state (magenta) and of the axial signal typically observed for the Hqx-CO state
(dark cyan). The spectra shown are from simulated data. Reduced H;.q is EPR silent
and undetectable. (B) Lower temperature (10 K) spectra probing FeS clusters. The
oxidized [3Fe-4S]" state is EPR active (grey), while the reduced form of [4Fe-4S]" is
EPR active (magenta). The spectra shown are from experimental data. (C) Absolute
FTIR experimental spectra, revealing infrared absorbance bands corresponding to dif-
ferent H-cluster states: Hox (magenta), Hreq (grey), Hox-CO (dark cyan). Top bars in-
dicate regions that are expected to show terminal CN (grey) or terminal CO (orange),
and bridging CO (nCO, dark cyan) vibrations. (D) Difference FTIR experimental
spectra, highlighting negative bands that disappear and positive bands that form dur-
ing reactions with specific atmospheric conditions.
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Attenuated total reflection Fourier-transformed infrared (ATR FTIR) and
Electron Paramagnetic Resonance (EPR) spectroscopy were employed to
characterize the H-cluster of the artificially matured hydrogenase (Fig. 2.2).
This combined approach provided a detailed analysis of the H-cluster's redox
behavior and electronic properties, essential for understanding the catalytic
mechanism and the integrity of the cofactors. These spectroscopic techniques
can be applied to investigate the redox centers both in the native cellular en-
vironment (in vivo) and in the isolated enzyme (in vitro).*°

ATR-FTIR spectroscopy
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Figure 2.3 (A) Schematic diagrams illustrating the bonding and antibonding interac-
tions for a ligand (CO) bound to (Fe) (B) The ATR FTIR setup involves a protein film
(orange) placed atop a refracting crystal (light grey). The incident IR beam interacts
with the sample as an evanescent wave or field (magenta). The intensity of this field
rapidly decays, allowing selective probing of the first few microns of the sample. A
custom-made titration cell facilitates gas exchange for a controlled atmosphere (dark

grey).
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Molecules selectively absorb infrared light at specific frequencies correspond-
ing to the vibrations of their chemical bonds. For a vibration to be infrared
active, it must lead to a change in the molecule's dipole moment. When
CO/CN™ undergoes a stretching vibration, the distance between the partially
negative O/N and partially positive C changes, altering the dipole moment of
the CO/CN™ bond.

In the context of this study, FTIR exploited the unique vibrational frequen-
cies of the strong-field, m-accepting ligands, CO and CN", present within the
H-cluster (Fig. 2.3A).'? These vibrations occur in a characteristic region of
the infrared spectrum (1700—-2100 cm™) that is largely free from interference
by protein vibrations (amide I: 1600—1800 cm ~'; amide II :1470-1570 cm ).

In the attenuated total reflection (ATR) configuration, the IR beam does
not directly contact the sample (Fig. 2.3B). Instead, it generates an evanescent
wave (as light waves tend to diminutively spread in space) at the surface of an
IR-transparent, high-refractive index crystal. The IR beam is directed into the
crystal from below, while the sample is deposited on top. The higher refractive
index of the crystal compared to the sample allows the IR wave to undergo
total internal reflection, creating an evanescent wave that penetrates the sam-
ple. After interacting with the sample, the IR wave travels back through the
crystal, and the absorbance is detected.

The ATR setup enables the use of relatively low-concentration protein so-
lutions. During sample preparation, the protein concentration and hydration
level are monitored in real-time. Initially, the ATR crystal is recorded as a
background before a small volume of protein solution is added to the surface.
The diluted protein solution initially resembles the IR absorbance spectrum of
liquid water, but exposure to a dry carrier gas causes characteristic protein
bands to appear over time. The protein solution becomes more concentrated
until a relatively dry "protein cake" is formed. The formation of salt or buftfer
crystals can reduce the absorbance of the protein cake, so low-salt buffers are
used in preparing the activated enzyme sample.

Here are the key insights from FTIR analysis in the context of studying the
H-cluster® '%%;

Dependence of vibrational shifts on the electron density and protona-
tion changes: The vibrational frequencies of CO/CN™ stretching modes are
highly sensitive to changes in the electron density of the [2Fe]n subsite,
providing insights into changes in the redox state and protonation state of the
H-cluster. When the [2Fe]y subsite experiences high electron density, it can
donate electrons to the vacant antibonding n*-orbital of the CO/CN™ ligands
(Fig. 2.3A). This electron transfer weakens the CO/CN bond, resulting in a
red-shift (lower vibrational frequency), which is generally interpreted as an
indicator of a reduction at the H-cluster. Conversely, protonation in the vicin-
ity of the H-cluster decreases the electron density of the [2Fe]n subsite, which
in turn reduces the capability of Fe ions to donate electrons to the CO or CN™
ligands. This results in a blue-shift (higher vibrational frequency) in the
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ligands’ stretching modes. An illustrative example is the Hox — HoxH conver-
sion, which exhibits this characteristic blue-shift.

Dependence of vibrational frequency on the coordination geometry of
the [2Fe]u subsite and bonding mode of CO/CN™: The vibrational behav-
iour also depends on the coordination geometry of the metal center and the
bonding mode of the n-accepting ligands (CO/CN"). In hydrogenases, CO lig-
ands can assume terminal, bridging, or semi-bridging configurations (Fig.
2.2C-D). The bridging CO ligand has a lower vibrational frequency compared
to the terminal CO ligands, primarily attributed to stronger bonding interaction
or greater electron density overlap of the bridging CO with the iron ions. Con-
versely, CN ligands tend to be blue-shifted compared to CO ligand bands due
to the higher force constant (greater stiffness) of the carbon-nitrogen triple
bond (C=N) relative to the carbon-oxygen double bond (C=0).

Difference spectra over time can reveal specific changes induced by
environmental conditions: The thin film thickness allows the IR wave to
minimally interact with the gas phase above the sample, a key requirement for
gas-induced difference spectra. The setup also allows for controlled exchange
of the gas phase, enabling difference spectra to extract cofactor signals when
specific changes are induced. Calculating the "before-after" difference spec-
trum can make subtle changes visible in frequency regimes obscured by the
protein and water absorbance bands.
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EPR spectroscopy

Unpaired electrons possess a magnetic moment and will align themselves in
the presence of an external magnetic field (Bo). EPR spectroscopy exploits the
Zeeman effect (Eq. 1, Fig. 2.4A), where By lifts the degeneracy of electron
spin states levels (ms, magnetic moments). The greater the strength of By, the
larger the energy difference (AE).

AE = gugBy = hv Equation 1
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Figure 2.4 (A) Schematic diagram illustrating the change in energy between electron
magnetic moments as an external magnetic field (Bo) is applied. As Bo increases, the
energy levels diverge due to the Zeeman effect. The energy difference between the
electron spin states (ms) corresponds to the microwave energy absorbed by the sample
giving rise to an EPR signal. For enhanced sensitivity and resolution, the signal is
typically presented as the first derivative of the absorption spectrum. The spectrum
shown here represents an isotropic signal. (B) Simplified illustration of a spin-orbit
interaction between the electron (magenta) and nearby nucleus (grey). S: electron’s
intrinsic spin angular momentum; L: orbital angular momentum (C) Depiction of the
spatial distribution of g-tensor strength (examples of first derivative absorption EPR
spectra for each type are given in Fig. 2.2A-B).
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When the energy difference between these two electron magnetic moments or
states (AE) matches the energy of incident microwave radiation (hv), absorp-
tion occurs, generating an EPR spectrum. The Planck’s Constant (h) is a fun-
damental constant in quantum mechanics (6.626 x 107** J-s), relating the en-
ergy of a quantum (photon) to its frequency (v), while the Bohr magneton (ug)
quantifies the magnetic moment linked to an electron’s orbital motion (9.274
x 10724 J-T™).

EPR spectra are typically presented as the first derivative of the absorption
spectrum for enhanced sensitivity and resolution (Fig. 2.4A, Fig. 2.2A-B).
Several factors influence the observed EPR spectra, providing structural and
electronic information of the enzyme’s metallocofactors:

Spin-orbit coupling significantly influences g-value: The g-value (akin
to chemical shift of NMR) is a dimensionless conversion factor that reflects
the effective magnetic moment of the unpaired electron. The electron in its
“free” state, which is not associated with an orbital, has a g. value = 2.0023.
Deviation from the g. results from coupling between an electron’s intrinsic
spin angular momentum (S) and orbital angular momentum (L; orbit around
the nucleus) (Fig. 2.4B). When an electron moves in the electric field created
by the nucleus, its orbital motion affects its spin. The energy levels are influ-
enced by this total angular momentum (S + L). The deviation from g. induced
by this spin-orbit coupling reveal details about the electronic states and coor-
dination environment within the metal center.

Anisotropy of the g-value depends on the directional nature of the mo-
lecular orbitals: The anisotropy (“not having the same properties in all direc-
tion”) of the g-factor refers to its dependence on orientation or alignment rel-
ative to Bo. In anisotropic systems, the g-factor can be described by three val-
ues along the Cartesian coordinate axes (gx, gy and g; or g1, g2, and g3). These
values characterize how the g-factor changes when the magnetic field is ap-
plied in different directions. In flash-frozen enzyme samples with random mo-
lecular orientations, the observed spectrum represents a sum of all possible
orientations (Fig. 2.4C). (An)isotropic systems can exhibit:

e g =g = g3, isotropic (spherical symmetry)
e g =g <or>g, axial (elongated or axially symmetric)
* g1 # & # g3, thombic (no symmetry)

Hyperfine coupling provides insights about interacting paramagnetic
centers: Hyperfine coupling arises from the interaction between the spin of
an unpaired electron and the spin of a nearby atomic nucleus, provided the
nucleus possesses a non-zero nuclear spin. This interaction provides infor-
mation about the identity and number of nuclei interacting with the paramag-
netic center. The specific number of hyperfine lines observed in a spectrum
arises from differences in nuclear spin values. In straightforward situations,
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the EPR spectrum exhibits isotropic hyperfine splitting, displaying multiple
lines that correspond to different nuclear spin states.

EPR also probes FeS clusters within hydrogenases. The information ob-
tained from EPR can complement the FTIR data, offering a more comprehen-
sive understanding of the electronic structure of the H-cluster and how it
changes during reduction or oxidation. A key advantage of EPR is its ability
to detect different types of FeS clusters (e.g., [3Fe-4S] or [4Fe-4S]) due to
their distinct EPR signatures (Fig. 2.2B), which depend on the oxidation state
and geometric configuration of the clusters. This gives insights into the redox
behavior of these FeS clusters, contributing to an understanding of the electron
transfer processes within the enzymes. As observed in hydrogenases, the cub-
ane-like [4Fe-4S] clusters in its reduced state ([4Fe-4S]") typically exhibit a
rhombic EPR shape due to an anisotropic environment created by the elec-
tronic interactions between the Fe and S atoms. In contrast, the more symmet-
ric electronic environment in [3Fe-4S] clusters often show an isotropic EPR
shape in its oxidized state ([3Fe-4S]"). This symmetry leads to an isotropic
EPR signal, where the g-values are nearly identical.
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Catalytic properties
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Figure 2.5: Example graphs illustrating information obtained from classical biochem-
ical assays (A-C) and from protein film electrochemistry (PFE) experiments (D-F).
(A) A decrease in absorbance of the redox mediator methylene blue is observed when
H, is oxidized by the enzyme. (B) Conversely, an increase in absorbance for the redox
mediator benzyl viologen is observed during H, oxidation. (C) Typical gas chroma-
togram showing the peak area of H, from the headspace of a mixture containing the
enzyme incubated with redox mediator methyl viologen and sodium dithionite as a
sacrificial electron donor. (D) Cyclic voltammetry (CV) traces showing currents that
are proportional to the rate for H, oxidation at higher redox potentials and proton re-
duction (H evolution) at lower redox potentials. Reversible catalysts (magenta) re-
quire minimal overpotential (). Irreversible catalysts (dark cyan) demand a signifi-
cant 1. The bias indicates the preferred direction of the catalyst, particularly evident
when comparing currents at higher driving forces. (E) Chronoamperometric traces at
a specific applied potential, monitoring currents over time. (F) Inhibition experiments
using chronoamperometry to track current changes before and after injecting an in-
hibitor (e.g., O») into the buffer.
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Classical biochemical assays

H; oxidation activity was determined spectrophotometrically using standard
biochemical assays with redox mediators (Fig. 2.5A-B). The rate of change in
absorbance of the redox mediator, either methylene blue (E” = —90 mV vs
Ag/AgCl at pH 5.45'%%) or benzyl viologen (E* = =359 mV vs SHE at pH
7.0'%%), was monitored over time after mixing with the enzyme and Ha-satu-
rated buffer (= 1 mM H, in solution).

A steeper slope indicates higher enzymatic activity. The use of two redox
mediators with different reduction potentials allowed for the assessment of
enzyme performance under different driving force conditions.

Specific activity (U/mg) was measured by the initial rate of absorbance
change at 550 nm (BV) or 660 nm (MB) where one unit (U) of activity cata-
lyzes 2 umol of BV reduced per min or 1 pmol of MB reduced per min'% (1
umol of H; oxidized per min).

H; evolution activity was measured by incubating the enzyme with methyl
viologen (MV, E” =—449 mV vs SHE at pH 7.0'%) as the redox mediator and
sodium dithionite as the sacrificial electron donor (Fig. 2.5C).'¢% 1¢7

The amount of H, gas produced was then quantified (typically after 15
minutes of incubation at pH 6.8). To determine the amount of H, associated
with the peak area at around 0.4 min in the chromatogram, a calibration curve
made up of standard points from 0 to 60% H; at 1 atm in the headspace was
generated.

This assay provided a direct measurement of the enzyme's ability to cata-
lyze H» production under specific conditions of incubation time, pH, and tem-
perature, where specific activity (U/mg) catalyzes 1 umol of H; evolved per
min per amount of enzyme.

The insights gained from biochemical assays were further complemented
by the information obtained from protein film electrochemistry (PFE; dis-
cussed in the next section), providing a better understanding of the hydrogen-
ase's catalytic properties and behavior. Their strengths and limitations are
compared in the subsequent section.
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Protein film electrochemistry
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Figure 2.6 This schematic depicts the adsorbed [FeFe] hydrogenase, functioning as a
molecular electrocatalyst. Key features include: Interfacial Electron Transfer (dark
cyan arrow) between the electrode and the FeS cluster (depicted as sticks with Fe:
orange and S: yellow) near the enzyme’s surface (distal FeS). Intramolecular Electron
Transfer (orange arrow) between the FeS clusters and the H-cluster (depicted as sticks
with Fe: orange, S: yellow, N: blue, C: grey, and O: red). Substrate Conversion (black
arrow): The enzyme’s catalytic turnover rate, converting substrates to products. Sub-
strate mass transport, primarily by convection (grey arrow): The rate at which sub-
strate diffuses into the active site. Equilibrium Potential (E.q): Reflects the activities
or concentrations of oxidized (Ox) and reduced (Red) redox-active species.

A three-electrode system was used for protein film electrochemistry (PFE)
experiments with: (1) Ag/AgCl (4 M KCl) as a reference electrode, (2) rotat-
ing disk 5 mm OD pyrolytic graphite edge (PGE) plane (epoxy encapsulated)
as a working electrode, and (3) graphite rod as a counter electrode. The en-
zyme was immobilized on the working electrode surface. Prior to immobili-
zation, the working electrode were polished either with an aqueous slurry of
0.3 um AlO3 on an alumina pad or with P1200 sandpaper and rinsed with
purified water before they were brought into the glovebox. To remove residual
O in the PGE electrode, cyclic voltammograms (CV) were run at 100 mV/s
from -100 to -600 mV (vs. SHE) for 40 scans, reducing O, to H>O.

The CV of'the blank electrode (no enzyme immobilized) was recorded with
the working electrode rotated at 3,000 rotations per minute (rpm). Polycationic
polymyxin B sulfate (10 uL of 0.2 mg/mL) was added onto the deaerated PGE
surface before adding 10 uL of 5 uM holo enzyme. The mixture was left for
10 min for maximal adsorption before the excess solution was removed by

pipet.
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This setup enabled the direct measurement of the current generated by the
enzyme at various applied potentials (CV; Fig. 2.5D) or at fixed applied po-
tential (chronoamperometry, Fig. 2.5E-F) with the desired scan rate and cho-
sen conditions (pH», temperature, and pH).

The Nernst equation (Eq. 2) relates the (solution) potential (£, potential in
the given non-standard condition) to the standard reduction potential (E°) of
the analyte and the equilibrium concentrations of its oxidized ([Ox]) and re-
duced ([Red]) forms.'® The v and p are the stoichiometric coefficients of
[Red] and [Ox], respectively. The Faraday’s constant reflects the charge on
one mole of electrons (F = 96,485 C mol "), # is the number of moles of elec-
trons transferred, while R is the universal gas constant (R =8.314 J K™ mol ™),
and the temperature is measured in kelvin (T).

RT
nF

E=E°

[Red]” .
n ( [ox]F ) Equation 2

The E° value of the half-reaction involving H, gas and protons (2H'/H,) at
standard conditions (1 atm H,, 1 M [H'], and 298.15 K) is determined with
respect to the SHE, which is arbitrarily assigned a potential of 0 V.

The “open circuit potential” (OCP) is the potential where no net current
flows. The Nernst equation also demonstrates how changes in substrate, par-
ticularly the concentration of protons ([H'] = 107PH) or the partial pressure of
hydrogen (pH>), can shift the OCP. The reduction potential of 2H"/H> couple
under non-standard conditions (E§H+ JH, ) can be calculated given the desired

T, pH» in atm, and pH of the solution. (Eq. 3):

E? _ kT (o Equation 3

However, the real power of PFE lies in its ability to drive the enzyme away
from the OCP by applying a potential (additional driving force) and measuring
the resulting catalytic current. Catalytic currents in PFE are determined by the
interplay of the following processes (Fig. 2.6):

Enzyme kinetics: The rate constants for each step in the enzyme's catalytic
cycle.

Mass transport in solution: The rate at which substrate and product are
transported to and from the solution.

Interfacial electron transfer rates: The efficiency of electron transfer be-
tween the enzyme's electron donor (or acceptor) and the electrode.

Intramolecular electron transfer rates: The efficiency of electron trans-
fer between the metal cofactors within the enzyme.

In essence, the Nernst equation sets the stage by describing the thermody-
namic landscape, while PFE and analysis of the catalytic currents allow us to
probe the kinetic and mechanistic details of how the enzyme navigates that
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landscape.'? ' 1® To summarize, the following key catalytic parameters
were determined through PFE (Fig. 2.5D-F):

Catalytic rate: The observed current serves as a measure of the catalytic
rate within the controlled environment of the PFE setup.

Catalytic bias: The ratio of the catalytic currents for H, oxidation and pro-
duction can reveal whether the enzyme is biased towards one reaction over the
other, providing clues about its physiological role.

Efficiency: The enzyme's effectiveness near equilibrium or in the absence
of a driving force. While a larger overpotential, defined as the difference be-
tween the applied and the thermodynamic potential of the reaction
(|Eapp - Eg H* /H, | =), is often associated with energy losses, it does not nec-

essarily translate to lower catalytic efficiency. Catalyst efficiency is best de-
scribed by the relationship of turnover frequency and overpotential (TOF-
). Irreversible enzymatic systems with high overpotentials show little re-
sponse to changes in potential near the equilibrium, whereas more reversible
systems exhibit a stronger sensitivity to potential changes.

Substrate affinity: The enzyme's binding and interaction with its substrate
(protons or Hy) can be probed. The gas-tight glass cell permits control of at-
mospheric composition, enabling the manipulation of H, partial pressure
(pHz). The solution buffer’s pH can be varied between measurements while
using the same enzyme film.

Temperature dependence: The glass cell also featured a water jacket for
temperature control. Temperature-dependent studies could provide insights
into enthalpic and entropic parameters.

Operational stability or tolerance towards inhibitors: The enzyme's re-
silience and ability to maintain activity (current) can be monitored in the pres-
ence of inhibitors (e.g., O, or CO).

Potential-dependent (in)activation: The activation or inactivation prop-
erties of the enzyme can be observed under varying applied potentials. By
analyzing changes in the catalytic current or the appearance of new redox fea-
tures, insights into the enzyme's (in)activation pathways can be gained.
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Classical biochemical assays vs protein film electrochemistry

The benefits and limits of both methods are outlined here:

Advantages and limitations of classical in vitro assays: These methods
have been instrumental in traditional enzymatic studies as well as in initial
screening methods to identify novel enzymes (Chapter 3) and in comparing
wild-type enzyme to its variants (Chapter 4-5). However, they present limi-

tations:
[ ]

Unless performed over a range of different experiments with varied
conditions, one crucial shortfall is the inability of conventional as-
says (and PFE) to fully delineate the precise nature of rate-limiting
steps that govern the overall catalytic rates. This lack of resolution
may mask key aspects of enzyme turnover.

The determination of specific activities utilizing MV in H, evolu-
tion assays may not accurately reflect the enzyme's maximum turn-
over rates. The inadequacy mainly stems from the suboptimal driv-
ing force provided by the reduced form of MV. Quantifying H; in
the headspace typically involves incubation periods (e.g., 15
minutes), deviating from initial rate measurements commonly em-
ployed for determining maximum turnover frequency.

Factors such as potential inhibition by sacrificial electron donors
(e.g., sodium dithionite) or the enzyme's affinity for redox media-
tors may also introduce uncontrolled variables that can influence
the measured rates.

Advantages and limitations of PFE: PFE offers a more direct examination
of enzyme kinetics by enabling precise control over the electrode potential,
allowing for targeted investigations of enzymatic reactions and inhibition.
However, this method is not without drawbacks.
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The interpretation of currents is often muddled by various rate-lim-
iting factors, obscuring a clear comprehension of intrinsic catalytic
rates. Constraints by electron transfer kinetics, along with the in-
herent complexities of PFE in interpreting absolute currents (de-
pendent on the amount of immobilized active enzyme or mass
transport limitations), making conclusions based only on absolute
current densities potentially misleading.

Additionally, while the inclusion of a redox partner like MV in the
reaction mixture has been shown to enhance reaction rates through
mediated electron transfer (MET) (Chapter 5)—suggestive of
overcoming some electron transfer limitations— these limitations
may not be entirely eliminated. An increase in current due to MET
highlight that direct electron transfer (DET) currents (without me-
diator) can be limited by processes other than catalytic turnover,
even at high driving forces.



e The nature of the electrode-enzyme interaction itself can consider-
ably affect observed catalytic properties. The enzyme’s orientation
on the electrode surface, the distance between the enzyme's elec-
tron accepting cofactor and the electrode, and potential denatura-
tion or conformational changes upon immobilization can influence
electron transfer kinetics and overall catalytic efficiency. These
factors can be relevant to any in vitro experiments as well.

In conclusion, while both classical in vitro assays and PFE offer valuable in-
sights into enzyme kinetics, neither method is perfect nor provides a complete
picture in isolation. The selection between these methodologies depends on
the specific needs of the study, including the enzyme under scrutiny, the depth
of kinetic data desired, and the resources at hand. However, to gain a more
comprehensive understanding of enzyme catalysis, a combined approach lev-
eraging the strengths of both methods is often necessary to overcome their
respective limitations. This is particularly important when discrepancies arise
between the two methods, as reconciling these differences can often reveal
deeper mechanistic insights.
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Chapter 3, Paper I and Appendix III:
Discovery of active [FeFe] hydrogenases from
anaerobic archaea

This chapter describes our efforts to validate the presence of active [FeFe]
hydrogenases from archaea. I received several putative [FeFe] hydrogenase
encoding genes from Prof. Chris Greening and assessed the H, production (bi-
ochemical validation) and H-cluster binding capacity (spectroscopic valida-
tion) of the E. coli-expressed enzymes, which were activated through artificial
maturation. The subsequent sections in this chapter delve into the spectro-
scopic and electrochemical characterization of select isolates. The chapter cul-
minates with notes on how these findings necessitate updates to existing hy-
drogenase literature.

Introduction

Long-held assumptions about [FeFe] and [NiFe] hydrogenases prior to this
study include the following:

e While [NiFe] hydrogenases are found in bacteria and archaea
across all types of ecosystems, [FeFe] hydrogenases are assumed
to be restricted to anaerobic bacteria and eukarya.

e The smallest size for a functioning [FeFe] hydrogenase is believed
to be 45 kDa, encoded by green algae C. reinhardtii (CrHydA1l).

e Despite sharing certain structural and functional similarities,
[FeFe] and [NiFe] hydrogenases do not structurally associate and
are known to be phylogenetically unrelated.

While these assumptions have informed our understanding of known organ-
isms, they also underline the limitations of extrapolating this knowledge to the
vast majority of microbial life that remains uncharacterized (representing
~99% of the estimated 1 trillion species of microbes on Earth).

Phyla composed solely of uncultured representatives are termed Candidate
Phyla (CP), or what microbiologists define as ‘microbial dark matter’.'’" De-
spite likely constituting a significant portion of the Earth’s biomass and bio-
diversity, they remain enigmatic due to our lack of knowledge about their
basic metabolic and ecological properties. It might be that our perception of
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the microbial world remains profoundly skewed by what has been known or
cultivated in the laboratory. Thus, the notion of 'microbial dark matter' chal-
lenges us to reconsider such long-held beliefs about [FeFe] hydrogenases.

Genome-resolved metagenomics offers a lens into this enigmatic world.
This method involves environmental sampling, DNA sequencing, DNA frag-
ment assembly, and functional prediction of each assembled DNA via se-
quence alignment with existing DNA databases. Metagenomics has pro-
foundly expanded our knowledge of microbial diversity, especially within the
archaea domain. Recognized as a third domain of life four decades ago, ar-
chaea has expanded to include new key lineages such as DPANN and Asgard
superphyla.'”” DPANN, introduced in 2013, encompasses nanoarchaea or ul-
tra-small archaea, notable for nanometric size.!”* The known smallest organ-
ism comes from DPANN with its size nearly touching the theoretical lower
limit for life, a mere 9 nm?. On the other hand, Asgard or Asgardarchaeota,
proposed in 2015, comprise a group of archaea that harbour eukaryotic signa-
ture proteins (ESPs), previously known to distinguish eukaryotes from ar-
chaea and bacteria.””'”* This suggests that Eukarya is a sister group to archaea,
or that eukaryotes descended from archaea, positioning Asgard as the closest
prokaryotic kin of eukaryotes.

Genomic analysis of Asgard superphylum suggest the presence of [FeFe]
hydrogenases in lineages such as that of Candidatus Prometheoarchaeum
syntrophicum and Candidatus Lokiarchaeum ossiferum.* "> Despite break-
throughs in genomic identification, these archaea represent a tremendous chal-
lenge for researchers due to their exceedingly slow growth rates and high spec-
ificity of culture requirements, which hinders their culturability. For instance,
the successful enrichment of Ca. P. syntrophicum took nearly a decade of per-
severant culturing efforts, and its growth yields are generally so low that the
cell density is on par with the clarity of tap water. The arduous task of cultur-
ing and the lack of genetic tools for these archaea make in vivo studies of their
potential [FeFe] hydrogenases nearly impossible. As such, verifying the na-
ture and functionality of [FeFe] hydrogenases mined from genomic sequences
cannot rely on traditional culturing methods. Instead, we must turn to culture-
independent approaches to confirm whether these sequences are bona fide
[FeFe] hydrogenases and to gather enough biological material for subsequent
in-depth study.

Beyond the Asgard superphylum, genomic research preliminarily indicates
that uncultivated DPANN archaea might also encode [FeFe] hydrogenases.'’®
7 However, this hypothesis remains contentious due to the apparent absence
of the three maturation enzymes (HydEFG), which are essential for synthesiz-
ing the unique catalytic H-cluster, a hallmark of [FeFe] hydrogenase function-
ality. Moreover, there is no empirical evidence supporting the activity of these
enzymes from archaea.

In this study, circumventing the need of native culture-dependent ap-
proaches, data from representative genomes and metagenome-assembled
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genomes (MAGs) were evaluated to identify genes potentially encoding
[FeFe] hydrogenases of archaeal origin. To validate, heterologous enzyme
production coupled with artificial maturation was utilized to assess their cata-
lytic activity through biochemical assays and their H-cluster binding capacity
through spectroscopy. This was supplemented with AlphaFold2-based struc-
tural modelling to ascertain if conserved gene clusters encode novel hydro-
genase complexes, and was further validated with transcriptomic, proteomic,
and metabolic analyses of the archaeal genomes.

This chapter will hone in on the biochemical, spectroscopic, and electro-
chemical characterization of the (ultra-)minimal Group A and E hydrogenases
from DPANN, the Group B hydrogenase encoded by Asgard archaeon Ca. P.
syntrophicum, and the so-called [FeFe]-[NiFe] hybrids from Thermoplasmata
(Fig. 3.1).
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Figure 3.1 Phylogenetic tree of the catalytic subunit (HydA) of [FeFe] hydrogenases
and the hybrid hydrogenases based on 3,677 amino acid sequences across all domains
of life. Branch tips indicate sequences from eukaryotes (blue circles), major archaeal
groups (red circles: Thermoplasmatota / Thermoproteota; green circles: DPANN; yel-
low circles: Asgardarchaeota), and bacteria (not highlighted). The different Groups
A, B, E, and F (Hybrid) are marked in arrows to facilitate visualization and the repre-
sentative enzyme kDa sizes for each group are indicated in parenthesis. Adapted figure
with permission from Paper 115

Activated lysates demonstrate H, production activities

To better understand the prevalence and diversity of [FeFe] hydrogenases in
archaea, a comprehensive search was conducted for HydA—the catalytic sub-
unit of [FeFe] hydrogenases—within the 2,339 archaeal species in the Ge-
nome Taxonomy Database, as well as within our collaborator’s collection of
novel archaecal MAGs. The analysis revealed that 130 archaeal genomes, in-
cluding 90 previously identified and 40 novel genomes, encode [FeFe]
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hydrogenases. These genes span across nine different phyla and 17 classes,
highlighting the widespread distribution of [FeFe] hydrogenases across the
archaeal domain. To further refine the inquiry, these genes were classified
based on the domain structures, presence of maturases for H-cluster assembly,
gene organization, and phylogenetic relationships, enabling their distribution
into five distinct groups—designated as the canonical Groups A (subgroups
Al, A3), B, and the newly identified Groups E, F, and G (Fig. 3.1).

Building on the foundational principles of protein biochemistry as articu-
lated in the central dogma—wherein DNA and RNA sequences ultimately de-
termine the amino acid sequence, and consequently, the structure and function
of proteins—recombinant heterologous expression in E. coli was used. Taking
the well-studied CrHydAl1, for instance, the enzyme's specific H, production
activities (700-800 U/mg) align closely whether produced within its native
host or expressed recombinantly, a finding supported by nearly three decades
of consistent data on CrHydA1 (Fig 1.3; Appendix I). Drawing on this prec-
edent, presumed archaeal [FeFe] hydrogenase genes, after codon optimization
for E. coli, were expressed to determine whether the encoded proteins exhibit
the expected hydrogenase activity.

Representatives from Groups Al, B, E, and F [FeFe] hydrogenases were
tested to verify their capacity to produce H,. The enzymes were recombinantly
expressed in E. coli BL21(DE3) and cultivated in M9 minimal media enriched
with an iron source. IPTG was added to induce protein expression. Without
concurrent expression of the maturation machinery genes, the expressed en-
zymes solely carried the [4Fe-4S]y cluster (“apo” enzymes). The apo en-
zymes lacking the [2Fe]y subsite were then liberated into the mixture via cell
lysis, and anaerobically matured to “holo” enzymes using [2Fe]*"" (Fig.
2.1C). Hydrogen production of the lysates was measured using gas chroma-
tography, with methyl viologen as a redox mediator and sodium dithionite as
a sacrificial electron donor.
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Figure 3.2 (A) H; production monitored from cell lysates in E. coli BL21(DE3) cells
expressing group Al, B, E, and F [FeFe] hydrogenases from archaea. All cell lysates
including the blank were activated by addition of [2Fe]APT. H, was measured by GC
after addition of methyl viologen and sodium dithionite to activated cell lysates, set to
pH 6.8 with 100 mM potassium phosphate buffer. Activities are normalized for num-
ber of cells used (nmol H, min"! ODggo™!") and error bars reflect standard deviation from
biological triplicates. The strain expressing prototypical CrHydA1 was used as a pos-
itive control while “Blank” represents the same strain but containing an empty vector.
(B) Time-dependent H> gas production of Group F Thl and Th2. H; levels were
measured every 15 mins for 2 hours. Activities are normalized for number of cells
used (nmol Hy ODggo!) and error bars reflect standard deviations from two biological
triplicates. “Blank™ represents the same strain but containing an empty vector. (C)
SDS-PAGE visualising the molecular weights of the heterologously expressed ar-
chaeal [FeFe] hydrogenases. Expression constructs with verified sequences were
transformed in chemically competent E. coli BL21(DE3). Protein bands are shown
from before induction with IPTG “B”, after induction (Name and with the expected
kDa size in parenthesis), and lysate after cell lysis and centrifugation “L”. The bands
in each after-induction lane corresponded well with the expected molecular weights
in kDa. Both Group A1l (Mu and Ia) had the highest expression and solubility levels.
In contrast, the Group B (Ps) and Group F (Th1, Th2) enzymes exhibited moderate
expression levels but poor solubilities in aqueous solutions. The Group E (Na and
Fm) enzymes exhibited high expression levels but poor solubility. Adapted figures
with permission from Paper 1.1
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To establish a benchmark, the well-characterized prototypical CrHydAl
served as a positive control. Conversely, the lysate from the same E. coli
BL21(DE3) strain without a hydrogenase encoding gene, but treated with
[2Fe]*PT, served as the negative control. Relative to the negative control, H,
production was clearly discernible in enzymes matured from all groups (Fig.
3.2A-B and Tab. 3.1).

The standout performers emerged from DPANN with minimal Group Al
and ultraminimal Group E as representatives. The highest activity was ob-
served from a Micrarchaeota Group Al enzyme (Mu), evolving H; at half the
rate of CrHydA1. The homologous enzyme from ‘Ca. lainarchaeum ander-
sonii’ (Ia) also produced H,, though at a hundredfold lower rate. Group E
enzyme from ‘Ca. Forterrea multitransposorum’ (Fm) also showed substan-
tial activity. Both Groups A1l and E possess lower molecular weights (40 kDa
and 33 kDa, respectively) than the prototypical CrHydA1 (45 kDa). This chal-
lenges the existing assumption that functional [FeFe] hydrogenases cannot be
smaller than 45 kDa, presenting them as the smallest known H» biocatalysts.

Additionally, the Group B hydrogenase (Ps) from Asgard archaon Ca. P.
syntrophicum has been found to produce significant amounts of H, in line
with previous findings that this organism can generate H, via fermentation.
Initially, this activity was assumed to be linked to its Group 3c [NiFe] hydro-
genase, while its [FeFe] hydrogenase was misannotated as an F4>0H>-depend-
ent dehydrogenase subunit.*’

Lastly, the most intriguing set of genes examined comprised the so-called
“hybrids” from Group F, which merge the C-terminal catalytic domain of
[FeFe] hydrogenase (HydA) and the N-terminal domain homologous to a
[NiFe] hydrogenase small subunit (HyAS). Two such HydA-HyhS fusion pro-
teins, originating from Thermoplasmata, were examined, namely Thl and
Th2. While Th1 rapidly produced H,, with relative activities of 5.1% com-
pared to CrHydA[1, Th2 demonstrated only minimal activity, aligning closely
with the negative control (Fig. 3.2B). Although Th2 is inactive in the assay,
such result in isolation is not conclusive to rule it out as a non-hydrogenase.

The measured activities are contingent on expression levels, solubility, and
abundance of expressed and activated enzymes in the cells (Fig. 3.2C), thus,
the measured values may underestimate specific activities. Incubation time
with [2Fe]*PT can be ruled out as a variable, as there was consistent H, pro-
duction across varied incubation periods (1 to 4 hours), implying that the dif-
ferences in H-cluster formation rates are not a major determinant in the meas-
ured enzyme activity. The extent to which each enzyme achieves proper fold-
ing could also influence their performance. This becomes particularly relevant
when explaining the contrasting activities between highly homologous en-
zymes. Despite these limitations, the data set clearly demonstrates the bio-
chemical activity of the [FeFe] hydrogenases encoded by different archaeal
groups—DPANN (Group Al and E), Asgard (Group B), and Thermoplasmata
(Group F)—attesting to their genuine capability to produce Hs.
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*with respect to CrHydA1’s Ha-evolution rates obtained from the screening studies determined
after 15 minutes (Groups A, B, and E) or 60 minutes (Group F)

feysteine consensus gene sequence motif indicating FeS cluster binding

ffss — contains the small subunit of [NiFe]-hydrogenases

Table 3.1 H, production activities from archaeal [FeFe] hydrogenases. Adapted with
permission from Paper 1.'>*
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Activated whole cells display partial H-cluster signals

) 14 21K 16w | 21K, 16 pW |
7 [whole cells) 054 (i (whole cells)
.i 1
14 i1
3 8 P"w—v.f-/ I N )
i /I =00 ey b ] | apf“; \ .
[ U ——— . “'\v""' . /ar |/
| / "V
f L
1 'f
1 054 4
apo Blank . apo Fm '
-2 T T T T T T T T
300 310 320 330 340 3F0 00 310 320 30 340 50
Magnetic Field / mT Magnetic Field / mT

T T T T Qs T T T T T T
I 21K 16 pW 10 K, 80 pW
|| {whole cells) (isolated)

"B
B
5

G
T
o
=
&

Magnetic Field / mT Magnetic Field / mT

Figure 3.3. X-band EPR spectra recorded of whole cells following anaerobic incuba-
tion with [2Fe]*°T containing the (A) Empty vector E. coli or blank (B) Mu, and (C)
Fm. In panel B, a distinct partial rhombic EPR signal attributable to the Hoy state with
two discernible g-values (g1 = 2.114, g, =2.057; indicated in magenta) while the third
g-value is not clear due to signal overlap with the cell background (shaded in grey).
Settings: T=21 K; microwave frequency 9.4 GHz, power 16 uW. (D) Spectra of iso-
lated and reconstituted apo Mu. Grey: as-isolated; green: reconstituted and reduced
with sodium dithionite (NaDT); magenta: difference between the dark cyan and grey
spectra. The g-values in magenta correspond to components typical for a [4Fe—4S]*
cluster. The weak signal marked with * appearing at g = 2.02 is linked to a trace
amount of [3Fe—4S]" and cavity signal. Settings: T=10 K; microwave frequency 9.4
GHz, power 80 uW. The experimental procedures for obtaining these unpublished
spectroscopic data are provided in the supplementary Appendix I1IL.

To monitor H-cluster assembly, X-band EPR spectroscopy was employed—a
technique utilized successfully on E. coli whole cells expressing CrHydA1.'*
78 Incremental addition of [2Fe]*"T to apo CrHydA 1 under whole cell condi-
tions enhanced the H-cluster signal, suggesting a correlation between mimic
concentration and the level of H-cluster incorporation. This approach also ex-
tended our capabilities to identify new hydrogenases from unconventional
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groups, such as TamHydS from Group D.!” Hence, EPR spectroscopy can
allow qualitative detection of the H-cluster in whole cell preparations.

As a reference, E. coli BL21(DE3) harbouring the empty vector served as
the “Blank” control. Additionally, the binding effects of two distinct [2Fe]n
subsite mimics was assessed: [2Fe]*PT and [2Fe]?P". The [2Fe]"®" mimic lacks
the proton-relay amine bridgehead of [2Fe]*P" and can aid in accumulating a
[2Fe]n subsite in a mixed valence state Hox (Fig. 1.3A), which is an EPR-
active state. However, the addition of [2Fe]"®" can also yield an EPR-silent
state Hyed .

For the whole cell samples, the dense cell suspension was centrifuged fol-
lowing addition of the H-cluster mimic. The resulting pellet was washed, re-
suspended in buffer, and transferred into EPR tubes, which were immediately
frozen in liquid nitrogen. The samples were categorized into three distinct ex-
perimental groups: (1) apo, (2) [2Fe]*" holo,and (3) [2Fe]"™™" holo.

The “Blank”, devoid of H-cluster mimic, is expected to exhibit broad sig-
nals around g = 2.0, consistent with the presence of apo enzymes and other
iron-containing proteins present in the E. coli BL21(DE3) strain (Fig. 3.3A-
C, shaded in grey). The apo spectra served as a baseline for interpreting the
enzyme-linked signals in the ensuing experimental groups.

When analyzing the [2Fe]*"-treated whole cells expressing the top-per-
former Mu, spectral features akin to the Hox state was observed, exhibiting a
partial rthombic signal (Fig. 3.3B). The first two g-values (g1 = 2.114, g, =
2.057) align well with those previously reported [FeFe] hydrogenases, typi-
cally with values above g = 2.0 (Tab. 3.2). The third g-value, theoretically
positioned around 2.010—2.009, remains unresolved due to substantial inter-
ference from E. coli background signals, complicating the identification of the
full rhombic signal. The [2Fe]*P -treated whole cells expressing Mu, how-
ever, did not yield detectable signals linked to the H-cluster. Nonetheless, the
discernible g; and g from [2Fe]"®"-Mu are consistent with the formation of
Hox, providing partial spectroscopic evidence for the capacity of an archaeal
[FeFe] hydrogenase to bind the H-cluster.

Spectra of whole cells expressing Ps, Fm, Thl, and Th2 with either
[2Fe]*PT and [2Fe]™" did not reveal any discernible EPR signal attributable
to the H-cluster (Fig. 3.3C). Although changes in signals were observed after
H-cluster mimic addition (g; = 2.15-2.14 and g> = 2.09-2.07), these changes
closely resembled those found in the “Blank”, thus precluding them from be-
ing conclusively linked to the H-cluster. The signals at g; = 2.15-2.14 are
broader than the typical g; = 2.1 observed in [2Fe]"""-treated whole cell sam-
ples of CrHydA1, TamHydS, and Mu. The signals around g, = 2.09-2.07,
which intersect the baseline, can potentially represent the g» signal of Hox. Alt-
hough such crossover is absent in [2Fe]"P'-blank, the g-value range
(2.09-2.07) is too high-field to correspond to the g of a conventional rhombic
signal from Hox.
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i H,x-[2Fe]"""
Group-Subclass Species
&1 2 83
A-M1 CrHydA1'® 2.094 2.039 1.998
Al-Ml Mu' 2.114 2.057 n.d.*
A-M3 Cp1”* 2.092 2.039 2.000
A-M2 SmHydA'” 2.100 2.040 2.010
A-M2(D) DdH® 2.095 2.041 1.998
C-M2f TmHyds"®" 2.108 2.043 2.000
D-M2e TamHydS'” 2.106 2.051 2.010

*n.d. = not detected

fobtained from whole cells

Table 3.2 Previously reported g-values

[2Fe]PPT.

Given these ambiguous results from the whole cell experiments, activated ly-
sates were analysed in an attempt to gain a clearer spectroscopic recognition
of the H-cluster. However, the analysis of lysates proved to be problematic
mainly due to background interference potentially caused by interactions be-
tween the mimic and various cellular components. Additional complications
stemmed from low enzyme expression and solubility, meaning few enzymes
were present at detectable levels. The subsequent logical step required the iso-
lation of the enzymes from large scale cultures, and removing them from the

cellular mixture.
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Figure 3.4 Catalytic domain structure, genetic organisation, and AlphaFold2-based
structural modelling of (A) Mu (B) Fm. The subunits in their genetic context are
shown, labelled and coloured consistent with the corresponding subunit in the struc-
tural models. Predicted cofactors are positioned based on the structures of homolo-
gous proteins. A zoomed view of the H-cluster and conserved coordinating cysteine
residues (C; to Cs) is provided. (C) Structural view of the active site of Cpl (PDB ID:
4XDC) showing the H-cluster and interacting amino acid residues. (D) Normalized
consensus logos of Groups A—F generated in Jalview using a ClustalQ) sequence align-
ment of sequences retrieved from Greening et al. 2016'3 and this work. Numbering is
based on Cpl and black numbers are illustrated in the top panel. (E) Amino acid se-
quences of the archaeal [FeFe] hydrogenases heterologously expressed in this work.
Reprinted with permission from Paper 1.1

In the biochemical screening assay, Group A1 Mu and Group E Fm emerged
as top performers and remarkably display the lowest molecular weights for a
hydrogenase, prompting their isolation for further study.

Mu exhibited the highest expression and solubility levels with E. coli
BL21(DE3) (Fig. 3.2C). Optimal growth conditions incorporated iron-supple-
mented M9 media and induction with IPTG. The protein was purified under
strictly anaerobic conditions, using StrepTactin XT to achieve a single SDS-
PAGE band around 40 kDa (Fig. 3.5A). The initial choice of 100 mM Tris
buffer with 150 mM NaCl at pH 8.0 led to unexpected challenges, as the con-
centrated protein solution exhibited precipitation—a phenomenon explainable
by the salting-out effect which occurs when high salt concentrations cause
proteins to precipitate. To mitigate this, a buffer of lower ionic strength was
used. Subsequent use of a more dilute 10 mM Tris buffer at the same pH
avoided the precipitation issue.
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Figure 3.5 SDS-PAGE gels visualizing purified (A) apo Mu and (B) apo Fm. UV-
visible spectra of (C) Mu (205 uM) and (D) Fm (205 uM) after reconstitution of [4Fe-
4S1?* cluster (dark cyan spectrum), indicated by the absorbance at 405 nm. Upon ad-
dition of 20% excess sodium dithionite (NaDT, magenta spectrum), a decrease in ab-
sorbance at 405 nm is observable, indicating the reduction of [4Fe-4S]*" cluster to
[4Fe-4S]*. Spectra were recorded using a | mm path length cuvette, with distinct spec-
trophotometers employed for each set of spectra (Panel C: Infinite 200 Pro — Infinite
M Nano; Panel D: AvaSpec-ULS2048-USB2-UA-50: Avantes Fiber Optic). Adapted
figures with permission from Paper L'** The experimental procedures for obtaining
the unpublished data on Mu are provided in the supplementary Appendix I11.

Following semi-enzymatic reconstitution of the iron-sulfur clusters (Fig.
3.5C), the iron content of the enzyme was determined to be 3.7 = 0.5 per pro-
tein, in agreement with the structural modelling that suggests this enzyme con-
tains a single [4Fe-4S] cluster. This is further supported by EPR spectroscopy
(Fig. 3.3D). The EPR spectra recorded on “as-prepared” apo Mu showed a
signal marked appearing at g = 2.02, and is attributed to the combined contri-
butions from the instrument cavity and trace amounts of [3Fe-4S]". Upon re-
duction with sodium dithionite (NaDT), the reduced apo enzyme exhibited a
single rhombic EPR signal attributable to [4Fe-4S]" (S = %), with g-values:
2123 = 2.06, 1.95, 1.92. These values closely align with those reported for
other [FeFe] hydrogenases, such as monomeric CrHydA 1, which exhibited a
single thombic signal for its [4Fe-4S]y having gi1,3 = 2.08, 1.94, 1.88. Mu
exhibits a “narrower” rhombic character for its [4Fe-4S]u compared to
CrHydAl.

Hydrogenases with F-clusters, such as Group A Cpl (4 x [4Fe-4S], 1 x
[2Fe-2S]), Group C TmHydS (4 x [4Fe-4S]), and Group D TamHydS (4 x
[4Fe-4S)), are known to display multiple sets of thombic signals for [4Fe-4S]"
spread within the g~2 region.”"**!**2 EPR analysis of the F-clusters of 7mHydS
and TamHydS revealed two distinct rhombic signals, suggesting the reduction
of two unique [4Fe-4S] clusters upon NaDT treatment (Fig. 5.4A). This ob-
servation was further corroborated by spin quantification, which yielded ap-
proximately two spin centers per protein. These findings indicate that, out of
the four anticipated [4Fe-4S] clusters, two exhibit susceptibility to reduction

67



by NaDT. The contrasting spectral simplicity of apo Mu, featuring a single
rhombic signal, supports the findings from gene analysis, Alphafold model-
ling, and biochemical data, indicating that it can only bind one [4Fe-4S] clus-
ter (Fig. 3.4A). The [4Fe-4S] cluster is crucial for the proper assembly of the
H-cluster (Fig. 2.1C).

On the other hand, Fm showed high expression levels but poor solubility
with E. coli BL21(DE3) as host strain (Fig. 3.2C). Given the suboptimal
amount of soluble Fm for further isolation, other E. coli strains were tested,
aimed at enhancing protein expression and solubility:

E. coli BL21 (DE3) AiscR (AiscR): The deletion of the transcriptional neg-
ative regulator, IscR, had been shown to enhance recombinant [FeFe] hydro-
genase activity.'®!

E. coli (DE3) Origami (Ori): Thioredoxin reductase (trxB) and glutathi-
one reductase (gor) gene mutations can increase cytoplasmic disulfide bond
formation. Additional lac permease (lacY) mutation can enhance IPTG up-
take, ensuring uniform cellular entry of IPTG and homogeneous induction.

E. coli B (DE3) Arctic Express (AX): Engineered to address protein in-
solubility, this strain expresses cold-adapted chaperonins Cpnl0 and Cpn60
(optimum temperature 4-12°C), providing an alternative protein folding envi-
ronment.

The Ori strain was promising for Fm, with improvements in expression
levels, though solubility remained suboptimal. In contrast, the AiscR and AX
strains resulted in poor expression and solubility levels. This led to the deci-
sion to proceed with Fm isolation in the Ori strain. Co-expression of the mat-
uration machinery could potentially enhance both expression and solubility.
However, it appears that Fm lacks the three maturation enzymes (HydEFG)
necessary for synthesizing the H-cluster, suggesting that Fm uses an alterna-
tive, native maturation pathway and/or has an atypical [2Fe]y subsite.

The growth conditions were similar to those used for Mu; however, after
purification with StrepTactin XT, two bands were observed: one around 30
kDa and another at around 60 kDa. Subsequently, size exclusion chromatog-
raphy was employed to eliminate the high-molecular weight impurity (Fig.
3.5B). Following purification under strictly anaerobic conditions and semi-
enzymatic reconstitution of the iron-sulfur clusters (Fig. 3.5D), the iron con-
tent of the apo Fm was determined to be 4.2 + 0.4 per protein. This aligns with
the structural modelling that predicts the presence of a single [4Fe-4S] cluster
(Fig. 3.4B). While EPR spectroscopy could ideally reinforce these results, it
was bypassed due to the reliable structural modelling and biochemical meth-
ods (as affirmed in examining apo Mu), the extremely low yield of the puri-
fied enzyme, and the high sample requirement for EPR.
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holo Fm displays unique H-cluster signals
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Figure 3.6. (A) FTIR spectra of Fm after activation with [2Fe]*PT and photoreduc-
tion. (B) the proposed H-cluster intermediates after photoreduction with photosensi-
tizer Eosin Y (EY) and sacrificial electron donor triethanolamine (TEOA). The ab-
sorbance spectrum (top) in panel A indicates a CO inhibited H-cluster state (Hsox-CO).
The difference spectrum (bottom) depicts the transitions of Fm into catalytically ac-
tive states via photoreduction. During illumination bands linked to Hsx-CO decreased
(grey bands), while new bands reflecting reduced and catalytically active H-cluster
states emerge (orange: HoH; dark cyan: Hox; magenta: Hreq’). The spectra are arranged
chronologically from top (22 s) to bottom (66 s). Adapted figure with permission from
Paper 1.'%

The reconstituted apo Fm was incubated with [2Fe]*"", and purified using
desalting columns to generate the corresponding 4olo enzyme. Successful H-
cluster assembly was verified through FTIR spectroscopy, as evidenced by
sharp cofactor bands in the expected CO/CN ligand band region (Fig. 3.6A).

“As-prepared” holo Fm displayed signals with peak positions reminiscent
of those from bacterial [FeFe] hydrogenases, suggesting a di-ferrous (Fe"-Fe')
oxidation state of the [2Fe]y subsite (Hinact and Hirans, Fig. 1.3B).”''® The lack
of detectable reactivity when exposed to H, further supports the notion that
the enzyme is isolated in an “over-oxidized” inhibited state. The presence of
two CN (2105, 2097 cm™) and four CO (2018, 2001, 1992, 1860 cm™") cofac-
tor ligand bands suggests an H-cluster inhibited by a sixth ligand, CO. This is
consistent with previous findings that Hox-CO formation can occur during the
artificial activation process.'® Hence, the as-isolated Fm is proposed to be a
super-oxidised CO inhibited (Hsox-CO) species (Fig. 3.6B).

Upon photoreduction with photosensitizer Eosin Y (EY) and sacrificial
electron donor triethanolamine (TEOA), Hox-CO transitions into catalytically
active states HocH and Hox.” The bands for HeH are 2093, 2086, 1965, 1951,
1784 cm’', while for Hox they are 2081, 2068, 1965, 1953, 1776 cm’,
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respectively. These patterns are indicative of H-cluster species with a mixed
valent Fe'-Fe'' oxidation state of the [2Fe]y subsite (Fig. 3.6). With prolonged
photoreduction, the redox state population at lower wavenumbers accumu-
lates, likely arising from the formation of Hyeq’.”* '°' This state exhibits a band
pattern with red-shifts of 7-13 cm™ (2075, 2061, 1944, 1933, 1764 cm™), re-
flecting a reduction of the [4Fe-4S]u cluster (Fig. 3.6).”* '°! After transition-
ing to more reduced states, there was no observable reactivity with CO or Ha.
Finally, preliminary data suggests that Fm remains stable when exposed to O;
(air), indicating potential O,-insensitivity that merits further investigation.

holo Mu displays H-cluster signals when activated in lysates
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Figure 3.7. (A) FTIR spectra of “as-prepared” Mu. Comparison of spectra for isolated
Mu expressed in BL21(DE3) with the [4Fe-4S]" clusters reconstituted prior to activa-
tion using [2Fe]*PT (magenta) and Mu expressed in BL21(DE3) AiscR, activated with
[2Fe]APT in the lysate (dark cyan). The grey spectrum corresponds to the latter sample
in wet droplet form, highlighting water bands. (B) Baseline-corrected spectra of the
dark cyan spectrum from (A) and the same sample after 1-hour flushing with H,. The
experimental procedures for obtaining these unpublished spectroscopic data are pro-
vided in the supplementary Appendix IIL

In the activation of reconstituted apo Mu, a similar approach was taken as
with apo Fm. However, contrary to observations from whole cell EPR spec-
troscopy, H-cluster signals were absent in purified 4olo Mu, as evidenced by
both FTIR (Fig. 3.7) and EPR spectroscopy.

The standard procedure for activation involves the addition of mimics, ei-
ther [2Fe]*P" or [2Fe]™", to a diluted apo enzyme in a 100 mM sodium phos-
phate buffer (pH 6.8), followed by an incubation period of at least one hour.
The mixture is then passed through desalting columns with 10 mM Tris buffer,
pH 8.0 to purify the holo enzymes. Shifting to a lower buffer concentration
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post-activation eases FTIR analysis, as higher salt concentrations can increase
noise background levels in the CO/CN region. This is also beneficial particu-
larly when concentrating Mu, as the enzyme tends to precipitate in higher
buffer concentrations.

FTIR analysis on [2Fe]*"T-activated Mu was dominated by broad peaks,
contrasting with the sharp H-cluster bands observed in previously reported
[FeFe] hydrogenases and [2Fe]*""-activated Fm (Fig. 3.6A, Fig. 3.7A).
Broad signals resembled those of free [2Fe]*PT in solution but did not match
reported bands.'® These bands remained stable under short-term H, or O, ex-
posure (minute timescale) but decreased in intensity after prolonged exposure,
indicating slow reactivity. Reduction with Europium (II)-EGTA yielded no
observable changes as well. Further activation attempts with [2Fe]*PT, using
10% acetonitrile to remove unspecifically bound [2Fe]*P", resulted in persis-
tent broad signals. Photoreduction did not alter band intensity, suggesting the
absence of interactive H-cluster states.

Activation of Mu with [2Fe]*™" only led to broad FTIR bands similar to the
free [2Fe]*™" complex in solution. Again, these bands do not correspond to the
broad bands of the free complex'®’, and also exhibited no reactivity towards
O, on a minute timescale. Despite testing various conditions, including differ-
ent incubation times for each mimic (2 hours vs 6 hours), buffers with varying
pH levels (pH 6.0 vs pH 8.0) and concentrations (10 mM vs 100 mM Tris),
the sharp H-cluster bands remained undetectable.

Due to the lack of success using FTIR, EPR was subsequently used due to
its higher sensitivity. EPR analysis of the [2Fe]*”"-Mu revealed a spectrum
nearly identical to apo Mu. This suggests the as-isolated Mu either only sta-
bilized EPR silent states or lacked a detectable bound H-cluster.

In the context of second coordination sphere effects, methionine residues
M497 ¢ and M353 ¢, (Cpl numbering) are proposed to modulate the H-cluster
reactivity and fine-tune H, affinity in Group A enzymes. This hypothesis is
further supported by gain-of-function studies on the less-active Group D Tam-
HydS, underscoring the significance of a sulfur-rich H-cluster canopy for ca-
talysis (see Chapter 5). Examining the protein sequence and structural models
of Mu revealed an intriguing substitution: one of these methionines (M497¢,1)
is replaced by a leucine in Mu (L297mu) (Fig. 3.4C-E, Appendix III). Earlier
research on a M415L¢myqa1 variant reduced Hi-processing rates and was
linked to a substantial loss of an intact H-cluster.”” Due to its high conforma-
tional flexibility and low rotational energy requirement, the methionine likely
mitigates interactions between the H-cluster and the protein framework.

The rationale behind Nature’s choice for this specific substitution in Mu,
which is not common in most Group Al archaeal sequences (Fig. 3.4D-E),
raises intriguing questions. Even the homologous Group Al enzyme, la, re-
tains this methionine (M497¢,1). Generally, evolutionary changes are driven
by mutations (beneficial or neutral changes in the protein’s function or struc-
ture), selection (Nature “choosing” the best proteins), and drift (random
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changes over time). Several plausible explanations for this substitution exist:
(a) diversification to perform a slightly different role or function more effi-
ciently under certain conditions'®, (b) structural stability at the expense of a
particular function or catalytic property'®, (c) selective evolutionary pressures
that can improve host microbe survival'®, or (d) a product of neutral evolution
(i.e., changes in DNA that do not confer any significant advantage or disad-
vantage), but occur randomly and persist in the microbial population.'®’

These hypotheses provide a preliminary framework for further investiga-
tion into the evolutionary mechanisms that drive the M to L substitution. Both
residues, characterized by hydrophobic side chains, exhibit differences in
bulkiness or backbone angles that can influence the H-cluster’s flexibility,
function, and stability. An interesting line of inquiry would be to assess the
effectiveness of the artificial maturation process in vitro upon substituting leu-
cine (L297w.) with methionine, specifically examining the potential “restora-
tion” of Mu’s full functionality.

Artificial maturation of Mu proceeded successfully when conducted in ly-
sates but fails when working with purified Mu (Fig. 3.7A). Preliminary spec-
troscopic analyses reveal sharp signals characteristic of the H-cluster in Mu
that was expressed in BL21 AiscR cells and subsequently activated in the cell
lysates before purification. Photoreduction experiments on this sample are un-
derway to identify and assign the spectral bands to specific H-cluster state/s.
These experiments will enable the observation of band changes occurring dur-
ing the photoreduction process.

The discrepancy between the two activation methods may be attributed to
the optimal and protective environment provided by lysates, encompassing
suitable pH and/or concentrations of essential E. coli proteins, cofactors or
substrates. These conditions may not be accurately replicated in purified en-
zyme systems.

The precise reasons for the successful maturation in lysates but not in vitro
and the absence of a maturation machinery like HydEFG in the Mu genome
warrant further investigation. Although the lack of HydEFG does not preclude
efficient in vitro maturation, as observed with Fm, it may still influence the
process. Future research should explore the specific factors governing Mu
maturation, including the potential role of alternative maturation pathways
and the influence of the cellular environment present in lysates.
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Electrochemical data supports fermentative lifestyle in DPANN
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Figure 3.8 (A) CV traces of immobilized CrHydA1 (black), Fm (dark cyan) with H,
oxidation current densities at high potentials and proton reduction currents at low po-
tentials. The thermodynamic potential of the 2H'/H, redox couple is labelled with a
dashed line. The “Blank” trace (grey) represents the electrode without an immobilized
enzyme film. Inset panel shows zoom in of the regions close to the thermodynamic
potential. The experiments were performed on at least two independent films for each
enzyme at pH 7.0 (5 mM MES, 5 mM CHES, 5 mM HEPES, 5 mM TAPS, 5 mM
NaOAc, 0.1 M Na,SOj4) and under 1 atm H,. (B) First (Scl), second (Sc2, more trans-
parent) CV traces of Fm under 1 atm argon (magenta: Ar) or 1 atm H, (dark cyan).
The working electrode was rotated at 3,000 rpm and the scan rate was 10 mV/s.
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PFE confirmed Fm as being electrocatalytically active. Under a H, atmos-
phere, the CV traces of immobilized Fm exhibited the bidirectional catalytic
behaviour typical of [FeFe] hydrogenases (Fig. 3.8A-B).

Although Fm operates with slight indications of an overpotential from the
thermodynamic potential for both proton reduction and H, oxidation
(Ej4+/u,)» this observation warrants careful interpretation. The observed over-

potential might largely stem from the lower current densities achieved with
Fm compared to CrHydA 1. Fm also exhibits pronounced bias towards proton
reduction, particularly at high driving forces, in contrast to CrHydA1, which
favors H, oxidation. The observation that the oxidation currents of Fm ap-
proach a plateau, particularly at very high potentials, suggests that the catalytic
turnover, rather than the interfacial electron transfer, is the rate-limiting step
under these conditions (Fig. 2.6)."® However, mass transport limitations, po-
tentially arising from slow diffusion of H,, cannot be definitively ruled out
and require further investigation.

Immobilized Fm seems to deactivate at high oxidation potentials (Fig.
3.8A-B). The CVs begin at a reducing potential (—700 mV vs SHE), sweep to
higher redox potentials (up to 0 mV vs SHE), and then revert to the initial
potential (=700 mV vs SHE). A sign of inactivation is a signal crossover near
=500 mV vs SHE. After sweeping to higher oxidative potentials, there is a
decrease in reductive currents compared to the initial sweep, indicating oxida-
tive inactivation.

While loss of enzyme film during the experiment adds complexity to the
interpretation, FTIR results can partly explain the nature of the observed inac-
tivation. FTIR data demonstrates that Fm can adopt a super-oxidized, inhib-
ited state (Hsox-CO), as indicated by the wavenumber positions (Fig. 3.6A).
The detection of four distinct CO bands is a peculiar observation, implying
the incorporation of an additional CO ligand. The source of this CO can be
speculated to be from the degradation of a fraction of the H-cluster, leading to
the release of CO and its subsequent binding to a subpopulation of enzyme
active sites.

The CVs showed a decrease in the strength of oxidative inhibition when H»
is present, as opposed to when the reducing gas is replaced with argon (Ar)
(Fig. 3.8B). This suggests that H, binding may have a protective role against
oxidative inactivation, potentially by hindering the formation of the Hsox-CO
state and help maintain the enzyme in a catalytically active state. Another pos-
sibility is that H, promotes a rapid transition from the Hx-CO state to the
catalytically active HoxH/Hox state. While the presence of H, appears to miti-
gate oxidative inactivation, a sustained current loss in the reverse sweep per-
sists. This could be attributed to several factors, including slow H, binding
kinetics, sluggish re-reduction of the inhibited Hsox-CO population back to the
active state, gradual enzyme loss from the electrode surface, or a combination
of these factors.
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Reversible, anaerobic inactivation at high potentials has been extensively
studied for [NiFe] hydrogenases (4v[NiFe]-MBH).'® Notably, oxidative in-
activation is more pronounced at lower H; levels, highlighting the protective
role of H,.*% '® While initial oxidative inactivation involves pOH binding to
the Ni-Fe cofactor, the subsequent reactivation process is more complex than
a direct ligand exchange with H,, involving intermolecular electron transfer
events, potentially mediated by other [NiFe] hydrogenases.

Similarly, some [FeFe] hydrogenases are susceptible to reversible, anaero-
bic, oxidative inactivation, resulting in sulfide-bound Hiuns or Hinaer (Fe"'-Fe'")
states (Fig. 1.3B).""'"? Reactivation from these inactive states can be
achieved through either chemical reduction, typically using NaDT, or by ap-
plying reducing potentials. However, the observed inactivation of Fm is un-
likely to stem from mechanisms involving cysteine binding. This assertion is
supported by the observed resilience of CrHydA1, which does not seem to
oxidatively inactivate, despite a previous report of Hirans-like or Hinaci-like state
formations.'”® Moreover, endogenous cysteine binding to the H-cluster can be
ruled out because the C299¢, is replaced with an asparagine in Fm (Fig. 3.4C-
E). Previous studies have linked CrHydA 1 inactivation to inhibition by halide
salts in the buffer mixture'**; however, the CVs for Fm (and CrHydA in this
study) were recorded in the absence of halides, indicating that inactivation is
not due to halide inhibition but rather an inherent and unique mechanism. Re-
cent research reveals that Group B Cplll and Mell can inactivate under oxida-
tive conditions, albeit through a distinct mechanism not observed in Group A
enzymes.'?!

To elucidate the physiological functions and interactions within complex
microbial communities, studies involving native host cells and with other or-
ganisms are necessary. However, preliminary insights into the roles of
DPANN enzymes can be derived from the CV data of Fm. Genomic analysis
reveals that most DPANN lack genes linked to a complete electron transport
chain and the necessary pathways for respiratory reductases or carbon fixa-
tion. Due to their nanometric size and absence of many key metabolic path-
ways, DPANN archaea are thought to be obligate fermenters reliant on host-
derived organic compounds. As a result, they typically harbour genes for car-
bohydrate degradation and fermentation. The CVs of Fm reflects the antici-
pated fermentative functions.

Collection of PFE data on the lysate-activated Mu, demonstrating sharp H-
cluster bands in FTIR (Fig. 3.7) is underway.

75



Perceivable benefits of the (ultra-)minimal structures

Many DPANN archaea solely encode the minimal Group A1 (Mu) and ultra-
minimal Group E (Fm) [FeFe] hydrogenases. These microorganisms have op-
timized the genetic and cellular costs associated with H, metabolism, likely
further eased by the relatively less complex maturation pathways of [FeFe]
hydrogenases compared to [NiFe] hydrogenase.

Group E - HydA1- C. reinhardtii
Ca. F. multitransposorum (PDB ID = 6GM5)

Figure 3.9 A comparison of Fm with CrHydA1 with the location of structural ele-
ments with reduced size in Fm labelled L1 to L6. Predicted cofactors are positioned
based on the structures of homologous proteins. Reprinted with permission from Pa-
per L3

The Group Al enzymes (including Mu) represents a 30—40% reduction
(324-386 amino acid residues long) compared to its bacterial and eukaryotic
counterparts, which on average consist of 564 residues. The Fm from Group
E, takes this size reduction even further. Consisting of only 286 amino acids,
it stands as the smallest known [FeFe] hydrogenase to date, exhibiting a nearly
40% decrease in residue count compared to CrHydA1 (457 residues). Both
Fm and CrHydA1 share a scaffold cutback partly attributed to the absence of
the N-terminal F-cluster domain (Fig. 1.1C). However, Fm distinguishes it-
self from CrHydA1 by having a more compact loop structure (Fig. 3.9), fur-
ther minimizing its overall size. This remarkably compact structure, with its
significantly reduced amino acid count, suggests that Fm might be approach-
ing the lower limit for the protein scaffold required to support the essential
structural and functional elements of an active [FeFe] hydrogenase.

The diminutive size of hydrogenases in DPANN archaea offers potential
advantages for the survival of the host microorganisms:

Resource Efficiency: Synthesis of smaller enzymes require fewer re-
sources, a useful trait for resource-scarce environments.

Genomic Compactness: The reduced size allows for efficient encoding
within the condensed genome, thereby optimizing the use of genetic coding
space.
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Evolutionary considerations: Smaller enzymes can evolve more rapidly,
which can allow microorganisms to adapt more quickly to fluctuating envi-
ronmental conditions. However, the size may not be the primary determinant
of its evolutionary trajectory. While smaller proteins, in general, may experi-
ence higher mutation rates due to their shorter sequence lengths, simple cor-
relations between evolutionary rate and adaptability should be treated with
caution. Rather, factors such as protein structure, stability, functional con-
straints, and environmental selective pressures can exert a more significant
influence in shaping its evolutionary path.

The specific benefits conferred by smaller enzymes can vary depending on the
microorganism and its environmental context. In parallel, larger enzymes also
have unique benefits, such as the ability to catalyze more complex reactions,
possibly due to their modularity and functional flexibility (see Group F sec-
tion). Evolution appears to delicately calibrate these various factors, empha-
sizing the adaptability and resilience of life not only at the microscopic but
even at the nanoscopic level.

Potential (bio-)technological advantages

The compact size of (ultra-)minimal hydrogenases holds potential for future
biotechnological applications:

Flexible scaffolds for genetic engineering: The reduced size simplifies
genetic manipulation, whether through directed evolution or (semi-)rational
design. However, this is a generalized statement and the actual time can vary
significantly based on factors such as the efficiency of the high-throughput
assay used, the specific changes desired, or level of randomness defined.

Understanding parameters for bio-mimic design: The small size of these
enzymes, combined with the ease of genetic manipulation, aids in pinpointing
determinants of rate, directionality, substrate affinity, substrate transport, ef-
ficiency, overpotential-dependence, and tolerance towards gaseous inhibitors.
By understanding these parameters, we can, for example, design artificial en-
zyme-like scaffolds that mimic the enzyme's active site architecture and elec-
tron/proton transfer pathways, or engineer such scaffolds to optimize substrate
channeling and/or reaction kinetics.

Resource efficiency: The need for fewer resources for synthesis is espe-
cially relevant in the context of biohydrogen production, abiotic electrolytic
or fuel cells, or semisynthetic photosynthetic systems. The ease of genetic ma-
nipulation, resulting in improved stability under cost-effective environmental
conditions, can further reduce process costs.

These points highlight the potential of (ultra-)minimal hydrogenases in ad-
vancing sustainable H»-based technologies. Yet, realizing this potential will
require further research and development.
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Group B: Hydrogenase from an Asgard archaeon at the
prokaryote—eukaryote interface
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Figure 3.10. Catalytic domain structure, genetic organisation, and AlphaFold2-based
structural modelling of Ps. (A) Predicted cofactors are positioned based on the struc-
tures of homologous proteins. (B) A zoomed view of the H-cluster and conserved
coordinating cysteine residues (C; to Cs) is provided. (C) Predicted operon is shown
on the right with genes encoding structural subunits shown in their genetic context,
labelled and coloured consistent with the corresponding subunit in the structural
model in (A). Reprinted with permission from Paper 1.1

Among archaea, the Group B [FeFe] hydrogenases were exclusively found in
Asgardarchaeota and were detected in the genomes of cultured strains, Ca. P.
syntrophicum and Ca. L. ossiferum. These HydA subunit possess two [4Fe-
4S] cluster binding domains at the N-terminal region acting as an electron re-
lay (A1 and A2) and a conserved putative FeS cluster binding motif with six
cysteine residues (A3 and A4; CX,CXiCX,CX4CX;3C). The gene for the di-
sulfide-reducing thioredoxin (HydC) is located immediately upstream of
HydA. The Group B enzyme from Ca. P. syntrophicum (Ps), which has been
biochemically verified, is predicted as a heterodimer of HydA-HydC subunits
(Fig. 3.10). HydC could aid in cysteine reduction, electron shuttling, and
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regulation of hydrogenase activity. Despite the potential for HydA-HydC in-
teraction, the predicted [2Fe-2S] cluster (C1) of HydC subunit is not within
electron transfer distance (> 15 A) from the main body. This implies uniden-
tified interacting subunits or significant conformational changes during cata-
lytic activity, which could contribute to efficient electron transfer for this en-
zyme.

The observed H evolving activities in this study and the reported hy-
drogenogenic lifestyle of Ca. P. syntrophicum®, suggest that Group B en-
zymes in Asgard archaea are unlikely to be involved in oxidizing H; to support
anaerobic respiration or carbon fixation. However, PFE and biochemical anal-
yses on isolated representatives are required to validate this hypothesis, as the
enzymes may exhibit bidirectional activity. Ca. P. syntrophicum metabolizes
amino acids and peptides, producing H» as by-product, which is then utilized
by methanogenic archaeca Methanogenium to produce methane. This symbi-
otic relationship affirms the hypothesis that Asgard archaea engage in
“syntrophic” partnerships, which are believed to have been important in the
evolutionary process that led to the rise of eukaryotes.”’
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Group F: Hybrids reveal potential structural association
between [FeFe]-[NiFe] hydrogenase families
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Figure 3.11. (A) HydA-HyhS fusion structural model of a Group F [FeFe] hydrogen-
ase and Group 3 [NiFe] hydrogenase in Thermoplasmatota (hybrid). Predicted cofac-
tors are positioned based on the structures of homologous proteins. (B) Zoomed view
of the H-cluster and (C) NiFe cofactor, emphasizing the conserved coordinating cys-
teine residues. (D) Predicted structure, cofactor composition, and electron flow
through four arms in the full hybrid hydrogenase complex. FeS clusters are numbered
and labelled according to their subunit of origin (e.g., Al, A2, A3 originate from the
HydA subunit). (E) Genes encoding hydrogenase structural subunits are shown in
their genetic context, labelled and coloured consistent with the corresponding subunit
in structural models shown in (A) and (D). Reprinted with permission from Paper 1.1%*
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The hybrids feature a C-terminal HydA of [FeFe] hydrogenase linked via a
flexible linker to an N-terminal domain sharing homology with the small sub-
unit of Group 3 [NiFe] hydrogenase (HyhS) (Fig. 3.11A-E).

The genes contiguous with HydA-HyhS include:

HyhL: The large subunit of Group 3 enzymes with the NiFe cofactor.
HydB (diaphorase) and HydC (thioredoxin): Two subunits of the electron-
bifurcating (reduction of two different acceptors by one donor) or electron-
confurcating (reduction of one acceptor by two donors) Group A3 [FeFe] hy-
drogenase. HydD: Conduit subunit with four iron-sulfur clusters.

Structural modelling suggests that subunits (HydA-HyhS, HydBCD, HyhL)
form an electron-bifurcating/confurcating complex, which is stabilized via
non-covalent interactions. This complex is predicted to receive electrons from
the [FeFe] or [NiFe] hydrogenase through iron-sulfur clusters to an electron-
converging [4Fe-4S] cluster on the hybrid subunit, or vice versa. Electrons are
then transferred simultaneously to the high-potential NAD" at the HydC sub-
unit and a low-potential acceptor (e.g., Fd) at the HydB subunit (Fig. 3.11C).
The archaeal complex is distinct from the electron-bifurcating [NiFe] hydro-
genase from Acetomicrobium mobile' such that the former contains the cat-
alytic H-domain.

A single hybrid contains two seemingly redundant hydrogenase modules.
While both modules possess features characteristic of hydrogenases, particu-
larly having the conserved coordinating cysteine residues, further investiga-
tion is necessary to definitively confirm the catalytic activity of each module.
The observation that the HydA-HyhS fusion produces H, indicates the pres-
ence of at least one functional hydrogenase module. This apparent redundancy
might be explained by several factors, including:

Differential regulation: Distinct regulatory mechanisms allow for meta-
bolic control under varying environmental conditions. For instance, the two
modules might possess different affinities for H, or exhibit varying sensitivi-
ties to Ox.

Substrate specificity: While both modules might act as hydrogenases, they
could potentially utilize or react with alternative substrates in addition to Hy.'”

Redox balancing: The complex could function as a dynamic redox valve,
mediating electron flow between different electron carriers. For example, it
could facilitate electron transfer from reduced NADH and Fd to an Hz-pro-
ducing [FeFe] hydrogenase when reductant levels are high. Conversely, it
could channel electrons from an H»-oxidizing [NiFe] hydrogenase to oxidized
NAD" and Fd when reductant levels are low. During bacterial growth, an elec-
tron-bifurcating [FeFe] hydrogenase (HydABC) functions as a redox valve,
generating H, in response to changes in substrate availability and redox state
of cellular carriers (e.g., NADH and Fd).'”

Two representatives from Group F, Thl and Th2, posed challenges for pu-
rification, hindering in-depth in vitro characterization. Despite substantially
lower in vitro activities compared to CrHydA1 (Fig. 3.2B), these enzymes

81



could exhibit higher activity when complexed with their respective subunits.
However, achieving this would be challenging as the archaea encoding them
are uncultivated and [NiFe] hydrogenases are notoriously difficult to produce
heterologously. Nonetheless, the measurements from the screening assay con-
firm that at least one of them is biochemically capable of producing Ho.

The striking conservation in the genetic organization of Group F enzymes
provides a unique model for examining the functional interaction between
[FeFe] and [NiFe] hydrogenase families. Our findings diverge from the tradi-
tionally held view that these two binuclear enzymes are not structurally asso-
ciated, suggesting a potential modularity within the [NiFe] hydrogenase do-
main that could have evolved to enable interaction with [FeFe] hydrogenases.

Enhancing our knowledge of electron transfer mechanisms and substrate
range of these modules will be critical. While heterologous expression utiliz-
ing a bacterial host like Ralstonia, which natively expresses [NiFe] hydrogen-
ases, presents a promising strategy for producing these hybrids, several factors
favor a eukaryotic host like a protease-deficient yeast strain optimized for
high-level expression. Eukaryotic systems often exhibit superior capabilities
for the proper folding and assembly of complex, multi-subunit enzymes. This
approach could leverage codon-optimized gene constructs to align with the
yeast host's codon usage, co-expression of chaperones for large enzymes like
the hybrids, and incorporate secretion signals.

Techniques like cryo-electron microscopy, coupled with site-directed mu-
tagenesis studies, could offer deeper insights into the structural and functional
dynamics of these complexes. The predicted modularity could potentially
guide the design of hybrid enzymes with customizable functionalities.
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Determinants of faux [FeFe] hydrogenases

A gene encoding a putative [FeFe] hydrogenase may not function as intended
if it lacks a complete set of maturases or H-cluster binding cysteines.

Absence of maturases: The known natural maturation of [FeFe] hydro-
genase requires a set of maturases (HydEFG). They are all essential for the
full functionality of the H-cluster. However, a previous study has shown that
Group A Cpl can exhibit trace levels of activity even without HydE or HydF
present,'”® suggesting that partial maturation can occur with only HydG.

Out of the 130 archaeal genomes examined in this study, only five pre-
sented the entire maturase repertoire necessary for H-cluster synthesis, while
a few others have an incomplete set. Despite this, the archaeal [FeFe] enzymes
studied do display hydrogenase activity following heterologous production
and artificial maturation. The absence of maturases cannot be attributed solely
to genome incompleteness, indicating a potential deviation from the estab-
lished maturase dependency in hydrogenase functionality.

The occurrence of maturase-independent activation pathways for H-cluster
assembly is supported by observations of active enzymes from eukaryotic or-
ganisms lacking maturases.'?” '*® Phylogenetic analyses have implied notable
phylogenetic proximity between archaeal and eukaryotic maturases'”, sug-
gesting a possible shared mechanism or common ancestral trait between these
domains of life. These new perspectives invite further exploration into how
organisms can assemble functional H-clusters independent from “traditional”
maturases.

Absence of a complete H-cluster binding motif: Ordinarily, for [FeFe]
hydrogenases to function, they require a complete set of cysteines (C,-Cs) for
the ligation of the [4Fe-4S]x cluster. The H-domain embedding the H-cluster
via four cysteines (C) is characterized by three highly-conserved polypeptide
sequence/signature  motifs (P1-TSCCPXW, P2-MPCX,KX,E, and P3-
ExMACX,GCX,G).*

Within archaeal groups, all four conserved H-cluster coordinating cysteines
(C2-Cs) are encoded in all tested genes (Fig. 3.4C-E). However, more than
half of the gene sequences in Group F replaces a cysteine (C300c¢, or
C115¢yda1, RS-) to a structurally homologous serine residue (RO-). While a
C-to-S switch has been linked to loss or rearrangement of [4Fe-4S] clusters in
many instances, a few cases show retention of H-cluster integrity and activ-
ity’”, suggesting structural adaptability that preserves stability and function.
Intriguingly, serine is present in the equivalent position for a minor percentage
(roughly 20%) of analysed non-archaeal Group A sequences. This is despite
reports showing impaired integration of the [2Fe]u subsite mimic and unde-
tectable catalytic activities in C115¢,1yqa1 loss-of-function variants (including
C-to-S variations).”” The reason behind the prevalence of serine in this posi-
tion for archaeal Group F enzymes is unknown.
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The capacity of archaeal genomes to encode functional hydrogenases de-
spite the absence of complete maturases hints at yet to uncover alternative
pathways in maturation. Future research efforts could also include elucidating
the structural determinants that allow archaeal Group F hydrogenases, and po-
tentially other prototypical enzymes, to maintain structural integrity and ac-
tivity despite substitutions in the coordinating cysteines. This includes in-
depth computational modelling, site-directed mutagenesis, kinetic and spec-
troscopic studies to map the adaptive capacity of these enzymes.
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Conclusions and outlook

The assumptions drawn from previous literature (see introduction of this chap-
ter) can be updated based on this study’s findings, with each corresponding
point being revisited:

e [FeFe] hydrogenases are active across all three domains of life,
challenging the prior assumption that these enzymes were re-
stricted in domain distribution.

e The smallest [FeFe] hydrogenases originate from (ultra-)minimal-
istic symbionts, providing a new size threshold for a hydrogen-
handling biocatalyst.

e [FeFe] and [NiFe] hydrogenases can structurally associate, sug-
gesting a more interconnected evolutionary history.

Collectively, these findings reshape our knowledge of microbial hydrogen
metabolism and hydrogenase biochemistry. However, one key limitation is
the known difficulty in culturing archaea, which has significantly restricted
our capacity to carry out in vivo studies and verify the functional roles of hy-
drogenases within native hosts. These in vivo studies could shed light on na-
tive activity rates, especially for the slow-acting Group F hybrids.

While genome-wide metabolic analysis, modelling, biochemical and elec-
trochemical data have helped infer potential functions, extensive in-host ex-
periments can further validate their physiological roles and cellular interac-
tions. Potential biases may also arise from the chosen methodologies, such as
over-reliance on predictive structural modelling and extrapolation from heter-
ologous systems. I hope that the exciting discoveries presented in this work
will inspire research to develop specialized genetic and biochemical systems
tailored for in-depth examination in native hosts.

Despite the absence of native in vivo characterization, this study provides
compelling evidence that novel (ultra-)minimalistic and hybrid [FeFe] hydro-
genases from archaea can bind the conserved H-cluster and demonstrate bio-
chemical and electrochemical activities, and are therefore bona fide enzymes.
This claim is backed by our multifaceted approach that combines genomics,
phylogenetic analysis, in-depth heterologous biochemistry with semi-syn-
thetic hydrogenase maturation, electrochemistry, spectroscopy, metabolic re-
constructions, and structural modelling. This approach uncovered new en-
zymes and functions in uncultured microorganisms, bypassing the arduous,
time-consuming, and costly process of archaeal culturing. As a result, we have
gained unprecedented insights into the existence, diversity, history, structure,
and role of [FeFe] hydrogenases from anaerobic archaea, laying a solid foun-
dation for further exploration in this field.

This work also provides a foundational understanding that may inform both
current and future studies into hydrogenase functionality in terms of bioengi-
neering disciplines. The detection of smaller [FeFe] hydrogenases in (ultra-)
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minimalistic symbionts may offer pathways for the production of more effi-
cient and compact biocatalysts in the field of energy conversion and storage.
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Chapter 4, Paper II: Probing the universality
in substrate transport in [FeFe] hydrogenases

This chapter illustrates the nature of the substrate (proton) transfer pathway in
[FeFe] hydrogenases from different phylogenetic groups. Biochemical, elec-
trochemical, and spectroscopic studies of loss-of-function variants, targeting
the putative proton transfer pathway in Group D TamHydS, are outlined. The
ensuing discourse will address how these variations have affected the rates,
apparent bias, and stabilization of previously uncharacterized H-cluster states.

Introduction

To-date, research on substrate transport effects in [FeFe] hydrogenases has
primarily focused on Group A enzymes (Fig. 1.4). However, recent studies
have shown that the Group A enzymes hardly represent the entirety of [FeFe]
hydrogenases.”" "' While data on “sensory” Group C and D [FeFe] hydro-
genases remain limited, representative examples display divergent properties
from Group A.”"°' Firstly, Group D representative Thermoanaerobacter
mathranii (TamHydS), has sluggish H, evolution rates.”' The enzyme's affin-
ity for H, remains ambiguous, as prior investigations have reported incon-
sistent findings regarding its Michaelis’ constant (K,,). ""*'** Nonetheless, K,
is a complex parameter that combines the rates of substrate binding and catal-
ysis, and does not directly reflect the enzyme's inherent affinity for its sub-
strate. Secondly, TamHydS despite being bidirectionally capable of catalysis,
is an irreversible catalyst since it requires a significant amount of overpotential
for both H, oxidation and proton reduction.'® Thirdly, it exhibits enhanced
tolerance towards CO inhibition. Lastly, an unusual O,-stable and H,-unreac-
tive mononuclear species forms upon O, exposure, denoted as H.i (Fig.
1.3C)."

Genetic, structural, and biophysical investigations of known [FeFe] hydro-
genases suggest that these enzymes share a common H-cluster motif. (Fig.
1.1A, Fig 4.1A). Hence, the varied reactivity of the enzymes must be due to
changes in the surrounding protein environment (e.g., active site pocket, elec-
tron and substrate transport pathways).** %
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Figure 4.1 (A) Alignment of the X-ray crystal structure of Group A Cpl in grey (PDB
ID: 4XDC)?"! versus the YASARA homology model of Group D TamHydS"! in green
(RMSD = 1.541 A). The H-cluster is encircled for emphasis. (B) Overview of the
proposed proton transfer pathway (PTP) in 7TamHydS (green sticks) versus the PTP
of Cpl (grey sticks). The iron in the H-cluster is coloured in orange and the ADT-
amine bridgehead in blue. The apical open coordination site at the distal iron (Feq) is
indicated by an *. For Cpl, water molecules (red spheres) are present between C299
and E279. In this study, E252 and E289 are exchanged conservatively (E252D,
E289D) and non-conservatively (E252V, E289A). Distance between ADT-amine and
E252 as well as between the side chains that are part of the proposed PTP of TamHydS
are numbered (dark green). The distances between Feq to E252 and ADT to E289 are
indicated in grey dashed lines and labels. The yellow dashed lines and numbers indi-
cate the distances between neighbouring positions of the PTP of Cpl.%* The TamHydS
model does not account for potential intraprotein water molecules, which if present,
could help bridge the long distances between E289, S249, and D265. Reprinted with
permission from Paper I1.1%*
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The electron-relaying accessory [4Fe-4S] clusters (F-clusters) do not appear
to dictate group-specific reactivity, given the variability of FeS cluster content
and location across and within phylogenetic groups. In addition to rapid elec-
tron transfer, the activity of the enzymes is dependent on efficient proton
transfer via proton transfer pathways (PTPs). Alterations of the proton transfer
kinetics have been shown to change the catalytic properties in Group A en-
zymes'" % and could potentially account for activity variations across
groups. This chapter focuses on the influence of the PTPs, while the effects of
the active site pocket will be covered in Chapter 5.

Extensive studies on Group A reveal that the PTP is composed of conserved
amino acids and water molecules, forming a H-bond network from the enzyme
surface to the ADT-amine (Fig. 4.1B).”- 8182 84.85. 202204 ‘The fjrst amino acid
of this proposed PTP, C299 (Cpl numbering), is situated very close to the
amine bridgehead of the ADT ligand (3.5 A), potentially allowing for H-bond-
ing interactions. In addition to proton transfer, C299¢, arguably influences the
positioning of the amine base for efficient heterolytic H, cleavage. However,
C299¢;1 is replaced into a hydrophobic alanine in “sensory” Groups C and D
(Group C A1317mmyds, Group D A137zamnyas). Other key residues for proton
transfer in Group A are also replaced mostly with non-protonatable hydropho-
bic side chains in these atypical groups. Since the buried H-cluster requires
protons to be delivered to and from the bulk solvent to be active, this raises
questions about alternative pathways and their possible influence on the over-
all enzyme properties, particularly in sensory enzymes.

This chapter presents the identification of a Group D PTP, marking the first
alternative to the established PTP in well-characterized Group A enzymes.
Two of the proposed residues are examined via site-directed mutagenesis,
with mutation effects analysed through activity assays, electrochemistry,
FTIR and EPR spectroscopy.

Unique and highly conserved protonatable residues in
Group D

The potential PTP residues in the TamHydS were identified by aligning the
YASARA-generated homology model of TamHydS with the crystallographic
structure of the Group A representative Cpl”!, yielding a root mean square
deviation (RMSD) of 1.541 A. Initially, all residues within a 5 A distance of
the ADT-amine were inspected. This led to the identification of E252 as the
sole candidate for proton transfer to/from the H-cluster, with a distance of 3.4
A to the ADT-amine. Using the same screening method, the closest protona-
table residue to E252 was identified as E289, followed by S249 and D265,
forming a proposed PTP of E252 — E289 — 5249 — D265 for TamHydS
(Fig. 4.1).
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Figure 4.2. Normalized consensus logos of Groups A—D [FeFe] hydrogenase gener-
ated in Jalview using ClustalQ sequence alignment®®® of sequences retrieved from
Greening et al. 2016.'° The larger the font of the amino acid, the more conserved it is
in the specified sequence position. (A) The numbering system is based on Cpl, with
the proposed PTP residues in Group A highlighted (C299 — E279 — S319 — E282
— R286). (B) The numbering system is based on Group D TamHydS (proposed PTP:
E252 — E289 — S249 — D265). Note that the glutamate positioned at 289 (E289 74
Hyas) 1s highly conserved across all phylogenetic groups.

To support the structural analysis, the available sequences of enzymes from
all groups were aligned to generate a consensus sequence, revealing varying
conservation patterns between the proposed PTP residues in Group A and their
corresponding residues in Group C and D (Fig. 4.2A). “Sensory” Group C and
D exhibits a notable absence of the conserved PTP residues that are otherwise
highly conserved in Group A. The alignment of multiple Group D sequences
shows that the amino acids most proximal to the H-cluster, E252 and E289,
are highly conserved (Fig. 4.2B). Similarly, the final residue of the proposed
pathway (D265) is also well-conserved, while the intermediate residue (S249)
is moderately conserved, showing a strong preference for residues with hy-
droxy groups (i.e., serine and threonine). These amino acids are not conserved
in Groups A, B, or C, with the exception of the glutamate at position 289
(E289). Thus, the sequence alignment analysis strongly indicates that the po-
tential PTP identified here is exclusive for Group D [FeFe] hydrogenases.

To elucidate the role of two putative proton relay sites most proximal to the
H-cluster (E252 and E289) in TamHydS on H,-processing activity rates, these
residues were replaced conservatively to aspartic acid (E252D, E289D) and
non-conservatively to valine or alanine (E252V, E289A) through site-directed
mutagenesis. Valine was chosen for position 252 due to its presence in the
same position in Group A, while alanine was selected for position 289 as a
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typical loss-of-function variant. The variants were expressed in E. coli, puri-
fied, reconstituted, and activated with [2Fe]*P" to generate the holo variants.

Functional impairment in Aolo variants

The effects of TamHydS variants E252V, E252D, E289A and E289D on the
rates for reduction of proton (H; evolution) and oxidation of H, were studied
in solution assays, each performed in pH 6.8 buffer and at 25°C (E;+ H,~ T

403 mV vs SHE). Methyl viologen (MV, E” = —449 mV'* vs SHE) and ben-
zyl viologen (BV, E* =359 mV'* vs SHE) were employed as electron donor
and acceptor, respectively.

The results from the solution assays revealed that all variants negatively
impacted H'/H,-interconversion activities relative to the wild-type TamHydS
(WT) (Fig. 4.3). H» oxidation was most severely affected, with E252V/D and
E289A/D displaying less than 0.01% and up to 3% residual activities, respec-
tively. In terms of H-evolution, the non-conservative (E252V) and conserva-
tive (E252D) substitutions of E252 were the least functional, with activities
ranging from 10—20% relative to WT. The conservative exchange of E289 to
a glutamate (E289D) had the least effect, retaining 70% residual activity, fol-
lowed by the non-conservative exchange to an alanine (E289A) at 30% resid-
ual activity. Overall, the substitution of E252 had a greater impact in both
catalytic directions, likely due to its closer proximity to the ADT-amine. Sim-
ilar patterns of reduced activity have been observed in Group A hydrogenase
variants with altered PTP amino acid residues.®* 12
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Figure 4.3 Comparison of the specific H, -oxidation and -evolution activities of Tam-
HydS variants quantified using benzyl viologen (BV) and methyl viologen (MV) as
external redox partners versus the wild-type TamHydS enzyme (WT) (note the break
of the Y-axis). All reactions were performed in 100 mM potassium phosphate buffer
pH 6.8. H» oxidation (magenta bars) was measured by reducing 1 mM BV at 550 nm
in Hy-saturated buffer. The amount of H; produced from 10 mM MV + 100 mM so-
dium dithionite was measured by gas chromatography (dark cyan bars).!%% 7 Specific
activity (U/mg) is one unit (U) of activity that catalyze 1 umol of H, oxidized/evolved
per min under the indicated assay conditions over the amount of enzyme in the reac-
tion mixture (mg). Error bars indicate standard error, with n = 6 (three technical re-
peats each for two biological samples). Adapted figure with permission from Paper
1L 124
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Stabilization of unknown H-cluster states by #olo
variants
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Figure 4.4 (A) FTIR spectra of TamHydS variants exposed to N, (dark cyan) and H»
(magenta). Two IR signatures indicative of different redox states are observed. State
1 with bands at 2120, 2098, 2016, 1999 and 1852 cm! (indicated with dark cyan ver-
tical bars) and State 2 shifted to lower energies (red shifted) with bands at 2082, 2071,
1959, 1948 and 1771 cm! (indicated with magenta vertical bars). (B) EPR spectra of
TamHydS variant E252V prepared under neat argon atmosphere (“as-isolated”, grey
spectrum) revealed a dominant axial signal, assigned to State 2 (g1 =2.046 and gL =
2.021), which increases after H»-flushing (magenta spectrum) and disappears after
flushing with CO (dark cyan spectrum). (C) FTIR spectra of TamHydS WT exposed
to N, (dark cyan) accumulating the oxidized state (Hox) and to H, (magenta) accumu-
lating the reduced state (H:.q). (D) EPR spectra of TamHydS WT (grey) reveal rhom-
bic features of the H-cluster in the Hox states (two components denoted as R1 and R2
with the corresponding g-values in black, grey respectively) and an axial feature cor-
responding to Hox-CO (g-values in dark cyan). TamHydS WT samples incubated un-
der H> (magenta spectrum) and CO (dark cyan spectrum) shown for reference. Data
adapted from Land ef al. (2020)7!, revising the g-values assigned to He-CO and as-
signing the previously unknown signal that appears when WT is flushed with H, to
State 2. EPR spectra were recorded with the following settings: T = 21K; modulation
frequency = 100 kHz; amplitude = 10 G; microwave frequency = 9.4 GHz; microwave
power = 16 pW. Adapted figures with permission from Paper IL'**
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Figure 4.5 EPR spectra of variants E252V or E289D before (grey) and after (A) Ha-
flushing (magenta), (B) addition of 20-fold excess of sodium dithionite (NaDT) (ma-
genta), and (C) D,-flushing with (dark cyan) and without (magenta) 95% D-O. EPR
spectra collected at 10 K, microwave power = 80 uW, modulation frequency = 100
kHz; modulation amplitude = 10 G; microwave frequency =9.4 GHz. FTIR difference
spectra and redox state kinetics of E252V exposed to (D) H; and (E) CO. (F) FTIR
spectra of E289D mildly oxidised by exposure to air (dark cyan) and subsequent treat-
ment with excess NaDT (10 mM; magenta). (G) FTIR spectra of E252V in H,O
(grey), in D,O (dark cyan; State 1 accumulated via limited exposure to air), and in
D,0 in the presence of additional NaDT (magenta). Peaks of unassigned redox species
are labelled with *. Adapted figures with permission from Paper IL'%*

In addition to lowering catalytic rates, altering the putative PTP impacts the
accumulation of H-cluster states of TamHydS. FTIR and low-temperature
EPR measurements show that the variants do not accumulate any typical H-
cluster states observed in [FeFe] hydrogenases (Fig. 4.4). TamHydS WT sta-
bilizes the oxidized state (Hox) under a N, atmosphere, the reduced state (Hreq)
and unknown “State A2” under a H, atmosphere, and an inhibited state (Hox-
CO) with CO-flushing (Fig. 4.4C-D). These states were not discernible in the
variants, except “State A2”, referred to as State 2 in this study. Another uni-
dentified State 1 is also stabilized. A summary of the spectroscopic features
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of States 1 and 2 under various treatments—isolation under N, reduction by
H; or NaDT, exposure to CO, and D»/D,0O—is presented here:

Nonconservative versus conservative exchanges: “As-isolated” noncon-
servative variants, E252V and E289A, appeared to stabilize one state over the
other (Fig 4.4A). E252V predominantly yielded State 2, while E289A was
largely in State 1. However, conservative exchanges, E252D and E289D,
showed a mixture of State 1 and State 2. As-isolated 7amHydS WT, on the
other hand, typically favours formation of Hr.q and Hox (Fig 4.4C).

Reducing State 1 to State 2 by H, and NaDT: Reduction by H, atmos-
phere led to a clear shift towards State 2 in in at least three of the variants
(E289A/D and E252V), with the more pronounced conversion observed in the
more active E289 variants (Fig. 4.4A-B). The E252 variants showed only mi-
nor (E252V) or no (E252D) shift of the redox state equilibrium towards State
2. This correlates with the observed H, oxidation activity rates, where the
E289 variants displays partial activity, while the E252 variants led to even
lower residual activity (Fig. 4.3). Reduction using NaDT also causes an accu-
mulation of State 2, a change that was clearly discernible in NaDT-treated
EPR samples of as-isolated E289D (Fig. 4.5B, F-G). This behaviour diverges
from the reactivity of the Hox state, which usually converts to H.q under H»
(Fig 4.4C). Notably, EPR analysis indicates that WT transitions to State 2
with Ha, but this transition is not obvious when WT is reduced with NaDT.”!

Slow State 2 to State 1 conversion induced by CO: None of the variants
bind external CO to form the inhibited Hox-CO state (Fig 4.4). Instead, expo-
sure to CO led to a slow conversion from State 2 to State 1 (Fig 4.4B, Fig.
4.5E). This behaviour differs from the reactivity of the Hox state, which typi-
cally accumulates Hox-CO (Fig. 4.4D). EPR data suggests that State 1 is dis-
tinct from the Hox-CO state, as Hox-CO is typically observed as an EPR-active
species with a typical axial spectroscopic signature, while State 1 is EPR-
silent.

Lack of isotopic shift induced by D,/D,0, ruling out hydride binding:
In Group A, alterations in the PTP close to the H-cluster (e.g., C299¢,1), enable
the build-up of Hpya under H, atmosphere.'”” ' Subsequent studies have
shown that Hyye, accumulates also in wild-type Group A enzymes, strongly
supporting its catalytic relevance.'*> ' 1%6-2 However, H/D exchange exper-
iments in this study revealed no specific shifts of cofactor ligand bands for
State 1 nor State 2 that potentially rule out (terminal) hydride binding (Fig.
4.5C). Fitting the FTIR band positions of the CO ligands for E252V samples
in H>O and in D,O revealed that the bands of State 1 and State 2 exhibit only
minor shifts (max. 1.5 cm™) upon exchange (Fig. 4.5G).

Lack of external sulfur inhibitor (exogenous) or nearby cysteine thiol
(endogenous), ruling out sulfide binding: The /olo variants were prepared
without the use of external sulfide sources, which are known to exogenously
bind to Feq and form the Hina state.''® Furthermore, the absence of cysteine

95



residues near the Feq negates the possibility of endogenous cysteine thiol bind-

ing."” Therefore, thiol coordination in State 1 and State 2 can be ruled out.

Proposed assignments of the unknown H-cluster states

Having established the observed reactivity of State 1 and State 2, and that
they are unlikely to be equivalent to Hyya (hydride-bound) or Hinact (sulfide-
bound), the following discussions look into their probable identities.

State 1: The EPR-silent nature of State 1 implies it may represent the Hreq
state. However, the finding that State 1 does not emerge under reducing con-
ditions or is transformed into State 2 under such conditions suggests it is un-
likely to be the reduced H.q state. Instead, State 1 is proposed to be another
EPR-silent, “over-oxidized” di-ferrous species yielding an oxidation state
analogous to the previously reported inhibited “over-oxidized” Hinac State (i.e.
[4Fe-4S]* -[Fe''Fe'l]). 7+ 9% 118. 119 191, 192.207 However, the ligation of the [2Fe]x
subsite likely differs, with State 1 proposed to be ligated by an aqua (or hy-
droxide) ligand instead, similar to earlier Hiyq state models®”2%%2% (Fig. 4.6).

Structural support for the notion of aqua ligation to the H-cluster has been
reported. X-ray crystallographic studies of Cpl revealed that the distance be-
tween the oxygen atom of a water molecule (referred to as the “distal water”)
and the distal iron is 2.38 A.?!° Despite the distal water oxygen-distal iron
distance being slightly longer than the anticipated Fe"-O distance (2.095 A to
2.13 A), the bond length of Fe-O can be influenced by secondary coordination
sphere effects. A previous study has shown that the bond length in Fe''-OH
complexes can be elongated by the presence of intramolecular hydrogen
bonds. 211,212

From the reasoning above, State 1 could represent a (reversibly) inhibited
H-cluster state with no catalytic relevance for H, turnover. To enter the cata-
lytic cycle, the proposed bound aqua or hydroxide ligand must dissociate from
Feq to leave an OCS.

State 2: The red-shift observed by FTIR spectroscopy indicates that State 2
reflects a reduced state relative to State 1. Given the axial and relatively nar-
row nature of State 2 signal in the EPR spectrum (Fig. 4.4B), the unpaired
electron likely resides on [2Fe]y rather than [4Fe-4S]y, as the latter usually
displays broader rhombic signals in its reduced state (Fig. 5.4A-C).**"!
Additionally, a striking similarity between the CO/CN bands of State 2 and
those of the Hox state of WT is observed (Fig. 4.4A,C), implying they might
be of the same oxidation state. Based on these observations, State 2 is tenta-
tively assigned to a formal oxidation state analogous to that of Hox (i.e., [4Fe-
4S]**-[Fe'Fe']), due to the red-shift observed in FTIR spectroscopy relative to
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State 1 (shift of £CO ligand by 81 cm™ in particular) and an overall similar
FTIR band pattern with Hox.

However, State 2 being distinct from the “classical” Hox is reinforced by
the following observations:

e State 2 exhibits an axial EPR shape while Hox generally gives rise
to a thombic signal (Tab. 4.1), as also reported previously in the
case of WT.”!

e Combined FTIR and EPR spectroscopic data implies a variation in
H-bonding strength of the CN ligands, cofactor geometry, and/or
an altered electronic structure compared to the “classical” Hox.™

e  WT exhibits both “classical” Hox and State 2. While both are pro-
posed to possess the same oxidation state, their accumulation under
distinct conditions suggests additional factors have influence on
their relative stabilities. Hox accumulates under inert atmosphere or
oxidizing conditions, whereas State 2, despite its putative oxidized
nature, accumulates under H; or reducing conditions.”! The identity
of the H»-induced species in WT (denoted A2, g, =2.041 and gL =
2.022)"" is most likely analogous to State 2. This suggests that fac-
tors beyond the H-cluster oxidation state, such as redox state of the
F-clusters, or conformational changes, might contribute to the pref-
erential stabilization of State 2 under reducing conditions.

Establishing them as separate H-cluster states, however, is not fully conclu-
sive, as similar states can display distinct EPR spectra. Unique EPR properties
of Hox or Hox-CO related states has been observed in Group A C. beijerinkii
(ChbHydA1) (Tab. 4.1).*"* Two distinct EPR signals were detected for the Hox
states, contrasted by a single set of observable FTIR bands. This discrepancy
might arise from the localized nature of EPR sensitivity, which primarily
probes the immediate environment of the [4Fe-4S]y cluster. The observed
spectral heterogeneity in the EPR data is believed to be due to the structural
flexibility of the “SCCP” loop. This flexibility might allow for dynamic reor-
ganization of C367cpryaar (equivalent to C299¢,1), and consequently influence
the electronic environment of the [4Fe-4S]u. Another instance is from Group
A enzyme from M. elsdenii (MeHydA) (Tab. 4.1).” The Hox-CO of wild-type
MeHydA is more isotropic than its truncated version, MeH-HydA, which lacks
the N-terminal F-domain.

Despite divergent spectroscopic fingerprints and reactivities suggesting
that State 2 is distinct from Hox and other known H-cluster states, pinpointing
an exact assignment remains challenging. Nonetheless, given its reactivity
with reductants (accumulating under H,), State 2 is proposed to be a state of
catalytic relevance and could represent a form of the H-cluster residing in
“non-classical” Hox oxidation state, and potentially coupled to a reduced F-
cluster.
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Group & [FeFe] Speci g-values Refer-
Subclass hydrogenase pecies g1 22 g3 ence
A-M1 2.100- 2.037- 1.996- 104,214,
CrHydAl Hox 2.101 2.039 1.998 215
Ho,-CO 2.052 2.007 2.007 215
Hyrea 2.145 1.860 1.860 216
Hiy 2.069- 1.935- 1.870- 104,105,
Y 2.080 1.938 1.880 206,216
H,,,aH" 2.073 1.935 1.881 217
A-M2c ChHydAl Hox (1) 2.098 2.037 1.997 213
Hox (2) 2.099 2.041 1.999 213
Hoe-CO (1) 2.021 2.010 2.006 213
Hox-CO (2) 2.063 2.006 2.002 213
A-M2(D) DdH Hox 2.100 2.040 1.998 207
H,,-CO 2.065 2.007 2.001 207
Hirans 2.060 1.960 1.890 207
A-M3 Cpl Hox 2.097 2.039 1.999 218
H,-CO 2.072 2.006 2.006 218
A-M2 MeHydA Hox 2.093 2.041 1.999 7
H,,-CO 2.061 2.007 2.002 7
MeH-HydA Ho, 2.090 2.033 1.996 7
variant
Hx-CO 2.020 2.009 2.008 7
C-M2f TmHydS Hox 2.113 2.045 2.001 ol
H,,-CO 2.047 2.018 2.007 ol
D-M2e TamHydS Ho-R1 2.109 2.053 2.010 71,124
Hox-R2 2.099 2.044 2.010 71,124
Hox-CO* 2.034 2.023 2.023 124
State 2* 2.041 2.022 2.022 71,124
TamHydS
E252V / E289D State 2 2.046 2.023 2.020 124
variants
TamHydS Ho-R2 2.109 2.048 2.011 Paper III
AS variant H,,-CO 2.030 2.022 2.017 Paper I
He-R1 2.100 2.050 2.012 Paper 111
P?;”gﬁgit H,-R2 2.109 2.034 2008 | Paperm
Hox-CO 2.038 2.023 2.018 Paper III
Ho-R1 2.101 2.051 2.005 Paper I
TamHydS Ho-R2 2.109 2.035 2.009 Paper I
CM variant Ho-CO 2.038 2.023 2.017 Paper 111
State 2 2.050 2.022 2.019 Paper Il

Table 4.1 Tabulated g-values of selected states reported for the H-cluster in Group
A-D enzymes and variants. The g-values of the TamHydS variants, E252V and
E289A, studied in this work (Chapter 4, Paper II) as well as variants AS, PTP, and
CM, presented in Chapter 5, Paper III are also included. The asterisk (*) indicates
correction of assigned species to the previously reported g-values based on the results
of this study. The State A2 (assigned as Hox-CO) in Land et al., 20207' likely corre-
sponds to State 2 of E252V and E289D variants.
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Structural changes that affect FLP interaction
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Figure 4.6 Proposed models illustrating the structural changes at the H-cluster by the
PTP variants. (A) Schematic model illustrating an optimal Frustrated Lewis Pair
(FLP) interaction between the ADT-amine and Feq of the H-cluster. The E252 ruutiyas
likely fine-tunes the positioning of the ADT-amine, either through direct H-bonding
or indirectly via intermediate water molecules, thus ensuring an optimal FLP distance
from Feq for heterolytic H, cleavage. (B) The absence of H-bonding provided by the
carboxylate side chain upon exchange of E252 to V252, shifts the ADT-amine to-
wards a relatively farther distance from Feg, releasing cofactor strain and consequently
elongates the FLP distance. (C) A reduced steric hindrance, due to a relaxed FLP
geometry as illustrated in (B), could facilitate the binding of exogenous ligands to Fey,
thereby easing the formation of inhibited states. The binding of an aqua (or hydroxide)
ligand is proposed for State 1. (D) Upon dissociation of the proposed ligand, it leaves
an OCS forming State 2, which is tentatively assigned with a formal oxidation state
analogous to that of Hox. Adapted figure with permission from Paper I1.12*

The reduced catalytic rates and altered electronic properties of the H-cluster
in the variants support a substantial influence of the varied residues. Variations
of the PTP studied here is also proposed to induce a structural change at the
H-cluster, disrupting the frustrated Lewis pair (FLP) interaction between the
ADT-amine and Feq (Fig. 4.6A-B). Particularly, the E252 (3.4 A from ADT-
amine, Fig. 4.1B) likely orients the ADT-amine for optimal distance from the
Feq for efficient H, cleavage or formation. The distance observed in the
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structural model slightly exceeds the typical range for a conventional H-bond,
suggesting the presence of other electrostatic interactions that could help sta-
bilize this contact. Removing this carboxylate (E252V), or shortening the res-
idue (E252D), relieves the geometric strain or weakens the H-bond with ADT-
amine, leading to a relaxed FLP in a less active conformation. Similarly, var-
iations of the second target residue, E289, can affect the positioning of the
ADT-amine, most likely through H-bond interactions with E252 (3.5 A from
E289, Fig. 4.1B).

In Group A, structural effects are observed in analysing crystallographic
data on Cpl variants, with the C299A¢,1 and C299D¢,; slightly reducing the
Feq and ADT-amine distance by 0.3-0.4 A (Tab. 4.2).

PDBID Resolution (A)  Cpl Fe -ADT A (Chain A) Fe -ADT A (Chain B)

4XDC 1.63 WT 34 3.4
6GLY 2.09 C299A 3.1 3.0
6GLZ 2.02 C229D 3.1 3.1
SLA3 2.29 E279A 32 32
6YF4 1.77 E279D 33 33
6GMO 2.11 E279Q 33 3.1
6GM4 1.97 S319A 34 3.4
6GM1 2.05 E282A 33 33
6GM2 2.76 E282D 34 3.0
6GM8 1.96 E282Q 32 32
6GM3 222 R286A 33 3.3

Table 4.2 Distances (in A) between the distal iron (Feq) and ADT-amine across wild-
type Cpl and variant structures.

When the C178Apan (corresponding to C299¢,1) was varied to an alanine, en-
hanced exogenous cyanide ligand binding to the OCS was observed.?"? Ini-
tially, the increased ligand binding was linked to a reduced electron density at
[2Fe]n, but a lowered steric hindrance could also be applicable. A less ob-
structed OCS by the TamHydS variants provides a more accessible binding
site, potentially easing State 1 formation. In the absence of potential inhibi-
tors, the primary candidate for the incoming ligand is H»O. A relaxed FLP
could simplify the binding of a H,O molecule to the OCS, resulting in the
"over-oxidized" State 1 (Fig. 4.6C), while the removal of the bound aqua lig-
and results in State 2 (Fig. 4.6D). The confirmation of this hypothesis is de-
pendent on future crystallographic studies.
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Apparent bias changes

While the quantification of catalytic bias is not uniform in literature, the solu-
tion assays reveal a shift in apparent bias towards H, evolution in all the vari-
ants. Interestingly, the finding that the E289D, located over 5 A from the H-
cluster, exhibits this notable apparent bias shift, suggests the presence of a
“remote controller” that can modulate the bias through distal mutations.

The observed shift seems to result from the disproportionate effect on the
rates of H, oxidation and H, evolution. While both processes are impacted, the
effect is more pronounced for H, oxidation, which is inherently faster in WT.
This observation, however, contrasts with the WT CV data at nearly identical
pH, which indicates a bias towards proton reduction especially at higher driv-
ing force (>200 mV).”" This discrepancy likely stems from the limitations of
the solution assays, which is estimated to employ a weaker driving force. Ac-
curately determining the solution potential in these assays, however, is chal-
lenging due to the difficulty in precisely measuring the ratio of oxidized/re-
duced MV. The solution assays may not fully represent the catalytic behavior
observed at the higher driving forces achieved in CV experiments.

Various factors have been identified as influencing bias in [FeFe] hydro-
genases. This summary outlines potential and non-potential contributors to the
apparent bias shift exhibited by the variants in this study:

Changes in the redox potential of the H-cluster*®”**, and the F-clusters
regulating intramolecular ET rates’ 7 22! 222 have been implicated in bias
shifts. For instance, substituting a cysteine ligand (C499¢,1 or C362¢,tyda1) of
[4Fe-4S]u with histidine and aspartate favoured H» oxidation, owing to an in-
crease in the H-cluster’s reduction potential.** ?* Moreover, F-clusters with
higher and lower potentials accelerate H, oxidation and proton reduction, re-
spectively. While the study did not directly target F-clusters or the [4Fe-4S]q,
it is possible that the TamHydS variants indirectly alter the reduction potential,
contributing to the observed apparent bias shift.

Changes in relative acidity (pKa) of the proton relay sidechain and
ADT-amine.* ?* A shift in bias towards H oxidation and proton reduction
occurs when C299¢,; was mutated to C299S¢,1 and more acidic C299Dcy, res-
idues, respectively.* *** However, the comparison between the E252D and
E252V variants suggests that the pKa of the proton relay may not be the sole
determinant of this bias shift. Despite the inability of E252V to deprotonate,
both variants exhibit comparable bias shifts.

The given existing models exhibit limitations in fully elucidating these re-
activity trends, indicating the potential influence of other factors on the ob-
served shift in bias. It is conceivable that the disruption of the ADT-amine
geometry, which impairs proton transport, may function as a "bias controller."
The proposed elongation or more relaxed FLP interaction, due to weaker H-
bonding (E252D) or reduced steric hindrance and loss of H-bonding partner
(E252V), could ease H, binding but could impede proton transfer ensuing H»
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bond cleavage. However, this raises an intriguing question: if the ADT-amine
and Feq are not optimally positioned, how does H» cleavage occur? One pos-
sibility is that some level of protein flexibility and conformational changes
allow the ADT-amine and Feq to transiently adopt catalytically competent po-
sitions, even if their average positions appear suboptimal. Further studies in-
vestigating the dynamic behavior of these residues in the context of these var-
iations are necessary to confirm this hypothesis and fully elucidate the impact
of ADT-amine geometry on apparent bias changes.

Other metalloenzymes with non-conserved PTPs

Metalloenzymes such as O-processing heme—copper oxidases (HCuO) and
[NiFe] hydrogenases display variations in proton transfer pathways across
phylogenetic groups. The HCuO superfamily exemplifies this diversity, with
observed variations correlating with differences in biochemical properties
such as O-affinity and proton pumping stoichiometry.”** While studies of the
[FeFe] hydrogenase groups remain limited, a wider variety of [NiFe] hydro-
genases have been studied. However, the PTPs for [NiFe] hydrogenases are
not clearly defined, with four proposed models under consideration.*”> 225227

In characterized [NiFe] hydrogenases, the directionality of proton move-
ment is governed by the reorganization of the H-bond network around the Ni-
Fe cofactor, C546p.mr, E34pmr, and a water molecule (numbering based on
catalytic Group la D. vulgaris miyazaki). The cysteine ligand (C546p,mr) of
Ni is recognized as the primary site for proton uptake following H, bond cleav-
age. For most proposed models, protons are believed to transit to an adjacent,
highly conserved glutamate (E34p.wr)®, as supported by impaired function in
site-directed mutagenesis variants. This glutamate is also conserved in sensory
Group 2b enzyme from R. eutropha / C. necator.**® While this points to a
possible shared PTP across [NiFe] hydrogenase phylogenetic groups, the
pathway involving E34p,umr as a proton relay to C546p,mr 1S contentious.

Alternative models propose roles for other amino acids, such as an arginine
(R355psm-1, equivalent to R479p,mr). Variations of this arginine altered the
ligand binding environment at the Ni-Fe cofactor, destabilized a hydride-
bound state, and resulted in a tautomeric equilibrium between the hydride-
bound and singly protonated NiFe cofactor states.”?’

As there is currently no definitive consensus on a single PTP, the question
remains as to whether the route of proton transfer is universal across [NiFe]
hydrogenase groups.
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Evolution’s rationale for modulating enzyme reactivity

The (non-)conservation of certain enzymatic principles by evolution can be
linked to multiple factors such as functional diversification or optimization'®*
185 environmental adaptation for microbial survival'®, or random genetic var-
iability'®’. Differences in substrate transport systems across [FeFe] hydrogen-
ase groups can be rationalized by the prioritization of enzyme functions be-
yond their primary roles as H, activators.

Catalytic enzymes are likely engineered to maximize catalytic rates, aided
by faster substrate transport. Conversely, sensory enzymes could have evolved
to prioritize precise environmental sensing, often at the expense of substrate
transport speed and, subsequently, catalytic rates. An unresolved aspect, how-
ever, is the divergent PTP between Group D TamHydS and its close relative,
Group C TmHydS, both considered “sensory” groups. Sequence analysis in-
dicates the coexistence of these sensory groups in roughly 25% of analyzed
organisms, including 7. mathranii."®> These enzymes might detect varying H,
concentrations or elicit distinct cellular responses, conferring advantage in
fluctuating conditions that require metabolic adaptation. The presence of mul-
tiple isozymes within certain organisms, either from Group C or D, supports
the idea that a range of sensory [FeFe] hydrogenases enhances adaptability.

Conversely, evolution preserves certain principles of enzyme catalysis that
underpin fundamental function or stability. The intrinsic reactivity of the
shared H-cluster likely enables analogous or even identical catalytic cycles
across [FeFe] hydrogenase groups. This allows the different enzymes to em-
ploy the same cofactor for the essential task of H, activation, yet adapt to var-
ious physiological contexts by modulating the H-cluster's distinct states.

The exact reasons behind evolution’s (non-)conservation of certain princi-
ples over others can be complex and context-specific. Initial insights from
these studies suggest that the success of microorganisms expressing [FeFe]
hydrogenases can be associated with a seemingly dual strategy: varying outer
coordination spheres (e.g., PTPs) while upholding the integrity of the H-clus-
ter. These microorganisms adeptly balance adaptive flexibility and conserva-
tion of fundamental function amidst evolutionary pressures.
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Conclusion and outlook

This study provides insights on the relationship between substrate (proton)
transfer pathway and catalysis in Group D [FeFe] hydrogenase, highlighting
the significant influence of the second and outer coordination spheres in con-
trolling overall enzyme performance.

A putative PTP within atypical Group D is proposed—the first alternative
from the previously established PTP observed in prototypical Group A en-
zymes. (Non-)conservative variations to the proposed proton relay sites clos-
est to the ADT-amine, targeting E252 and E289, significantly reduced cata-
lytic rates, strongly suggesting that they are involved in substrate transfer. All
variants shifted the apparent catalytic bias towards proton reduction. The more
proximal E252 variants could have direct effects, while the more distal E289
variants, situated outside the immediate vicinity of the H-cluster, may employ
a “remote control” mechanism to influence apparent bias shifts.

Spectroscopy studies revealed that all variants stabilized previously un-
characterized H-cluster states, at least one of which represents a possible in-
termediate with catalytic relevance. This demonstrates the tight coupling be-
tween structural perturbations in the proposed PTP and geometric/electronic
changes within the H-cluster, indicating that the impact of the variations on
structure and catalysis is not isolated.

The uniqueness of the proposed PTP for Group D enzymes suggests an
evolutionary strategy for fine-tuning enzyme function, where each phyloge-
netic group evolves distinct PTPs. These insights not only deepen our under-
standing of hydrogenase biochemistry and evolution, but also offer principles
for the design of bio-mimics. By revealing key structural and electronic pre-
requisites for optimizing catalytic rate and bias, these findings can guide the
development of bio-mimics that effectively couple proton-transfer and redox
chemistry.

Future studies are needed to examine the roles of additional amino acids
(8249 and D265), clarify local structural and electronic changes, and insights
from high-resolution structural analyses. Broadening the comparative anal-
yses to include a wider range of groups could help determine whether PTP
conservation or diversity dictates enzymatic function. Such efforts may help
in overcoming current limitations in bio-mimetic design and in advancing our
understanding of proton transfer in biological systems.
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Chapter 5, Paper III: Optimization of a
[FeFe] Hydrogenase through rational design

This chapter presents a rational enzyme engineering strategy aimed at enhanc-
ing the catalytic performance of slow-acting Group D TamHydS, by leverag-
ing the design principles of fast-acting Group A Cpl. It outlines the biochem-
ical, electrochemical, and spectroscopic investigations of gain-of-function
variants that mimic the active site pocket and proton transfer pathway of
Group A enzymes. The discussion will cover proposed key determinants of
catalytic performance from both a catalytic rate and inhibitor tolerance stand-
point. The chapter culminates by underscoring the implications of these in-
sights for the design of bio-inspired catalysts that incorporate second and outer
coordination spheres.

Introduction

While Chapter 4 hinted at the role of substrate transfer in the unique attributes
of Group D representative TamHydS, this chapter further examines the hy-
pothesis that the divergence between Group A and D enzymes largely stems
not just from variations in outer coordination sphere (substrate transport path-
way) but also in the second coordination sphere (active site environment).
For Group A enzymes (e.g., CrHydAl and Cpl), second coordination
sphere methionine residues M497¢,1 and M353¢,; are proposed to be crucial
for modulating the reactivity and regulating the H, affinity of the H-cluster.”
% In TamHydS, these residues are replaced by leucine (L291 7umuyas) and serine
(S191 zamnyas), respectively (Fig. 5.1). Moreover, a key relay point for the pro-
ton transfer pathway in Group A%, C299¢,, is substituted by alanine in Tam-
HydS (A137 zummyas). This alteration is noteworthy, as the corresponding cys-
teine-to-alanine variants in Group A enzymes (C169Acuyaai'™ 2,
C299Acp184, and C298ACa]—[ydA]89) exhibit a drastic reduction in H, turnover,
highlighting the cysteine’s crucial role in catalysis.*! As outlined in Chapter
4, all residues central to proton transfer in Group A® ® ™ are replaced in
TamHydS, with the exception of a glutamate (E122 rumtyas, E282¢,1) (Fig. 4.2).
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Figure 5.1 (A) Atoms are color-coded: C: grey, O: red, N: blue, Fe: orange, S: yellow.
Group A’s proton transfer pathway is proposed to include C299, E279, S319, E282,
and R286. Sulfur-rich residues C299, M353, and M497 interact with the H-cluster
through H-bonding and other electrostatic interactions. The Feqis indicated with an
asterisk (*), while the ADT ligand is highlighted in blue text. (B) The corresponding
residues in Group D TamHydS (C: green). Four variants were investigated: “active
site” (AS) with substitutions A137C, L291M, and S191M (orange labels); “proton-
transfer pathway” (PTP) with substitutions A137C, F119E, L157S, and K126R (dark
cyan labels); “combination” of AS and PTP variations (CM); and a sole-variant
A137C. The E1227mnyas Was not altered as the analogous glutamate is conserved in
Cpl (E282¢p).

This study aims to discern the impact of the active site environment and sub-
strate transport pathway on H-cluster reactivity, both separately and collec-
tively. While previous studies have provided insights through loss-of-function
approaches, this study originally tackles the challenge through gain-of-func-
tion strategies. By borrowing from the design principles of the more catalyti-
cally active Group A hydrogenases and implementing them into the less active
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Group D TamHydS, a potential enhancement in the latter’s catalytic perfor-
mance is hypothesized.

To test this hypothesis, three TamHydS variants were isolated, each con-
structed to mimic the expected central features of Group A hydrogenases, spe-
cifically pertaining to the active site (AS) or proton transfer pathway (PTP),
as well as a combination of both (CM = AS + PTP) (Fig. 5.1). A fourth vari-
ant, A137C (equivalent to C299¢,), was characterized as a reference, featur-
ing a common mutation among all three aforesaid variants.

This chapter summarizes the examination of these engineered variants
through spectroscopic, biochemical, and electrochemical studies, discerning
factors from the second and outer coordination spheres that impact reaction
rates, efficiency, and tolerance towards gaseous inhibitors (i.e., O, and CO).

The A137C, AS, PTP, and CM variants were generated based on a struc-
tural and genetic sequence comparison between 7amHydS and Cpl (Fig.
5.1).%! The AS triple variant introduces two methionine residues (S191M and
L291M) along with the proton relay cysteine (A137C). The PTP quadruple
variant combines the A137C with three additional changes: F119E, K126R,
and L157S, to mimic Group A’s proton transfer pathway. The CM sextuple
variant encompasses all aforementioned mutations.
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Variant effects on activity rates, bias, and O»-tolerance
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Figure 5.2 Catalytic properties (A) Comparison of the H, oxidation and evolution
specific activities at pH 6.8 using methyl viologen (MV: 10 mM MV + 100 mM so-
dium dithionite, dark cyan), benzyl viologen (BV: 1 mM, grey bars), and methylene
blue (MB: 30 uM, magenta bars). H, oxidation was measured in colorimetric assays
at 25°C and H; evolution by gas chromatography at 28°C. Specific activity (U/mg) is
one unit (U) of activity that catalyses 1 umol of H, oxidized or evolved per min per
mg of enzyme. One-way ANOVA (Tukey’s Honestly Significant Difference Test)
results are indicated above the bars: significantly different at the p = 0.05 level (*) and
not significantly different (ns) based on mean exam scores between WT and variants.
Data are presented as a mean of 2 biological replicates, each with 2-3 technical repli-
cates with error bars showing standard error of the mean (SEM). Not detected — H»
evolution rate in AS. Not determined — H, oxidation of A137C using MB. (B) CV
traces (first scan) observed for WT (dark grey), AS (orange), PTP (dark cyan), and
CM (magenta) subtracted with the blank electrode (no immobilized enzyme). Inset:
Zoom in near the thermodynamic potential, emphasizing the apparent oxidative inac-
tivation of PTP and CM at higher applied potentials. Conditions: pH 6.0, 40°C, 1 atm
H,, scan rate 2 mV/s, electrode rotation 3,000 rpm, following immobilization of the
enzyme on a PGE electrode; all potentials given in V vs. SHE. (C) Chronoamperom-
etry measurements of WT (dark grey), CM (magenta), and PTP (dark cyan) immo-
bilized in deaerated PGE working electrodes recorded at — 100 mV vs SHE, pH 6.0,

108



40°C, 1 atm H», and rotation = 3 krpm. Sustained electrolysis at —100 mV vs SHE
caused a slow but distinct decrease in oxidative current on a minute time-scale for
both the CM and PTP variants, further confirming their oxidative inactivation at high
potentials. (D) Direct electron transfer (DET) vs mediated electron transfer (MET)
CV traces of PGE-immobilized TamHydS WT under 1 atm of Ar, at pH 6.8, 40°C,
scan rate 20 mV/s. The magenta line corresponds to the CV without MV, and reflects
proton reduction currents by DET from the electrode to the enzyme. The dark magenta
line corresponds to MET CVs with 560 uM MV.?! The grey line represents the CV
after denaturation of the immobilized enzyme for 30 minutes at 90°C and buffer ex-
change (“Blank™). This Blank aligns closely with the CV of the bare electrode prior
to enzyme immobilization, indicating minimal interference from the denaturation and
buffer exchange processes on the electrochemical behavior of the electrode surface
(data not shown). The orange line corresponds to the CV of denatured enzyme with
the addition of 560 uM MV. The dark cyan line corresponds to the difference between
the dark magenta (MET) and magenta (only MV) lines. Two independent enzyme
films were tested, with approximately 10% error for current values between films and
are therefore, considered reproducible. The right panel zooms in near the region of the
thermodynamic potential.

The following discussion summarizes how the variants altered the catalytic
properties of the WT (Fig. 5.2A-C), emphasizing key modifications in activ-
ity rates, bias, and tolerance towards O». PFE and in vitro assay methodologies
are described in Chapter 2.

CM improved H: evolution rates and O-tolerance: CM exhibited a
170-fold increase in H, evolution activity (36.2 + 1.8 U/mg) compared to WT.
This contrasts with the similar proton reduction currents observed in PFE for
CM and WT, likely due to distinct differences in reactivity between the im-
mobilized and solubilized enzyme. Additionally, electron transfer (ET) limi-
tations, evidenced by the increase in current with driving force, could also
contribute to this observation.

It is also important to acknowledge that the observed direct electron trans-
fer (DET) currents may not accurately reflect the intrinsic enzyme activities.
As presented in Fig. 5.2D, the use of the redox mediator methyl viologen
MV, E” = —449 mV vs SHE at pH 7.0'*") in mediated electron transfer
(MET) experiments resulted in higher current magnitudes compared to DET.
This suggests that slow ET rates likely influence the measured currents. There-
fore, a direct comparison of absolute current magnitudes between WT and
variants may not be the best approach to assess catalytic changes. Instead, fo-
cusing on the shape and relative currents of the CV responses when comparing
variants to WT can provide more informative insights.

The CV traces confirm that CM functions as a bidirectional, irreversible
catalyst similar to WT. Although CM seems to exhibit a slight increase in the
onset potential compared to WT, it is apparent that CM still preserve a signif-
icant potential window around the thermodynamic potential of the 2H"/H»
couple, devoid of substantial currents. This irreversible behaviour starkly
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contrasts with Group A [FeFe] hydrogenases, which, with few exceptions, op-
erate with negligible overpotential in both directions (N = 0 mV).”" %

A closer examination of the currents at high driving force (n = 200 mV)
reveals that CM increased the apparent catalytic bias towards proton reduc-
tion, with currents relative to H, oxidation increasing up to threefold versus
WT. This bias towards proton reduction is partially due to the oxidative inhi-
bition of CM at high potentials (Fig. 5.2B-C). Unlike WT, CM showed minor
current decrease despite a driving force increase, noticeable from approxi-
mately E > —120 mV vs SHE. This is supported by solution assays where the
specific H, oxidation activities of CM (1.67 = 0.03 U/mg) were comparable
to WT (1.95 £ 0.27 U/mg) with BV as the electron acceptor, while its activity
using MB (2.88 + 0.89 U/mg) was notably lower than WT (22.1 £+ 0.8 U/mg).

Finally, CM exhibited enhanced O,-tolerance compared to WT (Fig. 5.3),
as evidenced by a threefold increase in half-life (ti»=2.45 £ 0.07 min) during
air exposure and higher residual proton reduction currents after O, injection
as measured in PFE.

PTP retained H; evolution rates but improved O;-tolerance: Similar to
CM, PTP is also a bidirectional, irreversible catalyst with an increased bias
towards proton reduction partially due to the oxidative inhibition at high po-
tentials, as also corroborated by solution assays comparing BV and MB. Alt-
hough PTP showed no significant difference in H, evolution activity (0.60 +
0.01 U/mg) compared to WT (0.25 £ 0.03 U/mg), the variant displayed higher
O»-tolerance, with a half-life of 1.45 + 0.20 min during air exposure (Fig. 5.3).

AS and A137C impaired overall catalytic performance: Both the AS
and A137C variants exhibited significantly reduced catalytic activity. AS was
essentially inactive in both H» evolution and oxidation assays, consistent with
the negligible currents observed in PFE. A137C retained minimal H, evolu-
tion and limited H» oxidation activities (10% and 25% residual activities, re-
spectively), indicating that as an individual variant, it does not entirely nullify
catalytic activity, contrasting with the “catalytically dead” AS that incorpo-
rates additional methionine residues. Due to the severely diminished catalytic
activities of these variants, their O,-tolerance was not probed in detail.
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Figure 5.3 Probing O:-tolerance (A) Stability towards air monitored via H, oxida-
tion assays. Diluted aliquots of enzyme (50 puL, 2 uM) were incubated under air (20%
0,) for 0.5—10 min, sans any reductant in the buffer. After air treatment, the samples
were flushed with Ar and returned to the glovebox. The relative specific activities of
WT (grey), PTP (dark cyan), and CM (magenta) were measured following incubation
under air. O,-induced irreversible enzyme inactivation followed apparent first-order
kinetics, with the half-life values (ti») extracted from the single exponential decay
curves (solid lines). Data are presented as a mean of 2-3 technical replicates, with
error bars showing SEM. (B) Chronoamperometry measurements of WT (dark cyan)
and CM (magenta), recorded at -600 mV vs SHE, pH 6.0, 40°C, and rotation = 3,000
rpm. Arrows indicate the moments when the potentiostat was turned off, followed by
the injection of 0.67% O, (24 uM) into the mixture with Ar temporarily turned off;
when Ar was restarted after 1 minute of equilibration with the added O»; and when
the potentiostat was turned on. Comparing the proton reduction currents before the
potentiostat was turned off and after the potentiostat was turned on, a distinct decrease
in current was observed for both WT and CM, but the effect is lower in CM. WT
maintained 66 + 5% residual activity, whereas CM preserved higher residual activity
at 85 + 3%. The reported percentage errors reflect the standard deviation across at
least two independent films, each with a minimum of three technical replicates.
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Retained spectroscopic attributes in variants
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Figure 5.4 Spectroscopic characterization (A) Reconstituted apo WT’! and variants
highlighting the two contributing components typical for [4Fe—4S]* clusters. Lighter
colors depict as-isolated samples while darker colors depict the corresponding sodium
dithionite (NaDT) reduced samples. The weak signal marked with * appearing at g =
2.02 is attributed to a trace amount of [3Fe—4S]". Settings for WT: T=17 K; modula-
tion frequency=100 kHz; amplitude=15 G; microwave frequency=9.4 GHz; power=8
mW. Settings for the variants: T=10 K; modulation frequency=100 kHz; ampli-
tude=15 G; microwave frequency=9.4 GHz; power=80 uW. (B) Hs-reduced %olo
WT7! and variants resulting in the formation of State 2 (pseudo-axial signal) with
parallel accumulation of reduced [4Fe—4S]" (rhombic signal). Settings: T=10 K; Mod-
ulation frequency=100 kHz; amplitude=10 G; Microwave frequency=9.4 GHz;
power=80 uW. The dagger (7) in CM (magenta) indicates small contributions from a
mixture of Hox-R1 and Hex-R2. The asterisks (*) in AS (orange) corresponds to the
trace signal from the "wide" rhombic component of [4Fe-4S]" as seen in (A) which is
presumed to arise from a population of apo AS. This assignment is based on our pre-
vious data from ref.”! (C) The experimental spectrum of CM (light magenta) as seen
in (B) overlaid with its simulated spectra (dark magenta). The three individual com-
ponents contributing to the overall simulated spectrum are shown for State 2 (ma-
genta), “narrow” component of the [4Fe—4S]" (dark grey), and minor contributions
from a mixture of Hox-R1 and Hox-R2 that was treated as a single component (light
grey). (D-F) EPR spectra of as-isolated (black) and CO-flushed (light cyan) kolo AS,
PTP, and CM. Settings: T=21 K; modulation frequency=100 kHz; amplitude=10 G;
microwave frequency=9.4 GHz; power=16 uW; except CO-flushed PTP, which was
recorded at 253 pW. Simulations are provided for the as-isolated spectra (grey), Hox
(dark and light magenta), and Hox-CO (dark cyan spectra). The Hox-CO simulations
were based on the light cyan spectra except PTP for which the Ho-CO simulation
was derived from the spectrum of CO-flushed PTP recorded at 64 uW. (G-J) FTIR
spectra of AS (G), A137C (H), and PTP (I), CM (J). Spectra in panels G, H, and J
were calculated by subtraction of absorbance spectra at different time points from
H,/N, (magenta/black) and CO/N; (dark cyan/black) titrations. The H-cluster states
observed under N> (black labels, Hox), H2 (magenta labels, Hreq), and CO (dark cyan
labels, Hox-CO) are annotated, except for PTP, showing State 1 (dark cyan) and State
2 (magenta). Panel H shows the as-isolated spectrum of A137C with black labels for
Hox; dark magenta labels for Hyeq; and magenta labels for State 2. In the oxidized form,
WT and CM adopt a mixture of Hox and HoxH, with a low-frequency band at 1760
cm’! assigned to an unknown H-cluster state.

This section demonstrates that despite exhibiting altered catalytic features, the
variants retained most of the spectroscopic characteristics of WT, suggesting
that the variations do not significantly disrupt the fundamental structure and
assembly of its metalloclusters.

Unaltered F-cluster assembly: After purification to yield the respective
apo variants, no alterations in the F-cluster binding domains were observed.
All variants and WT shared a consistent final Fe:protein ratio of 15.9 = 0.2
after semi-enzymatic reconstitution, in agreement with the expected four F-
clusters. UV/Vis and EPR spectroscopy further confirmed the proper for-
mation of the expected [4Fe-4S] clusters (Fig. 5.4A). Two out of [4Fe-4S]
clusters are amenable to sodium dithionite (NaDT) reduction, displaying two
rhombic signals with g-values for the wide (gi123 = 2.08, 1.94, 1.85) and for
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the narrow (g123 = 2.06, 1.94, 1.89) components of the [4Fe-4S]" clusters.
These results reflect the [4Fe-4S]" fingerprint signatures of WT, indicating
that the variants are expected to retain electron transfer mechanisms via these
relays. The highly similar guverage and anisotropy fOr the narrow [4Fe-4S]" com-
ponent between WT and CM (1.959 +0.004 and 0.170, respectively) suggests
that the electron-transfer relays remain unaltered (Fig. 5.4B-C).

Uncompromised H-cluster assembly: A consistent Fe:protein ratio of ap-
proximately 17.9 + 0.4 was established across [2Fe]*""-activated #olo WT
and variants, indicative of successful artificial maturation.”' The data also
demonstrates the robust nature of the H-cluster assembly, accommodating the
incorporation of [2Fe]*PT even with extensive substitutions within the protein
scaffold.

Preservation of Hox, Hrea, Hox-CO, and State 2 fingerprint signals: EPR
and FTIR spectroscopy corroborate the proper formation of the H-cluster
across all examined holo variants (Fig. 5.4D-J). Freshly activated “as-iso-
lated” variants exhibit typical rhombic Hox signals, with CM and PTP variants
also showing an axial signal arising from Hox-CO. Albeit undetectable in the
as-isolated sample, the Hox-CO signal in AS was more discernible following
CO-flushing. Overall, the observed g-values exhibit a high degree of similar-
ity and reside within the g~2 region, as determined through spectral simula-
tions. This aligns with prior studies on WT, wherein the g-values invariably
exceed those reported for prototypical [FeFe] hydrogenases (Tab. 4.1). More-
over, the FTIR signatures of Hox, Hred, and Hox-CO have been confirmed in AS
and CM, differing marginally from WT, thereby reinforcing the EPR data.
Analysis of Hy-reduced spectra (Fig. 5.4B-C) revealed that the variants also
formed State 2. Similar to the Hox signals, a comparison of the simulated spec-
tra of Hy-reduced CM and WT revealed a high degree of similarity in the
State 2 signals, indicating only minor perturbations in its electronic structure
(Fig. 5.4C). The highly similar ayerage and Ganisotropy for State 2 (2.031 + 0.001
and 0.025 £ 0.006, respectively) suggests minor changes in the g-tensor rhom-
bicity of the H-cluster, indicating minimal shifts in its electronic structure.
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Spectroscopic deviations and potential implications for
catalysis

While the variants retain the majority of the WT’s spectroscopic features,
some notable deviations offer insights into their altered catalytic properties
related to catalytic H, turnover:

Single set of H, signal in inactive AS: Contrary to the two distinct rhom-
bic Hox signals discerned for WT, CM, and PTP, variant AS produced a sin-
gular rhombic Hox signal in its as-isolated spectrum (Fig. 5.4D). This suggests
that AS might lock the Hoy state into a single conformation. The presence of
two Hox conformations in the active variants could be functionally significant,
potentially representing two catalytically relevant conformations. By restrict-
ing the Hox state to a single conformation, AS might hinder efficient progres-
sion through the catalytic cycle, explaining its diminished activity. Further in-
vestigation using techniques capable of probing protein dynamics in solution
would be necessary to resolve this ambiguity.

Additionally, the introduced mutations in AS could disrupt the native pro-
ton transfer pathway, potentially contributing to its reduced activity. This as-
pect will be explored more in the subsequent section.

Dominance of State 1 and State 2 in active PTP: The FTIR spectrum of
“as-isolated” PTP, showed a minor fraction of the H-cluster residing in the
Hox and Hieq states, and instead is predominantly characterized by a signature
strikingly similar to State 1 (Fig. 5.4I). The respective “as-isolated” EPR
spectrum exhibits distinct Hox and Hox-CO signatures. This discrepancy could
be attributed to a rapid loss of the more oxidized states upon the exposure to
the H,-rich atmosphere encasing the FTIR instrument, or the inherent differ-
ences between the spectroscopic techniques. For instance, State 1 and Hieq
evade detection by EPR due to their silent nature (S = 0). FTIR may fail to
detect certain low-concentration species, while EPR can provide complemen-
tary information and potentially identify these species due to its sensitivity to
electronic structures and paramagnetic centers. Conversion of State 1 to State
2 with H, was also observed (see Fig. 3 of Paper III). PTP remaining cata-
lytically active supports the catalytic relevance of State 2 proposed in Chap-
ter 4, Paper II.
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Proposed determinants of catalytic performance
improvement

Catalytic activity rates
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Figure 5.5 Proposed effect of single-point variant, A137C, in isolation and combined
with other variations. (A) Homology model of 7amHydS highlighting residues L291
and A137 (green sticks), targeted for variation, and the proposed native proton relay
residue of TamHydS E252 (green stick), which is located =3.4 A from the ADT-amine
(green dashed lines).'?* The H-cluster ([2Fe]y subsite is only shown for clarity) is
depicted as a wire with C: green, O: red, N: blue, S: yellow, and Fe: orange. (B) The
crystal structure of Cpl (PDB ID: 4XDC?%) serves as the reference model, where var-
iant A137C (pink stick) corresponds to C299¢,1. The proposed modified positions of
the H-cluster in each variant A137C (B), AS (C), PTP (D), and CM (E) are depicted
as a wire with C: pink, O: red, N: blue, S: yellow, and Fe: orange. Refer to the accom-
panying text for further details.

Neither optimizing the active site environment (AS) nor the proton transfer
pathway (PTP) in isolation leads to significant improvement in overall cata-
lytic performance. It is the combination of alterations to these two structural
features that produces a synergistic effect, markedly enhancing H» evolution
activity rates in CM, without negatively impacting inhibitor stability.

This study initially hypothesized that emulating the sulfur-rich conditions
of the faster-acting prototypical [FeFe] hydrogenases could improve the cata-
lytic efficiency of TamHydS WT. However, as evidenced by AS, modifying
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the active site alone does not suffice to augment catalysis in WT. This finding
aligns with other recent studies, such as the observed ineffectiveness of active
site pocket modifications in the slow-acting Group C enzyme 7mHydS in im-
proving catalytic rates.”** The absence of an electrochemical current in CV
and undetectable solution activity substantiate the AS variant's loss of func-
tion. Yet, spectroscopic analysis via EPR and FTIR shows that H-cluster re-
activity concerning H» activation remains. The steric displacements and mod-
ifications in electrostatic interactions by the introduced variations in AS are
likely disrupting the native proton transfer pathway of TamHydS, severing the
H-cluster's contact with the bulk solution.

The characterization of the single-point variant, A137C, offers insights into
how the triple variant AS completely abolished catalytic activity. The alanine
at the A137 rumnyas site corresponds to Group A C299¢,1 (C169¢yaa1, C298ce-
Hyda1), Which is known to be essential for effectively coupling the H-cluster to
the long-range proton-transfer network, and likely fine-tunes the spatial posi-
tioning of the amine bridgehead of the ADT through H-bonding.”*

Exploring the potential role of the A137C involves considering two distinct
scenarios, as illustrated in Fig. 5.5. The first scenario examines the independ-
ent influence of A137C, drawing parallels to its cysteine counterpart in Group
A enzymes. The second scenario delves into the potential synergistic effects
arising from the interaction between A137C and the other variations.

A137C only (Fig. 5.5B): As a lone variant, A137C potentially interacts
with the amine through electrostatic interactions such as H-bonding (3.5 A).”>
291 This standalone interaction may elongate the distance between the amine
and the proposed native proton transfer pathway of TamHydS (E2527m-
nyas)'>*, but not enough to completely sever the connection, and abolish cata-
lytic activity.

A137C in AS (Fig. 5.5C): In the triple variant AS, A137C is combined
with L291M (and S191M, not shown). The L291M can allow the ADT-amine
to optimize its position relative to Feq and the cysteine introduced in A137C
via H-bonding (3.6-3.7 A) and increase flexibility of the active site environ-
ment due to decrease of steric hindrance.”” ?°! However, the combined inter-
action of L291M and A137C on ADT-amine is proposed to be detrimental, as
seen in the abolished catalytic activity in AS, likely due to the complete dis-
connection of the ADT-amine from 7amHydS’ native proton transfer path-
way. The impact of S191M is unknown, warranting further investigation.

A137C in PTP (Fig. 5.5D): In the quadruple variant PTP, A137C is com-
bined with other residues, diverting A137C away from the amine bridgehead.
This shift, potentially due to indirect or direct electrostatic interactions with
the other PTP residues or water molecule(s), reduces the interaction of A137C
with the ADT-amine. This allows continuous operation of the native proton
transfer pathway via E2527,m1yas, and thus, preservation of the catalytic activ-
ity of WT. However, we speculate that the H-cluster does not benefit from the
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engineered proton trajectory of the PTP as long as the active-site methionines
interacting with the H-cluster are absent.

A137C in CM (Fig. 5.5E): In the sextuple variant CM, reintroducing the
methionines (L291M and S191M) enables A137C to reconnect with the amine
bridgehead, and now also connecting the ADT amine to the improved proton
trajectory that likely speeds up proton transfer, compared to the slower native
proton transfer pathway of WT, where E25274,my4s is connected to the amine
bridgehead.
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Tolerance towards gaseous inhibitors
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Figure 5.6 Probing inhibitor tolerance by spectroscopy (A) The prolonged O,-tol-
erance in CM compared to WT and CrHydAl is reproduced by in situ ATR FTIR
spectroscopy followed the decay of the Hieq state over time. The presence of 1% H; in
the gas phase stabilizes Hreq and prolongs the deactivation of TamHydS, most clearly
observed with CM. (B) In the presence of 99% CO and 1 % N, Hox-CO accumulates.
Formation of Hox-CO under CO was observed to be five-fold slower in CM than WT.
No He-CO formation was detected when 1% H, was present in the headspace. (C)
Reaction of CM (top) and WT (bottom) with 20% O,. The traces show the reaction
as a function of time and gas composition, starting with (7) 1% H» + 99% N, (ii) 1%
H, + 79% N» + 20% O, and (iii) 80% N, + 20% O,. Condition (7): H.s (magenta)
accumulates. Condition (if): At the expense of Hreq, WT accumulates Hair, indicating
a partially degraded H-cluster”!, while CM accumulates State 1. Condition (iii): CM
accumulates much less Hox, shows only minor protection against O, under H, and
forms State 1 (dark cyan). WT experiences lesser protection against O, under Ho,
shows only traces of Hox and forms significant amounts of H,;r (orange). (D) EPR
spectra of Ho-reduced CM (magenta) resulting in the formation of State 2 and reduced
[4Fe—4S]". After H,-flushing for an hour, CM was exposed to air for 5 minutes. The
air-exposed CM (dark cyan) displayed Hox, Hox-CO, and traces of State 2 related sig-
nals. These findings were consistent with FTIR traces, which pinpointed Hox as the
initial result of O,-induced oxidation. Settings: T=10 K; Modulation frequency=100
kHz; amplitude=10 G; Microwave frequency=9.4 GHz; power=80 uW.
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Biochemical assays and electrochemistry demonstrate improved O,-tolerance
in CM compared to WT, as evidenced by greater residual activities after ex-
posure to O, across various time points (Fig. 5.3). This enhancement is further
supported by spectroscopic data (Fig. 5.6) with FTIR monitoring H-cluster
states during O; exposure, and EPR spectroscopy confirming the formation of
fully assembled H-cluster states in CM after 5 minutes of exposure to O;.

This discussion delves into the primary hypotheses concerning the mecha-
nisms of O-tolerance in hydrogenases, focusing on the contribution of said
mechanisms to the enhanced O,-tolerance observed in CM.

Mechanism I, complete reduction of O, to H,O: This process, observed
in [NiFe] hydrogenases, reduces O, to benign H,O, bypassing the generation
of damaging reactive oxygen species (ROS).52*323* While the enhanced cat-
alytic activity rates observed in CM might hint at a capacity for rapid O, re-
duction, it is crucial to acknowledge that this observation alone does not con-
firm a causal relationship. O»-tolerance is more likely governed by other fac-
tors (as outlined further below).

Mechanism IL, restricting access to inhibitors: Another theory posits that
O,-tolerance is increased by physically impeding access to the active site via
proteinaceous structures acting as gas filters (Fig. 6.5).'%>%° The slower reac-
tion with CO observed for CM relative to WT could support this hypothesis
(Fig. 5.6B).

Mechanism III, external ligand binding: Data in this study suggests that
external ligand binding serves as a protective mechanism against O, stress.
Instances of such binding, like the hydroxide-inhibited states of [NiFe] hydro-
genase, have been reported (Fig. 6.4).*° Observations of CM (and PTP) re-
veal FTIR spectra similar to the thiol-inhibited state Hinaer' = ''* %2, forming
State 1 upon O, exposure (Fig. 5.6C and Fig. S22 of Paper III). Notably,
PTP demonstrated reversibility without significant loss of H-cluster cofactor
bands from State 2 to State 1 during O, exposure. This suggests that the H-
cluster in PTP retains a greater degree of structural integrity after O, exposure
compared to WT. The proposed bound aqua or hydroxide ligand at the Feq
could block O, binding and suppress outer sphere electron transfer, thus, pre-
venting irreversible H-cluster degradation. However, solution assays reveal a
faster loss of H, oxidation residual activity in PTP compared to CM. This
discrepancy might stem from differences in sample states between FTIR and
solution assays or variations in the kinetic rates of reactivation from the inhib-
ited state. It is hypothesized that PTP has a slower reactivation rate from State
1 to an active state compared to CM.

While these mechanisms have been observed in other hydrogenases, their rel-
ative contributions in the current work remain to be fully understood. Partic-
ularly the O,-protective role of State 1 as introduced in Chapter 4, Paper 11,
highlight the complexity of this process.
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A comprehensive understanding of the intermolecular forces and steric lim-
itations that facilitate protective conformations and ligand interactions re-
quires a broader approach. In-depth kinetic analyses can quantify the rates of
O, reduction, reactivation from inhibited states, and potential competition be-
tween these processes; molecular simulations can model O, diffusion path-
ways, assess conformational changes upon O binding, and identify potential
steric barriers; high-resolution structural studies can visualize ligand interac-
tions at the active site in the inhibited state and potentially capture transient
intermediates during O, exposure.

Deciphering the O»-tolerance mechanisms could pave the way for engi-
neering robust catalytic systems, particularly in environments where O, expo-
sure is inevitable.

Balancing rigidity and flexibility within the active site

Comparative sequence analysis of the "sensory" characterized representatives
from Group C and D [FeFe] hydrogenases and the catalytic Group A enzymes
indicates potential variations in the flexibility of their active site regions. This
offers insights into the evolutionary adaptations between enzymes with diver-
gent proposed physiological functions.

Putatively sensory Group D TamHydS has relatively less flexible active
site environment than catalytic Group A enzymes. Methionine at the
M497¢,1 site potentially serves a dual purpose: it mitigates movements be-
tween the H-cluster and the surrounding protein scaffold”, and enhances ac-
tive site flexibility. The methionine with its flexible Cmemy—S bond®’ is re-
placed with a relatively more rigid leucine in 7amHydS. The second methio-
nine at the M353 ¢, site can interact electrostatically with the bridging CO.
This methionine is replaced with a serine (S1917mnyas). Serine can form H-
bonds, but it is generally considered to have less conformational flexibility
than methionine. Prior studies on Group A have shown that replacing this me-
thionine to leucine led to reduced activities compared to wild-type enzymes,
though not as severely as variations in the two residues interacting with the
amine bridgehead (i.e., C299¢,1 and M497,1).”

Sensory Group C TmHydS also has relatively less flexible active site
environment than Group A enzymes. M497¢, is replaced with a serine
(S267 mmyas)™* (Fig. 3.4D) while M353¢, is replaced with a glycine
(G177 rmnyas). While a glycine residue could increase rigidity within the im-
mediate active site environment, it can permit greater overall protein flexibil-
ity.

The substitution of the methionine residues in Group A into relatively less
flexible residues in “sensory” group representatives, 7mHydS and 7amHydS,
prompts us to consider whether introducing rigidity in the active site
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environment translate to a more precise detection of environmental cues such
as pHa, thereby maintaining more reliable signaling transduction.

The two methionine residues show distinct conservation patterns across the
two groups. Substitutions for M353 ¢, are relatively more conserved, with gly-
cine predominantly found in Group C and threonine or serine in Group D (Fig.
5.7). This conservation in each group suggests a potentially significant func-
tional role for this position. In contrast, residues equivalent to M497, are less
conserved and generally feature less flexible, non-methionine residues (aspar-
agine, arginine, glutamine). The functional relevance of this position in these
groups remains unclear.

A

2a B Increasing degrees of rotational freedom
cpl MM
TmHydS G S =
m NH2 Leucine Methionine

Group A O \
Group C \J i \
Group D ; \

OH

Figure 5.7 (A) Comparative sequence analysis was performed on Cpl, TmHydS, and
TamHydS using a ClustalQ sequence alignment?® of sequences retrieved from Green-
ing et al. 2016."> The numbering on top is based on the Cpl sequence. Normalized
consensus sequence logos were generated for Groups A, C, and D using the Jalview
software with the Clustal X color scheme. (B) The degree of rotational freedom of
amino acid side chains is determined by the number and nature of their rotatable
bonds. Methionine, with its four-carbon, thioether-containing structure, exhibits the
greatest rotational freedom owing to its multiple rotatable single bonds. Leucine's
branched hydrocarbon side chain also allows for substantial rotation, although the
branching introduces some steric limitations compared to methionine. Asparagine's
side chain, with two rotatable bonds, experiences somewhat restricted rotation due to
the planar amide group. Threonine and serine each possess a single rotatable bond,
with serine's smaller side chain resulting in less overall rotational freedom compared
to threonine. In contrast, glycine's single hydrogen atom side chain lacks any rotatable
bonds (not shown), but the absence of a bulky side chain provides flexibility to the
protein backbone. It is important to note that this order reflects general trends, and the
actual flexibility of a bond in a protein can be influenced by the local environment,
including neighboring amino acids and intermolecular interactions.

The catalytic Group A enzymes might depend on an adaptable active site ca-

pable of efficiently accommodating substrates and expediting conformational
state transitions.”® These findings warrant a closer look into the methionine-
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rich active site environment, considering that methionine’s capacity to oscil-
late between different conformational states could modulate the enzyme's af-
finity for H, and its overall reactivity.

The proposed structural effects within the active site of [FeFe] hydrogen-
ases potentially reflect a subtle balance between structural rigidity and flexi-
bility, an evolutionary design that appears to be important for the function of
both sensory and catalytic [FeFe] hydrogenases.
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Conclusion and outlook

This study highlights the merit of integrating a broad range of phylogenetic
insights into the design of macromolecular catalysts and presents a compelling
case for further exploration of representatives from other groups beyond those
commonly studied.

The PTP quadruple variant increased O»-tolerance while retaining H, pro-
duction activities, and the CM sextuple variant exemplified concurrent im-
provement in both aspects. These enhancements were enabled by the strategic
incorporation of cross-group phylogenetic analysis to identify structural ele-
ments, such as the sulfur-rich active-site canopy and proton transfer pathway
of catalytically proficient Group A enzymes. While the underlying rationale
for this engineering approach suggested the potential for improved H, produc-
tion, the substantial gains in O-tolerance was surprising. This outcome high-
lights the potential of this approach for optimizing these enzymes for practical
applications, even if the magnitude of the improvement was unexpected.

The elucidation of key structural attributes reveals the potential for inde-
pendent modulation of activity rates, gas inhibitor resistance, and overpoten-
tial. Derived insights that can be used for bio-mimic design are as follows:

e An essential consideration for molecular mimics, especially when
immobilized in larger electrocatalytic structures, is a strategic
placement of the catalyst in relation to the proton delivery pathway.

e For faster turnover rates, the active site's structure might require
some degree of flexibility to enable rapid conformational changes
between catalytic states.

e To enhance resilience against O,, mimics can adapt a combination
of mechanisms such as reversible external ligand binding, employ-
ing gas tunnels to slow down inhibitors and speed up substrates, or
faster reduction of O, to benign H>O.

e The underlying cause of the persistent irreversibility observed in
TamHydS remains to be fully elucidated. Nevertheless, insights
can be derived from the direct and mediated ET studies: optimizing
the interaction between the electrode or electron donor and the cat-
alyst, as well as the selection of suitable redox mediators for effec-
tive electron shuttling, are critical considerations.
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Chapter 6, Paper IV: Extracting trace
atmospheric H; by a [NiFe] hydrogenase

This chapter outlines the structural properties that enable a [NiFe] hydrogen-
ase (“Huc”) to extract atmospheric levels of H,, and elucidate how this is re-
flected in the enzyme’s electrochemical and spectroscopic properties. The pri-
mary focus is on the electrochemical and spectroscopic analyses of the na-
tively purified enzyme, supplemented by insights from Cryo-EM structural
data, biochemical assays, and MD simulations. The chapter highlights the role
of the outer coordination sphere, which equips Hue to execute H» oxidation
under atmospheric O, levels, thereby, informing development of (a)biotic cat-
alysts that operate under ambient conditions.

Introduction

Before the “Great Oxidation Event,” (2.4-2.1 billion y. a.), Earth’s atmos-
phere was essentially devoid of the oxygen that is so essential to most life
today.” Instead, it was markedly more reducing, likely composed of gases
like nitrogen, carbon dioxide, water vapor, methane, ammonia, and carbon
monoxide. Although still escaping to space**’, H; is estimated to have been
several hundred times more abundant in the early atmosphere, likely fueling
the metabolism of primordial microbes. Despite its miniscule atmospheric
concentration today (0.00006%), H» remains to sustain a diverse array of mi-
croorganisms, maintaining the equilibrium of the biogeochemical H; cycle.

Contrary to earlier long-held beliefs that H, consumption was the exclusive
area of expertise for anaerobic life in O,-deprived habitats (hypoxic soil, deep-
sea hydrothermal vents, or hot spring sediments), recent findings have illumi-
nated the role of acrobic soil bacteria as the primary consumers of atmospheric
H,.?*! Surprisingly, these microbes are responsible for approximately 80% of
the annual H, uptake. This process is not only pivotal for atmospheric regula-
tion, but also enhances soil resilience, enriches biodiversity, and shapes eco-
systems—factors increasingly influential under the impact of climate change.
Even in the light-deprived soils of Antarctica, these resilient aerobic microbes
exhibit sufficient energy generation by scavenging H,.>*!

Aerobic respiration of H» is energetically favorable (H> + 2 O, = H0;
AH° = 276 kJ mol ™), and the reduction of various electron acceptors with
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H,-derived electrons is central to energy production and carbon fixation (Fig.
1.2B). This process is often facilitated by [NiFe] hydrogenases. Yet, these en-
zymes typically lack the capacity to oxidize atmospheric H, due to their low
affinity for the gas and their reversible or irreversible inhibition by O-.

Within this diverse enzyme family, certain [NiFe] hydrogenases stand out.
Several have adapted to efficiently oxidize atmospheric H, under air (20%
0,). Among them, the Group 2a Huc, from Mycobacterium smegmatis, has
gained notable attention. M. smegmatis, which utilizes Huc especially under
carbon starvation, displays an impressive capacity to selectively oxidize even
picomolar levels of H; in the presence of 0,.%4* %

Though whole-cell studies have confirmed Huc to function in H>-scant, O,-
abundant environments, this trait is not well understood. Moreover, the mech-
anisms by which Huc relay H>-derived electrons to the respiratory chain is
uncertain, although a quinone derivative is hypothesized to be the direct elec-
tron acceptor (Fig. 6.1).

This chapter will delve into the investigation of natively purified Hue, aim-
ing to clarify whether its high affinity for H is an inherent characteristic or a
result of its interaction with the respiratory electron transport chain.*** Tech-
niques such as biochemical analysis, electrochemistry, spectroscopy, mass
spectrometry, molecular dynamics simulations, and high-resolution cryogenic
electron microscopy (cryo-EM) were employed.
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Figure 6.1 A simplified schematic representation of the respiratory electron transfer
chain in Mycobacterium smegmatis. [NiFe] hydrogenase Group 2a Huc is represented
as magenta, catalysing H, oxidation and releasing protons and electrons. Electrons
derived from H, are used to reduce terminal electron acceptors (O2 and NOs~) while
the protons help drive ATP production through oxidative phosphorylation (OXP).
MQ(H>) — menaquinone; Cyt. ox. — cytochrome oxidase; Nit. red. — nitrate reductase;
ATP syn. — ATP synthase. Adapted figure with permission from ref.**?
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Structural properties of Huc
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Figure 6.2 Structure of purified Huc (A) A cartoon representation of the complete
Huc complex, reconstructed from the 1.52 A cryo-EM structure and the AlphaFold
model of the HucM C-terminal, which is fitted to the cryo-EM density map of the
stalk region (PDB ID: 7UUS). The complex is composed of the small subunit (HucS,
dark cyan), large subunit (HucL, magenta), and the HucM central stalk (orange). (B)
A magnified view of the [NiFe] active site cofactor, with Ni and Fe represented in
green and orange sticks, respectively. The coordinating cysteine sulfur atoms are in
yellow. Key amino acid residues (H69, E15, R443, and D508), conserved in [NiFe]
hydrogenases, are emphasized. The [3Fe-4S] clusters are shown as sticks with their
coordinating cysteine ligands. Distances (in A) between the [NiFe] cofactor, [3Fe-4S]
clusters, as well as the electron carrier menaquinone, are indicated in purple. Residues
capable of forming H-bonds with menaquinone are shown with distances in red
dashed lines. The close proximity of HucL D-His166 to the proximal and medial
[3Fe—4S] clusters, and the position of an unidentified ligand (denoted by a blue aster-
isk *) is also shown.
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The analysis of the 1.52 A Cryo-EM structure of Huc revealed a distinctive
quaternary structure reminiscent of a four-leaf clover (Fig. 6.2A). This com-
plex comprises an octameric assembly, with each 'leaf' formed by a pair of
HucS and HucL subunits. The integrity and spatial arrangement of the oligo-
mer are apparently maintained by four HucM subunits, which also mediate its
attachment to the membrane through a tube-like extension derived from their
C-terminal regions. This complex exhibits a considerable molecular mass of
833 kDa, structured around stalk with a peripheral membrane association.

Conserved secondary coordination sphere: Residues within the immedi-
ate environment of the NiFe active site cofactor of Huc (e.g., H69, E15, and
R443) are conserved among [NiFe] hydrogenases (Fig. 6.2B).

Non-conserved outer coordination sphere: Although the spatial config-
uration of the FeS clusters in the HucS,L, dimer allows electron transfer at
distances below 15 A, similar to other [NiFe] hydrogenases, a notable distinc-
tion within Huc is its exclusive coordination of three [3Fe-4S] clusters. This
diverges from the typical binding of at least one [4Fe-4S] clusters found in
other known Os-tolerant and O,-insensitive [NiFe] hydrogenases (Fig. 6.4).

Internal reduction of menaquinone. Density maps suggest menaquinone
(MQ) as the immediate electron acceptor near the distal [3Fe-4S], with its
head group stabilized via H-bonding by specific residues (K212 and Y301).
This was supported by biochemical assays and mass spectrometry. Enzyme
kinetics studies reveal a significantly higher maximum velocity with menadi-
one (MQ analogue) compared to NBT or benzyl viologen (BV) (Fig. 6.3A-
B). Mass spectrometry confirms the association of another MQ analogue, -
dihydromenaquinone-9, with purified Hue, implying a direct interaction be-
tween the enzyme and the electron acceptor. The entry and exit conduit for
MQ to the hydrophobic chamber is likely provided by the membrane-associ-
ated HucM stalk. This contrasts with Group 1 [NiFe] hydrogenases, where
small subunits act as ET relays without catalytic roles and need additional
subunits like cytochrome b for electron transfer from H, to the electron accep-
tor.

Unusual D-isomer His166: Unlike other [NiFe] hydrogenases that con-
serve an L-isomeric histidine with its imidazole head group interacting with
the proximal FeS cluster, Hue’s equivalent histidine (H166) deviates to a D-
isomeric configuration. This alteration allows H166 to interact with an uni-
dentified ligand near the medial cluster (marked blue * in Fig. 6.2B). The lig-
and indicates a non-water entity due to its apparent elongated density map.
However, the precise mechanism of how this isomeric shift can affect the re-
dox potential of the [3Fe—4S] clusters remains to be investigated.
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Catalytic properties of Huc
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Figure 6.3 Catalytic properties of purified Huc (A) Gas chromatography analysis
of vials containing purified Hue, E. coli Hyd1, or no enzyme, with 200 uM menadione
or nitro blue tetrazolium (NBT) as the electron acceptor. Hue—but not Hydl—can
oxidize H, below atmospheric levels (orange dashed line) to the limit of detection
(light grey dashed line). (B) Michaelis—Menten kinetic parameters of H, oxidation by
Huc in buffer with different electron acceptors. Without any alternative electron ac-
ceptor, O, stimulates H, oxidation by Hue, indicating the enzyme can transfer elec-
trons directly to O,. There was no significant difference in rate or affinity of H» oxi-
dation with varying O concentrations with menadione as electron acceptor (see also
Fig. 1C in Paper IV).">® V},,,, maximum velocity; K,,, Michaelis’ constant; k.., cata-
Iytic constant; kca/Km, specificity constant. (C) CV traces of immobilized Hue (ma-
genta), and [FeFe] hydrogenases CrHydA1 (dark grey) and TamHydS (dark cyan) pH
7.0, 20°C, 1 atm Hb», scan rate 10 mV/s, electrode rotation 3,000 rpm, following im-
mobilization of the enzyme on a PGE electrode; all potentials given in V vs. SHE. The
CV for the blank electrode (no immobilized enzyme) is in light grey. (D) Zoom in for
the Hue CVs, emphasizing the onset potential of Hue, denoted as Eonset, Which is de-
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termined from the average of four separate experiments, with two scans per film dis-
played (darker and lighter colors for the first and second films, respectively). Between
scans, a decrease in oxidative currents was observed, a trend also observed in chron-
oamperometry showing a gradual decrease of currents over time at 0 V (data not
shown) likely due to film loss. The overpotential of Huc, represented by 1, is esti-
mated in comparison to the thermodynamic potential of the 2H*/H; redox couple. The
figure also indicates the midpoint potentials of benzyl viologen (BV2*/BV'*) and
menaquinone (MQ /MQH,). Adapted with permission from Paper IV !5

Here are the key catalytic properties of Huc, as elucidated through biochemi-
cal assays and PFE experiments (Fig. 6.3):

Oxidation of (sub-)atmospheric levels of H,: Purified Huc exhibits the
capacity to oxidize H» present at concentrations ranging from 3 to 100 parts
per million (ppm) under air (Fig. 6.3A-B). Huc rapidly consumed H, at sub-
atmospheric concentrations to levels below the detection limit when employ-
ing either nitro blue tetrazolium (NBT) or menadione (MQ analogue) as elec-
tron acceptors. In contrast, the O,-tolerant Group 1d [NiFe] hydrogenase Hyd1
from E. coli displayed a slower rate and was unable to oxidize H, to concen-
trations below 4 ppm.

High catalytic efficiency largely due to high affinity for H,: With men-
adione as electron acceptor, Huc seemingly demonstrates high affinity for H,
(K= 129 nM) and functions even at low H, concentrations (threshold of >31
pM) as measured in the biochemical assays. While exhibiting a slow turnover
rate (ke =7.05s7"), the enzyme achieves a near “kinetic perfection” (10%-
10° M 's™") with a specificity constant (kca/Km) of 5.4 x 10’ M™'s™!. This in-
dicates that Huc functions with high catalytic efficiency at extremely low H»
concentrations, compensating for its slower reaction rate.

Kinetic stability in the presence of Q: The ability of Huc to oxidize H»
at low concentrations in ambient air indicates high tolerance to O, inhibition,
as confirmed by amperometric measurements showing no significant differ-
ences in the H, oxidation rate or affinity even up to 100% O, saturation (see
Fig. 1C in Paper IV).'>

Highest overpotential recorded for a hydrogenase: To probe the poten-
tial dependence of Huc activity, Huc was immobilized on a PGE-electrode
and the currents were measured using CV (Fig. 6.3C-D). The CV traces con-
firmed that Huc can only oxidize H, since there was no significant current
attributable to proton reduction. Moreover, overpotential approximately 270
mV, relative to the thermodynamic potential of the 2H'/H, redox couple
(Eg 1,1+ JHy = —410 mV vs SHE) at the given experimental conditions (pH 7.0,
20°C, 1 atm H;). Notably, this exceeds the overpotentials recorded for other
known [NiFe] hydrogenases, including O»-tolerant Hyd1 and the membrane
bound hydrogenase (MBH) from R. eutropha / C. necator*®, as well as the
irreversible [FeFe] hydrogenase TamHydS (Fig. 6.3C).
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Onset potential rationalizes high selectivity for MQ: The CV traces
demonstrates Hue’s significant overpotential requirement. The onset potential
of Huc (E,ser = —140 mV vs SHE) is more negative than the potential re-
quired for MQ reduction (E ,?,,'Q /mon, = —70 mV vs SHE), rationalizing Huc’s
activity with the MQ analogue in the biochemical assays and its inactivity with
benzyl viologen (BV), with a more negative or lower reduction potential

(Eg;,z+/BV‘+ =-370 mV vs SHE) (Fig. 6.3D). Although NBT can act as elec-
tron acceptor given the similar midpoint potential with MQ (E 1(\),;3T2+ INBT =

—80 mV vs SHE), Huc showed a significantly higher Vmax with the MQ ana-
logue, in line with MQ’s role as the direct physiological electron acceptor and
the primary respiratory quinone in mycobacteria.**® Structural data (Fig. 6.2B)
further support this preference, revealing that the MQ head group is stabilized
through H-bonding with specific residues. Moreover, MQ's long hydrophobic
side chain facilitates its embedding within the membrane. These structural
features likely contribute to the observed preference for MQ over other elec-
tron acceptors.

Onset potential likely tuned to oxidize (sub-)atmospheric levels of H,:
Given the estimated higher end of atmospheric pH, (= 3.9x107'* M)**! and the
lowest detectable H, threshold of Hue (3.0x107'" M), the potentials for H,
conversion under these conditions (Eam) at pH 7.0 range from —136 mV to
—103 mV vs SHE, depending on the prevailing pH> (Eq. 3, Chapter 2). This
range contrasts with the =410 mV vs. SHE calculated for 1 atm H; at the same
pH. The close alignment between the Huc’s onset potential (=140 mV vs
SHE) and the Eam for (sub-)atmospheric H, concentrations suggests that this
enzyme is evolutionarily optimized to function under the relatively high po-
tentials encountered when utilizing the scarce H» in the atmosphere. This find-
ing implies that the overpotential, which is defined relative to the thermody-
namic potential at specific conditions, might be minimal for Huc at these very
low H; concentrations. Furthermore, the high potential [3Fe-4S] clusters in
Huc, while likely contributing to its high overpotential observed at 1 atm pH,
could also play a role in conferring resistance to oxidative inactivation. This
robustness in the presence of O, is a crucial advantage for an enzyme operat-
ing under atmospheric conditions, a concept explored further in the subse-
quent section.

While Huc appears to operate with slow turnover and high overpotential,
this could be justified as a trade-off for its remarkable affinity for H, and high
selectivity for electron acceptors. The limited availability of H, has arguably
driven the evolution of Huc's ability to effectively scavenge this scarce re-
source. Additionally, the slow turnover rate and selectivity for certain electron
acceptors may help mitigate the risk of Hue interacting with O, and producing
harmful ROS. Collectively, these specialized catalytic features reflect an
adaptive strategy that optimizes Huc's physiological function in environments
where H; is scarce and O is abundant.
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Spectroscopic properties of Huc
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Figure 6.4 Spectroscopic properties of purified Huc (A-C) Comparison of the FeS
clusters in (A) Huc, (B) Low-affinity, O,-tolerant Group 1d [NiFe] hydrogenase from
R. eutropha / C. necator in its as-isolated state (PDB ID: 70DH),?*’ and (C) high-
affinity, O,-insensitive Group 1h [NiFe] hydrogenase from C. necator H16 (PDB ID:
5AA5).2% (D-E) EPR spectra of Huc in the as-isolated oxidized state (as-isolated
Huc) and the Hs-reduced state (Hue-H») at high-temperature (30K, D) and low-tem-
perature (7 K, E). The isotropic signal at g =2.03 is associated with the oxidized [3Fe—
4S]" clusters, which disappears in Huc-H» due to the reduction of the clusters to the
[3Fe-4S]° state. No signal attributable to reduced clusters [4Fe-4S]* could be detected
in the Hue-Ho». (F) Schematic representation of the proposed catalytic cycle of [NiFe]
hydrogenases. (G) [NiFe] cluster state analysis of the Hue cluster by aerosol-con-
trolled ATR-FTIR spectroscopy. Hue spectra were recorded under different atmos-
pheric conditions, including air, deuterium (D), N2, and H», revealing changes in the
population of the various active site cofactor states. (H-I) Time-resolved FTIR data
showing the kinetics of redox state transitions upon exposure to O, for Huc and the
[NiFe] hydrogenase Hyd2 from E. coli. Adapted with permission from Paper IV !>

Selected spectroscopic insights into Huc derived from the analyses of its EPR
and FTIR spectra include:

Exclusive binding of high-potential [3Fe-4S] clusters: The small subu-
nit, HucS, distinguishes itself from other characterized [NiFe] hydrogenases,
including low-affinity, O,-tolerant (Group 1d) and high affinity, O»-insensi-
tive (Group lh) enzymes from R. eutropha / C. necator (Fig. 6.4A-C), by ex-
clusively coordinating three [3Fe-4S] clusters. This is further supported by the
EPR analysis of Hue. The EPR spectrum of "as-isolated" Hue at 30 K exhib-
ited an isotropic signal (g = 2.03), lacking the characteristic sharp, low-field
features and anisotropic line shape of an oxidized [4Fe-4S]** cluster (Fig.
6.4D). The isotropic signal is, instead, attributed to spin-spin interactions be-
tween the closely spaced [3Fe-4S]" clusters in Hue, which resulted in broad-
ened spectral features.

Reduction of [3Fe-4S] clusters with H,: Flushing Hue with H» led to an
essentially EPR-silent sample both at 7 K and 30 K (Fig. 6.4D-E), consistent
with the reduction of the [3Fe-4S]" clusters to their EPR-inactive form ([3Fe-
48]1°), demonstrating their redox capacity. Importantly, no broad rhombic sig-
nals characteristic of [4Fe-4S]" clusters were observed in the Hy-reduced Huc.
This observation aligns with the Cryo-EM structural data (Fig. 6.4A), further
supporting the conclusion that Huc exclusively binds high-potential clusters
rather than low-potential clusters (Fig. 6.4B-C). This distinction is significant
because [3Fe-4S] clusters generally undergo 17/0 redox transitions at poten-
tials approximately 250 mV higher than their [4Fe-4S] counterparts, transi-
tioning between 2°/1" states.?> 2% 248249

Temperature-dependence of NiFe center: During the catalytic turnover,
the Fe center of the active site cofactor maintains a divalent low-spin oxidation
state (Fe**, S = 0), while the Ni center undergoes changes in oxidation and
spin states (Fig. 6.4F). The commonly observed Ni states, such as Ni-A, Ni-
B, Ni-C, and Ni-L, are more readily detected at lower temperatures (typically
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up to 20 K). Under these conditions, the spectra may exhibit multiple peaks
due to “splitting” of the signals, a result of strong interactions between the Ni
center and the associated iron-sulfur cluster in the active site (see Extended
Data Fig. 5 in Paper IV).”*'*° In contrast, at higher temperatures, the Ni states
can still be detected, but with a lower intensity of split signals, and the signals
may appear broader and less distinct. This can partially explain why a slightly
rhombic signal emerged in the g~2 region at lower temperatures (7 K), poten-
tially indicating interactions between the [3Fe-4S]" clusters and a nearby par-
amagnetic center, most likely the [NiFe] active site cluster (Fig. 6.4E).

FTIR provides spectroscopic support for the conservation of catalytic
mechanism: The FTIR analysis of the Huc’s [NiFe] cluster revealed its redox
state transitions in response to different atmospheric conditions (air, D2, Na,
and H»), providing spectroscopic evidence for the conservation of catalytic
mechanism for H, oxidation (Fig. 6.4F-H). Under air, the cluster was in the
oxidized Ni-B state (Fig. 6.4F), with a pOH ligand. Exposure to D> or H
replaced Ni-B with the catalytic Ni-SI, Ni-R, and Ni-C states, indicating that
the inhibited Ni-B state can rapidly enter the catalytic cycle. Under N, the Ni-
SI state is populated and re-exposure to H, reversed Ni-SI to the Ni-R and Ni-
C states. The Ni-B state reacts more slowly with H, compared to the reduced
Ni-SI state, as the pnOH ligand must be displaced for catalysis to proceed. Re-
introduction of air led to re-population of Ni-B (Fig. 6.4G), suggesting the
Huc cluster can oxidize to Ni-B in O,, like O»-tolerant [NiFe] hydrogenases.
Exposure of the mixed Ni-SI/Ni-R/Ni-C states to O initially increased Ni-SI
before forming Ni-B, contrasting the rapid Ni-B oxidation in O,-sensitive
[NiFe] hydrogenases such as the Hyd2 from E. coli (Fig. 6.4H-I), suggesting
that Huce’s [NiFe] cluster is much more slowly oxidized by O». This property
likely arises from the restricted access to the active site and altered redox chain
properties as further discussed in the next section.

Outer coordination sphere enables ambient H, catalysis

A key question arises from the observation that Hue conserves the first and
second coordination spheres and the catalytic mechanism for H, oxidation, yet
efficiently extracts trace levels of H, under ambient, oxic conditions.

O»-tolerant [NiFe] hydrogenases are proposed to employ a rapid four-elec-
tron reduction of O, to water at the active site. This detoxification requires
delivery of four electrons by the electron relay of the small subunit, which
includes a high-potential redox transition from an atypical [4Fe-3S] proximal
cluster (Fig. 6.4B).>** Contrastingly, O>-sensitive types, lacking this high-po-
tential proximal cluster, rely on slower long-range electron transfer, allowing
competing degradative pathways to dominate upon O, exposure.

The exclusively binding of [3Fe-4S] clusters in Huc make it unlikely for
the enzyme to perform the rapid four-electron reduction of O,. While it is
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conceivable that O, occasionally accessing the active site might undergo par-
tial reduction—Ileveraging three electrons from the FeS clusters and one from
the Ni center to yield water and a hydroxide-bound Ni-B-like state—atmos-
pheric H, oxidation alone is unlikely to maintain sufficient reduction of the
[3Fe-4S] clusters for this process to be sustainable.

Huc is proposed to employ a two-pronged approach for O,-tolerance: a se-
lective gas channel architecture that acts as a “filter”, and an additional layer
of protection provided by the susceptibility of the [3Fe-4S] clusters to oxida-
tion:

Selective gas channels that filter out O; (Fig. 6.5): MD simulations re-
vealed that Huc possesses a network of hydrophobic gas channels leading to
the active site. The simulations suggest that a critical bottleneck located after
the convergence of three gas tunnels immediately preceding the active site
entrance plays a key role in selectively allowing the passage of H, while ste-
rically excluding O,. These specialized gas channels appear to provide a pri-
mary defense mechanism against O, inactivation. Furthermore, simulations of
Huc variants designed to alleviate these bottlenecks showed increased access
of O, to the active site, supporting the role of these selective proteinaceous
filters in excluding O,. Experimental validation of these computationally pre-
dicted effects in the Huc variants could provide further evidence for this
mechanism. However, it should be noted that this filtering bottleneck is not
unique to Hue, as it is also observed in the high-affinity, O»-insensitive Group
1h [NiFe] hydrogenase from C. necator.**

Oxidation of [3Fe-4S] clusters by O,: Even with the gas channel barrier,
occasional O, molecules may reach the active site. Upon exposure of Huc to
0., time-resolved FTIR spectroscopy reveals a sequential one-electron oxida-
tion process (Fig. 6.4H). Initially, the Ni-SI state increases at the expense of
the Ni-C and Ni-R states, followed by the appearance of the Ni-B state. Such
a reactivity pattern suggests that O, primarily initiates outer-sphere oxidation
of the [NiFe] active site. This electron transfer would result in O, reduction,
potentially leading to the formation of ROS such as superoxide or peroxide.
The exact fate of these reduced O, species and the mechanisms by which the
enzyme might mitigate their potential damage is unknown. The now electron-
deficient Ni in the active site coordinates a water molecule, which is subse-
quently deprotonated to form the hydroxide ligand of the Ni-B state. This con-
trasts with the O»-sensitive Hyd2 from E. coli, where O, exposure leads to
immediate loss of catalytically relevant states and concurrent formation of in-
active Ni-B, supporting a more direct inactivation pathway in that enzyme
(Fig. 6.41).
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Figure 6.5 (A) MD simulations of the the HucSL dimer, illustrating the location and
width of the hydrophobic gas channels (Tunnels 1-3) that enable substrate access to
the active site. (B) The location of H, molecules (yellow spheres) when they are clos-
est to the active site. (C-D) Depiction of the catalytic cluster from the wild-type Huc
and gas channel mutant Hue variants in the MD simulations, showing the position of
0, molecules (red spheres) in this region across the simulation frames. The residues
targeted for mutagenesis are shown as sticks, and the regions with enhanced O, access
in the E15A + 164A variant are indicated. Variant with mutations E15A + [64A +
L112A can be found in Extended Data Fig. 7. Reprinted with permission from Paper
1V. 154
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Conclusion and outlook

The structural, electrochemical, and spectroscopic investigations of purified
Huc from trace H, scavenging M. smegmatis, yielded crucial insights into its
exceptional capacity to efficiently couple atmospheric H, oxidation to the re-
duction of respiratory electron carrier menaquinone (MQ), even in the pres-
ence of “poisonous” O,. This ability of turning “thin air into electricity” can
be primarily ascribed to its intrinsic, distinctive outer coordination sphere, ra-
ther than being a consequence of coupling to other processes within the bac-
terial cell. These findings clearly demonstrate that the discussed properties are
specific to isolated Huc, rather than its behavior within the cellular context.

The high H affinity of Huc represents an adaptation to its ecological niche
where H» is scarce. This characteristic allows Huc to efficiently scavenge
trace H, and potentially outcompete other organisms for this limited energy
source, stressing the importance of enzymatic affinity in shaping microbial
fitness and survival in “challenging” environments.

The exclusive presence of high-potential [3Fe—4S] clusters, a departure
from the typical metal cofactor composition in other [NiFe] hydrogenases, ap-
pears to be a defining feature that contributes to its elevated overpotential and
directs its unidirectionality towards H, oxidation. This aligns with the prece-
dent of electron transfer chain potential dictating catalytic bias in hydrogen-
ases.”?? The overpotential modulates the enzyme's capacity to directly transfer
the generated electrons to MQ. While Huc exhibits a high overpotential at 1
atm of H, this likely becomes minimal under the vanishingly low H, concen-
trations found in the atmosphere (< 1 atm). This suggests that its onset poten-
tial is a carefully calibrated adaptation that ensures efficient H, oxidation in
its naturally H,-scarce environment.

The shift from L- to D-histidine coordination of the proximal cluster and
an unidentified ligand near the medial cluster suggest an additional mecha-
nism for redox potential tuning in Huc. Further investigation into the identity
and role of this ligand could provide insights for engineering enzymes with
tailored redox potentials. The inherent chirality of the amino acid poses a
methodological challenge, but site-directed mutagenesis techniques could be
a viable approach. Given that the D-coordination appears integral to the en-
zyme's function, there are likely other residues that have co-evolved to accom-
modate this atypical chirality, and these could be targeted for variation. Alter-
natively, targeting genes potentially involved in the unconventional biosyn-
thetic pathway for this atypical D-insertion is an option.

The O, insensitivity of Huec appears to arise from a combination of factors:
selective gas channels that restrict O, access and allow selective H, routing to
the active site, and oxidation of metallocofactors that favors the formation of
a protective active site state upon limited O, exposure. These adaptations po-
sition Hue as a promising candidate for biotechnological applications requir-
ing efficient H, oxidation under ambient, O,-containing conditions.
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Additionally, insights into the enzyme's high affinity for H> could lead to
novel approaches for capturing and utilizing trace atmospheric gases. It is im-
portant to recognize that while Huc exhibits a slow turnover rate, approaches
such as directed evolution and rational enzyme design could potentially im-
prove its catalytic rates while maintaining its O,-tolerance. More detailed elec-
trochemical analyses could also provide insights into the electron transfer ki-
netics of Huc and its variants, which could help identify rate-limiting steps
and guide further optimization efforts. Such efforts will be crucial to fully har-
ness its potential in (a)biotic applications.

The study of Huc holds broader implications for our understanding of at-
mospheric chemistry and the microbial ecology of extreme environments.
While Huc itself specializes in scavenging trace Ha, its existence hints at a
broader array of microbial metabolic strategies yet to be uncovered. Could
there be other enzymes, perhaps with different cofactors or electron transfer
mechanisms, enabling organisms to utilize H, as an energy source across a
spectrum of concentrations? Further exploration of these adaptations could il-
luminate not only the evolution of metabolism on early Earth but also the po-
tential for life in the diverse energy landscapes beyond our planet.
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Chapter 7: Summary and Final Remarks

Reflecting on the initial aims outlined in the introduction, my PhD journey
exceeded expectations. While the primary objectives of identifying novel hy-
drogenases, investigating some of their underlying principles, and applying
this knowledge to engineer improved biocatalysts were achieved, the research
also ventured into unexpected avenues.

Challenging established paradigms: We overturned the long-held belief
that [FeFe] hydrogenases are absent in archaea, uncovering their presence in
diverse archaeal lineages, including minimal symbionts, ancient hybrid line-
ages, and at the prokaryote-eukaryote interface. This discovery reshapes our
understanding of hydrogenase evolution and expands their known diversity,
opening new doors to previously unimagined enzymatic properties. Charac-
terizing the smallest hydrogenase to date redefined the minimal size require-
ment in functional H,-processing biocatalysts, offering a new blueprint for the
most compact catalysts.

Supporting the importance of proton transfer: The comparative analy-
sis of [FeFe] hydrogenase groups revealed distinct proton transfer pathways,
highlighting their significant role in fine-tuning enzymatic function. By dis-
rupting these pathways, we demonstrated their impact on active site geometry,
electronic structure, and catalytic bias. Such findings could provide mechanis-
tic insights for engineering improved synthetic catalysts that integrate proton
transfer and redox chemistry.

Harnessing evolutionary insights for rational engineering: Guided by
phylogenetic comparisons and structural insights, we rationally engineered a
Group D [FeFe] hydrogenase, significantly enhancing its H, production rates
and inhibitor tolerance. This success underscores the potential of integrating
evolutionary information with protein engineering for developing robust and
efficient biocatalysts.

Revealing novel mechanisms for H; extraction and utilization: We clu-
cidated the mechanism of an O,-tolerant [NiFe] hydrogenase (Huc) capable
of oxidizing trace atmospheric H». The enzyme's high H, affinity most likely
stems from its selective molecular “sieves”. Such principle, applicable to cat-
alyst design, involves engineering channels or pores that act as gatekeepers,
granting access only to H, while barring potential inhibitors (e.g., O,). The
atypical composition of electron transfer cofactors in Huc can also inform the
design of catalysts to control reaction pathways. Incorporating specific metal
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clusters into catalysts can adjust the redox potentials. This can enhance the
catalyst's selectivity towards the desired reactions, such as the unidirectional
oxidation of H, observed in Huc.

While the initial roadmap yielded notable findings, the PhD journey also en-
countered bottlenecks. Future endeavors would benefit from:

Developing robust heterologous expression platforms: Engineering ex-
pression hosts capable of efficiently producing archaeal hydrogenases would
accelerate their biochemical and biotechnological characterization. This could
involve exploring alternative expression systems, such as engineered micro-
bial hosts with optimized codon usage, chaperone machinery, and enhanced
metal cofactor trafficking pathways for complex metalloenzyme production.

Investigating “non-traditional” maturation pathways: Understanding
the machinery responsible for assembling hydrogenases particularly in diverse
archaeal hosts could include identifying and characterizing the specific chap-
erones, scaffold proteins, and metal cofactor insertion mechanisms. Such
knowledge could guide the development of co-expression systems or in vitro
maturation protocols to overcome bottlenecks in heterologous production.

Expanding the repertoire of biophysical techniques for in-depth struc-
ture-function analysis: This work, while employing a range of techniques,
was limited by the lack of experimentally determined structures for the studied
hydrogenases, with the exception of Hue. Future work could benefit from in-
tegrating other biophysical approaches to gain a comprehensive understanding
of structure-function relationships. For instance, efforts to obtain high-resolu-
tion crystal or cryo-EM structures of the novel hydrogenases identified in this
study could provide a foundation for (re)interpreting biochemical data and
guiding rational enzyme engineering efforts. Incorporating spectroelectro-
chemistry techniques could help determine reduction potentials, identify tran-
sient intermediates, and monitor (de)protonation events. Advanced imaging
techniques like super-resolution microscopy and single-molecule tracking of-
fer the potential to visualize interactions within cells. While directly observing
real-time assembly of complex enzymes remains challenging, these in vivo
approaches could provide insights into the factors governing enzyme function
within their native cellular environment.

Implementing high-throughput screening platforms for accelerated bi-
ocatalyst discovery: We've only explored a tiny fraction (0.1-1%) of the vast
diversity of these enzymes. Developing sensitive, scalable assays compatible
with high-throughput methods will be crucial for rapidly characterizing their
properties and identifying promising candidates for specific biotechnological
applications. This could involve screening enzyme libraries for enhanced ac-
tivity, stability, or tolerance to specific inhibitors or environmental conditions.
The key challenge lies in developing highly sensitive, specific, and gas-tight
detection methods to closely monitor catalytic activities and O,-tolerance, as
well as advancing miniaturization and automation technologies. One can
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imagine high-throughput screening approaches using microfluidic devices and
sensors that change their fluorescence intensity or wavelength upon binding
to or reacting with H». Alternatively, microelectrode-based systems could de-
tect the electrochemical currents generated during H» oxidation or production.
Microfluidic systems that offer precise control over fluid flow and gas con-
centrations could facilitate the assessment of enzyme performance under var-
ying O, levels. Additionally, colorimetric assays detecting ROS could help
identify enzymes with notable O»-tolerance, as those exhibiting lower ROS
production would suggest improved tolerance to such conditions.

Directed evolution for tailored functionality: Directed evolution strate-
gies, coupled with high-throughput screening, could be leveraged to evolve
hydrogenases with tailored properties. This approach can generate enzymes
with enhanced activity, altered substrate specificity, or increased tolerance to
challenging industrial conditions, ultimately accelerating their development
into robust and efficient biocatalysts.

Hydrogenases have profoundly shaped our planet's past and present. By stud-
ying how they are able to perfect H>-handling while leveraging earth-abundant
metals, we gain invaluable insights for substituting rare and expensive noble
metals in electrolytic and fuel cells. Their extraordinary diversity offers a rich
trove of natural solutions for optimizing catalytic activity, efficiency, gas
specificity, and stability.

Building a H» society akin to the microbes might require exploring and tap-
ping the undiscovered 99%. I hope that my thesis serves as a humble yet com-
pelling invitation to delve deeper into this exciting field, where the keys to a
“greener” future may very well be found in the vast microbial world.
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Popular Science Summary

Some texts were adapted from the 2024 Coimbra Group 3-Minute Thesis (3MT) Live
Finals presentation. Timestamp 10:30 at: youtube.com/watch?v=ZrNxcT8FwlE

Imagine a world powered by the most abundant element in the universe, hy-
drogen. In the face of the climate crisis, this isn’t merely a dream—it’s a ne-
cessity. Hydrogen (H») as a fuel is so mighty it packs a punch three times
stronger than gasoline. And when it burns? It doesn’t pollute the air. But why
isn’t it powering our world yet?

Because getting energy from H, is like playing a game where it costs us
more points to play than we can win. We use more energy than we get back.
To make H,, we’re still using fossil fuels—the very culprits we’re trying to
replace. We also need expensive and hard-to-find metals like platinum to drive
these H,-related processes.

But perhaps we can take cues from Nature. For billions of years, tiny living
things or microbes have been using H; as their source of energy. They achieve
this using simple and cheap metals like nickel and iron. How? By using natural
tiny machines or enzymes called hydrogenases.

In my thesis, I delve into these hydrogenases—catalysts that can efficiently
handle H, even when using inexpensive metals. Among them are [FeFe] hy-
drogenases, consisting of iron atoms, and [NiFe] hydrogenases, combining
both nickel and iron. By studying these enzymes, we could learn how to make
or use H, in a better way.

For a long time, scientists thought they knew where to find [FeFe] hydro-
genases: in bacteria and eukarya (e.g., plants and animals). However, we chal-
lenged such long-held belief by uncovering their presence in archaea, a dis-
tinct prokaryotic domain of life often found in extreme environments. This
discovery expands the known diversity of these enzymes and demonstrates
their role in enabling some archaea to thrive in challenging habitats where
most other life forms cannot.

Delving deeper into the intricacies of [FeFe] hydrogenases, we revealed
that each group within this family possesses a distinct "proton transfer path-
way"—the route taken by “positive particles” called protons to reach the en-
zyme's "action zone". This finding helps us understand how these enzymes
have evolved to work efficiently in different organisms and environments.

Inspired by Nature's ingenuity, I leveraged structural knowledge and evo-
lutionary insights to engineer a hybrid [FeFe] hydrogenase. By combining
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elements from different groups, I created an enzyme that's faster and more
resilient than its slower, natural counterpart. Evolutionary insights guided the
way, showing that sometimes, a little genetic matchmaking can breathe new
life into the slowest of enzymes.

Nature's prowess in H» utilization extends beyond [FeFe] hydrogenases.
Imagine a device that could pull clean energy right out of thin air. Nature has
already invented it — like a [NiFe] hydrogenase, nicknamed Huc. This enzyme
is able to pull H, from the air, even though it's only a tiny fraction of what we
breathe (a mere 0.00006%), while effectively filtering out its nemesis, oxygen,
in the process. By incorporating Hue into an electrical circuit, we found that
it can directly create electricity from the captured atmospheric H,.

This thesis highlights Nature’s adaptability (even in the most challenging
environments) and opens up exciting possibilities for using these enzymes in
biotechnology and renewable energy. We can bypass fossil fuels and costly
metals by turning to these ancient enzymes. By deciphering their secrets, we
may unlock efficient and greener ways to store clean fuel or converting it into
electricity. These seasoned architects could also provide the design specs for
synthetic mimics.

Microbes have already cracked the code of a sustainable H, economy, but
I’ve barely scratched the surface of their vast diversity. To build a H; society
like theirs, we need to mine more of what’s out there.
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Svensk Sammanfattning

Forestdll dig en vérld som drivs av det mest forekommande &mnet i univer-
sum, vite. I ljuset av klimatkrisen &r detta inte bara en drom—det ar en ndd-
vandighet. Vitgas (Hz) som bréansle ér sa kraftfullt att det har tre ganger mer
energi dn bensin. Och nér det brinner, fororenar det inte luften. Men varfor
driver det inte var véirld &nnu?

Att fa energi fran H, &r i nuldget ungefér som att spela ett spel dér det kostar
oss fler podng att spela dn vi kan vinna. Vi anvidnder mer energi én vi far till-
baka. For att framstilla H, anvander vi fortfarande fossila branslen—det pro-
blem vi forsoker ersitta. Vi behover ocksa dyra och ovanliga metaller som
platinum for att driva dessa Ho-processer.

Men kanske kan vi fa inspiration fran naturen. I miljarder &r har sma org-
anismer eller mikrober anviant H, som sin energikélla. De klarar detta genom
att anvinda vanliga (och billiga) metaller som nickel och jarn. Hur? Genom
att anvinda naturliga sma maskiner eller enzymer kallade hydrogenaser (som
kan Oversittas till véteasaser).

I min avhandling dyker jag ner bland dessa hydrogenaser—Xkatalysatorer
som kan processa H» effektivt utan nagot behov av platina. Bland dem finns
[FeFe] hydrogenaser, som anvidnder jirnatomer, och [NiFe] hydrogenaser,
som kombinerar bade nickel och jarn. Genom att studera dessa enzymer kan
vi ldra oss hur vi kan tillverka eller anvdnda H, pa ett béttre sétt.

Under en lang tid trodde forskare att de visste var man skulle hitta [FeFe]
hydrogenaser: i bakterier och eukaryoter (t.ex. vixter och djur). Men vi om-
kullkastade detta genom att bevisa deras existens dven i arkéer. Denna upp-
tackt utvidgar den kidnda méngfalden av dessa enzymer och pévisar deras roll
1 att mojliggora for vissa arkéer att trivas i extrema miljoer dér de flesta andra
livsformer inte kan dverleva.

Genom att dyka djupare i detaljerna kring [FeFe] hydrogenaser, avsldjade
vi att varje grupp inom denna familj har en distinkt "protondverforingsvag"—
den vidg som de "positiva partiklarna" kallade protoner tar for att nd enzymets
"aktiva séte". Denna upptickte hjélper oss att forsta hur dessa enzymer har
utvecklats for att fungera effektivt i olika organismer och miljoer.

Inspirerad av naturens uppfinningsrikedom anvinde jag strukturell kun-
skap och evolutionira insikter for att konstruera ett hybrid [FeFe] hydrogenas.
Genom att kombinera komponenter fran olika grupper skapade jag ett enzym
som &r snabbare och mer motstandskraftigt 4n sin langsammare, naturliga
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motsvarighet. Evolutiondra insikter visade vdgen och arbetet visade att ibland
kan lite genetisk par-matchning ge nytt liv till de langsammaste av enzymer.

Naturens forméga att utnyttja H, striacker sig bortom [FeFe] hydrogenaser.
Forestill dig en maskin som extraherar ren energi direkt ur luften. Naturen har
redan uppfunnit den — i form av ett [NiFe] hydrogenas, kallat Huc. Detta en-
zym klarar av att dra H, fran luften, &ven om det bara ar en liten brakdel av
det vi andas (enbart 0,00006%), samtidigt som det effektivt filtrerar bort sin
nemesis, syrgas, i processen. Genom att inkorporera Huc i en elektrisk krets,
har vi visat att det kan driva strom med den infingade atmosfariska vitgasen.

Denna avhandling belyser naturens anpassningsforméga (dven i de mest
utmanande miljoerna) och 6ppnar upp spannande mojligheter for att anvdnda
dessa enzymer inom bioteknik och fornybar energi. Vi kan kringgé fossila
branslen och kostsamma metaller genom att vinda oss till dessa uréldriga en-
zymer. Genom att avkoda deras hemligheter kan vi kanske lasa upp effektiva
och gronare sitt att lagra ren energi i form av H, eller omvandla det till elekt-
ricitet. Dessa erfarna arkitekter kan ocksa ge designspecifikationer for synte-
tiska kopior.

Mikrober har redan knickt koden for en hallbar H,-ekonomi, men jag har
knappt skrapat pd ytan av deras stora mangfald. For att bygga ett H,-samhille
som deras, behover vi utforska mer av det som finns dér ute.
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Buod ng agham

Isipin mo ang isang mundong pinapapatakbo ng pinakamaraming elemento sa
kalawakan—hydrogen. Sa harap ng krisis sa klima, hindi lang ito isang hanga-
rin—isang pangangailangan ito. Ang hydrogen (H,) bilang isang fuel ay na-
pakalakas, tatlong beses na mas malakas kaysa gasolina. At kapag ito’y nasu-
nog? Hindi nito pinapadumi ang hangin. Pero bakit hindi pa ito nagpapagana
ng ating mundo?

Dahil ang pagkuha ng enerhiya mula sa H» ay parang pakikilahok sa isang
laro kung saan mas malaki ang ginagastos kaysa sa nakukuhang puntos. Mas
marami tayong enerhiyang ginagamit kaysa sa nakukuha. Para gumawa ng Ha,
gumagamit pa rin tayo ng fossil fuels—ang mismong mga salarin na gusto
nating palitan. Kailangan din natin ng mga mamahalin at bihirang metal tulad
ng platinum para patakbuhin ang mga proseso na may kinalaman sa H,.

Sakali ay may matututunan tayo mula sa Kalikasan. Sa bilyun-bilyong taon,
ang maliliit na nilalang o microbes ay gumagamit ng H» bilang kanilang pi-
nagmumulan ng enerhiya. Nagagawa nila ito gamit ang simple at murang mga
metal tulad ng nickel at iron. Paano? Sa pamamagitan ng natural na maliliit na
makina o enzymes na tinatawag na hydrogenases.

Natuklasan at nasuri ko ang mga hydrogenases—mga katalista na kayang
mahusay na humawak ng H, gamit ang murang mga metal. Kabilang dito ang
[FeFe] hydrogenases, na binubuo ng mga iron atoms, at [NiFe] hydrogenases,
na pinagsasama ang nickel at iron. Sa pag-aaral ng mga enzyme na ito, maaari
tayong matuto ng mas magandang paraan ng paggawa o paggamit ng Ho.

Sa mahabang panahon, inakala ng mga siyentipiko na alam na nila kung
saan matatagpuan ang |[FeFe] hydrogenases: sa bacteria at eukarya
(halimbawa, halaman at hayop). Ngunit hinamon namin ang matagal nang pa-
niniwalang ito sa pamamagitan ng pagtuklas ng kanilang presensya sa ar-
chaea, isang natatanging prokaryotic domain ng buhay na kadalasang mata-
tagpuan sa mga ekstremong kapaligiran. Pinalawak ng tuklas na ito ang ki-
lalang pagkakaiba-iba ng mga enzyme na ito at ipinakita ang kanilang papel
sa pagpapahintulot sa ilang archaea na mabuhay sa mga hamong kapaligiran
kung saan hindi kayang mabuhay ng karamihan ng iba pang mga anyo ng bu-
hay.

Sa masusing pagsusuri sa mga detalye ng [FeFe] hydrogenases, natuklasan
namin na ang bawat grupo sa loob ng pamilyang ito ay may natatanging "pro-
ton transfer pathway"—ang ruta na tinatahak ng mga “positibong partikulo”
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na tinatawag na protons upang makarating sa "action zone" ng enzyme. Ang
tuklas na ito ay tumutulong sa atin na maunawaan kung paano nag-evolve ang
mga enzyme na ito upang gumana nang mahusay sa iba’t ibang organismo at
kapaligiran.

Sa inspirasyon ng kagalingan ng Kalikasan, ginamit ko ang kaalaman sa
estruktura at mga natuklasan sa ebolusyon upang magdisenyo ng isang hybrid
na [FeFe] hydrogenase. Sa pamamagitan ng pagsasama ng mga elemento mula
sa iba’t ibang grupo, nakalikha ako ng isang enzyme na mas mabilis at mas
matibay kaysa sa mabagal na likas na katumbas nito. Ang mga kaalaman mula
sa ebolusyon ang naging gabay, ipinapakita na minsan, ang kaunting genetic
na pagmamanipula ay maaaring magbigay ng bagong buhay sa pinakamabagal
na enzyme.

Ang kagalingan ng Kalikasan sa paggamit ng H, ay hindi nagtatapos sa
[FeFe] hydrogenases. Isipin mo ang isang aparato na kayang kumuha ng
malinis na enerhiya mula sa manipis na hangin. Nagawa na ito ng Kalikasan—
gaya ng isang [NiFe] hydrogenase, na tinawag na Huc. Ang enzyme na ito ay
kayang kumuha ng H, mula sa hangin, kahit na ito’y napakaliit na bahagi
lamang ng ating nalalanghap (0.00006% lamang), habang epektibong sinasala
ang kanyang kaaway na oxygen. Sa pamamagitan ng pag-incorporate ng Huc
sa isang electrical circuit, natuklasan namin na kaya nitong direktang lumikha
ng kuryente mula sa nakuhang H» sa hangin.

Ang tesis na ito ay nagpapakita ng kakayahan ng Kalikasan na mag-adapt
(kahit na sa pinakamahihirap na kapaligiran) at nagbubukas ng mga kapana-
panabik na posibilidad para sa paggamit ng mga enzyme na ito sa biotechno-
logy at renewable energy. Maaari nating lampasan ang fossil fuels at ma-
mahaling metal sa pamamagitan ng pagtutok sa mga sinaunang enzyme na ito.
Sa pag-decipher ng kanilang mga sikreto, maaaring mabuksan natin ang mas
episyente na mga paraan ng pag-iimbak ng malinis na fuel o pagkoconvert
nito sa kuryente. Ang mga bihasang arkitekto na ito ay maaari ring magbigay
ng disenyo para sa mga synthetic mimics.

Na-crack na ng mga microbes ang code ng isang sustainable na H, eco-
nomy, ngunit ngayon pa lamang ako nagsisimulang magsaliksik sa napaka-
lawak nilang pagkakaiba-iba. Upang makabuo ng isang H, society tulad ng sa
kanila, kailangan nating tuklasin pa ang mas marami pang nandiyan.
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Siyensya sa sumada

Imagineha ang usa ka kalibutan nga gipadagan sa pinakadaghang elemento sa
tibuok universe—ang hydrogen. Sa atubangan sa krisis sa klima, dili lang kini
usa ka damgo—usa kini ka kinahanglanon. Ang hydrogen (H) isip usa ka
gasolina kay kusgan kaayo, tulo ka beses nga mas kusgan kaysa gasolina. Ug
kung kini mosilaob? Dili kini makadaot sa hangin. Apan ngano nga wala pa
kini nagpadagan sa atong kalibutan?

Tungod kay ang pagkuha ug enerhiya gikan sa H, sama sa pagdula ug usa
ka duwa nga mas daghan pa ang magasto kaysa makuha. Mas daghan kita ug
enerhiya nga gigamit kaysa nakuha. Aron makahimo ug H,, naggamit gihapon
kita ug fossil fuels—ang mga salarin nga gusto natong ilisan. Kinahanglan
usab nato ang mga mahal ug lisud pangitaon nga mga metal sama sa platinum
aron padaganon ang mga proseso nga apil ang Ha.

Apan tingali makaamgo kita gikan sa Kinaiyahan. Sulod sa bilyon ka mga
tuig, ang mga kagaw o microbes naggamit na ug Ho isip ilang tinubdan sa
enerhiya. Nagbuhat sila niini gamit ang yano ug barato nga mga metal sama
sa nickel ug iron. Giunsa? Pinaagi sa paggamit ug natural nga gagmayng mga
makina o enzymes nga gitawag ug hydrogenases.

Sa akong tesis, akong gitun-an kini nga mga hydrogenases—mga katalista
nga makahimo ug epektibong pagdumala sa H, bisan pa sa paggamit ug barato
nga mga metal. Lakip niini ang [FeFe] hydrogenases, nga naglangkob ug mga
iron nga atomo, ug [NiFe] hydrogenases, nga nagkumbinar sa nickel ug iron.
Pinaagi sa pagtuon niini nga mga enzymes, mahimo kitang makat-on sa mas
maayong paagi sa paghimo o paggamit sa Ho.

Sulod sa dugay nga panahon, nagtuo ang mga syentipiko nga nahibal-an na
nila kung asa makita ang [FeFe] hydrogenases: sa bakterya ug eukarya (pa-
nanglitan, mga tanom ug hayop). Apan among gi-hagit kini nga dugay nang
gibarugan nga pagtuo pinaagi sa pagdiskobre sa ilang presensya sa archaea,
usa ka lahi nga prokaryotic domain sa kinabuhi nga kasagaran makita sa mga
ekstremen nga palibot. Kini nga nadiskobre nagpalapad sa nailhang kalainan
sa kini nga mga enzymes ug nagpakita sa ilang papel sa pagtugot sa pipila ka
archaea nga molahutay sa mga lisud nga mga palibot diin ang kadaghanan sa
uban nga mga porma sa kinabuhi dili makabuhi.

Sa mas lawom nga pagsusi sa mga [FeFe] hydrogenases, among nadiskobre
nga ang matag grupo sulod niini nga pamilya adunay usa ka talagsaon nga
"proton transfer pathway"—ang ruta nga agian sa mga “positibong partikulo”
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nga gitawag ug protons aron makaabot sa "action zone" sa enzyme. Kini nga
pagdiskobre makatabang kanato nga masabtan kung giunsa pag-milambo kini
nga mga enzymes aron magtrabaho nga episyente sa lain-laing mga organismo
ug palibot.

Pinaagi sa inspirasyon gikan sa Kinaiyahan, gigamit nako ang kaalam sa
estruktura ug mga panan-aw sa ebolusyon aron mag-engineer ug usa ka hybrid
nga [FeFe] hydrogenase. Pinaagi sa pagkombinar sa mga elemento gikan sa
lain-laing mga grupo, nakabuhat ko ug usa ka enzyme nga mas paspas ug mas
lig-on kaysa sa hinay nga natural nga kapariha niini. Ang mga panan-aw gikan
sa ebolusyon ang naggiyahan sa dalan, nagpakita nga usahay, usa ka gamay
nga pagpares sa mga genes makapabaskog sa labing hinay nga mga enzyme.

Ang kinaadman sa Kinaiyahan sa paggamit sa H, nagpadayon labaw pa sa
[FeFe] hydrogenases. Imagineha ang usa ka himan nga makahimo ug malim-
pyo nga enerhiya gikan sa manipis nga hangin. Naimbento na kini sa Kinaiya-
han—sama sa usa ka [NiFe] hydrogenase, nga gitawag ug Huec. Kini nga en-
zyme makahimo ug kuhaon ang H» gikan sa hangin, bisan pa sa gamay ra nga
bahin sa atong ginaginhawa (0.00006% ra), samtang epektibo nga gisala ang
iyang kaaway nga oxygen. Pinaagi sa pag-ilakip ni Huc sa usa ka elektrikal
nga sirkito, among nadiskobre nga mahimo kini nga direktang maghimo ug
kuryente gikan sa nakuha nga H; sa hangin.

Kini nga tesis nagpakita sa kakayahan sa Kinaiyahan sa pag-adapt (bisan
pa sa labing lisud nga mga palibot) ug nagbukas sa mga makapadasig nga mga
posibilidad alang sa paggamit niini nga mga enzymes sa bioteknolohiya ug
renewable na enerhiya. Mahimo natong lampasan ang fossil fuels ug mahal
nga mga metal pinaagi sa pag-atubang niini nga mga karaang enzymes. Pi-
naagi sa pag-decipher sa ilang mga sekreto, mahimo natong maablihan ang
episyente ug limpyo nga mga paagi sa pagtipig sa malimpyo nga gasolina o
pag-convert niini ngadto sa kuryente. Kini nga mga bihasang arkitekto
mahimo usab nga maghatag ug mga disenyo para sa mga sintetiko na mimic
0 mga magsundog sa aning mga enzymes.

Naka-crack na sa mga microbes ang kodigo sa usa ka malungtaron nga H,
na ekonomiya, apan bag-o pa lang ako nagsugod sa pag-usisa sa ilang daghan
nga kalainan. Aron matukod ang usa ka H» katilingban sama sa ila, kinahang-
lan natong masusi ang dugang pang mga posibilidad nga anaa.
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Appendix III: Supplementary information for
Chapter 3

Experimental methods for the characterization of Mu

General

All chemicals were purchased from Sigma-Aldrich or VWR and used as re-
ceived unless otherwise stated. Protein expression was analyzed by 12% SDS-
PAGE mini gels in a BIO-RAD Mini PROTEAN® system. The proteins were
stained with Page Blue protein staining solution (Thermo Fisher Scientific)
according to the supplier instructions. All anaerobic work was performed in
an MBRAUN glovebox ([02] < 5 ppm). The [2Fe]*"T and [2Fe]*" were syn-
thesized following literature protocols with minor modifications and verified
by FTIR spectroscopy.””**** UV-Vis spectra were obtained using a Model In-
finite 200 Pro — Infinite M Nano spectrophotometer using a 1-mm pathlength
absorption cuvette for reconstitution.

Codon-optimized gene sequence of Mu

The gene encoding Mu was codon optimized for expression in E. coli, syn-
thesized, and cloned in pET-11a(+) by Genscript using restriction sites Ndel
and BamHI (see Tab. S5 from Paper I'** for the full sequence).

Whole cell EPR sample preparation from small-scale cultures

Expression constructs were transformed in chemically competent E. coli
BL21(DE3) to express the apo forms of the hydrogenases lacking the diiron
subsite of the H-cluster. Starting cultures were grown overnight in 5 mL LB
medium containing 100 pg/mL ampicillin at 37°C. These cultures were sub-
sequently used to inoculate 80 mL of M9 medium (22 mM Na,HPOs, 22 mM
KH>PO4, 85 mM NacCl, 18 mM NH4Cl, 0.2 mM MgSOy4, 0.1 mM CaCl,, 0.4%
(v/v) glucose) containing 100 ng/mL ampicillin. Cultures were grown at 37°C
and 150 rpm until an optical density (ODggo) of approximately 0.4 to 0.6 was
reached. Protein expression was induced by the addition of 0.1 mM FeSO4
and 1 mM IPTG. Induced cultures were incubated at 20°C and 150 rpm for
approximately 16 h. Cells were thereafter harvested by centrifugation at 4,930
x g for 10 mins at 4°C.
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The 2 mL dense cell suspension generated via the in vivo artificial activation
protocol reported previously'” was centrifuged, and the cell pellet was
washed with 1 mL Tris-HCI buffer (100 mM Tris, 150 mM NaCl, pH 8.0)
three times under anaerobic conditions. After the washing protocol, the cells
were resuspended with 100 pL Tris buffer pH 8.0 and then transferred into
EPR tubes. The tubes were capped and directly frozen in liquid N». X-band
EPR measurements were performed on a Bruker ELEXY'S E500 spectrometer
equipped with a SuperX EPR049 microwave bridge and a cylindrical TEO11
ER 4122SHQE cavity in connection with an Oxford Instruments continuous
flow cryostat. Measuring temperatures were achieved using liquid helium
flow through an ITC 503 temperature controller (Oxford Instruments).

Lysate preparation from large-scale cultures

Expression constructs were transformed in chemically competent E. coli
BL21(DE3) and E. coli BL21(DE3) AiscR cells. Starter cultures were grown
overnight in 10 mL LB medium containing 100 pg mL™" ampicillin at 37°C.
These cultures were subsequently used to inoculate 1 L of M9 medium (22
mM Na,HPO4, 22 mM KH,PO4, 85 mM NaCl, 18 mM NH4Cl, 0.2 mM
MgSO4, 0.1 mM CaCl,, 0.4% (v/v) glucose) containing 100 pg mL™" ampicil-
lin. Cultures were grown at 37°C and 150 rpm until an optical density (ODsoo)
of approximately 0.4 to 0.6 was reached. Protein expression was induced by
the addition of 0.1 mM FeSO4 and 1 mM IPTG. Induced cultures were incu-
bated at 20°C and 150 rpm for approximately 16 h. Cells were thereafter har-
vested by centrifugation at 4,930 x g for 10 mins at 4°C. All subsequent oper-
ations were carried out under anaerobic conditions to prevent hydrogenase in-
activation by atmospheric oxygen in an MBRAUN glovebox. The cell pellet
was resuspended in 100 mM Tris-HCI pH 8.0, with NaCl (150 mM), MgCl,
(10 mM), lysozyme from chicken egg white (1 mg/mL), DNAse I from bovine
pancreas (0.05 mg/mL), RNase A from bovine pancreas (0.05 mg/mL), and a
tablet of cOmplete™ EDTA-free protease inhibitor cocktail, and was incu-
bated inside the glovebox for 30 min. Cell lysis was performed by sonication
(50% amplitude, 3 x 5 sec with 15 sec intervals; 60 sec rest and repeated 3x).
The supernatant was recovered by centrifugation (29,080 % g, 10 mins, 4°C).
Cell debris was removed by centrifugation in a Beckman Coulter Optima L-
90K Ultracentrifuge (222,592 x g, 60 min). The supernatant was collected and
filtered (0.45 um syringe filter).

Purification, reconstitution of [4Fe-4S] cluster, and activation
with [2Fe]APT of the BL21(DE3)-expressed Mu

The filtered supernatant was loaded in a StrepTrap™ XT (Cytiva) affinity col-
umn using a BioLogic DuoFlow™ FPLC system (Bio-Rad) and purified
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according to the manufacturer’s instructions. Products eluted by 50 mM biotin
were concentrated using Amicon®Ultra 30 kDa molecular weight cut-off
(MWCO) centrifugal filters (Merck Millipore Ltd.). Samples were stored an-
aerobically at —80 °C. Coomassie-stained SDS-PAGE was used to assess pu-
rity. Protein estimations were performed via Bradford assay using bovine se-
rum albumin as a standard."*’ Quantification of Fe-content was performed us-
ing a previously reported assay using a commercially available Fe** standard
for AAS TraceCERT (Sigma Aldrich) for the calibration curve.'®

To semi-enzymatically reconstitute the iron-sulfur clusters, a solution of 110
UM apo protein in 100 mM Tris-HCI, 150 mM NaCl pH 8.0 was incubated
with 500 pM dithiothreitol (DTT) under strictly anaerobic conditions for 10
min at room temperature. The iron and sulfur sources were ferrous ammonium
sulfate and L-cysteine, respectively, both added in 1.5-fold molar excess to
the desired number of Fe-atoms to be added. Reconstitution was initiated by
adding a 1% molar equivalent of recombinant cysteine desulfurase (E. coli
IscS), slowly releasing sulfide in situ from cysteine. Reaction mixtures were
incubated at room temperature up to 2 hours. At the same time, the increase
of absorbance around 405 nm was monitored by UV/Vis. The reconstitution
process was stopped by running the reaction mixture through a PD-10 column
(GE Healthcare), equilibrated in 10 mM Tris-HCI, 15 mM NaCl pH 8.0.

To activate Mu with [2Fe]*P", under strictly anaerobic conditions, the recon-
stituted enzyme (50 uM) was mixed with sodium dithionite (1 mM, 20x ex-
cess) in 100 mM phosphate buffer, pH 6.8 and incubated in room temperature
for 10 minutes. Cofactor incorporation started with the addition of [2Fe]*T
(600 uM, 12x excess), and the reaction mixture was incubated for 1 h. The
mixture was loaded onto a PD-10 desalting column (GE Healthcare) equili-
brated with 10 mM Tris-HCI pH 8.0. The sample was concentrated using
Amicon®Ultra 30 kDa MWCO centrifugal filters (Merck Millipore Ltd.), al-
iquoted into PCR tubes, and transferred into airtight serum vials (3-5 uL each)
before they were flash-frozen in liquid N, and stored at -80°C until further
use.

Purification and activation with [2Fe]*PT of the BL21(DE3)
AiscR-expressed Mu in lysates

The filtered supernatant (approximately 100 mL) from the BL21(DE3) AiscR-
expressed Mu was added with 100 uL of [2Fe]*P" and incubated for 1 hour
prior to loading in a StrepTrap™ XT column. Products eluted by 50 mM biotin
were loaded onto a PD-10 desalting column (GE Healthcare) equilibrated with
10 mM Tris-HCI pH 8.0, then concentrated using Amicon®Ultra 30 kDa mo-
lecular weight cut-off (MWCO) centrifugal filters (Merck Millipore Ltd.).
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Samples were stored anaerobically at —80 °C. Coomassie-stained SDS-PAGE
was used to assess purity. Protein estimations were performed via Bradford
assay using bovine serum albumin as a standard.'® Quantification of Fe-con-
tent was performed using a previously reported assay using a commercially
available Fe** standard for AAS TraceCERT (Sigma Aldrich) for the calibra-
tion curve.'®

SDS-PAGE gels of Mu expressed from different strains
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Figure A3.1. SDS-PAGE analysis of purified Mu under different expression and
activation conditions. (A) Comparison of Mu expression levels in BI21 and
BI21AiscR strains. No significant difference in expression levels is observed.
(B) Purified Mu from BI21AiscR activated with [2Fe]*PT prior to purification.
(C) Purified Mu from BI21 without prior activation with [2Fe]APT,
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Sequence alignment and structural models of Mu
A B

C

Group A ' TS C ; S : C
GroupA,. | 5 TS CG S |:

Mu(A,) APs Tsccp SP MPCYSKKLE EVLACRGGC

Figure A3.2. Structural models of Mu. (A) Comparision of Mu Alphafold model'>*
(magenta cartoon) and YASARA-generated homology model of Mu (dark cyan car-
toon), aligned with the crystal structure of Cpl (PDB ID: 4XDC?%"). (B) For Cpl resi-
dues, the atoms are color-coded as: C: grey, O: red, N: blue, Fe: orange, S: yellow.
The Feqis indicated with an asterisk (*). The proton transfer pathway (PTP) of Group
A (grey sticks) is proposed to include C299, E279, S319, E282, and R286 (grey
sticks). The corresponding residues in Mu (C: magenta and dark cyan for Alphafold
and YASARA models, respectively), emphasizing the conserved second and outer
coordination sphere residues with the exception of M497,1, which is replaced with a
leucine in Mu (L297mu). The distances labelled in yellow are between the amine
bridgehead of the ADT ligand and C092mu, E072mu, S112mu, EO72Mu, and RO79mu.
The distances labelled in grey are between C299¢,1, a water molecule, and E279¢,1
(C) Normalized consensus sequence logos generated for Group A and Aar using
Jalview and a ClustalQ multiple sequence alignment of sequences obtained from
refs'> 154, The numbering is based on Cpl, and the key residue positions are indicated
in the top panel. The amino acid sequence of Mu is also presented in the bottom panel.
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