Engineering Oxidoreductases: Towards Artificial Hydrogenases
by

Anindya Roy

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved April 2014 by the
Graduate Supervisory Committee:

Giovanna Ghirlanda (Chair)

Hao Yan
Devens Gust

ARIZONA STATE UNIVERSITY

May 2014



ABSTRACT

Natural hydrogenases catalyze the reduction of protons to molecular hydrogen
reversibly under mild conditions; these enzymes have an unusual active site architecture,
in which a diiron site is connected to a cubane type [4Fe-4S] cluster. Due to the relevance
of this reaction to energy production, and in particular to sustainable fuel production,
there have been substantial amount of research focused on developing biomimetic
organometallic models. However, most of these organometallic complexes cannot revisit
the structural and functional fine-tuning provided by the protein matrix as seen in the
natural enzyme. The goal of this thesis is to build a protein based functional mimic of
[Fe-Fe] hydrogenases. I used a 'retrosynthetic' approach that separates out two functional
aspects of the natural enzyme. First, I built an artificial electron transfer domain by
engineering two [4Fe-4S] cluster binding sites into an existing protein, DSD, which is a
de novo designed domain swapped dimer. The resulting protein, DSD-bis[4Fe-4S],
contains two clusters at a distance of 36 A . I then varied distance between two clusters
using vertical translation along the axis of the coiled coil; the resulting protein
demonstrates efficient electron transfer to/from redox sites. Second, I built simple,
functional artificial hydrogenases by using an artificial amino acid comprising a 1,3
dithiol moiety to anchor a biomimetic [Fe-Fe] active site within the protein scaffold
Correct incorporation of the cluster into a model helical peptide was verified by UV-Vis,
FTIR, ESI-MS and CD spectroscopy. This synthetic strategy is extended to the de novo
design of more complex protein architectures, four-helix bundles that host the di-iron
cluster within the hydrophobic core. In a separate approach, I developed a generalizable

strategy to introduce organometallic catalytic sites into a protein scaffold. I introduced a



biomimetic organometallic complex for proton reduction by covalent conjugation to
biotin. The streptavidin-bound complex is significantly more efficient in photocatalytic
hydrogen production than the catalyst alone. With these artificial proteins, it will be
possible to explore the effect of second sphere interactions on the activity of the diiron
center, and to include in the design properties such as compatibility with conductive

materials and electrodes.
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PREFACE

It's not that I'm so smart, it's just that I stay with problems longer’

Albert Einstein
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CHAPTER 1
DE NOVO DESIGN OF FUNCTIONAL PROTEINS: TOWARDS ARTIFICIAL
HYDROGENASES
Marina Faiella, Anindya Roy, Dayn Sommer, Giovanna Ghirlanda

Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ

Reproduced by permission from Biopolymers: Peptide Science, 100, 6, 558-571, 2013
Copyright © 2013 Wiley Periodicals, Inc.

Abstract:

Over the last 25 years, de novo design has proven to be a valid approach to generate
novel, well-folded proteins, and most recently, functional proteins. In response to societal
needs, this approach is been used increasingly to design functional proteins developed
with an eye toward sustainable fuel production. This review surveys recent examples of
bioinspired de novo designed peptide based catalysts, focusing in particular on artificial

hydrogenases.



Introduction

One of the most important challenges facing our society is the development of
sustainable energy sources. The current reliance on fossil fuels has unsustainable
consequences on the environment; further, the unequal distribution of energy sources
throughout the world results in conflicts and societal instability.

Nature utilizes solar energy to power biological processes through photosynthesis,
storing solar radiation in energy rich molecules that in turn are used to drive cellular
metabolism. This process indirectly powers most life on the planet, as it maintains
oxygen levels in the atmosphere, generates key organic molecules, and supports the
growth of biomass that in turns is used as food. Fossil fuels are also ultimately derived
from biomass resulting from photosynthetic solar energy conversion. To address our
society’s energy needs, research efforts are focusing on developing new renewable based
sources of energy to generate storable fuels.' Hydrogen in particular has emerged as an
attractive, carbon-free candidate for use as fuel. One of the approaches followed for
sustainable hydrogen production is inspired by nature, and aims to capture solar energy
by reproducing the fundamental steps of photosynthesis through dedicated functional
modules interfaced in a device.” In such a device, the reductive equivalents needed for
hydrogen generation are obtained through the same reaction at the basis of
photosynthesis, oxidation of water into O, and H', also known as water splitting, which is
driven by photoinduced charge separation in the light harvester. In turn, molecular
hydrogen is generated through appropriate catalysts capable of handling multielectron

redox chemistry.



In nature, hydrogen metabolism is mediated by specialized enzymes -called
hydrogenases found in Bacteria, Archea, and Eucarya.®® Based on the composition of
their active sites, natural hydrogenases are divided in [Fe-Fe], [Ni-Fe], and [Fe] only,
with the latter group involved in methanogenesis.”'' The active site of hydrogenases also
contains unusual small-molecule lignands as part of the first coordination sphere. [Ni-Fe]
and [Fe-Fe] hydrogenases, in particular are of interest in this chapter, as they catalyze the
reversible reduction of protons to hydrogen.'®"!!"

Despite no phylogenetic relationship, extensive structural and spectroscopic
characterization revealed that both contain binuclear active sites that utilize unique, non-
proteinogenic CO and CN ligands.'"">!

Hydrogenases can also be classified in terms of function: uptake hydrogenases,
generally present in the periplasm or associated with the membrane, utilize molecular
hydrogen as a source of electrons. Conversely, hydrogenases localized in the cytoplasm
catalyze proton reduction as a way to dispose excess electrons.® Both functions are
relevant to technological applications, in the sustainable production of hydrogen, and in
the efficient utilization of molecular hydrogen in fuel cells."**

The utilization of hydrogenases in devices is hindered by the complexity of their
biosynthesis and structural architecture, which makes heterologous expression technically
challenging, and by their high oxygen sensitivity. The complex pathway required for
active site assembly and hydrogenase maturation has also prevented the application of
well-established methods to optimize natural enzymes, such as directed evolution, which

could in principle be used to ameliorate oxygen sensitivity.”** Over the years, several

groups have developed models with the dual purpose of elucidating the mechanistic
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requirements of the active site and applying them as a robust alternative to the
hydrogenases. These complexes follow two broad philosophies: on one hand, structural
mimicry of the natural enzymes, utilizing similar ligands and metals to reproduce the
enzyme’s active site; on the other hand, functional mimics aim to replicate the function
using Earth-abundant metals and artificial ligands to form complexes. With a few notable
exceptions, >~ however, organometallic complexes present challenges that prevent their
utilization in technological applications; they utilize non-earth abundant metals, or carry
out proton reduction either at rates much slower than the natural enzymes, or with
unfavorable energetics (thus requiring high overpotentials for the reaction), and generally
in much harsher conditions (strong acids and/or organic solvents) than the natural
enzymes. It is generally thought that such differences between the natural enzymes and
the organometallic complexes result from the complexity of the second sphere and outer
sphere of coordination in the natural enzyme.
For these reasons, artificial model proteins are emerging as bridging ground between
organometallic complexes and the natural proteins. Peptide based catalysts present the
advantage of being inherently water-soluble. They also allow for the design of second
shell coordination sphere and long-range interactions with much ease compared to
organometallic complexes. Compared to the natural protein, they can be easily prepared
by synthesis or by expression without the need for maturation enzymes.

The following sections briefly describe the natural enzymes and organometallic model
systems, towards artificial bio-inspired hydrogenases.
Catalytic site: Hydrogenase mimics

[Fe-Fe] hydrogenases.



[Fe-Fe] hydrogenases are generally very efficient, with turnover numbers as high as

Figure 1.1: Structure of [Fe-Fe] hydrogenase from Desulfovibrio desulfuricans (PDB
IHFE). The ferrodoxin-like domain and the H-cluster are highlighted on the left and on
the right, respectively. All molecular figures were created with PyMOL (DeLano, W.L.

(2002); The PyMOL Molecular Graphics System. (http://www.pymol.org))

10* H, molecules per second and are usually biased towards hydrogen production.®'
These enzymes function strictly in the absence of oxygen, with exposure resulting in
irreversible inhibition."* Investigation of the mechanism, maturation, and structure of [Fe-
Fe] hydrogenases from different organisms revealed a functional organization into
dedicated domains, with some domains, variable in type and number, containing a chain
of redox active factors that ferry electrons to/from external donors/acceptors to the
catalytic site, and associated with the domain that contains the active site [Figure 1.1].>**
The [Fe-Fe] hydrogenase found in Desulfovibrio desulfuricans has been characterized by
X-ray crystallography, and provides an excellent example of the general architecture of
the hydrogenases.'” Its large subunit comprises a ferredoxin-like domain that contains

two [4Fe-4S] clusters and functions as electron conduit to rapidly transfer the two

electrons involved in the reaction, and a neighboring domain that contains the catalytic



site, termed the H-cluster. The assembly in vivo of the H-cluster requires a number of

specific maturation enzymes.*>>*

The H-cluster is composed by a [4Fe-4S] cluster and by a [Fe-Fe] site coordinated by
a non-proteinogenic dithiolate bridging ligand as well as carbon monoxide (CO) and
cyanide (CN) ligands, with the [Fe-Fe] site anchored to the protein through a cysteine
(Cys) that bridges the iron-sulfur cluster and one iron, designated as proximal (Figure
1.1); depending on the redox states sampled during the catalytic cycle, one of the CO

17,35

ligands bridges the two metals. The central atom in the bridging thiolate ligand has

been proposed to be nitrogen, and to be instrumental in assisting proton
transfer.°Cleavage of the H-H bond has been shown to proceed heterolytically,

suggesting that hydrogen production proceeds through an hydride intermediate,

37-39

postulated to be located on the distal iron. The unusual CN and CO ligands play an

important role in tuning the electronic properties of the diiron states, and in assisting the

384092 During the catalytic cycle, the distal iron is

transfer of electrons to/from hydrogen.
thought to undergo a conformational change to assume an inverted square pyramidal
conformation, or “rotated” state, which is poised for transfer of electrons through the

38,43

proximal iron to a coordinated proton. The protein matrix is thought to stabilize the

catalytically active “rotated” conformation of the distal iron and to facilitate the reaction

263245 phylogenetic

by rapidly transferring electrons and a proton to the active site.
analysis of over 800 putative hydrogenase sequences revealed that the cysteines involved
in coordinating the cubane-type [4Fe-4S] cluster and more broadly the hydrophobic

. - . - 17,39,44,45 .
environment surrounding the active site are highly conserved. '***** An analysis of the

high-resolution X-ray structures of two [Fe-Fe] hydrogenases reveals additional
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electrostatic interactions with the CO and CN ligands, in particular a hydrogen bond to a
conserved lysine, and a proposed bond between conserved cysteine and methionine and
the central nitrogen atom in the bridging dithiolate ligand. These latter interactions are
thought to modulate the basicity of the central amine and affect its proton-shuffling
function during the catalytic cycle.” Mutations of these residues have been shown to
abolish the catalytic activity.** These second sphere interactions participate directly in
assisting the catalysis, and thus need to be considered in the design of hydrogenase
mimics. The natural hydrogenases, however, necessitate other accessory functions in
order to carry out their function in the context of the living organism.’® Beyond the
immediate environment of the H-cluster, other conserved residues are thought to
participate in the proton/H, transfer pathway or assist electron transfer through
stabilization of the accessory clusters.

Organometallic models.

Structural mimics of the [Fe-Fe] hydrogenase were first developed based on a (p-
S(CH,)3-S)[Fe2(CO)g] complex, whose similarity to the enzyme’s active site was initially

4648 These mimics

recognized by Pickett, Darensbourg, and Rauchfuss (Figure 1.2).
revealed features such as the need for a thermodynamically disfavored “rotated” state of
the distal iron in the diiron cluster, which frees a position for catalysis, and electron-

donating ligands on the same iron atoms; further second-sphere requirements include a

pendant base that delivers protons to the active site,



—

S \\S
[FBASA]\SCyS /S\/\\ OC\Fe.:?“s,:‘.Fe/CO
OC\\“}Fe /Fe”'”’ICN OC“\\““'/" <ggo
NC ocC \CO OC

Figure 1.2: Schematic representation of the H-cluster of [Fe-Fe] hydrogenases (left); the
X in figure is likely to be NH/NH,"; a minimalist structural mimic used as basis for the
development of organometallic complexes (right)

and a redox active group to ferry electrons during catalysis.”*”® A recent, elegant design
by the Rauchfuss group utilizes an electron-rich chelating phosphine ligand on the distal
iron to lock the complex at the “rotated” state, and a ferrocenyl moiety on the proximal
iron as electron relay.*®

Peptide-based structural models: [Fe-Fe]-hydrogenase.

A typical approach to the de novo design of metalloproteins utilizes the primary
coordination sphere of the metal in natural proteins, and builds a peptide scaffold around
it.” Hydrogenases, however, present a challenge because the catalytic site is formed by
non-proteinogenic ligands, and is linked to the protein through a single cysteine shared
with the cubane cluster component of the H-cluster. The need for alternative ways of
anchoring the active site to the peptide scaffold was recognized early on, and initial work
focused on organometallic models of the [Fe-Fe] hydrogenase based on a (u-S-(CHy)s3-
S)[Fe2(CO)s] center, which preserves the dithiolate ligation observed in the natural
enzyme. Sun and colleagues first observed that cysteinyl ligands could replace the
bridging p-S-(CH,)s-S ligands.®” They reported that Boc-protected L-cysteine methyl

ester forms the desired diiron hexacarbonyl complex (Figure 1.3) upon treatment with an
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inorganic precursor, [Fe;(CO);z]. Upon refluxing in various solvents, though, the initial
complex undergoes an intramolecular cyclization to generate a chiral two-carbon-bridged
dithiolate diiron complex, with structural parameters similar to (u-S-(CHy)s-
S)[Fe2(CO)¢]. This work highlighted the need for structural preorganization of the
cysteinyl ligands in a rigid scaffold. A clever solution to the problem utilizes a ferrocene
moiety (dicyclopentadienyl iron, Cp,Fe) tethered to two Cys molecules via peptide bonds
to present thiolates at the appropriate distance to form a diiron hexacarbonyl complex. *!"
% In this design the ferrocene group serves as structural scaffold to the thiolates, and also
provides a nearby redox-active center: however, no electronic interactions were observed
between the iron—carbonyl and the ferrocene cores.

CO,Me co

S v NGPA
oc, co F_< cond ST/\ oo
il " Lo
2 $-Fe-CO CONH o
BocHN oc co CO,Me

Figure 1.3: Schematic representation of structural models of [Fe-Fe] hydrogenases: (a)
Boc-protected L-cysteine methyl ester forming the diiron hexacarbonyl complex
developed by Sun and coworkers (adapted from ref. 60); (b) Fe(CsHsCO-Cys—OMe), di-
peptide employed by Metzler-Nolte and coworkers as a chelate for an iron—carbonyl
complex (adapted from ref. 61)

The design of cysteinyl ligands within secondary structure motifs of peptide and protein
scaffolds is also conductive to preorganization of the thiolate ligands at distances
compatible with the formation of a diiron active site. Initial work utilized CXXC motifs

within a helical model peptide, so that the cysteinyl ligands are presented at i, i+3



positions on the same face of the helix.** The design of the hydrogenase maquette,
SynHyd1, is based on Baldwin’s alanine-rich helical peptides. Reaction with an inorganic
precursor resulted in the formation of a structurally intact diiron hexacarbonyl cluster, as
shown by UV-vis and FTIR spectroscopies, albeit no activity was reported for
Fe,SynHyd1. Incorporation of the cluster was well tolerated by the peptide, which
conserved a high helical content. The peptide component serves the dual function of
preorganizing the cysteinyl ligands as well as providing water solubility to the complex.

The approach was successfully extended to functional models in which the diiron
hexacarbonyl cluster is tethered within natural proteins by exploiting existing CXXC
motifs. Hayashi and colleagues used apo cytochrome c, which contains unique Cys at
position 14 and 17.° Remarkably, the diiron hexacarbonyl-functionalized apo Cyt ¢
catalyzes efficiently the reduction of protons to hydrogen in aqueous solutions at mild pH
(4.7), in the presence of Ru(bpy); as photosensitizer, and ascorbate as sacrificial electron
donor; turnover numbers of approximately 80 are observed over 2 h. Similarly to apo
Cyt ¢, though, the reconstituted H cluster-apo Cyt ¢ appears only partially folded. In a
helical protein, formation of the diiron hexacarbonyl center through a CXXC motif
imposes a strain on the structure. The energetically favored rotamers of Cys in an a-helix
place the sulfur atoms at a distance of 6 A, considerably larger than the distance of 3.2 A
measured between the thiols in the hydrogenase bridging dithiolate ligand. Relaxing the
requirement for structure at the backbone level opens up new avenues: in a follow-up
work, the Hayashi group used the C-terminal sequence of cytochrome csss, which
contains both a CXXC motif and a His moiety in close proximity, to preorganize a diiron

hexacarbonyl moiety close to a coordinatively attached ruthenium photosensitizer (Figure
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1.4).°° The 18-residue peptide is unfolded both in the apo state and in the functionalized
state. Even though the reported turnover numbers for photocatalytic hydrogen production
are low compared with other models, this design elegantly demonstrates intramolecular
electron transfer between the photosensitizer and the catalytic site: a control in which the
photosensitizer is not attached to the peptide, but added externally, is inactive in the
conditions tested.

Conversely, the inorganic cluster can impart desired structural constrains to a peptide. For
example, coordination to diiron hexacarbonyl was shown to replace a disulfide bond in
the cyclic peptide octreotide, (Sandostatin), preserving structural integrity and retaining
much of the binding affinity for the somastotin receptors.”’ Preliminary studies show that
the octeotride construct retains the active site’s ability to catalyze electrochemical proton

reduction, albeit in DMF and with efficiency lower than other inorganic analogues.

Figure 1.4: Schematic representation of the intramolecular photochemical system
developed by Hayashi and coworkers: a Fe,(CO)s cluster and a photoactive Ru(bpy)(tpy)
complex (bpy = 2,2"-bipyridine, tpy = 2,2":6',2"-terpyridine) are attached to a peptide

fragment of cyt css¢ containing the native CXXCH sequence (adapted from ref. 66).
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One possible approach to overcome negative constraints on peptide backbone structure
utilizes unnatural amino acids to anchor the cluster to a peptide scaffold. Roy ef al. used
an on-resin protocol to derivatize a Lys with a propanedithiol unit, and demonstrated
incorporation of the cluster in a simple model heptapeptide; no activity was reported.®®
The synthetic strategy used, however, poses restrictions in the use of the amino acid: the
side chain of the lysine-propanedithiolate adduct is polar, long, and flexible, properties
that preclude its incorporation within a structured scaffold and leave the cluster fully

exposed to the solvent.

Functional models of hydrogenase.

A complementary approach to the design of hydrogenase mimics builds on so-
called functional mimics of the enzymes, defined as organometallic complexes capable to
carry out hydrogen production reversibly via a different catalytic site. Notable in this area
are the Ni-phosphine complexes developed by DuBois, ®7* the Fe-phosphine complex
recently presented by Bullock and DuBois,” and the Ni-thiolate, the Co-dithiolene and
the cobaloxime complexes developed by Artero, Eisenberg and Holland. >®** Recent
reviews summarize these achievement.® Although the existing literature on these
complexes is extensive, very little work has been done to integrate them into peptide
scaffolds.

Most notably, DuBois and Shaw explored the use of the DuBois catalysts, consisting of
mononuclear organometallic complexes based on nickel that contain chelating phosphine

ligands and a bridging pendant tertiary amine that serves as proton donor with the general
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. 2+ . . . . 0,84-86
formula [Ni(P™,N®,),]*"; an overview of this work can be found in recent reviews.””

Aiming to introduce second coordination and outer coordination sphere
interactions, the investigators functionalized the four pendant amines in the complex with
amino acids and peptides. The synthetic protocol was modified by forming the cyclic
phosphine ligands starting with functionalized precursor amines, and results in identical
amino acids displayed onto each of the four amines in the final complex. The prototype
glycylglycine adduct shows turnover frequencies (TOF) in the 200 to 1400 s range,
depending on substitution, in the presence of water; for comparison the unsubstituted
[Ni(P™,N"")),]*" displays turnover frequencies of 700 s in similar conditions.
Systematic analysis of the results showed that, surprisingly, polar amino acids had little
or no effect on catalytic activity. The presence of charged side chains, however,
modulates the activity of the complex by one order of magnitude, with Glu and Lys

increasing activity the most. "’

Further development of these models in structured
scaffolds will need to address the current synthetic scheme, which results in symmetrical
substitution of the complexes, as well as the dynamics of the complex during the catalytic

cycle.

Electron-transfer modules

Hydrogenases generally contain an electron-transfer module containing iron-
sulfur clusters in proximity of their redox-active catalytic site. These cofactors are also
found in other complex catalytic machinery such as hydrogenases, nitrogenases, and

photosystem 1 (PSI), making them highly relevant in designing proteins for fuel
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production. A number of different groups have made recent advances in the incorporation

of these electron transfer modules into peptides.

Iron-sulfur clusters are found in a wide range of forms in nature, including [2Fe-2S],
[3Fe-4S], [4Fe-4S] and higher order clusters; of these, [4Fe-4S] cubane-type clusters are
the most abundant (Figure 1.5).*” These moieties are formed in proteins via coordination
of iron through Cys side chains with bridging inorganic sulfur atoms. In many biological
systems, [4Fe-4S] clusters are found aligned to create an electron conduit that shuffles
electrons to and from the active site.

Along with their ability to function as electron transfer modules, iron-sulfur
clusters also play a role in other processes, such as catalysis, iron level regulation and
storage, as well as transport of ligands within the cell; they are also used in the multi-
electron chemistry of proton reduction, sulfite reduction, and elemental nitrogen

88,89

reduction. Here, we will focus on the use of iron-sulfur clusters for the purposes of

oz

electron transfer.

‘2

Figure 1.5: Structure of [Fe-S] clusters of different nuclearity. a) [Fe-S4] center

in Rubredoxin (PDB ID 11U5), b) [Fe,S;] center from Spinach Ferredoxin (PDB ID
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1A70) c) [3Fe-4S] cluster from [Ni-Fe] Hydrogenase (PDB ID 1H2R), d) [4Fe-4S]
clusters from ferredoxins [PDB ID 2FDN)

Despite containing isostructural [4Fe-4S] clusters, iron-sulfur proteins exhibit
redox potentials ranging from -700 mV to +450 mV, and have been shown to utilize three
different redox states: [4Fe-4S]3+/2+/1+.90 It is believed that the electrostatic environment
of amino acids surrounding the cluster, the hydrogen bonding interactions of bridging S-
atoms, and the accessibility of the cluster to the solvent influence the potential observed
for a particular cluster in a given context.*® Due to their inherent structural complexity
and to the necessity of a proteinogenic environment for existence in nature, a substantial
amount of scientific effort has been dedicated to elucidating the structure-function
relationship of iron-sulfur proteins in natural as well as de novo designed proteins. *'**

Work in natural proteins has not been able to fully elucidate the relationship
between structure and iron-sulfur clusters redox potentials. Point mutagenesis work on
the well studied ferredoxin proteins and the unique Rieske cluster has given some insight
into the mechanisms by which nature has tuned iron-sulfur cluster redox potentials to
particular functions. °**** Generally, it has been seen that introduction of positive
charges into the proximity of the iron-sulfur clusters shifts the redox potential more
positive, while the opposite holds true for introduction of negative charges. While the
charges in proximity to each cluster can greatly affect the redox potential, it is also
believed that hydrogen bonding to the polar peptide backbone significantly alters the

apparent redox potentials. >

It has been suggested that it is this hydrogen bonding that
differentiates the two types of [4Fe-4S] clusters, those that employ a +3 to +2 transition,

and those that employ a +2 to +1 transition (HiPiP vs Ferredoxin clusters), as the more
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hydrogen bonds to Ferredoxin clusters allow for stabilization of higher electron density.”®
Although natural systems have lead to these general a priori trends, natural systems are
limited in the information that can be obtained from them, as often multiple variables are
changed at once. De mnovo design offers reliable systems to study these trends, to
determine the contribution of each of these components in determining the redox
potential of iron-sulfur clusters.

Iron-sulfur cluster binding sites have been incorporated into proteins that do not
naturally bind this cofactor by using computational methods,”’ or reconstituted into
minimalistic sequence motifs derived from natural proteins. Early work on [4Fe-4S]
binding peptides was based on a conserved CXXCXXC sequence motif found in native
cluster binding proteins such as the ferredoxins. It was shown that these peptides can
generally incorporate iron sulfur clusters via in situ incorporation, in which the cluster is
believed to form from inorganic precursors with B-mercaptoethanol ligands followed by
an entropically driven exchange with the peptide, which acts as a chelating agent and
releases the B-mercaptoethanol ligands. These early designs were reviewed recently.”
Briefly, sequence alignment studies, confirmed by experimental characterization,
narrowed the consensus sequence to CTACGAC. %%

In the quest for increased structural and functional complexity, sequences adapted
from the minimalistic motif CXXCXXC have been used as loops in helical hairpins. The
Dutton lab engineered heme binding maquettes to design a helix-loop-helix motif that
coordinates two hemes and one iron-sulfur cluster, and suggested that this motif
dimerized into a four-helix bundle. The redox potential of the cluster, determined via

spectroelectrochemical experiments, was -350 mV, which is comparable to that of natural
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ferredoxins; it appears that the cluster’s properties are not affected by the neighboring
heme. A few possible models were put forward based on sequence information, and it is
quite likely that the protein is a molten globule; no evidence was found for coupling
between cofactors.'”

This concept was adapted to reconstruct bridged metal assemblies based on the A-
cluster of carbon monoxide dehydrogenase, which contains a cubane iron-sulfur cluster
bridged to a Ni(II) site.'”" Using the ferredoxin consensus sequence, the Holm lab
designed a series of four peptides that explored different ligand coordination spheres
around the nickel. All the peptides bound a preformed cubane cluster with apparent 1:1
stoichiometry, and two of the peptides also bound nickel; it was not possible though to
infer structural information from the available spectroscopic data.

Other efforts have focused on modeling the [4Fe-4S] clusters found in PSI, which
contains three clusters, deemed Fx, Fa, and Fg. The Fy cluster is characterized by a
pseudosymmetric arrangement in which the Cys ligands are contributed in pairs by the
two subunits of the PsaA/PsaB heterodimer. Scott e al.'® inserted the 10-amino acid
consensus sequence CDGPGRGGTC as loops in helical hairpins designed to pair up into
a four-helix bundle, so that the two loops coordinated a cubane cluster at one end of the
bundle. The resulting protein displays a redox potential of -422 mV, reflecting the solvent
exposed location of the cluster. In contrast, models of the Fo and F, clusters had
remained elusive. Utilizing the consensus binding sequence of CxxCxxCxxxCP found in
PSI, Lubitz ef al. modeled the individual binding sites of both F5 and Fg onto 16 amino
acid peptides.'” After cluster incorporation, the peptides showed similar redox potentials
to the natural clusters, at -440 mV and -470 mV, and also irreversibly bound to PSI. This
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approach has been extended recently to the incorporation of the less abundant Fe;S4
cluster through mutation of a single, ligating Cys residue to a Ser; further mutations in the
variable portion of the consensus sequence were shown to modulate the efficiency of
cluster incorporation as well as the relative preference for [4Fe-4S] vs [3Fe-4S].”?
Recently, a computational methodology that starts from the geometric
requirements of the metal was used to design a protein that incorporates an iron-sulfur

104,105
cluster. "

The natural symmetry of [4Fe-4S] clusters was extended to the four Cys
making up the first coordination sphere, and then a four-helix bundle was built around the
site. Notably, incorporation of the cluster into their artificial protein stabilizes the overall
fold, leading to the conclusion that the designed a-helices are integral in cluster
incorporation. The authors subsequently added to this peptide an empirically designed
heme binding site. The new model successfully bound both the cluster and heme,

although the latter with very low affinity. Throughout this series, though, oligomerization

of the helical peptides was a large problem, affecting the functionality of the peptides.

Conclusions.

Since the first de novo designed proteins were reported 25 years ago, the field has
advanced tremendously. This progress is mainly tied to the continuing optimization of
computational algorithms and methods, which have emerged as a reliable approach to the

design of protein structures and functions. *>'**'"” Indeed, relatively simple principles

have been established for the development of stable and well-defined proteins'**'!

111,112 113-115 116

metalloproteins and membrane proteins, paving the way for the design of
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117,118

. . . . . 119
functional proteins Recent success stories include the design of transferases,

120-122 123-125

hydrolases, and oxidoreductases. Building on these achievements, the field is
now moving towards end-use inspired applications, with energy production emerging as
one of the societal needs.

Scope of this thesis:

As mentioned in the above discussion, there has been a tremendous amount of work
aimed at developing modular, biomimetic, and artificial proton reduction machinery for
the development of a renewable energy source. Majority of these efforts are based on an
organometallic platform, which has its own benefits. Most organometallic complexes are
relatively easy to synthesize and characterize. Most importantly, majority of
organometallic complexes can tolerate relatively harsh conditions such as organic
solvents, high pressure and temperatures, which is beneficial in determining catalytic
mechanism and other physicochemical properties of the catalyst. However, most of the
time, resulting organometallic complexes are not compatible with aqueous solvent, an
ideal solvent for proton reducion and utilizes a different mechanism than the natural
enzyme. On the other end of spectrum, enzymes work under ambient conditions and are
extremely efficient. But, difficulty in heterologous expression and oxygen sensitivity
makes the native enzyme inapplicable for biotechnological purposes. In this thesis, we
have taken a chemical biology approach where, we combine best of both worlds. We
have attached simplistic synthetic organometallic unit to de novo designed and natural
proteins utilizing a bottom up approach. This approach introduces the much-awaited

modularity in the system, where the nature of organometallic complex can be varied as

desired. On the other hand, native enzyme like interactions including secondary sphere
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interactions can be introduced using the protein matrix, which appears to be otherwise
herculean on completely synthetic organometallic complexes. We have also shown that
multiredox cofactor binding protein can be engineered, which can be later introduced to
close proximity of the catalytic site using principles of supramolecular protein designing,
thus introducing real enzyme like properties in engineered system.

Chapter 2 and 3 of this thesis describes general design principles of multiredox cofactor
binding protein and their characterization. Chapter 4 describes proof of concept
hypothesis for designing proton reduction catalyst in a minimalistic peptide based model
and our current effort of designing more elaborate protein matrix around the active site.
In Chapter 5, we discuss this methodology extended to natural protein using a host guest

approach.
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ABSTRACT. In nature, protein subunits containing multiple iron-sulfur clusters often
mediate the delivery of reducing equivalents from metabolic pathways to the active site
of redox proteins. Thus, the de novo design of redox active proteins should include the
engineering of a conduit for delivery of electrons to and from the active site, in which

multiple redox-active centers are arranged in a controlled manner. Here, we describe a
32



designed three-helix protein, DSD-bis[4Fe-4S], that coordinates two iron-sulfur clusters
within its hydrophobic core. The design exploits the pseudo two-fold symmetry of the
protein scaffold, DSD, which is a homodimeric three-helix bundle. Starting from the
sequence of the parent peptide, eight leucine residues per dimer in the hydrophobic core
are mutated to cysteine to provide the first coordination sphere for cubane-type iron-
sulfur clusters. Incorporation of two clusters per dimer is readily achieved by in situ
reconstitution, and imparts increased stability to thermal denaturation compared to the
apo form of the peptide as assessed by CD monitored thermal denaturation. The presence
of [4Fe-4S] clusters in intact proteins is confirmed by UV-vis spectroscopy, gel filtration,
analytical ultracentrifugation, and EPR spectroscopy. Pulsed electron-electron double
resonance (ELDOR) experiments have detected the magnetic dipole interaction between
the two clusters of about 0.7 MHz, which is consistent with the expected inter-cluster
distance of ~36 A. Taken together, our data demonstrate the successful design of an
artificial multi-FeS cluster protein with evidence of cluster-cluster interaction. The
design principles implemented here can be extended to the design of multi-cluster

molecular wires.
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Introduction.

[Fe-S] cluster proteins represent one of the most abundant and functionally pliable
classes of proteins: they carry out a wide variety of biological functions including
catalysis, oxygen sensing, and electron transfer.'” The chemical properties of the [Fe-S]
clusters, such as low redox potential and high oxygen sensitivity, their prevalence, and
their structural and functional flexibility, suggest that they emerged during early
evolution.”® Most frequently, [Fe-S] clusters act as donors or acceptors of electrons at a
wide range of potentials, and they are organized in protein-embedded redox chains that
function as relays for the transfer of electrons from soluble protein partners to catalytic
centers in complex, often multiunit, proteins.”'*

The most common type of [Fe-S] cluster, the [4Fe-4S] cubane-like structure, is
generally coordinated by four cysteines in a variety of protein folds, often in a
combination of loops and secondary structure elements.”'> A common fold is that of the
ferredoxins, small soluble electron carrier proteins that can contain one or two clusters
coordinated by four conserved cysteines.”'®!” The two-cluster ferredoxin-like fold is also

18,19

found in the PsaC subunit of Photosystem I and in hydrogenases as part of the

accessory iron-sulfur cluster binding domain, which regulates long range electron transfer
to/from the active site (H-cluster).'>***

Over the years, a substantial amount of scientific effort has been dedicated to
elucidating the structure-function relationship of different clusters with their protein

counterpart in natural and de novo designed model systems. Model proteins designed to

coordinate an iron sulfur cluster generally utilize loop regions to accommodate the
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cluster, resembling the sequence and topology found in most of the natural proteins.®'>**

% Computational approaches have been used to position an idealized cluster into a

527,28
1,7,

designed 4-helix coiled coi or into the structure of natural proteins®”*. These

models were designed to contain a single iron-sulfur cluster, either isolated within the

5,30,31

protein scaffold or in proximity to a second cofactor. When functioning as electron

. . . . 9.
conduits, however, iron-sulfur clusters are generally arranged in chains of two or more.

14

As a first step towards constructing bioinspired functional redox proteins

15,32,33
=2 we have

encompassing an electron transfer domain and a catalytic domain,
engineered a model system that contains two [4Fe-4S] clusters embedded in the
hydrophobic core of a de novo designed helical three-helix bundle. We present here the
design, synthesis and characterization of this model system, DSD-bis[4Fe-4S],
demonstrating for the first time the incorporation of two clusters at a defined distance.
This approach can be extended to the design of other systems, in which the intercluster
distance can be modulated by exploiting the geometric properties of a-helical coiled

. 1,3,5,15,34,35
coils. ™

Materials and Methods

Chemicals. Chemicals were purchased from Sigma Aldrich; Fmoc protected amino acids
for solid phase peptide synthesis were purchased from Novabiochem. All reactions were
performed under an inert environment either using a Schlenk line or in a glovebox (Coy
Scientific), unless otherwise noted. All buffers/solutions were degassed extensively by

purging with N, prior to their transfer to the glovebox.
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Protein Design.

Models of DSD-4Cys and DSD-bis[4Fe-4S] were built in MacPyMol®*®7 starting from
the coordinates of DSD (PDB ID 1G6U). Leucines 9, 12, 22, and 43 in DSD were
mutated to cysteine, and side chain orientations were selected among the backbone-
dependent favorable rotamers in MacPyMol. Disembodied [4Fe-4S] cluster and four
cysteines that form the primary coordination sphere were obtained from Thermoatoga
maritima tryptophanyl t-RNA synthase (PDB ID 2G36) and manually docked onto DSD-
4Cys using pairwise alignment in MacPyMol. Finally, new bonds were created using the
Build function.The models of DSD-4Cys, DSD-bis[4Fe-4S], and the original DSD

9,36,37

structure were analyzed with Q-Sitefinder, which identifies and measures the

volume of cavities using PDB files as input.

Peptide synthesis and purification.

DSD-4Cys, which is comprised of 49 amino acids, was synthesized on a Liberty
microwave-assisted solid phase peptide synthesizer (CEM). Peptide synthesis was
performed using standard Fmoc/t-Bu/Trt protecting strategy on a Rink amide resin; the
N-terminus of the peptide was acetylated. Cleavage from the resin and simultaneous
removal of side chain protecting groups was achieved by treatment with 94% TFA, 2.5%
water 2.5% EDT, 1% TIS. The crude peptide was purified by HPLC on a C-18 semi-
preparative column (Vydac, lem x 25c¢m), using gradient elution with solvent system A
(100% water and 0.1% TFA) and B (95% Acetonitrile, 5% water and 0.1%TFA) at 4

ml/min flow-rate. Peptide purity was confirmed by re-injecting appropriate fractions on
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analytical C-18 column; the molecular weight of the peptide was verified by MALDI-

TOF mass spectrometry. Peptides used for further experiments were >99% pure.

Direct incorporation of [4Fe-4S]| cluster into the synthesized peptides.

All the reactions were performed in an anaerobic chamber (Coy Scientific) under an inert
atmosphere. Cluster incorporation was performed following an established protocol.'>’
Briefly, a 120 mM solution of DSD-4Cys peptide in 100 mM Tris-HCI, pH=8.5, 2 M
urea, was treated with 0.8% (v/v) BME for 2 hours. To this solution iron (III) chloride
(FeCls) and a freshly prepared solution of sodium sulfide (Na,S) in water were added in
30-min intervals to a final concentration of 30 mM. The resulting dark brown solution
was incubated overnight at 4°C under N,. The reaction mixture was then passed through
a PD10 G25 desalting column (GE healthcare) pre-equilibrated with 50 mM Tris-HCI

buffer, pH=7.5, to exclude all non-protein, low molecular weight contaminants and salts.

Appropriate fractions were collected in 1 ml increments and subjected to characterization.

UV-Vis Spectroscopy.

UV-Vis spectra were recorded on a Perkin-Elmer Lambda-35 spetrophotomether in
anaerobic conditions using a sealed cuvette with a 1 cm path length.

MALDI-TOF Spectroscopy:

Cluster incorporation was carried out as described in the main text. After overnight
incubation, the reaction mixture was passed through a G-25, PD10 desalting column pre-
equilibrated with100 mM NH4HCO3, pH=7.5. Appropriate fractions were collected and
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used to prepare MALDI samples anaerobically. Specifically, 2 pL of protein sample were
mixed 2 pl of matrix stock (alpha-Cyano-4-hydroxycinnamic acid in 0.1% TFA in water)
and dried on a sample plate in the glove box. The plate was transferred in an argon-filled
small chamber and transferred out of the glove box for MALDI characterization.
MALDI-TOF (Matrix Assisted Laser Desorption Ionization-Time of Flight) spectrometry
was carried out using a Applied Biosystems DE-STR MALDI-TOF instrument under

linear/positive ionization mode.

Gel filtration.

The oligomerization states of DSD-4Cys and DSD-bis[4Fe-4S], were determined on a G-
25 gel filtration column using an Agilent Technologies 1260 Insight FPLC system. The
apo peptide was treated with 10 fold molar excess DTT at 4°C to prevent disulfide
formation. DSD-bis[4Fe-4S] was kept under anaerobic conditions prior to injection. The

assignment of the elution peak to dimer was confirmed by analytical centrifugation.

Circular dichroism (CD) Spectroscopy.

CD spectroscopy of the apo and holo-peptides was carried out on a JASCO J-815
spectropolarimeter. Spectra were recorded from 240 nm to 190 nm in 1 nm increments at
protein concentrations of 0.050 mM and 0.025mM in 10 mM Tris-HCI, pH 7.5, using a
quartz cuvette with a pathlength of 1 mm; the final spectra are the average of three data
sets. Thermal unfolding curves were monitored by following the CD signal at 222 nm as
a function of temperature from 4°C to 96°C. Holo DSD-bis[4Fe-4S] peptide samples
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were handled in an airtight cuvette to exclude air during the course of the experiment. CD
spectra of DSD-4Cys were recorded in presence of excess reducing agent (TCEP) to

prevent oxidation of the cysteine side chains.

Electron paramagnetic resonance (EPR) spectroscopy.

Appropriate fractions from the PD10 column were concentrated using a centrifuge
concentrator with a MW cutoff of 3,000 Da (GE Healthcare). The pH values of the
samples were then adjusted to pH 10 by addition of 1 M glycine buffer, and the samples
were reduced by addition of 100 mM Na,S,04 in 1 M glycine buffer, pH 10. Aliquots
(150 mL) of the reduced samples were transferred to quartz EPR tubes, flash frozen by
immersion in liquid nitrogen, and stored at 77 K until EPR characterization.

Continuous wave (CW) EPR experiments were performed on the X-band EPR
spectrometer Elexsys E500 (Bruker). Pulsed EPR experiments were performed on a
home-built broadband (2-18 U 26-40 GHz) pulsed EPR spectrometer'®*®* at the
microwave (mw) frequencies of about 9.6 GHz. The measurement temperature was 15

K. Detailed experimental conditions are given in Figure captions.

Cluster quantification.

For each preparation, percentage yield of cluster incorporation was estimated by UV-vis,
using e of 5,500 M'em™ per protein at 280 nm and of 16,000 M'cm™ per cluster at 410
nm.'® Cluster incorporation was assessed quantitatively by measuring independently the
concentration of iron and of peptide in identical samples. First, DSD-bis[4Fe-4S] samples

were further purified by anion exchange chromatography on a Q-sepharose FF column
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(GE health care), using 100 mM Tris, pH 8.5 as equilibration buffer, and 100mM NaCl,
100 mM Tris, pH 8.5 as elution buffer. The samples were split in two portions: one was
used to measure peptide concentration by amino acid analysis (Proteomics Department,
University of California, Davis), and the second was used to determine iron concentration
by ferrozine assay.”’ Incorporation of EPR active, reduced cluster was determined by
EPR spin quantification. Briefly, a concentrated DSD-bis[4Fe-4S] sample was divided in
two parts, one of which was submitted for peptide concentration determination by amino
acid analysis. The second portion was prepared for EPR spectroscopy as described above,
and subjected to spin quantification by comparing the double integral of the CW EPR
spectrum of [4Fe-4S]" recorded at 7 K with the spectrum of 5 mM Cu(II) nitrate recorded
at 21 K (at lower temperatures the Cu(Il) EPR signal saturated even at the lowest
accessible mw power of 0.2 mW). The estimated concentration of [4Fe-4S]” was then
compared with the DSD protein concentration evaluated using amino acid analysis for the

same sample (accounting for dilutions).

Results and discussion
Design of model peptide

DSD-bis[4Fe-4S] was designed by using as a scaffold a dimeric three helix
bundle originally designed to probe domain swapping (Domain Swapped Dimer, DSD,
PDB ID 1G6U). In DSD, two identical peptides each form a helical hairpin, in which one
of the helices is approximately twice the other in length. The long helices from two
monomers pair up in an antiparallel manner, while the two shorter helices dock against

the dimer formed by the long helices. An approximate 2-fold symmetry axis is located
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between the two short helices (Figure 2.1). The fold is stabilized by a leucine-rich
hydrophobic core and by salt bridges positioned at the helix-helix interfaces to impart
specificity.

The arrangement of the two monomers in DSD is reminiscent of the internal
pseudo two-fold symmetry found in two-cluster ferredoxins, which have long been
thought to derive from gene duplication events and domain swapping®. Ferrodoxins
comprise two repeats of a 29-residue sequence, and adopt the so-called ferredoxin fold
defined by a babbab secondary structure. In the 2-cluster bacterial ferredoxins, each of
the two symmetric clusters is coordinated by three sequentially contiguous cysteines
contained in the loop, between the helix and the second beta sheet. A fourth distal
cysteine, which is located in the helix of the second sequence repeat, completes the first
coordination sphere of the cluster. The sequence motif is CXXCXXC....... C. Mirroring
this arrangement, we designed a binding site, in which three of the coordinating cysteines
belong to a monomer, while the fourth one is provided by the second monomer. DSD-
bis[4Fe-4S], however, differs from the ferredoxins both in its highly helical secondary
structure and in its dimeric oligomerization state. To ensure a correct selection of cysteine
rotamers, we docked a natural [4Fe-4S] cluster and its primary coordination sphere into
the hydrophobic core of DSD. This “metal-first” approach has been successfully used to
insert iron sulfur clusters in natural and designed proteins.”*’ We referred to the cluster
found in Thermotoga maritima tryptophanyl t-RNA synthase (PDB 2G36),” which has
been used by Grzyb et al. as a starting point to model a symmetrized cluster.” The cluster
is coordinated through a C........ C.... CXXC sequence motif, in which the CXXC
residues are part of a helix, as assessed by backbone dihedral angles, while the two
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additional cysteines are found at the base of inter-helix loops and are in non-helical
conformation. The distances between the backbone atoms of the cysteines are compatible
with the regular three-helix coiled coil geometry of DSD. Accordingly, once we overlaid
the CXXC motif with the LXXL motif that forms the core of DSD, the Ca carbons of the
remaining two cysteines then overlapped with the Ca of leucines forming the core of
native DSD. Several core positions corresponding to different layers within the coiled
coil were possible matches for the geometry of the 4-cysteine motif; we selected the
alignment that results in minimal clashes and supports the correct rotamers for the
cysteine side chains (see Methods). We evaluated the impact of four Leu to Cys
mutations and of cluster insertion on the integrity of the peptide scaffold by analysing the
models with Q-Sitefinder,” and comparing the results to the X-ray structure of DSD. This
analysis revealed the presence of a 58 A’ cavity in the core of DSD-4Cys corresponding
to the cluster binding site, and smaller pockets to the side. This central cavity is
completely occupied by the [4Fe-4S] cluster in the model of DSD-bis[4Fe-4S], which
presents only the small pockets to the side. DSD-bis[4Fe-4S] resembles the original DSD
structure, which contains no cavities in the core, and identical side pockets.

The cluster-binding site is located at one end of the bundle; because of the
symmetry of the scaffold, the site is replicated in the second half (Figure 2.1). The
sequence of the monomeric peptide contains 4 Leu to Cys mutations, three of which are
contiguous in the sequence, and a fourth one that is distal; we have named the peptide
DSD-4Cys. The peptide was synthesized by solid phase peptide synthesis (SPPS) and

purified as described in Materials and Methods.
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DSD-4Cys : SLAALKSECQACKKEGFSPEECAALESELQALEKKLAALKSKCQALKGW
Figure 2.1. Design of DSD-bis[4Fe-4S]. (Top) The crystal structure of DSD (PDB ID:
2G6U) serves as a starting point. The [4Fe-4S] cluster from Thermotoga maritima,
including the four cysteines comprising its first coordination sphere, was docked in the
core of DSD. Appropriate core leucine residues in the hydrophobic core were mutated to
cysteines. The first coordination sphere of DSD-bis[4Fe-4S] displays an excellent
agreement with the natural coordination sphere of the cluster. (Bottom) Sequences of
DSD and DSD-4Cys; mutations to the DSD sequence in DSD-4Cys are highlighted in

bold. A tryptophan was inserted at the C terminal to facilitate concentration assessment.

Assembly of DSD-bis[4Fe-4S].

We reconstituted the clusters into the apo DSD-4Cys peptide using a well
established in situ synthetic procedure under anaerobic conditions.”” Briefly, the
reconstitution reaction was carried out with ferric chloride and sodium sulfide in aqueous
buffer (pH 8.5) in the presence of 2-mercaptoethanol and 2 M urea that serves to partially
unfold DSD-4Cys, permitting access to the cysteines located in the hydrophobic core.

Cluster incorporation is entropically favorable, and proceeds by ligand exchange between
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the four preorganized cysteines and the more basic 2-mercaptoethanol that initially ligate
the cluster.'**?’

The UV-vis spectrum of the resulting DSD-bis[4Fe-4S] protein shows broad
absorptions at 415 nm and 360 nm, which arise from sulfur to iron charge transfer
excitations in oxidized [4Fe-4S] clusters; the absorption at 415 nm disappears upon
reduction with sodium dithionate (Figure 2.2). The positions of the maxima are red-
shifted compared with inorganic [4Fe-4S] clusters, consistent with a cluster shielded from
aqueous environment. These spectral features and redox dependent behavior are typical
of iron sulfur cluster proteins.’**’ The ratio of absorbance at 410 nm to 280 nm is 0.76,
within the 0.7-0.8 range usually observed in natural proteins.’**’ Based on these values

we estimate the stoichiometry at 1:1 peptide:cluster, consistent with a dimeric peptide

coordinating two clusters.
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Figure 2.2. (Left). Optical absorption spectrum of reconstituted DSD-bis[4Fe-4S] in the
oxidized state (black line) showing bands at 324 nm and 415 nm. The reduced state (blue

line) shows the loss of 415 nm absorption after reduction. (Right). Circular dichroism
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spectrum in the visible region of reconstituted, oxidized DSD-bis[4Fe-4S] (black line):
the induced dichroic absorption in correspondence to the optical absorption in the visible
indicates that the cluster is in a chiral environment. No signal is observed in the 300-700
nm range for DSD-4Cys.

We further characterized the redox behavior of DSD-bis[4Fe-4S] by cyclic
voltammetry (Figure 2.3). In the presence of 4 mM neomycin as stabilizer, we observed a
cathodic wave at -478mV vs SHE, which is in the range observed for natural cubane-type
iron-sulfur clusters.*> However, the absence of anodic wave indicates electrochemical

irreversibility of the process under these conditions.
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Figure 2.3: Cyclic Volatamogram of DSD 2[4Fe-4S] cluster in solution in presence of
4mM Neomycin with glassy carbon working electrode, platinum mesh counter electrode
and saturated calomel reference electrode, scan rate 100mV/s. In the absence of
neomycin, no electrochemical response was observed.
Protein folding and stability.

We verified that DSD-4Cys and DSD-bis[4Fe-4S] fold into dimers, as observed in
the structure of DSD, by gel filtration, monitoring elution at wavelengths of 220 nm, 280

nm, and 410 nm. The two proteins have identical elution profiles dominated by a single
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peak at 30 minutes, consistent with the presence of a single species with a molecular
weight of a dimer (Figure 2.4). Furthermore, sedimentation velocity experiments by
analytical ultracentrifugation of DSD-4Cys yielded an apparent molecular weight in
excellent agreement with that expected for a dimer (12.4 kDa vs 10.6 kDa respectively) at
a loading concentration of 100 mM, thus indicating that the protein forms a stable dimer
in the micromolar range (Figure 2.4). The sedimentation data confirm our assignment of

the peaks observed in the gel filtration elution profile to dimers.
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Figure 2.4: Oligomeric state of Apo and Holo peptide, on the left analytical
ultracentrifugation data for apo peptide showing one major peak in solution; on the right
panel, gel filtration data for apo and holo peptide showing same retention time for apo

and holo peptide confirming dimeric nature of the system.
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Cluster incorporation was also monitored by MALDI-TOF spectroscopy as shown in
Figure 2.5. A broad peak centered around 11310 was observed corresponding to the
dimeric peptide bound to two [4Fe-4S] clusters . A small peak was also observed
centered around 5655 which we assign as a doubly charged species of the DSD-Bis[4Fe-
4S]. No peak corresponding to dimeric apo DSD-4C (expected mass 10620) was
observed in this sample. A sharp peak around 5314.44 dalton corresponding to DSD 4C

was observed for the apo peptide.
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Figure 2.5: MALDI-TOF spectrum of DSD-Bis[4Fe-4S]: A broad peak centered around

158002 204006 250010

11310 was observed corresponding to the dimeric peptide bound to two [4Fe-4S] clusters

. A small peak was also observed centered around 5655 which we assign as a doubly
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charged species of the DSD-Bis[4Fe-4S]. No peak corresponding to dimeric apo DSD-4C
(expected mass 10620) was observed in this sample.

The impact of mutations on the structure of DSD in the apo DSD-4Cys and in the
reconstituted DSD-bis[4Fe-4S] was verified by CD spectroscopy. Analysis of the models
of DSD-4Cys and DSD-bis[4Fe-4S] shows that exchanging the hydrophobic side chain of
leucine with the smaller, polar side chain of cysteine results in a polar cavity in the core
of the bundle. The dimensions of the cavity calculated using Qsite-Finder are compatible
with the cubane iron sulfur cluster; further, coordination by the cysteines to the iron-
sulfur cluster stabilizes the fold and replaces hydrophobic interactions.

The secondary structure content of the apo DSD-4Cys and of the reconstituted
DSD-bis[4Fe-4S] was evaluated by analysing the corresponding CD spectra. Similarly to
DSD, both spectra contain bands at 190 nm, 208 nm, and 222 nm typical of alpha-helical
proteins. The spectra are indistinguishable, indicating that the secondary structure of the
protein is not distorted significantly upon insertion of the [4Fe-4S] cluster. The visible
portion of the CD spectrum of DSD-bis[4Fe-4S] is dominated by a complex feature,
comprising a narrow negative signal at approximately 360 nm and a broader one centred
at 560 nm, which arises from the [4Fe-4S] clusters and resembles the spectra of
ferredoxins.’®”® Such signature for DSD-bis[4Fe-4S] corroborates the evidence for
successful incorporation of the cluster.

To further evaluate the impact of modifications on DSD in the apo DSD-4Cys and
in the reconstituted DSD-bis[4Fe-4S], we have investigated their thermal denaturation by
monitoring the decrease of the helical signal at 222 nm as a function of temperature. A

comparison of the melting curves (see Figure 2.6) reveals conspicuous differences in
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stability. The thermal denaturation of DSD-bis[4Fe-4S] is irreversible, as partial
denaturation results in a loss of the cofactor, thus precluding a rigorous thermodynamic
analysis aimed at extrapolating folding parameters: the following discussion is thus
limited to comparison of denaturation profiles and apparent melting points (71,).

We chose DSD as a starting scaffold because of its remarkable thermal stability.
DSD retains over 90% of its helical structure at temperatures as high as 94 °C: a complete
unfolding transition was observed only by subjecting DSD to thermal denaturation in the
presence of 3 M guanidinium chloride.>** Not surprisingly, substituting eight leucines
per dimer with cysteines in the hydrophobic core of DSD-4Cys results in loss of stability.
In contrast to DSD, the thermal denaturation curve of DSD-4Cys shows unfolding even
in the absence of guanidinium chloride; the protein, however, is still very stable, with an
apparent T, of 50 °C. Incorporation of the cluster into DSD-4Cys recovers the thermal
stability: as shown in Figure 2.6, DSD-bis[4Fe-4S] is more than 90% folded at 80 °C; the
apparent Ty, is 87 "C. As the temperature increases above 80 °C, though, the protein
undergoes rapid unfolding and loss of the cluster, as evident from the observation of iron

precipitate.
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Figure 2.6. CD spectra in the UV range recorded at 22 °C (left) and thermal denaturation
curves (right) of DSD-4Cys (blue lines) and DSD-bis[Fe4S4] (black lines). The
denaturation curves are obtained by monitoring the loss of helical signal by CD at 222

nm while increasing the temperature.

EPR spectroscopy
The CW EPR spectrum obtained for the DSD-bis[4Fe-4S] sample reduced with
dithionite (shown in Figure 2.7) exhibits the principal g-values of (g, gy, g,) =(1.879,
1.943, 2.058), with gis, = 1.965, and is similar to the spectra of [4Fe-4S]" clusters

7833 which confirms the presence of intact [4Fe-4S] clusters

described in the literature
bound to DSD. The temperature dependence of the EPR amplitude (Figure 2.7) shows a
nearly exclusive population of the ground state with S = 1/2 at the temperatures below 15
K. The temperature dependence presented in Figure 2.7 is typical of [4Fe-4S]" clusters
and it can be used to obtain information about the energies and multiplicities of the

excited states.'”'*** Spin quantification of the reduced, EPR active clusters revealed that

the [4Fe-4S] /protein concentration ratio is about 56%. In contrast, cluster quantification
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on an identical sample carried out using the ferrozine assay to assess iron content yielded
incorporation of 73.5 %. Such difference could be explained by the challenge of
completely reducing the clusters in the EPR sample.

In order to obtain an additional proof of the pairwise binding of the [4Fe-4S]
clusters to the DSD protein, we used the pulsed electron-electron double resonance

g-factor
2.1 2 1.9 1.8

o —© o
]

°
°
°
°
[ 4

EPR Amplitude
o (EPR Amplitude) x T

T T+ T 7T T
320 340 360 0 5 10 15

B (mT) 100/T (K™

rTrrr|rrrrrrrr et

Figure 2.7: a) EPR spectrum of DSD-bis[4Fe-4S] reduced with sodium dithionite.
Experimental conditions: mw frequency, 9.340 GHz; mw power, 2 mW; field modulation
amplitude, 0.5 mT; temperature, 15 K. b) Temperature dependence of the EPR amplitude
under non-saturating conditions (mw power, 0.2 mW). The horizontal line corresponds to
the temperature dependence described by the Curie law (no low-lying excited states).
(ELDOR) technique that detects a magnetic dipole interaction between the paramagnetic

7,41

centers.”” Pulsed ELDOR and related techniques are routinely used to determine the

distances between paramagnetic centers (spin labels, native radicals, and/or metal

7,17,42-49

centers) in biological systems. In particular, pulsed ELDOR was employed to

study the electron transfer systems containing [FeS] clusters and to obtain information
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about the relative spatial arrangement of the electron transfer carriers and the electronic
structure of the [FeS] clusters themselves.'”*=%!

In the pulsed ELDOR experiment, the pumping mw frequency, npmp, Was set in
resonance with the maximum of the ESE field sweep spectrum (g, position). The
observation frequency, n.s, was 93 MHz higher, which corresponds to the observation
EPR position shifted by ~ 3.3 mT toward g, (Figure 2.8). Since the characteristic width of
the EPR spectrum (~17 mT) is much greater than the pumping mw excitation width (~1.5
mT for the 12 ns pumping mw pulse), the ELDOR effect was expected to be very small,
especially taking into account the incomplete pairing of the EPR-active [4Fe-4S]"
clusters and possible (and unpredictable) orientational selectivity effects. With the
distance between the [4Fe-4S] cluster binding sites of about 30 A in the model, the dipole
interaction constant was expected to be not very large, under ~ 4 MHz (see below).
Therefore, we have used in our experiments the three-pulse ELDOR sequence (based on

13,21-23,41

the two-pulse observation sequence), which offers somewhat better sensitivity

13:24:26.32 The pulsed ELDOR measurements were performed at the

than the four-pulse one.
temperature of 15 K, where the population of the excited states is still negligible (see
Figure 2.7), but the longitudinal relaxation time is already short enough to enable the
measurements with a reasonably fast pulse repetition rate of 500 Hz.

The experimental ELDOR trace is presented in Figure 2.8 (solid trace). It
exhibits the oscillations with the high frequency of ~ 15 MHz (~ 70 ns period), which
represent a residual electron spin echo envelope modulation (ESEEM) at the Zeeman
frequency of 'H. Such a residual ESEEM is often observed in ELDOR experiments with

5,28,44

insufficiently large frequency separation between nops and 7pmp. In addition, a fast-
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damping low-frequency oscillation is observed with the first minimum at ¢” ~ 700 ns
(where ¢’ is the time interval between the first observation pulse and the pumping pulse).
This oscillation arises from the dipole interaction between the [4Fe-4S]" clusters, which
follows from the facts that the [4Fe-4S]" clusters only exist as a protein-bound species,
and no such oscillation was observed for the samples with low [4Fe-4S]" / protein

concentration ratios resulting in negligible probability of the pair formation.
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Figure 2.8. a) Two-pulse ESE field sweep spectrum of reduced DSD-bis[4Fe-4S].
Experimental conditions: mw frequency, 9.640 GHz; mw pulses, 15 and 20 ns; time
interval between the mw pulses, ¢+ = 200 ns; temperature, 10 K. b) Solid trace,
experimental pulsed ELDOR trace obtained using the three-pulse sequence.
Experimental conditions: ng,s = 9.733 GHz; npmp = 9.640 GHz; B, = 356.1 mT (EPR
signal maximum for n,mp); Observation mw pulses, 15 and 20 ns; pumping mw pulse, 12
ns; temperature, 10 K. To suppress the residual 'H ESEEM, the time interval between the
observation pulses, ¢, was varied from 2 ms to 2.3 ms with the step of 10 ns, and the

ELDOR traces were summed up. Dashed trace, numerical simulation (see text for

details).
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The characteristic frequency of the low-frequency oscillation assigned to the
dipole interaction between the clusters is only about 0.7 MHz (as estimated from the
position of the first minimum). In a point dipolar approximation, this dipole interaction
would correspond to the distance of ~42 A, significantly longer than the structurally
reasonable distance of ~30-35 A. The dashed trace in Figure 2.8 shows the simulation
(using a simple point dipolar model and neglecting any possible orientational selectivity)
for the uniform distance distribution from 36.5 A to 51.5 A ((R) =44 A, DR =15 A). The
simulated pairwise effect is superimposed on the exponential decay from the uniformly
distributed spins.

In order to explain this discrepancy, one has to take into account that the [4Fe-
4S]" clusters represent mixed valence systems, with the total dipole interaction being a
weighted sum of the contributions of the interactions between the individual jons.*”*+**!
Therefore, representing the whole cluster by a single point dipole is not appropriate, and
the spins of the individual ions and the way they are coupled together have to be
considered explicitly. The spin coupling scheme for the [4Fe-4S]" cluster was described

30,31,53
elsewhere.”

Briefly, the total spin S = 1/2 results from antiferromagnetic coupling of
two pairs of ferromegnatically-coupled ions, Fe(Il)-Fe(Il) (S = 4) and Fe(II)-Fe(III) (S =
9/2). The spin projection factors that determine the statistical weights of individual
dipole interactions are -4/3 for the ions of Fe(Il)-Fe(Il) pair and 11/6 for the ions of
Fe(IT)-Fe(III) pair (the iron ions in this pair are actually equivalent and have the charge of

2.5). A simple estimate (see Supporting Information) shows that the dipole interaction

between two such clusters located at the distance of about 32.5 A can be from ~0.4 MHz
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to ~5 MHz, depending on their relative orientation. The observed frequency of about 0.7
MHz is closer to the lower limit of this range, which indicates that the clusters are
approximately oriented by the Fe(II)-Fe(Il) pairs towards each other.

The above considerations demonstrate that while it may be possible for mixed-
valence systems to explain the observed dipole interaction constant, solving the opposite
problem of deriving a unique distance from the dipole interaction constant may not be

feasible.

Conclusions

In this work we exploited the pseudo-two fold symmetry of DSD, a de novo
designed dimeric three-helix bundle, to generate a model protein that contains two iron-
sulfur clusters in the hydrophobic core. Starting with the primary coordination sphere of a
natural [4Fe-4S] cuboidal cluster, we replaced leucines in the three helix bundle with
coordinating cysteines in the appropriate side chain rotamers to satisfy cluster
coordination. The substitutions result in the formation of a hydrophilic cavity in the
protein core, which is then filled by insertion of the cluster. Our data show that the
mutations are structurally conservative, resulting in highly helical dimeric proteins both
in the apo and holo state. The folding stability of the proteins is found to be in the order
DSD-4Cys< DSD-bis[4Fe-4S] <DSD, thus mirroring the trend in core hydrophobicity
and packing. Further, we showed that DSD-bis[4Fe-4S] contains two intact cubane iron-
sulfur clusters located at the intended distance.

The design approach adopted here replaces the hydrophobic core of a scaffold

protein with a sterically compatible metal binding center, and has been validated in
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21019275463 ‘Helical systems derived from the coiled coil motif have

several systems.
proven particularly adept to accommodate metal binding sites, because the inter-helix
distances in the core is compatible with typical bond length in metal-ligand complexes.
Further, the regular structure repeat of the coiled coil lends itself to parametrization and

33233 Towards the goal of generating artificial molecular

thus to computational design.
wires capable of transferring electrons to an active site center, coiled coil present the
advantage that a metal binding site can be easily moved along the longitudinal axis of the
scaffold simply by replicating the sequence motif in a modular fashion. Here, we
demonstrated the incorporation of those design principles in a model system that contains

two clusters at fixed distance. The design principles could be further extended to tailor

intercluster distances, and/or to add additional cofactors.
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CHAPTER 3
DE NOVO DESIGN AND SYNTHESIS OF AN ARTIFICIAL SYNTHETIC
FERREDOXIN: TOWARDS TAILOR MADE REDOX PROTEIN
Anindya Roy, Dayn Joseph Sommer, Robert A. Schmitz, Chelsea Brown, Andrei
Astachkine and Giovanna Ghirlanda"

Department of Chemistry and Biochemistry, Arizona State University, Tempe, Az

Introduction:

In nature, redox proteins often employ chains of varied [Fe-S] clusters to shuttle electrons
from electron donors to electron acceptors in which individual clusters are placed at
distances from one another optimal to allow electronic coupling between them, increasing
the rate of electron transfer between the two. Examples of these multi-cluster proteins are
the [Fe-Fe] and [Ni-Fe] hydrogenases, enzymes responsible for reversible proton
reduction.' The active site of these enzymes is deeply buried in protein matrix and
electronically coupled to the surface of the protein via a series of suitably spaced [4Fe-
4S] clusters [Figure 3.1]. In many hydrogenases , these 2[4Fe-4S] clusters are ensconced
into a ferredoxin fold (‘Bappap’ fold ) [Figure 3.1].>" In this fold, a single polypeptide
chain folds into two domains that bind each of the 2[4Fe-4S] clusters. The structure often
exhibits a pseudo two-fold symmetry that is indicative of ancient sequence/gene
duplication.” Despite of their structural similarity, 2[4Fe-4S] cluster binding proteins
differ substantially in their physico-chemical properties. This diversity emerges from the
difference in primary amino acid sequence of the ferredoxins and the specific stereo-

electronic properties of the environment surrounding the clusters. Owing to their notable
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importance in redox and non-redox catalysis, there has been a substantial amount of work
in the field of de novo design attempting to model clusters into peptide based model
system, in order to mimic the natural cluster environment, with the long term aim to

4-10
However, most of

incorporate these model peptides into engineered redox enzymes.
these peptides have been designed to incorporate a single, electronically isolated cluster,
limiting their usefulness as electron conduits in vitro. To address this problem, we
recently developed a general method to design bis-[4Fe-4S] cluster binding peptide using

symmetry parameters. We have shown, as a proof of concept, that multiple [4Fe-4S]

clusters can be incorporated inside the hydrophobic core

Figure 3.1: Structure of [FeFe] hydrogenase from Desulfovibrio desulfuricans (PDB
IHFE). The ferrodoxin-like domain is highlighted on the left. All molecular figures were
created with PyMOL (DeLano, W.L. (2002). The PyMOL Molecular Graphics System).

of a helical bundle separated by a predetermined distance.'' Following up on that work,
we deigned here characterization of a variant peptide that moves the two clusters to

within 12 A of one another, a biologically relevant distance for effective electron transfer.
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This designed system shows proof-of-concept redox activity, implicating its use in

engineered redox proteins.

Experimental:
Peptide Synthesis and Purification

Peptides were synthesized on a Liberty microwave-assisted solid phase peptide
synthesizer (CEM). The synthesis was carried out utilizing standard Fmoc protection
procedures. Briefly, Rink Amide resin was doubly deprotected using 20% piperidine, 0.1
M HOBt in DMF. Following deprotection, appropriate amounts of 0.45 M HBTU in
DMF, 2M Ethyl-Diisopropylamine (DIEA) in N-Methyl-2-Pyrrolidone, and 0.2 M Fmoc
protected amino acid (Novabiochem) were added to the reaction vessel, followed by
irradiation with microwaves to pre established temperatures according to CEM protocols.
Peptides were acetylated at the N-terminus via addition of acetic anhydride in coupling
conditions.

Peptides were cleaved from resin utilizing 94% TFA, 2.5% H,0, 2.5% EDT, and
10% TIS for 3 hours, followed by precipitation with cold ether. Crude, lyophilized
peptide was purified utilizing C18 preparatory reverse-phase high performance liquid
chromatography (HPLC), with a linear gradient of 99.9% water with 0.1% TFA to 95%
acetonitrile, 4.9% water, and 0.1% TFA and a flow rate of at 10 mL/min. Peptide identity
was confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) and purity by C18 analytical HPLC. Peptide was
lyophilized to yield a white powder, >99% purity.

65



Cluster Incorporation

Iron-sulfur clusters were incorporated into peptide variants following well-
established methodologies.™' All reactions were performed in an anaerobic chamber
(Coy Scientific), with a 95% N, and 5% H, environment. To a solution of 150 uM
peptide in 100 mM Tris-HCIL, pH 8.5, was added sequentially in 20 minute intervals to a
final concentration: 0.8% (v/v) B-mercaptoethanol, 3 mM ferric chloride (FeCls, and 3
mM sodium sulfide (Na,S). Peptide was incubated overnight at 4 °C anaerobically.

The dark brown solution was subjected to desalting utilizing a PD10 G25 column
(GE Healthcare) that was preequillibrated with 100 mM Tris, pH 7.5. The holo protein
was characterized immediately or flash frozen and stored at -80 °C.
Gel Filtration

Size exclusion chromatography was performed on a G-25 gel filtration column fit
to an Agilent Technologies 1260 Insight FPLC system. To a column pre-equilibrated in
100 mM Tris-HCI, pH 7.5, was injected 200 pL of 150 uM apo or holo peptide. Apo
peptide was pre-treated with tris(2-carboxyethyl)phosphine (TCEP) 30 minutes before

injection to eliminate any disulfides formed from air oxidation.

Circular Dichroism Spectroscopy

Spectra were recorded on a JASCO J-815 spectropolarimeter in the range of 260-
190 nm. Data were recorded every 1 nm and averaged over 3 scans in a 1 mm path
length, quartz cuvette. The holo-peptide was placed in a sealed cuvette to maintain an

anaerobic environment. Concentration of apo and holo-peptide was kept at 50 uM in 100
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mM Tris, pH 7.5. Apo-peptide measurements contained an excess amount of TCEP to
remove any disulfides formed. Chemical denaturations were performed through iterative
additions of an 8 M stock of Guanidinium-HCI, followed by mixing and incubation for 5
minutes to allow equilibration.
Electron Paramagnetic Resonance Spectroscopy

Holo-peptide obtained from PD10 desalting was concentrated in a 3000 MWCO
centrifuge concentrator to approximately 1 mM peptide concentration. Reduced samples
were adjusted to pH 10 by addition of 100 mM sodium dithionite in 1 M glycine buffer,
to a final concentration of 10 mM dithionite. EPR samples were prepared by addition of
10% (v/v) glycerol as a cryoprotectant to either oxidized or reduced samples, and placed
in quartz EPR tubes. Samples were flash frozen and stored under liquid N, until
measurement.

Samples were measured on a X-band EPR spectrometer Elexsys ES00 (Bruker),
utilizing continuous wave methodology (mw frequency, 9.340 GHz; mw power, 2 mW;

field modulation amplitude, 0.5 mT). Measurement temperatures ranged from 5-50 K.

Synthesis of water-soluble porphyrin analogue:

5,10,15,20-tetrakis(4-diethylmalonatemethylphenyl)porphyrin was synthesized following
a previously published method.'? Zinc insertion was achieved by modifying a literature
procedure “*for related compounds, using Zn(OAc),.2H,0 in THF for 12 h at 60 °C. The
esters were cleaved following a procedure for a similar compound.'* The water-soluble,
malonate-functionalized porphyrin was characterized by mass spectrometry and NMR in

D,0, and then used for transient absorption spectroscopy.
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Transient Absorption Spectroscopy:

Nanosecond transient absorption measurements were acquired on a flash photolysis set-
up using a pulsed laser source and a pump-probe optical set-up. Excitation was provided
from an optical parametric oscillator pumped by the third harmonic (352 nm)of a
Nd:YAG laser (Ekspla NT 342B). The pulse width was 4-5 ns, and the repetition rate was
10 Hz. The signal was detected by a Proteus spectrometer (Ultrafast Systems). The
instrument response function was 4-5 ns. Transient data analysis was carried out using in-

house program ASUFIT. Simple exponentials were fit one wavelength at a time.

Cytochrome Csso Reduction Assay

PDI10 fractions of the holo-peptide were reduced via slow addition of dithionite,
monitoring the loss of signal at 410 nm. After no more change was seen, and a slight
dithionite signal arose at 300 nm, the holo-peptide was subjected to a PD10 column. The
first 1.5 mL of the total 3.5 mL elution volume were concentrated to a protein
concentration of 300 uM. To 500uL of a solution of Cytochome Csso isolated from
Thermosynechococcus elongatus (7 UM protein concentration as assayed by absorbance
at 550 nm, €550 = 21000 M cm™) was added 1 pL of reduced holo-peptide. After each
addition, UV-Vis spectra were obtained with an Ocean Optics USB4000 detector with an
USB-ISS-UV-Vis light source attached. Data were fit to linear regression curves before
and after saturation to determine the mole equivalents required to obtain full reduction of
the heme.
Results and discussion:
Protein Design and Synthesis:
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DSD-Fdm was designed following a similar protocol as described before. ' Briefly, We
searched for leucine residues arranged at 1, i+3 positions inside the hydrophobic core of
the helical bundle of DSD "*(PDB Code 1G6U) that is compatible with ligating a [4Fe-
4S] cluster at the N-term of the helix. The first coordination sphere of [4Fe-4S] cluster
binding site from Thermotoga maritima (PDB ID 2G36)'® was then docked manually
inside the hydrophobic core of the DSD to find other two positions geometrically
compatible to chelate the [4Fe-4S] clusters (Figure 3.2). This resulted in translation of the
cluster binding site one heptad down, along the axis of the 3-helix bundle as compared to
our previous design.'' Owing to the inherent two-fold symmetry of the designed protein,
DSD-Fdm, incorporates two [4Fe-4S] clusters in the hydrophobic core which is
reminiscent of the natural ferredoxin fold. Mutation of eight core leucine to cystine
initially causes formation of a polar cavity inside the helical bundle in the apo peptide,
while the cavity gets completely occupied by the clusters in holo Peptide [Figure 3.2].
Resulting 49 amino acid residue peptide was synthesized utilizing standard Fmoc
chemistry with Microwave-Assisted Solid Phase Peptide Synthesis with high yield and
homogeneity. Crude peptide was purified via reverse-phase HPLC to >95% purity, as
assessed by analytical HPLC. Identity of the construct was confirmed with MALDI-TOF

Mass Spectrometry.
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DSD: SLAALKSELQALKKEGFSPEELAALESELQALEKKLAALKSKLOALKG

DSD-Fdm: SCAACKSELQALKKEGFSPEELAALESECQALEKKCAALKSKLQALKGW

Figure 3.2: Design Strategy for DSD-Fdm (Left Panel); Polar cavity generated by
Leucine to Cystine mutation gets filled by [4Fe-4S] cluster (Top View, right panel)
Cluster Incorporation, Protein Structure and Stability:

We performed in situ cluster incorporation reaction following standard protocol. >''
Briefly, B-mercaptoethanol reduced peptide was incubated overnight with 20 molar
equivalents of FeCls and Na,S. This entropically favorable reaction was quenched via
desalting on a PD10 column, removing unbound Fe and S equivalents. In agreement with
previously characterized peptides, the holo DSD-Fdm shows broad absorbance at 415 and
360 nm, characteristic of [Fe-S] cluster charge transfer bands, which disappear upon
reduction (Figure 3.3). This parameters are typical of a cuboidal [4Fe-4S] cluster '"'®

where as-incorporated [4Fe-4S]*" cluster undergo dithionite mediated reduction to [4Fe-

481",
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Figure 3.3: UV-Vis (left panel) spectra of holo DSD-Fdm before and after dithionite
reduction. CD Spectra of apo and holo DSD-Fdm in the UV range showing two minima
around 222nm and 208nm.

We investigated the oligomeric state for apo and holo DSD-Fdm using a combinatorial
analytical centrifugation and gel filtration approach. Apo-DSD-Fdm exists predominantly
in dimeric form in solution at ~100uM loading concentration (data not shown). When
analyzed by gel filtration, both apo and holo DSD-Fdm elutes at comparable volume of
elution buffer as shown in Figure 3.4. For holo peptide, the elution profile contains an

additional absorbance at 410 nm, indicating the presence of the [4Fe-4S] cluster.
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Figure 3.4: Gel filtration data of Apo and Holo DSD-Fdm. Both Apo and Holo peptide
elutes at similar elution volume, confirming same oligomeric state.
The peak centered around 40 min for apo peptide comes from TCEP.HCI used for
reduction, which was confirmed from a blank injection of TCEP.HCI by itself (data not
shown).

The presence of two clusters was subsequently confirmed through characterization of
Fe and protein concentration. Utilizing the same sample, analysis of Fe content via a
Ferrozine assay and protein concentration via a Bradford assay, we found that the peptide
contains 4.3 + 0.9 Fe/monomer. Variation in Fe concentration may arise from non-
specific binding of Fe*" to the exterior of the DSD-Fdm peptide.

We investigated the secondary structure of both apo and holo DSD-Fdm using far-
UV Circular Dichroism (CD) spectroscopy. Both the apo and holo DSD-Fdm shows two
minima centered around 208nm and 222nm, indicative of high helical content of both
peptides (Figure 3.3 right panel). Cluster incorporation does not interfere with the folding
of the peptide, which is reflected by the similar molar ellipticity value of the holo peptide

as compared to the apo peptide.
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We also assessed the stability of the apo and holo peptide towards chemical denaturation
procedure in circular dichroism. Briefly, molar ellipticity of apo and holo peptide was

monitored

100 1

80 -

60 -

40

Fraction Folded (%)

20
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Figure 3.5: Guanidine.HCI melt of apo and holo DSD-Fdm monitored by CD at 222nm.

Apo peptide denatures at 2.1 M Gdn.HCI (black line), and holo peptide denatures at 4.4
M Gdn.HCI (blue line)

at 222nm as a function of increasing concentration of a chaotropic agent(Guanidine
hydrochloride). We observed a remarkable and unambiguous increase in stability towards
denaturant was observed for holo DSD-Fdm compared to apo DSD-Fdm, as shown in
Figure 3.5. The midpoint of denaturation for the apo peptide is at 2.1 M Gdn.HCI
concentration, while for the holo DSD-Fdm it is at 4.4 M Gdn.HCI concentration. On a
qualitative level, though, this increase in stability can be attributed to the formation of

four cystine-SH to [Fe] bonds per peptide upon cluster incorporation.

EPR Spectroscopy and redox properties of the cluster:
In vitro reconstitution of cuboidal iron sulfur proteins results in formation of [4Fe-4S]*

clusters , which are EPR silent because of antiferromagnetic coupling of unpaired spins.
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Accordingly reconstituted holo DSD-Fdm shows no EPR signal, where as upon dithionite
reduction a rhombic signal arises confirming incorporation of an intact [4Fe-4S] cluster
(Figure3.6). The signal with a gj, value= 1.97 (g.=1.91, g,=1.95, g,=2.06), is consistent

with a S=1/2 system.>'*?°
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EPR Amplitude
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310 320 330 340 350 360 370
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Figure 3.6: CW EPR spectra of dithionite-reduced holo DSD-Fdm, Experimental
conditions, Temperature 12 K, Microwave Frequency 9.340GHz, Microwave Power
2mW.

In general, 2[4Fe-4S] containing ferredoxin type proteins, where two clusters are within
11-13 A of each other, exhibit a spin-spin interaction in EPR spectra giving rise to more
complex features as compared to magnetically isolated clusters. The EPR spectra
observed in our system, shows no such features indicating no detectable spin-spin
interaction. This can be due to the orientational selectivity or incomplete reduction of the
second cluster.

We also probed the redox properties of DSD-Fdm using cyclic voltammetry. A solution
of DSD-Fdm in 100mM Tris, pH 7.5, 100mM NaCl shows no observable redox process
by cyclic voltametry in the range from 0 to -1 (V) vs SHE, presumably because of the
absence of interaction between electrode surface and the electroactive species. To solve

this issue we used neomycin, which has long been used to stabilize and enhance
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interaction of ferredoxin type protein with electrode surface.”** After addition of 3.5
mM neomycin, we observed a quasi-reversible process with a cathodic and anodic wave
centered around -0.438 and -0.521 V vs SHE respectively, as shown in Figure 3.7. The
estimated redox potential value -0.479 V vs SHE falls in the reported window for low

2+/1+

potential [4Fe-4S] clusters in literature confirming presence of a [4Fe-4S] cluster.
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Figure 3.7: Cyclic Voltammogram of DSD-Fdm in presence of 3.5 mM neomycin using
Ag/AgCl reference electrode, glassy carbon working electrode and a platinum mesh
counter electrode; scan rate 100 mV/s.

In nature, ferredoxin-type proteins are involved in numerous electron transfer processes
leading up to redox catalysis.”*® Thus, designed systems should also have these
capabilities with the ultimate aim of engineering bio-hybrid catalysts that incorporate
artificial and natural counterpart, each with fine tunable redox properties. Keeping this in
mind, we turned our effort to investigate electron transfer properties of holo DSD-Fdm,
with external redox active species. Firstly, in order to assess the possibility of the holo-
DSD-Fdm to function in dye-sensitized solar cells, we characterized the kinetics of

electron transfer from a porphyrin photosensitizer to the oxidized cluster utilizing
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Nanosecond Transient Absorption Spectroscopy. In the presence of the holo-peptide, the
triplet state of the utilized porphyrin was quenched 3.4 times faster relative to the
porphyrin in the presence of the apo-protein, indicating interaction with the clusters.

Experiments were done to probe the possibility of

Porphyrin
1.0 ' —— ApoDSDFDM
I HoloDSDFDM

Normalized AAbs

0 ' 2000

Time (us)
Figure 3.8: Normalized spectra of Porphyrin 1, apo-protein, and holoprotein. Porphyrins

in solution were excited at their Q-band (560 nm) and their triplet state (450 nm)
lifetimes were probed. Porphyrin and apo-protein had similar lifetimes, ca. 1400 ps,
while the holo-protein had a significantly quenched triplet lifetime, ca. 100 ps. This

quenching is most likely due to Dexter-type energy transfer from the porphyrin to the FeS

cluster.

electron transfer between the P* and the [4Fe-4S], but no oxidized porphyrin could be
detected (Figure 3.8). This result points to the possibility of triplet-triplet energy transfer.
Because this type of energy transfer is dipole-forbidden, the exchange mechanism must
be of the Dexter type, which requires the donor and acceptor to be within 10 A for
sufficient orbital overlap to occur.
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Finally, as a proof-of-concept study for the ability of this construct to be
incorporated into a de novo designed, fully functional redox enzyme, the ability to

transfer an electron to oxidized cytochome C was assayed. holo DSD-Fdm was reduced
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Figure 3.9: Electron Transfer Study between reduced holo DSD-Fdm and Cyt-C: UV-Vis
titration of reduced DSD-Fdm to a solution of air oxidized Cyt-C (left panel),
by sequential addition of sodium dithionite, monitoring the loss of absorbance at 410 nm,
stopping addition after no more change in signal was seen. Reduced peptide was desalted
on a PD10 column to remove possible dithionite excess, and concentrated to an
appropriate molarity.

The reduced peptide was then titrated into an air-oxidized Cytochrome Css
sample, isolated from Thermosynechococcus elongatus, while monitoring the UV-Vis
spectra. The change in absorbance in the Soret and g-bands indicate reduction of the
protein-bound heme. Fitting the data of the change of absorbance as a function of molar
equivalents of holo DSD-Fdm indicated an approximate 1:1 molar ratio of reduction.

In this second design, we have extended our previous effort '' to design a more realistic

artificial model of electron transfer protein assembly where redox active species are
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separated by a distance biologically relevant for effective electron transfer . Using
symmetry property of a de novo designed homo-dimeric protein DSD ", we rationally
designed 2[4Fe-4S] cluster binding site in the hydrophobic core the helical bind. Total 8-
leucine residues in the core were designed to be replaced by 8-cystine residues that serve
as ligands to the [4Fe-4S] clusters. Resulting peptide binds 2[4Fe-4S] clusters with high
yield and both apo and holo peptides are highly helical and dimeric in nature. Cofactor
binding induces a significant amount of stability towards chemical denaturation, as often
seen in designed metalloproteins. >’ Most importantly, for the first time, we show here de
novo designed Holo DSD-Fdm is able to partake in electron transfer process involving an
excited photosensitizer and also soluble, biologically relevant, small electron transfer
protein, Cyt-C. This artificial redox proteins opens up new avenue for designing redox
catalysts in a modular way, where different component of an engineered redox pathway

can be disembodied and fine-tuned as desired for optimization of the whole system.
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Abstract:

There is growing interest in the development of protein-based hydrogenase mimetics for
solar fuel production. Here, we present a di-iron hexacarbonyl dithiolate center anchored
via an artificial amino acid to a model helical peptide, and we evaluate the impact of the
amino acid on the helical content. The peptide-anchored complex catalyses the photo-

induced production of hydrogen with high efficiency.

Introduction:

Natural hydrogenases catalyse the reduction of protons to molecular hydrogen reversibly
under mild conditions. The relevance of this reaction to energy production, and in
particular to sustainable fuel production, has spurred considerable interest around these
enzymes, in particular [Fe-Fe] and [Ni-Fe] hydrogenases. The first structures of [Fe-Fe]

hydrogenase revealed an unusual coordination sphere surrounding an asymmetric di-iron
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site: a series of [4Fe-4S] clusters that shuttle the reducing electrons to the catalytic site,
termed the H-cluster (Figure 4.1a), which contains a [4Fe-4S] cluster and a [Fe-Fe] site
coordinated by a non-protein dithiolate bridging ligand as well as carbon monoxide (CO)
and cyanide (CN) ligands (Figure 4.1b)."? The site is anchored to the protein through a

cysteine that bridges the proximal iron-sulfur cluster and one iron.
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Figure 4.1: a) Active site structure of [Fe-Fe] hydrogenase from Clostridium
pasteurianum (Cpl, PDB ID 1FEH); b) Chemical Structure of the active site; c)
Organometallic mimetic complex of [Fe-Fe] hydrogenase active site, d) Model peptide
K16Dt-Fe,(CO)s ; ) Sequence of K16Dt and K16L.

Over the years, parallel work on the natural enzyme and on organometallic model
compounds has elucidated several features that characterize the active site and the
catalytic cycle of the di-iron site. Increasingly complex bio-inspired organometallic
systems, in particular, have explored modifications of structural mimics derived from a
(1-S-(CH,)3-S)[Fex(CO)s] center (Figure 4.1c). >

Several of these organometallic model compounds demonstrate moderate catalytic

activity, albeit with rates much slower than the natural enzymes, under significantly
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harsher conditions (typically in organic or organic/aqueous co-solvents and strong acids),
and with unfavorable energetics (high overpotentials). The differences in activity
between the natural enzymes and the organometallic complexes are ascribed to the
protein matrix, which stabilizes a catalytically active “rotated” conformation of the distal
iron and facilitates the reaction by rapidly transferring electrons and a proton to the active
site."*!” The role of a conserved hydrophobic H-pocket (domain) in stabilizing the H-
cluster is becoming increasingly clear: analysis of conserved residues provides a
blueprint for designing artificial proteins capable of stabilizing the H-cluster."

Artificial model proteins have been used successfully as a bridging ground between

18-28

organometallic models and natural proteins in a variety of metalloproteins. Initial

work to anchor a di-iron hexacarbonyl site to a peptide framework via the thiol moiety of

12,29,30

cysteine has relied on CXXC motifs found in helical structures , either engineered

into a simple model *° or found in two natural proteins, Cyt ¢ and cyt csss. >
Remarkably, the latter constructs displayed photocatalyzed hydrogen production in
aqueous media in the presence of a sacrificial electron donor.

Here, we describe an alternative approach that utilizes an artificial amino acid containing
a 1,3 dithiol moiety as an anchor to covalently secure the H —cluster at any position in an
artificial protein scaffold. With this strategy, we can incorporate the amino acid into any
peptide sequence, regardless of its fold. Conversely, direct incorporation of the amino

acid in a complex scaffold allows us to design for solubility, as well as explicitly plan

specific interactions to the [Fe-Fe] cluster.

84



Experimental:

All reactions were performed under argon to ensure an inert environment. All chemicals
were purchased from Sigma-Aldrich, Alfa-Asar and Fisher scientific. All NMR spectra
are recorded either in CDCI3 or in CD30D unless otherwise mentioned in Varian
400MHz instrument. Triethylamine was distilled over KOH and stored over KOH under
argon. All other anhydrous solvents were purchased from Sigma-Aldrich. Fmoc and side

chain protected Amino acids were purchased from Novabiochem.

Synthesis of 1B:

Compound 1A *' (1g, 2.10 mmol) was dissolved in 6 mL dry DMSO in an oven dried
round bottom flask. Acetamidomethylthiol ** (880 mg, 8.4 mmol) of was treated with
201mg (8.4 mmol) of NaH in 7.5 ml of dry DMSO. Resulting solution was stirred under
argon for 15 min after which it was added to the previous solution in a drop wise fashion.
The mixture was stirred until all the reactants were consumed and monitored by TLC
(generally for 3 hrs). Following the completion of the reaction, 200 ml water was added
to the reaction mixture and extracted with ethyl acetate. The organic layer was separated
and washed with (5x100) ml of distilled water. Organic layer was dried over MgSO, and
solvent was evaporated to dryness under reduced pressure. Resulting colorless oil was
purified on a silica gel column using (1:1) CH)Cl,: Acetone. R#~=0.63(CH,Cl,:
Acetone=1:1). Yield=700mg (67%), 1H NMR (CDCls) & ppm 7.35 (b, 1H), 6.84(b, 1H),
5.25 (d,J=9.6 Hz, 2H), 4.37 (m, 2H), 4.31 (m,2H), 4.05 (m,1H), 2.84(m,2 H),2.46 (m,
2H), 1.97 (s,3H), 1.96 (s,3H),1.73(m,2H), 1.41(s,9H),1.37 (s,9H). 13C (CDCl3) & ppm

171.65, 170.30, 156.07, 82.40, 80.21, 51.86, 41.02, 39.92, 37.08, 34.69, 33.86, 33.01,
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28.30, 27.96, 23.21, 23.16. HRMS Calculated for C»;H4oN306S; (M") 494.3364, obtained
494.3359.

Synthesis of 1C:

Compound 1B (150 mg, 0.304 mmol) was treated with 0.3 ml (3.9mmol) of TFA and
0.155 ml (0.76 mmol) of triisopropylsilane in a round bottom flask under strictly
anaerobic condition. After 3 hours TFA was evaporated under reduced pressure and the
resulting oily residue was triturated with ether to yield a white precipitate, which was
filtered and washed with another portion of ether. The compound was used for next step
without any further purification.

Synthesis of 1D:

The solid precipitate of 1C was transferred to a new round bottom flask and dissolved in
2 ml of 10% NaHCOs;. To this stirring solution under argon, 119 mg (0.353 mmol) of
Fmoc-Osu dissolved in 0.70 ml of THF was added drop wise with vigorous stirring. The
resulting solution was stirred overnight under argon. The organic layer was evaporated
under reduced pressure and pH of the aqueous layer was adjusted to ~4 by the addition of
10% citric acid solution. The aqueous layer was then extracted with (5x100) ml of ethyl
acetate. Combined organic layer was dried over MgSO, and evaporated under reduced
pressure. Resulting solid was purified on a silica gel column using (1:1) CH)Cl, :
Acetone. R=0.33 (CH,Cl,: Acetone=1:1), Yield=54mg (32% over two steps) 1H NMR
(CD;OD) & ppm 7.67 (d, J=8Hz, 2H), 7.53 (d, J=8Hz, 2H), 7.27 (t, J=8Hz,2H), 7.19
(t,J=7.36,2H), 4.31 (m,1H), 4.30-4.0 (m,7H), 2.68-2.57(m,4H),2.0-1.92 (m,8H) 1.63
(m,1H).13C (CD30OD) & ppm 171.92, 171.89, 156.99, 143.91, 143.70, 141.14, 127.37,
126.74, 124.75, 124.71, 119.53, 66.37, 53.79, 40.30, 40.10, 35.46, 34.35, 34.13, 33.19,
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21.36. HRMS Calculated for Co7H33N304S, (M+Na®) m/7=582.1735, obtained 582.1709,
(M+K") = 598.1436, obtained 598.1448.

Synthesis of the Peptides:

All peptides were synthesized in a CEM Liberty SPS automated peptide synthesizer on a
PAL-ChemMatrix resin using standard Fmoc-based SPPS with a slight variation for
K16Dt in 0.1 mmol scale. All of the amino acids were double coupled at all positions.
For K16Dt, first three amino acids were coupled using the synthesizer after which the
resin was removed from the synthesizer and manually deprotected using 20% piperdine
in DMF. Then it was coupled with 2.5 fold excess of 1D, using standard coupling
conditions for 12 hours. Cleaving a small portion of resin and then characterizing the
mass of the system, completion of the reaction was monitored. The resin was then put
back in the synthesizer and rest of the synthesis was carried out as usual. All the peptides
were manually deprotected and then acetylated in the N-terminus. For K16Dt, the Acm

protecting group on the side chain was cleaved using Iy (15 equivalent excess) in DMF

for 2 hours on the resin. For K16L, the peptide was cleaved from the resin using 95%
TFA, 2.5% water and 2.5% TIPS. K16Dt was cleaved from the resin using 94% TFA,
2.5% water, 2.5% BME, 1% TIPS. Following the cleavage the resin was filtered off and
collected TFA was evaporated using a stream of nitrogen through the solution. Ice-cold
ether was added to the residue, which resulted in a white precipitate that was centrifuged
and the resulting pallet was collected after decanting the ether. The solid precipitate was
dissolved in water and lyophilized to get a white fluffy powder. Peptides were purified on
a Vydac-C18 semiprep column using A (0.1% TFA in water) and B (95% acetonitrile,

5% water and 0.1% TFA) solvent system. For K16Dt, after lyopholization it was
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dissolved in water and a large excess of TCEP was added to the solution to avoid
oxidation of the dithiol unit. Appropriate fractions from HPLC purification were
collected and lyophilized. Mass of the peptides was confirmed in MALDI and purity of
the peptides was checked by re-injecting them on a C-18 analytical peptide. All the
peptides used for further experiments were at least 99% pure. Cluster incorporated
peptide was also purified in a similar manner except no reducing agent was added to
minimize cluster degradation.

Cluster Incorporation Reaction:

2.4 mg (1.2mmol) of K16Dt was dissolved in 0.5ml of degassed water in a round bottom
flask fitted with a water condenser. To this solution, was added 4.44 mg (8.7 mmol) of
Fes3(CO), dissolved in 1.7 ml of methanol. The reaction mixture was refluxed under
argon for two hours. In the course of the reaction a change in color was observed from
green to red. The solvent was evaporated under reduced pressure. Resulting brown solid
was dissolved in 10 ml of water. 0.1 ml of this solution was centrifuged and the
supernatant was injected on a Vydac C-18 analytical column to monitor the progress of
the reaction. UV-Vis absorbance was monitored at 220 nm and 335 nm simultaneously to
follow cluster incorporated peptide. Cluster incorporated peptide was purified on a Vydac
semipreparative C-18 column using 5ml/min flow rate. Appropriate fractions were
collected and lyopholyzed. Identity of the peptides was confirmed using MALDI-MS for
apo peptides and ESI-MS for holo-peptide. Purity of the peptide was confirmed by

reinjecting the purified peptides on a C-18 analytical column.
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Protein Concentration determination:

For K16L and K16Dt, peptide concentration was determined from absorbance of at 276
nm (e=1455). K16Dt-[Fe,(CO)s] has an absorption peak at 327 nm that overlaps with the
absorption peak at 276 nm, so absorbance at 276 nm is not a correct reflection of peptide
concentration. To determine the concentration of K16Dt-[Fe,(CO)s] two different
techniques were employed. Firstly, a fluorimetric standardization curve was constructed
using K16Dt as standard. Serial dilutions of stock K16Dt in 10 mM TRIS of 7.5 pH were
made. Samples were excited at 276 nm and emission spectra were monitored in 280-400
nm range. A standard curve was constructed by plotting maximum emission intensity vs.
concentration. From this standard curve, concentration of unknown K16Dt-[Fe;(CO)]
was determined. Peptide concentration of the same unknown sample was also determined
using Amino Acid Analysis technique (UC-Davis proteomics facility). Concentrations
determined from two different techniques were within 4% of each other.

FTIR:

FTIR spectra were recorded on a Bruker Vertex 70 series instrument by depositing a thin
film on a CaF, window and drying it under vacuum. The optical chamber was flushed

with Nitrogen for 15 minutes before each scan.

UV-Vis:
UV-Vis spectra were recorded using a Cary-50 UV—vis spectrometer in water.

CD Spectroscopy:

CD spectra were recorded in a JASCO J-815 spectropolarimeter. All the CD spectra were
recorded in 10mM TRIS pH=7.5 buffer. For each peptide, CD spectra were recorded at
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three different concentrations (30uM, 50uM and 100uM). Each spectra is an average of 6
accumulations. For K16Dt, the peptide was reduced with TCEP to exclude any kind of
intermolecular or intramolecular covalent bond formation. For K16Dt-[Fe;(CO)¢] the
sample was dissolved in a degassed buffer solution to avoid aerial degradation of cluster.
CD spectra were recorded for two different temperatures, 4°C and 20°C respectively.

Fraction helix (fheiix) Was determined using the following equation.

[€]222
40000(1 2.5/ N)

~fhelix =

Where [0] is mean residue molar ellipticity at 222nm and N is the number of backbone
amide bonds. Error in fielix is reported as standard deviation of the mean. It is worthy to
mention that our fraction helix deviate significantly from the reported value of equivalent
peptides mainly because of the difference in conditions used to record the CD spectra.
Most of the reported CD spectra for equivalent peptides are reported in 1 M NaCl, | mM
sodium phosphate, 1 mM sodium citrate, and 1 mM sodium borate (pH 7) at 0 °C, where
as all our spectra are recorded in 10mM TRIS, pH=7.5 buffer at 4°C and 20°C to get a
better (S/N) below 200nm.

We monitored molar ellipticity at 222 nm as a function of temperature to evaluate the
stability of the peptides to thermal denaturation. Qualitatively, we were able to observe
enhanced stability of K16Dt-[Fe,(CO)¢]; the lack of a folded baseline, however,
prevented a rigorous analysis of thermodynamic parameters.

Photocatalytic Hydrogen Production:

In a typical photocatalytic hydrogen evolution experiment 9.33 uM K16Dt-[Fe,(CO)s] ,

150uM Ru(bipyridine);,6H,O and 50 mM ascorbate in 50 mM of citrate buffer of pH=
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4.5 in total ImL were taken in an airtight cuvette with 1 cm path length. All the solutions
were degassed extensively to exclude any atmospheric oxygen. The cuvette was then
irradiated with a 450W xenon lamp using a pyrex cutoff filter excluding wavelength
<410nm and an IR cut off filter to exclude light > 700nm. The light intensity at the
sample was maintained 1100 W/m? for all the experiments. For the control experiments,
all the components of the reaction mixture were added in the same ratio except the
photosensitizer i.e. Ru(bpy);,6H,O. The Hydrogen evolved as a function of time was
monitored by taking 100 uL of sample overhead gas with a gas tight syringe and injecting
and analyzing on a GC (SRI instruments, Model no. 310C) using a 5A molecular sieve
column, a thermal conductivity detector and Ar carrier gas. The GC instrument was
calibrated using a gas standard (1% H; and bulk Ny).

Electrochemistry:

All electrochemical studies were performed on CH-Instruments model 420B
electrochemical workstation using a SCE reference electrode, a Pt-mesh counter
electrode and a glassy carbon working electrode (3mm diameter). 100 mM citrate and
25mM NaCl buffer of desired pH (3.6, 4.0, 4.5, 5.0 and 5.5) was utilized to record the
cyclic voltammogram. All scans were performed at 200mV/s scan rate. Catalyst
concentration was 42 uM. A chemical degradation of the catalyst was observed after 1%
scan that deposited on the electrodes. Continuous cleaning of the electrode was necessary
to successfully repeat the electrochemical scans. An increase of current around -1.1V was
observed as the pH of the solution was lowered. No current increase was observed with

substoichiometric ratio of proton to catalyst.
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Results and Discussion:

Peptide Design and Synthesis:

In the case of an alpha helix, pairwise side chain interactions are found for residues at i,
i+3 or i, i+4 positions, which corresponds to one helical turn. To demonstrate this
approach we designed peptide K16Dt (Figure 4.1d), based on the alanine-rich peptides
developed by Baldwin and co-workers, which have been widely used as general host
system to evaluate the effect on alpha helix formation of natural and unnatural amino

. 33-35
acids.

To measure the effect of the unnatural amino acid, and of cluster incorporation,
on helix formation we chose position 16 as the host position for the dithiol amino acid,
which is a leucine in the original sequence (Figure 4.1¢). The C terminal lysine 19 is in a
i, i+3 configuration, which allows for interactions with the unnatural amino acid and the
reconstituted (u-S-R-S)[Fe,(CO)s] complex. Interestingly, Lys 358 is found at a similar
distance from the [Fe-Fe] cluster in the structure of Clostridium pasterianum
hydrogenase (PDB ID 1FEH)'.

First, we modified an existing synthetic scheme *'which yielded (S)-2-amino-3-(1,2-
dithiolan-4-yl)-propionic acid Boc-protected at the amine moiety and swapped it with
Fmoc protection, which is more commonly used in solid phase synthesis. Additionally,
we changed the thiolane S-S bond to an orthogonal protecting group, acetamidomethyl
(Acm), on the two thiols (Scheme 4.1). With this modification, deprotection can occur on
resin or off resin, as required for the synthesis. Amino acids containing 1,2-dithiolane
moieties have been used to prepare peptides containing 2-3 amino acids by using Boc-
compatible solution methods, however the small size of the peptide prevented the direct

. . . 36,3
investigation of secondary structure elements. >*~’
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Scheme 4.1: Synthesis of Fmoc-protected artificial amino acid Dy: a) NaH, DMSO,
AcmSH, 3 hours; b) TFA, TIPS, 3 hours; ¢) Fmoc-Osu, THF, Aq. NaHCOs, 3 hours.
Direct incorporation of  2-(((9H-fluoren-9-yl)methoxy)carbonyl amino)-5-
(acetamidomethylthio)-4-((acetamidomethylthio) methyl)pentanoic acid (Dt) into peptide
K16Dt via microwave assisted solid phase peptide synthesis (SPPS) is readily achieved
with high yields with peptide purification via reverse phase HPLC. K16L, which contains
a leucine in place of the dithioleucine analog, was synthesized as a control (see Electronic
Supplementary Information, ESI). The [2Fe-2S] cluster was incorporated into purified

38,39

K16Dt by direct reaction with Fe3(CO);, under strictly anaerobic conditions™ ", and the

product was purified by HPLC (Figure 4.2).
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Figure 4.2: HPLC analysis of K16Dt and K16Dt_Fe,(CO)s on C-18 analytical column.
The retention time for K16Dt_Fe,(CO)g increases by at least 12 minutes under the same
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gradient condition, confirming increased hydrophobicity of cluster incorporated peptide
as compared to the apo peptide.

UV-Vis, FTIR and CD Spectra:

The resulting K16Dt-[Fe,(CO)¢] adduct displays a UV-vis spectrum characterized by an
absorption maximum at 327 nm (¢=12931 M'ecm™) and by a broader absorption band at
470 nm (e=1082 M'cm™) (Figure 4.3, left panel). These features are consistent with the
position and the intensity of absorption bands observed for model hydrogenase
compounds containing (n-S-R-S)[Fe(CO)3], clusters.'*"
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Figure 4.3: UV-Vis spectra of K16Dt and K16Dt-Fe;(CO)s (left panel); FTIR spectra of
K16Dt- Fe;(CO)g (right panel).

We further characterized the peptide K16Dt-[Fe,(CO)¢] adduct by FTIR, as the CO and
CN' ligands on the H-cluster of natural hydrogenases and of model compounds show
characteristic absorption bands in the 1800-2200 cm™ region. Consistent with the
presence of an intact (u-S-R-S)[Fe(CO)s], cluster, the FT-IR spectrum of K16Dt-
[Fe2(CO)g] (Figure 4.3, right panel) contains bands at 1992, 2033, and 2074 cm’ that

can be assigned to the presence of CO ligands."”'**® Additionally, electrospray
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ionization mass spectrometry of peptide K16Dt-[Fe,(CO)¢] reveals a mass of 2087 Da,
which corresponds to the formation of a [Fe(CO);], cluster.

Having established the presence of an intact (u-S-R-S)[Fe(CO)s], cluster, we investigated
its effect on the peptide secondary structure. We used circular dichroism (CD)
spectroscopy to evaluate the secondary structure of each peptide. The spectra of peptides
K16L, K16Dt and K16Dt-[Fe,(CO)¢] recorded at 4 °C (Figure 4.4, left panel) are all
dominated by minima at 208 nm and 222 nm of equal intensity, which are the hallmark of
high alpha helix content. At 20 °C, the spectra of K16L, K16Dt reveal significant
random coil component, while peptide K16Dt-Fe;(CO)¢ shows higher helical content.
This assessment is confirmed by comparison of fraction helix values (fueiix), (Table 1)
calculated for each peptide using the mean residue molar ellipticity at 222 nm in 10 mM

TRIS buffer at 7.5 pH,33'35740
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Figure 4.4: CD Spectra in UV region for the peptides at 4°C (left panel) and 20°C (right

panel)
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Table 1: Fraction helix of K16Dt, K16L, K16Dt-[Fe(CO)s

Peptide fiyenx (4 °C) figeiix (20 °C)
K16Dt 0.442:£0.017 0.2720.005
K16L 0.57120.015 0.327+0.007
K16Dt-[Fey(CO), 0.599:£0.019 0.410+0.016

Photo and Electrocatalytic hydrogen production:

Next, we demonstrated the ability of peptide K16Dt-[Fe,(CO)¢] to catalyse photo-
induced hydrogen production in the presence of a photosensitizer (Ru(bpy);) and a
sacrificial electron donor (ascorbate). We observed visible light induced hydrogen
production, measured by gas chromatography, with a turnover number (TON) of 84 in
2.30 hours for 9.33 uM K16Dt-[Fe,(CO)g] in the presence of a 15 fold excess of
photosensitizer and 50 mM of ascorbate, in citrate buffer at pH 4.5 (Figure 4.5, left
panel). Hydrogen production is completely abolished in absence of the photosensitizer,
confirming the role of Ru(bpy); as an essential partner in the photocatalysis. Although a
direct comparison is complicated by different experimental conditions, this efficiency
compares favourably with previous literature reports for di-iron hexacarbonyl complexes
in similar conditions, which typically range from 10 to 100 TON at maximum catalytic

: 13,15-17,29,41,42
efficiency.'>'>!724!

We also characterized the redox properties of peptide K16Dt-
[Fe2(CO)g] under aqueous conditions using cyclic voltammetry (CV). Similar to previous

reports, peptide K16Dt-[Fe (CO)g] shows an irreversible oxidation and reduction, the
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14,43

latter approximately at -1.1 V (vs NHE). The current intensity for the reductive event

is strongly dependent on pH (Figure 4.5, right panel), which supports previously reported
electrochemical studies in aqueous and mixed solvents. These results are consistent with

the Fe'Fe'/Fe'Fe’ couple, which strongly depends on proton concentration.™'**’
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Figure 4.5: Visible light-driven hydrogen production (410-770 nm) by K16Dt-
[Fe2(CO)6]l (9.33 uM) in the presence (circles) and absence (squares) of 150 mM
Ru(bpy)s, in citrate buffer (50 mM) pH 4.5 (left panel); Cyclic voltammetry of 1-
[Fe2(CO)6] in 100 mM citrate buffer, 25 mM NaCl, at pH in the 3.6 to 5.5 range.
Conclusions:

In summary, we have demonstrated here the synthesis of a functional (p-S-R-
S)[Fe2(CO)g] cluster anchored to an unnatural amino acid, Dt, suitable for Fmoc-based
solid phase synthesis, and its successful incorporation into an alpha helical model peptide
scaffold. The design allowed measurement of the effect of Dt on helix formation and the
introduction of simple second sphere interactions to the cluster, which stabilize the helix.
We found that the complex, K16Dt-[Fe;(CO)¢], catalyses photo-induced hydrogen

production in the presence of a photosensitizer and a sacrificial reducing agent in water
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with remarkable efficiency. Our approach allows for the directed incorporation of
hydrogenase mimics into any peptide scaffold and opens the way for the design of more
elaborate peptide-based architectures that could be used to test specific hypotheses on the
optimal environment and on the secondary sphere of interaction of the [2Fe-2S] cluster,
incorporating lessons learned from the study of natural hydrogenases as well as through
the rich literature on organometallic analogues, and to include in the design properties
such as compatibility with conductive materials and electrodes.

Current Work and Future Outlook:

The work presented above describes a general method to introduce [Fe-Fe] hydrogenase
mimics in peptide motifs via incorporation of an artificial amino acid as an anchoring
group. This method bypasses the challenges of designing specific non-covalent
interactions (hydrogen bonding, electrostatic) between protein and the organometallic

cofactor, which are not completely understood by covalently securing the cofactor to the
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Figure 4.6: Thermodynamically favourable structure of biomimetic catalyst as compared
to the catalytically and biologically relevant rotated structure, wiggly bond represents
peptidic linkage.

protein matrix. Our first design, though, resulted in a solvent exposed active site, and did
not provide the hydrophobic environment and second sphere interactions observed in the
natural enzyme. Lacking these interactions, the model peptide K16Dt Fe;(CO)s is

thought to contain a thermodynamically favoured structure of the diiron hexacarbonyl
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active site as compared to the catalytically relevant rotated structure seen in natural
hydrogenases (Figure 4.6).

To maximize activity, second generation de novo designed hydrogenases should
incorporate the structural constraints observed in the natural enzyme. We have
undertaken the design of a more elaborate protein scaffold around the biomimetic
cofactor: a four-helix bindle provides ideal to position side chains within the core in close
proximity with the active site. The four-helix bundle integrates a synthetic single helix
component containing the organometallic complex, anchored by an unnatural amino acid,
and a genetically encoded component comprising the remaining three helices. Current
work, described below, aims to develop semisynthetic methodology for artificial
hydrogenases.

Protein Design:

We chose a de novo designed di-zinc binding 4-helix bundle protein *** (PDB Code
2HZS) as a scaffold protein for introducing an artificial hydrogenase active site unnatural
amino acids to provide the central bridging dithiolate ligand. The NMR structure reveals
two Zn atoms in the core of the helical bundle coordinated by tetra-glutamic acid and bis-
histidine (E11, E44, E74, E104, H77, H107) as primary ligands, as shown in Figure 4.6.
The design incorporated a secondary interaction shell that stabilizes these buried polar
residues, comprised by, two tyrosine residues (Y18, Y51) and two aspartic acid residues
(D73, D103), which hydrogen bond to (E11, E44, E74, E104, H77, H107) as shown in

Figure 4.7.
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Figure 4.7: NMR structure of de novo designed di-zinc binding protein (PDB ID 2HZS,
left panel); A close up view of the primary and secondary coordination sphere of the

bimetallic centers (right panel), two blue spheres represent two zinc atoms.

We set out to replace the di-zinc site with the di-iron site of the hydrogenase mimic. To
accomplish this, we built a model of the artificial hydrogenase in silico using on the steps

described below.

1) Deletion the primary coordination sphere to the di-zinc active site: First, we mutated
the polar residues that coordinate directly the zinc atoms as follows: E11A, E44A, E74A,
E104A, H77A, H107L (Figure 4.8). These mutations replace the polar active site of the
parent protein with a nonpolar one.

2) Deletion of secondary coordination sphere: Second, we inserted the following
mutations: Y18F, Y51F and DI102K/D102H (Figure 4.8). The rationale behind

D103K/D103H mutations is described later on.
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3) Introduction of hydrogenase mimic inside the helical bundle: We docked the di-
iron active site in such a manner that the two iron atoms overlapped with the two zinc
atoms in the structure of the wild type protein. We then searched for positions inside
the core of the helical bundle that would be compatible with the dithiol amino acid
used to anchor the organometallic active site without affecting the backbone
conformation. We found position I100 to be the most favorable for introduction of the
biomimetic active site. We built a model containing 1100Dt mutation and attached it
to the di-iron cluster within the core of the bundle. Any steric clashes between the di-
ironhexacarbonyl moiety and other amino acid side chains inside the helical bundle,

were relaxed by choosing suitable side chain rotamers.

O’ ,Q-o'/

E11A, E44A,
E74A, E104A,

0\* HT77A, H107L S \
o O

Figure 4.8: Design strategy for deletion of di-zinc active site: primary and secondary
coordination sphere were deleted by mutations listed above and described in the text.
D103K/D103H mutation was omitted in the picture for clarity.

To optimize the shuttling of protons to the active site, which is necessary for activity,
we introduced lysine or histidine at position D102, located on the surface of the
protein but close to the active site. In the natural hydrogenase this function is carried

out by the central nitrogen in the azadithiolate bridging ligand; however, a
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neighboring side chain located at appropriate distance from the active site could

recapitulate such function.

Semisynthetic strategy towards an artificial hydrogenase; Expressed protein ligation

strategy:

The proposed artificial hydrogenase described above includes an artificial amino acid,
supporting a synthetic organometallic active site, within a biological protein matrix. To
exploit the advantages of solid phase synthesis as well as of recombinant protein
expression, we envisioned a synthetic strategy in which the 4-helix bundle (4H) is
obtained via a [3+1] coupling [Figure 4.8]: the 3-helix (3H) is expressed in E. coli and

contains a bio-orthogonal tag, while the 1-helix (1H) is synthesized in solid phase with

Expressed Unit Svnthetic Unit

Figure 4.9: Semisynthetic strategy of artificial hydrogenase: Utilization of expressed

protein ligation strategy.
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the dithiol amino at a predetermined position as previously described. To incorporate the
bioorthogonal tag into the 3H fragment we used a method pioneered by the Schultz
laboratory that uses an engineered t-RNA/tRNA-synthase pair for site specific
incorporation of artificial amino acids in expressed —protein.***’

Expression and purification of 3H:

We used site-specific incorporation of para-acetylphenylalanine (pAcF) in protein using
an orthogonal amber suppressor tRNA/aaRS pair, derived from the corresponding
tyrosyl-Methanococcus jannaschii pair subcloned in a pVOL vector (pAcF-pVol). A
TAG codon was introduced in the gene encoding 3H corresponding to the C-terminus of
the protein. A Hise tag and a TEV cleavage site were introduced at the N-terminus of the
protein to facilitate purification. The resulting gene encoding 3H was subcloned into a
pET-30c Vector (3H-pET30c). E. coli BL-21 competent cells were transformed using
pAcF-pVol and 3H-pET30c (Figure 4.10). 3H was expressed in LB medium
supplemented with 1 mM of p-AcF after IPTG induction with a yield of approximately
~45mg/liter. Cells were harvested after 18 hours by centrifugation; the periplasmic
fraction was further purified by Ni-column, and TEV protease was directly added to the

eluted fractions containing the desired protein. SDS-PAGE monitoring of the reaction

revealed incomplete cleavage (approximately 30% as confirmed by HPLC analysis).
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Co-Transformation in E.Coli BL-21 A

Figure 4.10: Site-specific incorporation of p-AcF in 3H using genetic tools. E coli BL21
competent cells were co-transformed using 3H-pET30c and pAcF-pVol vectors using
chloramphenicol and kanamycin double selection.

The propensity of 3H to aggregation, caused by its solvent exposed hydrophobic core, is
the most likely reason for incomplete reaction. To increase the solubility of the protein
during cleavage, we added 1 (M) urea to the cleavage mixture. Under these conditions,
TEV protease activity is reported to be minimally perturbed. In those conditions 3H is
well solubilized, resulting in over 90% cleavage after overnight reaction at 4°C. The

reaction mixture was purified by preparative reverse phase HPLC using a C-18 column.
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Synthesis of 1H:

1H containing dithiol amino acid was synthesized by standard Fmoc/tBu solid phase
peptide synthesis protocol following a similar method described at the beginning of this
chapter. Amino acids at all positions were double coupled except for the artificial amino
acid. The amino-oxy functionality needed for conjugation to 3H was inserted by coupling
‘Bu-aminooxy acetic acid at the N-terminus of the peptide on-resin using a ten-fold molar
excess and DIC as a coupling agent in DMF for 1.30 hours. Resin was washed with DMF
and DCM and vacuum dried. Acetamidomethyl protecting groups on the thiol side chain
were removed using oxidative cleavage mediated by iodine. Resin was swelled in a (1:1)
DCM and methanol solution. Swelled resin was treated with the iodine solution in DMF
in 10-fold molar excess and resulting solution was stirred for 1.30 hours under strict
anaerobic condition. Following cleavage and repeated wash with DMF and DCM, resin
was dried under vacuum. The resin was washed with DMF and DCM. The crude peptide
was released from the resin using standard cleavage solutions and purified as described

previously.

Synthesis of 4H:

Initial attempts at coupling 3H and 1H were unsuccessful in aqueous, organic and mixed
aqueous: organic solvents. Some of the conditions explored included: a) 100% water, 0.1
% TFA; b) 50% water 50% acetonitrile, 0.1% TFA and c) 100% acetonitrile, 0.1% TFA.
No coupling was observed under any of the above conditions. In contrast, the coupling

reaction proceeds to completion in denaturing conditions (6 M urea in 0.1% TFA, water);
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we observed a new peak in HPLC corresponding to the 4H after 3 hours of reaction,
verified by MALDI-TOF spectroscopy and SDS-PAGE gel [Figure 4.11]. The initial

failure can be attributed to the secondary structure of the 3H, which adversely affects
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Figure 4.11: SDS-PAGE Gel of 3H (lane 1, 2), 4H (Lane 3, 4), 4H-Fe,(CO)¢ (Lane 5,
6).

the reactivity of the ketone group, but can be reinstated in presence of a denaturing agent.
The reaction rate depends on concentration of the reactants. The reaction proceeds to
completion in 8-12 hrs at micromolar concentration of the reagents i.e. 3H and 1H, at
micromolar concentration of the reagents i.e. 3H and 1H, it took 8-12 hours for the
reaction to go to completion; at millmolar concentration, the reaction was complete in 3-4
hours, in agreement with reported oxime bond formation reaction kinetics.*’

Cluster Incorporation reaction and UV-Vis, FTIR and ESI-MS spectra:

The Di-iron cluster was introduced at the core of the helical bundle by refluxing a
solution contaning 4H and Fe3;(CO);; in (3:1) MeOH:water under an argon environment.
During the course of the reaction (approximately after 2-3 hours) a color change from

green to red was observed. The resulting solution was lyophilized and purified using
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reverse phase HPLC on a C-18 column. For comparison, we also incorporated the di-iron

cluster in 1-helix too, using similar protocol. Incorporation of 4H-Fe;(CO)¢ as compared
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Figure 4.12: ESI-MS Spectra of 4H-Fe;(CO)s, A mass two peaks centered around
13658D and 13938 D was observed which are attributed to the apo and holo 4H mass
respectively.

to 4H and 3H was confirmed using SDS-PAGE gel (Figure 4.11) and ESI-MS
spectroscopy (Figure 4.12) . 4H and 4H-Fe,;(CO)¢ migrates the same distance on a SDS
PAGE gel. A mass difference of 280 D was observed in ESI-MS spectra between 4H and
4H-Fe;(CO)s (Figure 4.12), which can be attributed to the attached Fe,S;(CO)e.

Both 4H-Fe;(CO)¢ and 1H-Fe;(CO)s shows new absorption peaks in UV-Vis as
compared to apo peptides, corresponding to the Fe,S, complex. 1H-Fe,(CO)¢ shows an
absorption around 328 nm, whereas 4H- Fe;(CO)g shows an absorption at 330 nm. This
small red shift can also be observed at higher wavelength (A= 478 nm, Figure 4.13). We

attribute this shift to the change in cluster environment from 1-helix where it’s more
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solvent exposed to a less polar, solvent excluded environment in 4H-Fe;(CO)¢. The
electronic environment around the —CO ligands can also be probed by FTIR. 1H-
Fey(CO)s showed three major band centered around 1995, 2033 and 2074 cm™ where as
4H-Fey(CO)s showed stretching frequency centered around 1994, 2033, 2073 cm™.
Solvent dependence of CO stretching frequencies in FTIR is well studied; in the case of
1,3 propanedithiolatediironhexacarbonyl complexes, total five stretching frequencies are

observed in nonpolar solvents, confirming a pseudo C,, symmetry. **'

In polar solvent,
three of these low frequency bands collapse to give rise to one broad absorption band. We
observed a similar phenomenon in our system, where the low frequency broad absorption
band in 1H-Fe(CO)g gets split into three bands in 4H-Fe,(CO)¢ confirming change in
polarity of the environment around the di-iron cluster.”’ In 1H-Fey(CO) , all three
absorption bands are broad and reminiscent of a solvent exposed di-iron site, while in
4H-Fe,;(CO)s , total five absorption bands were observed, which are much more sharper
as compared to 1H-Fe;(CO)¢ . These data support encapsulation of the di-iron cluster in
the hydrophobic core of the 4-helix bundle as per design.

As an extension of our previous work **, we have shown that biomimetic [Fe-Fe]
hydrogenase mimic can be introduced in more complex peptide scaffolds using a
chemical biology approach. This straightforward method is amenable to optimization
with respect to the protein and the organometallic counterpart. For example, the

biomimetic diironhexacarbonyl complex used in this study and in most of the reported

molecules
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Figure 4.13: UV-Vis spectra of 1H-Fez(CO)s (b lack line) and 4H Fe;(CO)g (blue
line) in 100 mM Tris.HCI, pH=7.5 (left panel) ; FTIR spectra of 1H-Fe;(CO)s (black
line) and 4H_Fe,(CO)¢ (blue line, right panel) as a thin film on a CaF, window.
have 6-CO ligands, where as the more biologically relevant complexes comprises two-
CN ligands. The —CO ligands are easily replaceable with —CN, but these solvent exposed
model complexes are extremely unstable and prone to polymerization under catalytic
condition. In the present system, the active site remains shielded from bulk solvent in the
protein matrix, thus will not amenable towards polymerization. Such problems may be
avoided in the four-helix bundle construct, in which the active site is shieclded from bulk
solvent. A more complex architecture allows for the design of specific hydrogen bonds
with side chains and backbone polar atoms to the -CN, enforcing a rotated structure
similar to the one observed in nature. Further, complex protein scaffolds can be used to
connect the catalytic site with electron transfer modules, akin to what observed in natural
hydrogenases. The H-cluster in [Fe-Fe] hydrogenases is composed by an azadithiol-
bridged diiron site, which is attached via a shared cysteine side chain to a [4Fe-4S]
cluster that acts as electron sink during the active catalytic process. We have experience

engineering [4Fe4S]-cluster binding sites in proteins, and we plan to add this capacitant
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to the anchored diiron hexacarbonyl site. Current work is aimed to investigate the effect
of protein environment on electro/photocatalytic activity of the diiron subsite via rational
mutation. Such efforts will be greatly aided by a more detailed structural elucidation of
4H- Fe(CO)s. Using the structure of 4H-Fey(CO)g, we will select positions on the
protein sequence that are within 10-12 A of the complex, and subject them to

mutagenesis using directed evolution technique.
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CHAPTER 5
PHOTOINDUCED HYDROGEN PRODUCTION FROM AN ARTIFICIAL
HYDROGENASE BASED ON STREPTAVIDIN-BIOTIN TECHNOLOGY
Anindya Roy, Michael Vaughn, Giovanna Ghirlanda*

Department of Chemistry and Biochemistry, Arizona State University, Tempe, Az

Introduction

Nature has come up with extremely efficient ways to catalyze chemical reactions that
appears to be otherwise herculean on a bench-top, exploring intricate protein structural
features. Very often, enzymes behave as an intelligent reaction vessel, that can actively
restrain the stereochemical fluxionality of the active site as well as the reaction
accomplice, in such a way that might appear to be entropically grievous (AS), but very
often turns out to be energetically (AG) beneficial. One such example is the [Fe-Fe]
hydrogenases that reversibly catalyze proton to hydrogen conversion reaction in
microorganisms. The active site of the enzyme consists of a cuboidal [4Fe-4S] cluster
connected to a diiron catalytic site ligated by a non-proteinogenic 1,3 azadithiolate unit
through a single cysteine side chain (Figure 5.1).! The diiron catalytic site is ligated by
nonproteinogenic exotic organometallic ligands such as ~CO and CN.? The ~CN remains
hydrogen bonded with the protein backbone as well as with side chain to clasp the active
site in ‘rotated structure’ for effective catalysis; this enthalpic structure of the diiron site
exposes a vacant site for substrate binding in both oxidized (Fe[II]-Fe[I)) and reduced

form (Fe[I]-Fe[1]).’
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Figure 5.1: Structure of [FeFe] hydrogenase from Desulfovibrio desulfuricans (PDB
1HFE) (adapted from ref.). The ferredoxin-like domain and the H-cluster are highlighted
on the left and on the right, respectively. All molecular figures were created with PyMOL

(DeLano, W.L. (2002). The PyMOL  Molecular  Graphics  System.

(http://www.pymol.org))

Since the discovery of hydrogenases and their implication in development of a clean
alternative energy, efforts towards development of artificial systems have been
reverberated in handful of research endeavors, both structurally and functionally, based
on the natural enzyme. One of the main goals of these biomimetic endeavors is to
actualize organometallic active sites in proteins or supramolecular cavities and thus
imposing the stereochemical confinement as seen in the natural enzyme, otherwise
unavailable in organometallic compounds. A very few supramolecular assembly of the
biomimetic [Fe-Fe] hydrogenase models have been reported so far, although a myriad of
organometallic complexes have been dominant in the literature. Pickett et al reported that
incorporation of a well studied diiron complex containing 1,3 propanedithiolate as
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bridging ligand, in a Fmoc-Leu based hydrogel dramatically increases its stability
towards UV-irradiation.” In an elegant study, Darensbourg and colleagues incorporated a
simple organometallic complex based on 1,3 propanedithiolatodiironhexacarbonyl into a
cyclodextrin.” This supramolecular assemby is more efficient towards photocatalytic
hydrogen production as compared to the catalyst by itself, indicating advantage of
suparmolecular confinement of these kind of catalysts.® Further, more recent studies
showed that incorporation of such parent diironhexacarbonyl complexes in
supramolecular arena, dramatically increases water solubility and robustness towards
photocatalytic hydrogen production.”” Taken together, these results point to
supramolecular confinement as a promising avenue to ameliorate the catalytic properties
of simple organometallic mimics of diiron hydrogenases.

Despite these premises, however, the approaches presented thus far do not lead easily to
optimization of the host system. To overcome this limitation, we choose as host, a well
characterized, protein based system that can be easily modified by altering its amino acid
sequence. Our platform utilizes the streptavidin-biotin system, which has long been
exploited in biotechnology and biomaterials applications because of its unique properties.
First, the system comprises one of the strongest noncovalent interaction reported in
biology, with dissociation constants in the femtomolar range. Second, streptavidin is very
stable: it is resistant to denaturation within a wide range of pH, temperature, and organic
solvents, including high concentrations of chemical denaturants such as urea and
guanidinium hydrochloride.'® Third, the valeric chain of biotin can be modified as needed

11-15

without affecting the binding constant significantly. Based on this reports, we

hypothesized that a biomimetic proton reduction catalyst could be chemically conjugated
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to a biotin molecule and sequestered within streptavidin to generate a stable
supramolecular species (Figure 5.2). As a proof of concept, we biotinylated a simple
diiron hexacarbonyl complex containing a propanedithiolate bridging ligand; the adduct
was incubated with commercial streptavidin, and the complex characterized for its ability

to generate hydrogen

Figure 5.2: Model of streptavidin in complex with a (biotinylated (u-S-(CHy)s3-
S)[Fex(CO)g]) complex

Experimental Section:

All the chemicals were purchased from commercial sources of the highest quality
available unless otherwise specified. All the reactions were performed under an argon
environment. Solvents were dried when necessary following conventional literature
protocol. D-Biotin was purchased from alfa aesar, Streptavidin was purchased from

prozyme. All other chemicals were purchased from Sigma-Aldrich.
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Scheme 5.1: Schematic description of Biotin-HM from a commercially available starting
material
Compound 1A was synthesized using reported protocol without any modification.'®
Synthesis of 1B:
950 mg (4.11mmol) of compound 1A and 1.5 gm of NaSH, xH,O (26.78 mmol, dry
weight) were dissolved in 21 ml of ice-cold methanol: the solution was stirred in an ice
bath for 2 hours and left stirring for overnight at room temperature. Finally, excess NaSH
was quenched with equivalent amount of TFA and the resulting mixture was evaporated
to dryness under reduced pressure to yield a 1B as a yellowish liquid. The Yellow liquid
was dissolved in dichloromethane and washed with (50x3) times water and dried over

anhydrous Na,SO, and evaporated to dryness under reduced pressure. Resulting

yellowish liquid was used for the next step without any purification.
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Synthesis of 1C:

To the crude dithiolate 1B obtained from previous step in 20 ml toluene, 3.14 g (6.24
mmol) of Fe;(CO);, was added under an inert atmosphere and the resulting solution was
refluxed for overnight. A change in color from green to red was observed. The solvent
was evaporated to dryness under reduced pressure. Resulting deep brown solution was
treated with  excess ethyl acetate to yield a deep red solution and a deep brown
precipitate. The solution was transferred to a centrifuge tube and centrifuged @10000 g
for 30 minutes to separate the insoluble iron oxide particles. The deep red solution was
carefully decanted off and evaporated under reduced pressure. Resulting red compound
(1C) was purified on a silica gel column using (2:3) ethyl acetate:hexane as an eluent.
Isolated yield=850 mg (49% over two step). 'H NMR (DMSO, & [ppm]): 1.23 (m, 1H),
1.52 (dd, 2H), 2.73(dd, 2H), 3.18 (t, 2H), 4.74 (t, 1H); °C NMR (DMSO, & [ppm]):
25.00, 46.27, 64.53, 208.09

Synthesis of 1D:

Compound 1D was synthesized by coupling D-Biotin and 1C in DMF using HATU as
coupling agent. 180.56 mg (0.74 mmol) of Biotin and 308 mg (0.74 mmol) of compound
1C and 281.37 mg (0.74 mmol) of HATU was dissolved in 6 ml of anhydrous DMF and
185.22 mg of dry DIPEA was added to the mixture. Resulting mixture was stirred under
an inert atmosphere overnight. Next day, DMF was evaporated under reduced pressure
and resulting yellowish red crude oil was purified on a silica gel column using 10%
MeOH in DCM. "H NMR (DMSO, & [ppm]): 1.19-1.67 (m, 9H), 2.28-2.34 (m, 2H), 2.59

(d, 1H), 2.77 (dd, 2H), 3.09 (m, 1H), 3.62 (m, 2H), 3.81 (d, 1H), 4.11 (m, 1H), 4.30 (t,
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1H), 6.35 (s, 1H), 6.41 ( s, 1H). >C NMR (DMSO, 8 [ppm]): 24.82, 28.42, 33.61, 33.92,
41.29, 43.20, 55.78, 59.62, 61.48, 63.43, 66.75, 163.14, 172.96, 208.41

Incorporation of 1D in Streptavidin and purification:

Due to very low solubility in water, Biotin-HM was dissolved in DMSO as a stock and
used for subsequent reactions and experiments. For the incorporation of Biotin-HM in
streptavidin, a stock solution of 2 mg/ml of streptavidin in 100 mM Tris, pH 7.5 was
incubated with 2/3-fold excess of Biotin-HM from a stock DMSO solution. After 15
minutes, resulting solution was passed through a PD10-desalting column (GE healthcare)
previously equilibrated with the same buffer. Yellow fractions from the column were
collected in 1 ml fractions and analyzed by UV-Vis spectroscopy.

Determination of binding property of Biotin-HM with Streptavidin:

Binding stoichiometry for Biotin-HM with streptavidin was analyzed using well-
established 4'-hydroxyazobenzene-2-carboxylic acid or HABA displacement assay '’
HABA binds to streptavidin with low micromolar dissociation constant and HABA-SA
complex gives rise to absorbance near 500 nm. In a typical HABA displacement assay,
10 uM of Streptavidin in 20 mM phosphate, 150 mM NaCl, pH 7.5 was saturated with
500 uM HABA. After incubation at room temperature for 30 minutes, resulting solution
was used for spectrophotometric titration. From a stock DMSO solution of Biotin-HM,
incremental amount of ligand were added to the HABA saturated Streptavidin, and
decrease of absorbance at 500nm was monitored.

Results and Discussion:

Synthesis and Incorporation of Biotin-HM in Streptavidin:
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As mentioned above, we wanted to start with a simplistic model of the [Fe-Fe]
hydrogenase mimic. We used 3-bromo-2-(bromomethyl)propan-1-ol (1A, Scheme 5.1),
which was obtained from 3-bromo-2-(bromomethyl)propanoic acid by diborane reduction
following reported protocol with high yiled.'® We replaced dibromo unit, with a dithiol
unit using NaSH. Refluxing the crude dithiol compound (1B) with Fe;(CO);, in Toluene
resulted formation of alcohol functionalized diironhexacarbonyl compound 1C. Initial
coupling trial with 1C and Biotin under normal coupling conditions, for example EDC
coupling at both room and elevated temperature remained unsuccessful. Finally, in
presence of a stronger coupling agent. HATU, 1D was synthesized in high yield and
homogeneity. The biotinylated complex was characterized using 1-H/13-C NMR, FTIR
and also ESI-MS. Biotin-HM is highly insoluble in water, where as solubility

dramatically increases upon addition of streptavidin (SA) indicating binding of the
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Figure 5.3: HABA displacement assay of streptavidin by Biotin-HM. Absorbance at 500

nm of a HABA saturated was monitored as a function of Biotin-HM concentration (left

panel); Chemical Structure of HABA (right panel)
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organometallic moiety in protein environment. The binding stoichiometry of Biotin-HM
was determined by HABA displacement assay.'’ 2-(4- Hydroxyphenylazo)benzoic acid ,
or HABA binds to streptavidin in a (1:1) stoichiometric ratio as D-Biotin but with much
lower affinityand thus it can be stoichiometrically replaced by biotin in titration
experiment. HABA-streptavidin complex absorbs in the visible range, with maximum
around 500 nm; and displacement with biotin causes loss of absorbance. In this assay,
streptavidin is saturated with HABA using 50 molar excess of HABA and incubated for
30 minutes at room temperature. Biotin-HM was titrated in and absorbance at 500 nm
was plotted as a function of biotin-HM concentration. We found that the stoichiometry of
binding for biotin-HM to streptavidin is approximately 1:0.7, which is consistent with the
activity of the commercial streptavidin. Thus, introduction of the diiron-hexacarbonyl

moiety at the valeric chain of biotin does not affect binding stoichiometry.

UV-Vis and FTIR Spectroscopy :

Because of the extremely high affinity of biotin towards streptavidin, streptavidin-
incorporated Biotin-HM can be purified away from unbound Biotin-HM using a desalting
P10 column. The structural integrity of the diiron complex was verified by UV-vis and by
FTIR spectroscopy. Purified Streptavidin: Biotin-HM assembly shows two distinct band
in UV-Vis centered around 329 nm and 474 nm which is characteristic of Fe,S; butterfly

18,19

complexes and consistent with reported literature (Figure 5.4). This also proves

capture of Biotin-HM in streptavidin matrix. The electronic environment of the diiron
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Figure 5.4: UV-Vis Spectra of Streptavidin (black trace) and Biotin-HM in complex
with streptavidin after desalting (left panel). FTIR spectra of Biotin-HM in presence (blue
trace) and absence (black trace) of streptavidin in the coupled —CO stretching frequency
region.

cluster can be probed by FTIR by analyzing the coupled -CO stretching frequencies. Due
to low solubility of Biotin-HM in water, a direct comparison of the complex in presence
and absence of streptavidin in identical experimental conditions turned out to be more
difficult. Instead, we compared a thin films of Biotin-HM from a solution of 20%
methanol in water on a FTIR CaF, window in presence and absence of streptavidin. FTIR
spectra of Biotin-HM show 3 major peaks at 1992, 2030, 2073.5 cm™, which are assigned
to the coupled stretching frequency of —CO, consistent with related organometallic

18-20
analogues.

In the presence of two molar excess of SA, all three peaks gets shifted to
1990, 2034, 2074 cm™ implying a change in environment of the ~CO which is attributed
to the binding of Biotin-HM to SA. Taken together, the spectroscopic information

collected support the presence of a structurally intact biotinylated diiron hexacarbonyl

center, which is incorporated within the desired streptavidin scaffold. Incorporation
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results in confinement within the protein scaffold, and more importantly, results in

interaction of the cluster with the surrounding protein matrix.

Photo and Electrocatalytic Hydrogen Production:

Next we investigated how the hydrogen production efficiency of the catalyst is affected
in the presence and absence of streptavidin. Catalysts of this type are known to generate
hydrogen when reduced, both when irradiated in the presence of a suitable
photosensitizer, and when the reducing equivalents are provided electrochemically. First
we adopted a well established protocol, in which Ru(Bpy)s is photo excited by visible
light: this excited species then generates the active redox state, Fe(I)Fe(0), from the
resting Fe(I)Fe(I) either by oxidative or reductive quenching. Fe(I)Fe(0) center then

reduces proton through formation of an intermediate Fe(I)Fe(I[)H entity.”>'*’

300
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Figure 5.5: Photocatalytic hydrogen production from Biotin-HM in presence (blue trace)

and absence (black trace) of streptavidin in 100 mM citrate, pH=4.5 in presence of 100
mM sodium ascorbate as sacrificial electron donor and 150 uM Ru(bpy); as

photosensitizer.
126



In this assay, 2.05 nmols Biotin-HM gives rise to 205.76 nmols of hydrogen resulting in a
TON of 100; the conditions used were 5.14 uM Biotin-HM in 100 mM citrate buffer, pH
4.5 in presence of 100 mM ascorbate as a sacrificial electron donor and 150 uM of
Ru(Bpy); as photosensitizer. When Biotin-HM is bound within streptavidin, TON
increases by 3 fold along with the lifetime of the catalyst as shown in Figure 5.5. This
result supports the use of protein-based hybrid materials to augment the intrinsic catalytic
activity of organometallic complexes. In general, simple [Fe-Fe] hydrogenase mimics
containing diiron-hexacarbonyl are extremely inefficient as hydrogen production
catalysts because of their instability towards long irradiation times: they are degraded to
intermediates that are not catalytically viable.*® We hypothesize that streptavidin insulate
the catalyst from unwanted side reactions and degradation, resulting in increased overall
stability and lifetime.

We also investigated electrochemical proton reduction property of Biotin-HM in
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Figure 5.6: Cyclic Voltamogram of Biotin-HM in absence (black line) and presence of
Streptavidin (blue line) in solution using 100 mM citrate, 100 mM Sodium Chloride, pH
4.5 (Left Panel). Cyclic Volatamogram of Streptavidin-Biotin-HM complex thin film on

the surface of a pyrolytic graphite electrode (black trace, right panel), CV scan for bare
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electrode under the same condition is shown in blue trace. CV conditions pyrolytic
graphite working electrode, saturated calomel reference electrode, and platinum mesh
counter electrode.

presence and absence of streptavidin. In 100 mM Citrate, 100 mM NaCl, pH 4.5, a
catalytic current on the reductive scan was observed corresponding to proton reduction as
shown in Figure 5.6. It’s worth mentioning that without any catalyst, some proton
reduction on bare electrode was also observed; however, the amount of hydrogen
generated through this process is insignificant when compared to the catalyzed reaction.
When streptavidin was added to the solution, magnitude of the catalytic current was
diminished in a significant fashion. This phenomenon can be explained considering the
insulation of the catalyst from active electrode surface upon binding to the protein.
Streptavidin has a PI of 5.0, so we hypothesized that at pH 4.5, positively charged
streptavidin can be electrostatically adsorbed on the negatively charged glassy carbon-
working electrode. Indeed, when a thin film of the streptavidin-Biotin-HM complex is
dried on a glassy carbon electrode surface, it gives rise to a

significant amount of catalytic wave corresponding to proton reduction (Figure 5.6).
Considering the ease and robustness of covalent attachment of streptavidin to solid
surface, the catalytic enhancement observed opens up the possibility of designing

streptavidin-functionalized electrode surfaces for electrocatalytic hydrogen production.

Conclusions and Future Aspect:
Since the first report of streptavidin as a platform for bio-hybrid catalysts *°, there have

been a tremendous amount of progress in the field of protein based hybrid organometallic
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catalysts. Until now, most of these catalysts are focused on synthetic organic chemistry
transformation, more specifically using protein scaffolds as a source for stereo-selection

. . o . 17,30-32
in hydrogenation and sulfoxidation of organic molecules.'”

Here, we applied the
same approach to a reaction- the reduction of protons to hydrogen- that is not stereo-
specific. However, we hypothesized that shielding the catatlyst from the aqueous
environment would increase its efficiency by preventing unwanted side reactions.
Further, the protein scaffold could potentially provide second sphere and long range
interactions to augment the intrinsic reactivity of the center. In addition, the mechanism
of action of these catalysts is thought to involve a thermodynamically unstable but
cataltically active form of the diiron site. The natural hydrogenase utilizes specific
interactions to the inorganic ligands to stabilize this enthalpic conformation. In future
studies, we aim to exploit an unique advantage of the bio-hybrid systems over other
supramolecular mimics of hydrogenases, as protein-based system such as the streptavidin
based one, present the unique opportunity to optimize activity through a so-called
chemigenetic approach. Both the protein scaffold and the ligand component can be
exchanged and optimized independently, by mutating the catalytic center as well as by
introducing specific mutations in the protein scaffold. Exploiting the tolerance of biotin-
streptavidin binding to modifications of the valeric acid chain, these complexes can be
biotinylated and introduced into streptavidin with little loss in binding affinit. Native-like
secondary shell interactions can also be introduced with much ease as compared to purely
organometallic complexes. For example, its worth mentioning that the bridgehead atom
of the biomimetic complex used in this study is a carbon; where as its reported to be a

nitrogen atom in the natural enzyme. This bridge-head nitrogen atom is believed to be
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involved in proton shuttling during proton reduction.”® Synthesizing the corresponding N-
containing organometallic complex turns out to be much harder, but similar kind of
proton shuttling groups, for example histidine residues, can be introduced using site
directed mutagenesis in close proximity of the biomimetic active site to rescue the offset
of replacing bridgehead nitrogen by carbon. To facilitate photocatalysis, photosensitizers
can be introduced to the close proximity of the active site using covalent attachment.
Further facilitating the development of applications and its use in devices, streptavidin-
based catalysts are unique for their robustness, unparalleled in a biological/proteinogenic

environment.
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