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Abstract 
 

The de novo design of porphyrin binding four-helix bundles (maquettes) is a proven strategy to both 
mimic and expand on the natural functionality of heme-containing proteins, including electron transfer, 

oxygen transport and catalysis. The rational design of maquettes utilizes simple principles to construct 
robust and adaptable heme-binding helical structures which can be iteratively engineered towards new 

functions. However, maquette designs have historically adopted highly dynamic conformations. Although 
this does not impede or may be integral to their function, enabling the construction of flexible structures 

capable of accessing diverse oxidoreductase catalysis, the lack of a unique conformation in these 
designs hinders structural determination at atomic resolution by techniques such as crystallography or 

NMR. In contrast, computational protein design is advancing to a stage where a range of protein 

structures can be routinely constructed with atomic accuracy, a level of precision which could be 
invaluable to engineer maquette designs towards novel properties. 

 
In this project, computational design approaches were integrated into the construction of maquette 

structures, combining the strengths of functional, rational design strategies with precise computational 
techniques. The crystal structure of a two-heme binding four-helix bundle maquette was obtained by 

modification of the previously reported D2 peptide into a single-chain, in vivo expressed design. 
Computational techniques were employed to construct single and multi-heme binding variants which 

retain the architecture and stability of this initial structure by the design of precise protein interactions in 
a hydrophobic core or extending the helical bundle into a four-heme molecular wire, with further structural 

insights gained by NMR spectroscopy and cryoEM. Furthermore, computational design was harnessed 

to construct novel c-type cytochromes from scratch, inspired by the recent design of the artificial 
peroxidase, C45. This work presents novel structures for the continued engineering of oxidoreductase 

functionality in maquettes and a platform for precise investigation of the fundamental properties of 
protein-porphyrin complexes. 
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Chapter 1.  
  

Introduction 
 
The design of artificial biocatalysts was predicted over century ago by Emil Fischer who alluded to a 
novel discipline of “synthetic-chemical biology” in 1915, with the aim of harnessing biological tools such 

as proteins tailored towards specific chemical reactions. Developments in protein design over the past 
several decades have begun to realize this goal in both engineered natural proteins1 and de novo 

designs2, enabling incorporation of catalysis and a range of other biological functions into artificial 
proteins built entirely from scratch.  

 
The design of protein structure and function has been driven by a number of key approaches. Rational 

design methods have attempted to utilise the breadth of understanding gained from the study of natural 
proteins to build new molecules from scratch, with the successes and failures of design offering insights 

into the properties of natural protein structure and function in return. This has been complemented by 

computational and parameterized design methods, harnessing precise geometric understanding of 
protein structure and vast computational resources to guide designs, whilst advances in computational 

design are approaching a point where protein architecture can be built routinely with a sub-Ångstrom 
level of accuracy3. 

 
The design of simplified “maquette” proteins which incorporate redox cofactors such as heme into simple 

helical scaffolds is a powerful rational design approach which has been proved capable of developing 
diverse oxidoreductase functionality such as electron transfer and increasingly proficient catalysis4. 

However, significant potential remains to engineer these structures with increased precision towards 
potent and sustainable functionality and integration into wider applications in synthetic biology. 

 

This introduction initially considers the development of protein design to date with a particular focus on 
the design of helical proteins, highlighting some of the achievements of computational protein design 

such as the de novo design of enzymes, with the aim of incorporating some of these techniques into the 
design of novel maquette structures. A discussion of the biophysical properties of the heme cofactor is 

then essential as it is crucial to the functionality of the proteins designed in this thesis, alongside 
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consideration of the potential shown by engineered natural heme-containing enzymes. Finally, the 

maquette approach to protein design is introduced, discussing the range and functionality of de novo 
heme-binding helical bundles constructed to date, in addition to their limitations. The key aim of this thesis 

is to address the lack of structure in designed heme-containing maquettes, assembling and determining 
the structure of native-like designs to offer precision tools for the design and engineering of novel 

functionality. 

 
1.1 Fundamentals of Protein Design 
 
Protein design has driven the development of an expanding new array of protein structures beyond the 

scope of the natural world5. The overarching aim is the selection of any amino acid sequence to 
accurately fold into a given three-dimensional structure, presenting the opportunity to use this toolkit for 

the engineering of novel functional tools in biotechnology, medicine or beyond. Atomic level precision is 
highly desirable, with successful designs matching the predicted structure with an RMSD (average atomic 

deviation from the model) in the region of 1 Å or less. This level of designed accuracy requires an intricate 

understanding of protein structure and folding, knowledge initially derived from the study of the natural 
proteins. However, the development of protein design strategies and methodology feeds back into this 

knowledge base - as we begin to understand both the successes and failures in protein design, we can 
gain further insight into their intrinsic biophysical properties and thus further improve our grasp of both 

the natural and designed protein universes6. 
 

However, protein production in natural organisms is packed with multiple stages of complexity in addition 
to the fundamental molecular and thermodynamic drivers of protein folding. Initially the polypeptide must 

be synthesized to convert information stored in the DNA sequence, but as soon as the first few residues 
are produced, the molecule is subject to the diverse range of biological systems in the cell. Co-

translational folding can occur immediately resulting in partially folded states at the N-terminus of the 

protein before the full polypeptide has been synthesized7. Alternatively, the protein can be exported to 
cellular compartments, remaining in an un-folded state as it is transported through membranes by 

translocon complexes8 or trafficked by vesicles around the cell. Folding may be guided by chaperones, 
reducing off-target folded states and driving formation towards the “native state” – the stable protein 

structure required for its cellular function. Finally, post-translational modification, through cleavage or pro-
proteins or covalent attachment of cofactors can further impact the folding pathway. 
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Conversely, protein design broadly puts aside these complexities and ignores the intermediates 

throughout the cellular pathway between polypeptide synthesis and eventual folding, instead dedicating 
all effort into designing the final structure, and therefore relies on the free energy of the system to drive 

folding towards a low energy design. Whilst not all designed proteins or peptides utilise cellular systems 
for production as they can be chemically synthesized instead, the design of a singular low energy target 

structure remains the key design principle throughout the field. It is increasingly possible to design 
towards multiple different conformations, or multi-state protein design9,10, enabling the creation of tools 

such as protein switches which can jump between structural states11, but this has still aimed to target 
sequences which fold towards specific designed energy minima. 

 
Protein design therefore largely rests on understanding the fundamental thermodynamics of protein 

folding. This revolves around the principles addressed by Anfinsen’s dogma12, which considers that the 

sequence of a protein influences both the free energy of the folded state and the ‘energy landscape’ of 
the molecule, determining all thermodynamic effects which drive folding. As in any chemical reaction, the 

overall change in energy of protein folding, or the Gibbs free energy (ΔG), is dependent on both enthalpic 
(ΔH) and entropic (ΔS) contributions. The energy landscape is commonly visualized as a ‘folding funnel’ 

(Figure 1-1), depicting folding towards the low energy state via a range of potential pathways and 
intermediates.  

 
Figure 1-1: Protein folding is driven by the Gibbs free energy of the native state, with folding of initially 
disordered polypeptides proceeding via intermediate minima in the energy landscape. 
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Enthalpic protein folding contributions are driven by a range of intramolecular interactions between the 

polypeptide backbone and amino acid side chains, such as Van Der Waals forces, electrostatic 
interactions, and hydrogen bonding, as well as interactions with the solvent (Figure 1-2). The entropy is 

a balance of two opposing forces. Whilst the entropic cost of organizing the protein into a defined structure 
increases the free energy of the system, the hydrophobic effect of burying apolar residues in the core of 

a protein negates the requirement for polar solvents to organize around exposed hydrophobic regions, 
increasing the entropy of the system and decreasing the system free energy towards the native minima. 

Some studies have attempted to evaluate the impact of different energy terms to folding13,14, suggesting 
that the hydrophobic effect alone can contribute well over half of the stability of a protein although with a 

strong dependence on context and protein size. An empirical assessment of these energy contributions 
which evaluates the sum of all favorable and un-favourable interactions is essential to successful protein 

design. 

 
Figure 1-2: The forces driving the folding of natural proteins are also the critical factors used to guide both 
protein design and structure prediction. These include enthalpic contributions via non-covalent bonding 
interactions such as Van der Waals interactions in a tightly packed protein core, in addition to entropic 
effects due to the hydrophobic effect impacting reorganization of the solvent around buried non-polar side 
chains. 
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Kinetic effects can also impact protein folding to a varying degree and have proven essential in some 

specific cases. For example, the folding of α-lytic protease is dependent on a pro-protein polypeptide to 
escape a kinetic trap15, otherwise occupying a folding intermediate indefinitely. Some failures in protein 

design have also been speculatively attributed to a failure of kinetic accessibility6. However, 
thermodynamics rather than kinetics remains the universal driver of protein folding, and the success of 

protein design acts as evidence towards this, in that it is broadly achievable to design a sequence to fold 
into an intended structure without consideration of the overall energy landscape of the molecule or the 

folding pathway to reach that structure. 

 
1.1.1 The ‘Evolution’ of Helical Protein Design 
 
Initial successes in protein design during the latter stages of the 20th century focused on the development 
of small alpha-helical proteins16. The alpha helix continues to dominate much of the protein design world, 

with the secondary structure both well understood and relatively straightforward to design and 
manipulate. Simple four-helix bundles were created de novo (using entirely novel sequences which are 

not influenced by natural proteins) by focusing on the hydrophobic effect, positioning apolar side chains 

which pack into the protein core whilst decorating the solvent exposed surface of the molecule with polar 
and charged residues17.  

 
Peptide sequences can be designed systematically to fold into helical bundles by exploiting heptad 

repeats of hydrophobic (H) and polar (P) residues. The idealized alpha helix contains 3.6 residues per 
turn, and therefore the orientation of each side chain will repeat approximately every seven residues. A 

repeat such as HPPHPPP, represented as abcdefg, with polar residues at positions a and d of this repeat 
enables formation of a hydrophobic strip along one face of the alpha helix (Figure 1-3). This results in 

clustering of helices into a bundle to bury these hydrophobic residues and thus drives the folding of 
rudimental protein structures towards a free energy minimum. This heptad and similar variants are 

widespread in the sequences of both natural18,19 and designed helical bundles. 
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Figure 1-3: Hydrophobic patterning is critical to the de novo design of secondary structure, with an HPPHPPP 
heptad repeat of polar and hydrophobic residues creating a hydrophobic strip along the helical axis and 
facilitating construction of alpha helical structures such as a four-helix bundle. 

 
Initially these artificial proteins employed a limited set of amino acids, utilizing for example leucine as the 
sole hydrophobic residue, glutamic acid as a polar side chain, and glycine or proline residues in helical 

caps and loop regions20. Improvements in design aided folding of de novo proteins towards a unique 

structure, widening the free energy difference between a native state and folded but dynamic 
intermediates. This enabled the design and structural determination by NMR or crystallography of rigid 

and tightly packed two, three and four helix bundles21–23 with increased amino acid diversity, which more 
closely resembled the biophysical characteristics of natural, evolved proteins.  

 
In addition to the overall fold and oligomerization state, various topologies must be considered for the 

design of helical bundles (Figure 1-4), including parallel and anti-parallel arrangements, or an intriguing 
bisecting U shape found in a de novo protein structure by Hill and Degrado24. These can be affected by 

subtle changes in the identity and positioning of hydrophobic residues25, or by the introduction of polar 

residues in the core to generate hydrogen bonding networks. A combination of ‘positive-design’ towards 
a specific structure coupled with negative design disfavouring alternates is essential for full control of the 

complete set of helical bundle characteristics.  
 

H

H

P
P

P

PPHH

P

P
P

P

P

H

H

P

P

P
P

P
a d

e

b
f

c

g



1.1 Fundamentals of Protein Design 

 25 

 
Figure 1-4: A broad range of potential topologies can be constructed in de novo helical structures, depending 
on the order and oligomerization state of the design. 

 

The coiled coil is a specific class of helical proteins, with tightly defined parameters which describe the 
helical geometry and packing of side chains in the core of the protein which were initially identified by 

Crick26 (Figure 1-5), resulting in highly ordered structures of supercoiled helices. The majority of coiled 

coil sequences, particularly dimers and trimers, fit stringently to the HPPHPPP heptad, although higher 
oligomeric states involve additional hydrophobic seams at the interface between helices, resulting in 

contact between residues at positions other than a/d. The imperfection of a seven-residue repeating 
sequence within a helical structure which repeats itself every 7.2 residues results in formation of the 

regular coiled structure. The orientation of each hydrophobic side chain rotates around the helical axis 
slightly at each sequential heptad, creating a spiraling helical spine along each individual helix and 

resulting in helices which wrap around each other with regular geometry to bury these hydrophobic chains 
in the protein core, forming the coiled structure.  

 
Tight packing of side chains is also observed in coiled coils, forming knobs-into-holes packing with an 

interdigitated structure of ‘knobs’ surrounded by four ‘holes’ on an adjacent helix (Figure 1-6). Precise 

sequence-structure relationships can be used to predict properties such as oligomeric states and parallel 
or antiparallel arrangements. This was particularly evident in simple leucine zipper motifs, where 

switching side chains between leucine and isoleucine at the hydrophobic positions was shown to be 
sufficient to alternate between dimeric, trimeric and tetrameric coiled coils27. 
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The Crick parameters can be used to design novel coiled coil structures by creating backbone structures 

which fit to this geometry and building de novo sequences which match the heptad pattern of polar and 
hydrophobic residues and are optimised to ensure precise packing in the structure. This strategy has 

been employed in depth by Wolfson and colleagues in particular to develop an array of de novo coiled-
coil structures (e.g. Figure 1-6), whilst developing computational tools to analyse and extract the helical 

geometry28, and utilise these parameters to build new structures from scratch such the CCBuilder29 and 
ISAMBARD30 packages.  

 

 
Figure 1-5: The Crick parameters of pitch, radius and interface describe the coiled coil structure. The pitch 
describes the distance taken for a full 360° rotation of the supercoiled helices, and the radius describes the 
distance between the central axis of the coiled coil and the centre of the component helices. Finally, the 
interface angle is measured between the central axis, the centre of a helix, and the Cα atom of an a-position 
residue. 

 
Initially, this again enabled design of and control of oligomerization states up to tetrameric coiled coil 

peptides, forming a toolkit for subsequent engineering31. The approach further expanded the structures 

towards larger complexes, some of which have not yet been observed in natural proteins, such as the 
design of a hexameric coiled coil which forms a helical barrel with an accessible channel through the 

peptide core32. This design was shown to be relatively amenable to mutations, an essential property to 
engineer novel and enhanced functionality in the de novo scaffolds. X-ray structures of similar higher 

order de novo coiled coils such as pentamers and heptamers were also reported33. Such structures can 
be useful to design modular functional units in order to control in vivo systems such as transcription34 or 
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cellular localization35. The design of orthogonal sets of helical binding interactions demonstrates 

significant potential for a range of applications in synthetic biology. 
 

 
Figure 1-6: Ordered side chain interdigitation is observed at the interface been adjacent helices in coiled coils, 
forming knobs-into-holes packing. De novo coiled coils up to a heptameric oligomeric state have been 
structurally characterized, with three examples demonstrated here (PDB: 4DZM, 3R4A, 3R3K). 

 
1.1.2 Computational Protein Design 
 
Computational design tools have become a crucial method responsible for a rapid expansion in the de 

novo protein space3. The key advantage of computational design is vastly increased sampling of 
structural and sequence possibilities, rapidly iterating through combinations of side chain rotamers and 

small perturbations in backbone structure. The design of helical proteins and peptides discussed in the 

previous section were mostly built using rational design approach derived from our current understanding 
of protein structure, or parameter-based methods in which mathematical equations are applied to 

generate a backbone structure of a known protein geometry to guide sequence design. Both of these 
methods can be complemented by computational methods, particularly to design sequences which fit to 

parameterized backbones, but ‘strictly’ computational design can take the exact final structure and 
sequence out of the hands of the designer to an extent, allowing both sequence and backbone freedom 

to mold structures into highly optimised conformations. 
 

Knobs-Into-Holes Packing Dimer Tetramer Hexamer
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Computational protein design has its foundations in the protein-folding problem - predicting the structure 

of a protein from a given sequence. This led to development of software such as the Rosetta suite by the 
Baker lab36,37, which aimed to predict protein structures ab initio by splitting the sequences into short 

fragments which were matched with a comprehensive structural database and folded towards reasonable 
structures. These structures could be further refined by energy minimization38, maximizing favourable 

interactions in the predictions to drive them towards the free energy minima. 
 

This required the development of frameworks to calculate the relative free energy of protein structures 
such as the Rosetta score function39, a knowledge-based empirical scoring system which assesses the 

overall energy of a structure. It includes a range of atomic interactions, where the weighting of each 
contribution can be adjusted to fit to a specific system if necessary. Some terms describe backbone 

structural elements, defining ideal bond lengths and geometry or torsion angles such as the 

Ramachandran angles40 (Figure 1-7). Side chain orientations are fitted to a χ angle and optimal geometry, 
favoring rotamers which are prevalent in the existing database of protein structures41. The score function 

includes both energy terms for favourable interactions such as hydrogen bonding and electrostatic 
interactions, and un-favourable poses such as solvent-exposed hydrophobic side chains or steric 

clashes. 

 
Figure 1-7: A prediction of optimal Ramachandran angles describing the orientation of neighboring peptide 
bonds in addition to a library of side chain rotamers describing the χ angles and side chain rotamers are critical 
components of score functions for computational design. 

 
In addition, protein structure prediction has been further enhanced by observations such as the 

coevolution of mutations42 – interacting residues which have a tendency to evolve as a pair and therefore 
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offer excellent additional constraints to fold a polypeptide towards its native structure. The accuracy of 

protein structure prediction continues to improve, evidenced by blind testing in regular CASP (Critical 
Assessment of Structure Prediction) experiments43. 

 
As structural prediction software was developed, it became apparent that the process could be reversed 

using similar methods and algorithms to design new proteins by identifying an optimal sequence which 
folds to a desired protein target structure. This requires multiple stages of design, initially creating a 

backbone protein structure which fits to the intended design, optimizing the sequence by Monte Carlo 
iteration and making small scale changes to the backbone and side chain structure to further minimize 

the overall energy. The designed sequence can then be assessed by feeding it back through the 
structural prediction pipeline, ensuring that the lowest energy predictions converge to the intended 

structure by ab initio folding. Recent advances have enabled protein design with consideration of the full 

energy landscape44 utilizing a neural network approach to rapidly predict energy landscapes for a 
designed sequence45, reducing the computational cost of structure prediction and negating potential 

barriers to folding46. 
 

 
Figure 1-8: Computational protein design evolved from structure prediction methods, optimizing both 
backbone structure and sequence towards a low energy target structure. 

Computational protein design has matured into an adept technique to build a range of de novo structures 
(Figure 1-9), and a range of programs have been developed to aid design such as Rosetta, SCADS47 

and ISAMBARD30. In addition to the design of helical structures with increased precision and 
thermostability48, it became possible to design an array of structures with mixed secondary structure 

elements of alpha helices and beta sheets, replicating many of the folds seen in nature with de novo 
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sequences49. By examination of rules which govern interactions between secondary structure features, 

αβ structures resembling natural Ferrodoxin, IF3-like and Rossmann folds were designed. Such de novo 
designs tend to fold to ‘idealized’ structures with ordered secondary structure and high thermostability, in 

comparison to natural proteins which generally include more distortions and imperfections in the 
structures and decreased thermostability. This indicates that the folding free energy of designed proteins 

is greater than the necessary stability driven by evolutionally pressure in most mesophilic natural 
organisms, which may indicate that the slightly lower stability of natural proteins contributes to their 

function, enabling, for example, concerted dynamics in catalytic mechanisms or turnover and recycling 
of molecules.  

 
Tools such as Rosetta are also well setup for working with symmetrical structures, aiding the design of 

de novo repeat proteins by designing modular protein units with repeating interfaces in order to stack the 

units into defined a geometry with controlled curvature or super-helical coiling50. A suite of these protein 
modules could be combined to rapidly design large protein complexes to a desired architecture. 

Connecting repeating modules in a full circle also facilitated the design of intricate structures such as an 
α-toroid51 and TIM-barrel52, the latter being a particularly challenging fold to design which is commonly 

adopted by enzymes. 
 

 
Figure 1-9: Computational design has replicated the structure of many natural protein folds with entirely de 
novo sequences, built large repeating complexes, and novel folds such as the Top7 design. 

 

The ‘holy grail’ of protein design in some regards is the design of entirely new folds which do not exist in 
nature. Coiled coils have expanded on natural structures, with designs accessing oligomeric states which 

have not been observed before such as the hexameric design discussed in the previous section. Another 
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clear cut example of a de novo fold is the Top7 protein, a 93-residue globular αβ structure designed by 

the Baker group using Rosetta53. This was designed by creating an approximate backbone starting model 
of a fold which was not present in the protein database (PDB) and then applying the flexible backbone 

design method which is now de rigueur: alternating rounds of iterative sequence design and flexible 
backbone optimization. The Top7 structure was later modified by the introduction of polar residues in the 

core54, a notable example of the computational design of buried hydrogen networks55 in a de novo 
structure. This is an important tool as whilst it appears possible to design a practically limitless set of 

purely hydrophobic well-packed protein cores, the function of many natural proteins depends on the 
stabilization of polar and charged residues buried within the molecule. 

 
1.1.3 Functional Biomolecules by Computational Design 
 
Increasing levels of precision in the design of protein structures is highly beneficial, however a key test 

of our understanding of protein engineering is to use these techniques to design novel functional tools, 
taking designs beyond rigid and thermostable structural scaffolds. The range of natural protein functions 

that could be mimicked in the de novo space include ligand binding, catalysis and electron transfer, and 

in some cases all three facets must be considered, such as the design of redox enzymes.  
 

The design of binding interfaces includes engineering of protein-protein interactions to enable protein 
binding either transiently (in allosteric control for example) or permanently (to develop highly stable multi-

unit complexes), in addition to the design of small-molecule ligand binding sites. An impressive example 
of designed protein-protein interactions is the construction of a hemagglutinin receptor binding protein 

(Figure 1-10) which demonstrated influenza-neutralizing properties in vivo56. This large complex required 
multiple stages of design; initially a monomeric binding protein with high affinity for a hemagglutinin 

epitope was built by precisely grafting antibody loop regions into a protein scaffold. This was combined 
into a trimeric structure able to bind the three identical epitopes in the receptor by searching for scaffolds 

which would optimise the position each of the three binding partners. The trimeric design of the complex 

facilitated avidity binding, increasing overall affinity and potentially improving efficacy as a neutralizing 
protein. Whilst such proteins remain at the early stages, protein design could become an effective tool to 

address immunity and infectious diseases – demonstrated further by the recent design of tight binding 
miniproteins for the SARS-CoV-2 spike protein57.  
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The design of ligand binding sites in protein scaffolds is also becoming increasingly accurate and 

widespread, with combinations of computational design alongside high-throughput screening able to 
build binding sites with picomolar affinity58. This enabled the construction of bio-sensors which can detect 

ligand concentrations in tissue samples, by fusing a ligand binding domain with a fluorescent protein (or 
alternative reporter), which is destabilized and subsequently degraded in the absence of ligand59,60. Novel 

fluorescence domains have also constructed such as the de novo design of a β-barrel protein which 
binds to the fluorogenic compound DFHBI and activates its fluorescent properties61. This required the 

parametric design and computational optimization of the β-barrel scaffold itself in addition to engineering 
the incorporation of the GFP-derived ligand, and again demonstrated useful activity in vivo. 

 

 
Figure 1-10: Computational design has facilitated the construction of large protein cages, capable of 
encapsulating genomic information or protein cargo, whilst the design of protein-protein binding interfaces in 
de novo proteins is a valuable tool to target issues such as infectious diseases. Figures from Baker et. al. 
56,57,62. 

 
In a final example, cage-like structures have been constructed using de novo proteins, with ordered units 

self-assembling into 20-100 nm complexes63,64. These complexes can resemble viral capsids, capable of 

encapsulating protein or nucleic acid cargo, offering the potential for targeted delivery of therapeutics, or 
as vaccine targets acting as stable displays of relevant antigen epitopes. Icosahedral cages have been 
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designed which can encapsulate their own genome, aided by the addition of a positively charge surface 

on the interior of the cage. These designs can also be enhanced by directed evolution62, demonstrating 
bottom-up design and evolution of viral-like assemblies. 

 
1.1.4 Computational Design of de novo Enzymes 
 

The design of de novo enzymes offers the potential to catalyze bespoke reactions which are not observed 
in nature, circumventing the challenges of traditional synthetic chemistry involving expensive catalysts or 

intensive reaction conditions and contributing to the development of sustainable industrial processes. 
The fundamental mechanisms driving catalysis are still not completely understood making enzyme 

design an exceptional challenge. Explanations for the remarkable catalytic efficiency of natural enzymes 
centre around arguments such as dynamics, electrostatic catalysis65 and heat capacity66 (Figure 1-11), 

and the overall mechanism for most enzymes is likely to be a nuanced combination of these factors 
making it difficult to decide where to start to engineer a catalytic site for a specific reaction. However, by 

focusing on particular mechanisms or reactivities with defined catalytic principles we can begin to 

construct novel biocatalysts. 

 
Figure 1-11: Heat capacity effects are emerging as an important contribution to the catalytic efficiency and 
thermoadaptation of naturally evolved enzymes (figure adapted from Van der Kamp et. al. 201866). A change 
in the global protein dynamics in the ground state relative to the tightened transition state results in a negative 
heat capacity, causing the non-Arrhenius dependence on temperature of the reaction rate (right). The 
significance of heat capacity has also been demonstrated in the directed evolution of de novo enzymes67, 
significantly enhancing the catalytic efficiency of modest computationally designed starting points. 
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Transition state stabilization is central to all potential mechanisms; any enzyme must reduce the energy 

of the transition state of a reaction (ΔΔG‡) to increase the rate of reaction. This principle was targeted in 
initial attempts to design artificial de novo catalysts, utilizing the ‘theozyme’ concept68 which describes 

the structure of a theoretical transition state of an enzyme-substrate complex including the substrate and 
key functional groups in the binding pocket (Figure 1-12). The method attempts to design an overall 

enzyme architecture which is optimised around the transition state structure and led to the successful 
design of a number of primitive catalysts, but which had poor activities which have only been improved 

to reasonable levels by directed evolution.  
 

 
Figure 1-12: A theozyme structure defines key interactions between substrates and an enzyme active site, 
enabling binding through hydrogen bonding interactions with side chain or backbone functional groups and 
driving catalysis via placement of key acidic or basic residues. The theozyme must be ‘matched’ to an 
appropriate protein scaffold to optimise the positioning of these residues. 

 
This design approach utilizes the same computational framework used to design the rigid protein 
structures and binding interactions discussed previously, aiming to favour a single low energy structural 

state. A database of protein structures is searched to identify an optimal scaffold to insert the catalytic 
pocket in the core of the protein, with the sequence then optimised around this structure69. The technique 

is also widely applicable beyond enzyme design for tasks such as building small molecule ligand binding 

sites, using similar algorithms to locate binding pockets in a protein scaffold and design the surrounding 
residues and overall backbone structure. 

 
Enzymes designed using the theozyme method include catalysts for Diels-Alder70, Kemp Elimination71 

and retro-aldolase reactions72. The design of a de novo Diels-Alder catalyst required the design of a 
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binding pocket which could both accommodate and orient two substrate molecules to drive C-C bond 

formation, a significant advance from the previous design of Kemp elimination and retro-aldolase 
enzymes which focused on catalyzing the break-down of a single substrate by acid-base driven reactivity. 

Diels-Alder catalysts have widespread use in organic synthesis and had not been observed in nature 
prior to this design, although several natural examples have been discovered since73. 

 
Whilst these designs represented an outstanding achievement in protein design and introduced abiotic 

catalysis to de novo protein scaffolds, they catalyze relatively simple reactions with poor catalytic 
efficiency. However, the design of even moderate enzymatic activity is very useful, as it provides a 

starting point for another design philosophy, directed evolution. Directed evolution utilizes high throughput 
methods to rapidly introduce random mutations to a protein catalyst, assaying for an improvement in 

efficiency, specificity or stereoselectivity across multiple rounds of evolution74. The approach has been 

invaluable across the spectrum of protein engineering, notably for heme containing enzymes which will 
be discussed in more detail later. However, it requires some initial activity which can be measured and 

improved.  
 

Directed evolution studies by the Hilvert group and others have expanded the catalytic potential of 
computationally designed de novo enzymes, increasing the efficiency of these enzymes by multiple 

orders of magnitude and offering insights into how efficient enzymatic catalysis could have evolved 
naturally. Directed evolution of the retro-aldolase design resulted in formation of an entirely remodeled 

active site, replacing all side chains from the original theozyme structure and facilitating a 4,400-fold 
improvement in specific activity75. Similar improvements were observed in the de novo Diels-Alderase, 

enhancing the packing and structure of the substrate binding pocket76. The directed evolution of this 

enzyme contributed further evidence to theories explaining the efficiency of evolved natural enzymes, 
suggesting a heat capacity contribution to catalysis (see Figure 1-11)67. 

 

1.1.5 Dynamics in Protein Design 
 
The majority of the techniques and achievements discussed so far are based around designing proteins 
towards a robust and rigid single structure. Whilst subtle changes in this structure are considered during 

the design process such as sampling of backbone conformations during flexible backbone design77,78, 
the focus remains on convergence to a singular low energy structure, even in the case of enzyme design. 

Structural space is sampled by repeating design simulations thousands of times which may present an 
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indirect insight into protein dynamics, but the end goal is to filter down these results to a small handful of 

structures. This is partly based on necessity, the resources required for computational design and 
prediction are already considerable, but the key motivation is the dominant influence of thermodynamics 

in controlling protein folding as discussed previously6. However, all proteins have some level of intrinsic 
flexibility, and integrating dynamic considerations into these design workflows is an important tool to 

improve the accuracy and functionality of potential structures, and thus is a key component of the design 
strategies utilised across this thesis. 

 
Molecular dynamics (MD) is a powerful technique to investigate biomolecular structures such as proteins 

as well as nucleic acids, lipids, and their interactions with small molecule ligands. MD can be used to 
investigate and quantify ligand binding79,80 in terms of both free energy and kinetics, understand allosteric 

interactions in proteins81, and assess clusters of different conformational states of a single protein 

structure82. The molecular mechanics (MM) descriptions used for MD can be combined with more 
rigorous quantum mechanical (QM) methods in a small region of the protein such as an active site, 

enabling accurate determination of the energy profile of enzymatically catalyzed reactions using 
QM/MM83. 

 
Molecular dynamics evaluates biological macromolecules by calculating the overall energy of the system 

using physical parameters derived from classical mechanics84,85. The velocities and forces acting on 
atoms within a protein system are influenced by a number of key factors which contribute to the overall 

force-field, parameterized in terms of bonded and non-bonded interactions. Whilst similar to 
computational energy calculations such as the Rosetta score function39, molecular dynamics force-fields 

utilize only empirically derived physical parameters and force constants which are calculated 

experimentally or computationally, rather than “knowledge-based” score terms such as Ramachandran 
angles which are derived from databases of known structures. MD is also a significantly more 

comprehensive method to calculate solvent effects, with the ability to explicitly model water molecules 
when solvating the protein system86. The force-field employed most commonly throughout this thesis was 

the non-polarizable AMBER ff14SB87, which includes the key energy terms which contribute to the overall 
potential energy of the system (Figure 1-13). 

 
Molecular dynamics and protein design tools complement each other well and have been integrated in a 

number of examples to enhance design workflow88. In the context of protein structure prediction using 

Rosetta, MD has helped to refine predictions of medium sized structures (150-250 residues), sampling a 
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greater conformational space and overcoming energy barriers which are not available through the 

Rosetta approach alone89. This utilized iterations of Rosetta and MD, swapping between the respective 
score function and force fields to improve the overall precision of atomic coordinates.  

 
Iterative combinations of Rosetta and molecular dynamics have also been utilised for design, to generate 

ensembles of protein structures with increased conformational and sequence diversity in comparison to 
using either method alone90, despite only relatively short MD timescales of less than 10 ns being utilised. 

Finally, MD simulations have been used to assess the functionality of de novo designed proteins, such 
as binding interactions in the core of coiled-coil designs with hydrophobic small molecule ligands91. This 

revealed the position of bound ligands within the core, and perturbations in the structure of some of the 
de novo receptors in response to binding.  

 

 
Figure 1-13: Molecular dynamics forcefields describe bonding parameters including bond lengths, angles, 
and dihedrals in addition to non-bonded interactions including Van der Waals dispersal forces and atomic 
repulsion (approximated by a Lennard-Jones 12-6 potential) as well as electrostatic attraction between atomic 
partial charges. 

 
 
 
 
 



1.2 The Heme Cofactor 

 38 

1.2 The Heme Cofactor 
 
Heme (or haem) is a ubiquitous redox cofactor in natural protein systems essential for a diverse range of 

functions such as oxygen transport, electron transfer and catalysis, and is a crucial component in the 
proteins designed and studied throughout this thesis. 

 
The structure of heme consists of a central iron coordinated by the four nitrogen atoms of a protoporphyrin 

IX macrocycle. The porphyrin contains a conjugated bonding system, delocalizing electrons across the 
molecule aiding its ability to transfer electrons between redox centres92. The substituents of unmodified 

protoporphyrin IX include four methyl groups, two vinyl groups, and two acidic propionates which can 
interact with polar residues in the core of a protein or extend out of the core exposed to solvent, 

modulating properties such as redox potential93, heme coordination94 and structure95.   

 
Heme exists in various different forms in protein structures, increasing the diversity of the cofactor 

functionality. In both heme A and B, the cofactor is non-covalently tethered to proteins through a 
combination of side chain coordination of the iron and hydrophobic interactions with the conjugated 

porphyrin. Heme A contains modified substituents such as addition of a long-tailed hydroxyethylfarnesyl 
group and is found for example in cytochrome c oxidase, Complex IV of the respiratory transport chain96. 

The high redox potential of heme A makes it integral to the function of a range of heme enzymes as well 
as acting as an electron transfer centre towards the end of electron transfer chains.  

 

 
Figure 1-14: The structure of Heme A and B vary in their porphyrin substituents, whereas heme C is covalently 
attached to proteins via two thioether linkages to cysteine residues within a CXXCH motif. 
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Heme C is covalently attached in cytochromes in addition to the non-covalent binding interactions. This 

requires a consensus CXXCH motif in which the two cysteine residues are covalently bound to the vinyl 
groups of the porphyrin, with axial ligation of the iron via the histidine residue in the motif97. This 

modification is catalyzed by systems such as the c-type cytochrome maturation (Ccm) apparatus found 
in gram negative bacteria98 which forms the two thioether bonds, incorporating a protoporphyrin IX 

structure equivalent to heme B (Figure 1-15).  
 

In rare cases the formation of c-type covalent attachments can occur spontaneously in vitro99 such as the 
reconstitution of holo cytochrome c552, however the maturation systems are essential for incorporation in 

vivo. The c-type cytochrome processing occurs on the positive side of energy production membranes in 
both eukaryotic and prokaryotic organisms98, the mitochondrial intermembrane space or bacterial 

periplasm respectively. The covalent tethering of heme C increases the stability of the heme-protein 

interface and may enable a higher density of heme cofactors in a protein structure, making it particularly 
valuable in nature for constructing long conductive ‘nanowires’ to transfer electrons over a long distance 

in large multi-heme complexes100. 

 
 

Figure 1-15: The Ccm apparatus is responsible for covalent incorporation of heme in c-type cytochromes. 
Figure from Watkins et. al. (Current Opinion in Chemical Biology)101. 
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A range of residues contribute to heme ligation, axially coordinating the central iron to form either five- or 

six-coordinate complexes. Histidine is particularly prevalent, contributing at least one coordinating ligand 
in over 80% of non-redundant heme cofactor structures102 whilst bis-histidine ligation is also commonly 

observed, particularly in c-type cytochromes. Histidine residues can modulate oxygen binding in proteins 
such as hemoglobin in which a distal histidine is displaced to accommodate and stabilize the O2 

molecule103, and can also influence catalysis and hydrogen bonding networks.  
 

Cysteine is another key ligand, critical to the function of Cytochrome P450 enzymes. A number of other 
residues can also contribute to ligation, such as methionine and lysine, which can occasionally 

interchange in ligand-switch reactions as seen in some forms of cytochrome c94. A range of studies have 
mutated heme ligands to modulate protein properties, such as switching cysteine to serine in Cytochrome 

P450-BM3 to alter the catalytic properties of the enzyme and facilitate carbene mediated reactions such 

as cyclopropanation104. This ligand change increased the redox potential of the P450 to the level normally 
observed on binding to its natural substrates, bypassing the substrate control mechanism (discussed in 

1.3.2) and enabling transfer of electron equivalents from its reductase partner to trigger reactivity with 
non-natural substrates. 

 

1.2.1 Redox Potential and Electron Transfer 
 
The redox potential of the cofactor is critical in dictating the properties of heme, creating the driving force 

for electron transfer through proteins and modulating oxidoreductase catalysis in heme enzymes. Heme 
can switch between multiple oxidation states, such as the respective reduced and oxidized ground states 

iron (II) and (III), but it can also form highly oxidized states such as the ferryl iron (IV) species105,106 – a 
critical and highly reactive intermediate observed in peroxidase and P450 catalytic cycles.  

 
Ligating residues significantly affect heme redox potential (Figure 1-16); for example His-Met ligation in 

proteins such as cytochrome c stabilizes the Fe(II) state and therefore results in relatively high potential 

at approximately +250 mV107. This is due to overlap of the iron dxz orbital  with unoccupied sulfur d orbitals 
in the methionine ligand, which is increased by a slight displacement of the sulfur out of the heme iron 

axis108, thus stabilizing the unpaired dxz electron density. In contrast, cysteine ligated heme tends to have 
very low redox potential and rests in the iron (III) state due to the strong ‘push’ of electron density from 

the thiolate ligand onto the heme, whilst the redox potential of bis- and mono-histidine ligated potentials 
generally reside somewhere in between.  
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Figure 1-16: Heme redox potentials span a broad range across natural and designed systems, influenced by 
both ligation and the surrounding protein environment. Relative potentials are displayed for five-coordinate 
heme sites such as cytochrome P450109 and cytochrome c peroxidase110 (in which the sixth coordinate site 
can be occupied by a water molecule) and the heme A in cytochrome c oxidase111 (with a nearby copper 
centre at the distal face of the heme). Also included are six-coordinate heme cofactors found in neuroglobin112 
and cytochrome c. In addition, HP7113, C2114 and the lipophilic AP1115 demonstrate the breadth of heme redox 
potentials in de novo designs, all three of which represent bis-histidine ligated, six-coordinate redox centres. 

 
The equilibria between redox states are described by the following Nernst equation, in which Q denotes 
the proportion ions in reduced and oxidized states. The observed midpoint potential Em describes the 

potential at which an equimolar concentration of two redox states exists in solution. Em is reported relative 

to the Nernst hydrogen electrode and is a useful metric to compare cofactor environments, although it is 
dependent on properties such as pH.  
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The difference in Em generates the driving force (ΔG) for directional electron transfer in systems such as 

cytochrome bc1. A classical interpretation of factors impacting the rate of electron transfer is provided by 
Marcus theory116 (Figure 1-17). The nuclei and surrounding environment of a redox centre can be 

represented by a simple harmonic oscillator, with the reactant and product of an electron transfer reaction 
occupying different equilibrium nuclear geometries.  

 
Electron transfer between equilibrium energy levels requires a rearrangement of nuclear geometry 

represented by the reorganization energy λ, however the Franck-Condon principle dictates that electron 
transfer occurs on a timescale where the nuclear configuration can be considered fixed and therefore 

fast electron transfer results from overlap of the reactant and product geometries. A small driving force  
(-ΔG < λ) requires input of an activation energy to rearrange the reactant nuclear geometry to a state on 

the energy surface of the product. Electron transfer is fastest where -ΔG = λ at which point there is no 

activation energy and electron transfer can occur directly from the lowest, equilibrium reactant energy. 
However, increasing the driving force further decreases rate of electron transfer, the inverted Marcus 

region, again requiring the reactant to shift from its equilibrium geometry for electron transfer to occur. 

 
Figure 1-17: Marcus theory uses simple harmonic oscillators to describe the reactant and product of an 
electron transfer reaction, such as the reduced and oxidized states of an iron transfer centre. Rearrangement 
of the reactant geometry is required for fast electron transfer, resulting in overlap of the reactant and product 
energy surfaces. This occurs with zero activation energy when -ΔG = λ facilitating fast electron transfer. Figure 
adapted from Dutton and Moser (1996)117. 
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Empirical evidence demonstrates that the key determinant of electron transfer rates between redox 

centres in proteins is distance, with a linear dependence observed across extensive studies in natural 
and designed proteins118. This makes distance the dominant principle for engineering novel redox 

systems. In porphyrin redox centres such as heme, this is defined by the edge-to-edge distance between 
cofactors, as electron transfer can be mediated by the conjugated bonding system119. The rate of electron 

transfer in biological systems can therefore be approximated by the following equation proposed by 
Dutton and Moser118, which considers the distance (R), driving force (ΔG) and the reorganization energy 

(λ). The rate is fastest when -ΔG = λ resulting in a final term equal to zero.  

 
log 𝑘#$ = 15 − 0.6𝑅 − 3.1(Δ𝐺 + 𝜆)% /𝜆 

 

1.2.2 Optical Absorbance of Heme 
 

UV-Visible absorbance spectroscopy is an essential tool for the study of heme containing proteins due 

to p-p* electron transitions in the conjugated porphyrin system of double bonds120. Electronic excitation 

from the ground state to the second state (S0àS2) results in a particularly strong absorbance in the blue 
region of the visible spectrum, the Soret absorbance peak121 (Figure 1-18). A lower energy excitation to 

the first state (S0àS1) results in Q-band absorbance peaks at slightly higher wavelengths between 500-
700 nm.  

 

 
Figure 1-18: Electron transitions in the conjugated heme porphyrin results in a characteristic absorbance 
spectrum in the visible region. 

Absorbance spectra can be used to probe an array of cofactor properties such as characterization of iron 

ligation, either by coordinating side chains or small molecules such the binding of diatomic gasses. For 
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example, cysteine ligated P450s are named after their distinctive absorbance peak at 450 nm observed 

in the presence of carbon monoxide122. The technique can be used to assess the kinetic binding 
properties of molecules such as oxygen or observe the catalytic intermediates in heme reaction 

mechanisms. Finally, the redox state of the metal also affects the absorbance spectrum, which can be 
assessed to observe transitions between iron (II), (III) and higher oxidation states and is crucial to 

measuring redox potential and electron transfer. 
 

1.3 Catalysis in Heme Proteins 
 
Heme containing enzymes form powerful oxidoreductase catalysts, spanning a number of classes in 

nature such as peroxidases123, cytochrome P450s, catalases and peroxygenases124. These enzymes can 
catalyze a range of challenging oxygenation reactions, whilst frequently offering broad substrate 

promiscuity125,126. This is possible due to the nature of oxidoreductase chemistry, which requires only 
approximate positioning of substrates sufficiently close to the redox centre for electron transfer, in 

contrast to the precise active site-substrate geometry which is essential to the mechanisms of many other 

enzymes. This promiscuity is particularly relevant to design, demonstrating that relatively flexible 
proteins127 can bind to different substrates in a range of orientations and rely on the intrinsic transition 

metal chemistry of the porphyrin to drive catalysis. It suggests that design of precise, rigid or highly 
specific binding pockets is not necessarily the crucial component to engineer catalysis, but it is essential 

to incorporate the heme cofactor in an appropriate protein environment to facilitate reactivity. 
 

Peroxidase and P450 catalysts share similar catalytic cycles (Figure 1-19), both proceeding via a critical 
ferryl iron (IV) intermediate called Compound I in order to trigger oxidative reactions of a wide range of 

substrates. Compound I acts as a potent oxidizing agent, activating molecular oxygen in the case of 
P450s or H2O2 in peroxidases. Compound I can transition to a second reactive intermediate Compound 

II by extraction of an electron or hydrogen atom from the substrate, although the mechanistic contribution 

of the two intermediates varies across the repertoire of heme containing enzymes, and elucidating exact 
mechanisms continues to be a source of controversy128. 
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Figure 1-19: The catalytic cycles of both heme peroxidases and P450s involve the potent oxidizing 
intermediate Compound I. Whilst peroxidase reactions are initiated in the ferric (III) oxidation state, substrate 
binding is required in the P450 mechanism to trigger electron transfer from a reductase partner to form the 
ferric (II) state prior to oxygen binding and catalysis. 

 
1.3.1 Heme Peroxidases 
 
Heme peroxidases include three enzyme sub-types; class I are intracellular peroxidases such as 

cytochrome c peroxidase (CcP), class II are extracellular fungal peroxidases, and class III includes 
extracellular plant peroxidases such as horseradish peroxidase (HRP)129. Peroxidase enzymes play 

useful roles in biotechnology; HRP, for example, has become ubiquitous amongst a variety of molecular 

biology techniques, and heme peroxidases could also play a role in detoxification of industrial waste 
products such as halogenated phenols130.  

 
The precise structure of the reactive intermediates Compound I and II have been studied in depth in 

peroxidase model systems such as ascorbate peroxidase (APX) and CcP using tools such as EPR and 
crystallography, particularly utilizing neutron diffraction to investigate bond parameters and protonation 

states123. The enzymatic cycle begins with heme in the ferric iron (III) redox state, hydrogen peroxide 
binds and is cleaved resulting in the formation of the iron (IV) oxyferryl Compound I intermediate. A radical 

cation is produced in the generation of Compound I, generally associated with the porphyrin ring of heme 
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but in some cases forming a protein radical at a nearby tryptophan residue in the active site such as in 

CcP131, mediated by nearby electronegative methionine side chains132 and the absence of a potassium 
ion found in APX. The oxidation of a substrate (or spontaneous decay in the absence of substrate) 

reduces this radical cation resulting in the formation of Compound II which can catalyze a second electron 
transfer from substrate to heme, reducing the heme back to the iron (III) form.  

 
The majority of natural heme peroxidases contain a five-coordinate heme centre ligated by a proximal 

histidine residue, whilst the opposite face of the heme is occupied by water during the reaction 
mechanism which can interact with a distal histidine133 in proteins such as CcP and HRP to influence the 

formation and properties of Compound I. 
 

1.3.2 Cytochrome P450 
 

Cytochrome P450s are a widespread and comprehensively studied class of heme-containing enzymes 
which catalyze mono-oxygenase reactions. P450s are well optimised for a range of challenging chemical 

transformations such as hydroxylation or epoxidation of relatively inert substrates, and the design and 

engineering of novel mono-oxygenase enzymes remains an exceptional opportunity. In humans, a broad 
spectrum of P450s are produced in the liver, which play a role in the metabolism and detoxification of 

exogenous molecules134. Critically, this includes the metabolism of the majority of pharmaceuticals, which 
can affect the efficacy of drugs or result in the production of toxic side-products. They also play role in a 

range of metabolic pathways involved in natural product synthesis135.  
 

Unlike peroxidases, the heme cofactor in P450 is usually (unless artificially mutated) ligated by the 
thiolate group of a deprotonated cysteine side chain, again forming a pseudo five-coordinate structure in 

which the distal face is occupied by water which can be displaced by oxygen binding or the formation of 
intermediates in the oxidoreductase pathway. An ‘I Helix’ runs across the distal heme surface, positioning 

key residues which form the oxygen binding pocket129, whilst nearby F/G helices play a role in substrate 

binding and drive conformation changes in the protein (Figure 1-20). 
 

Crucially, P450s are regulated by substrate binding136, preventing continuous turnover of oxygen which 
would both waste reducing equivalents and produce destructive reactive oxygen species such as 

peroxide, superoxide or hydroxyl radicals. The enzyme rests in the ferric iron (III) state bound to a water 
molecule at the sixth coordination site, however substrate binding can displace this water whilst altering 
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the structure of the porphyrin and shifting the redox potential of the cofactor. This enables electron 

transfer from a reductase partner, oxygen binding, and the subsequent catalytic steps. Electrons are 
transferred from NADH or NADPH via flavins or iron-sulfur redox co-factors contained in electron transfer 

proteins. In some cases such as P450-BM3 the enzyme is synthesized as a fusion protein with its 
reductase partner137 making it a catalytically self-sufficient enzyme. In other examples, non-covalent 

interactions with soluble or membrane bound proteins such as NADPH-cytochrome P450 reductase138 
are required to facilitate electron transfer and trigger the catalytic cycle. These control mechanisms have 

considerable design implications – either inspiring similar substrate triggered conformational changes or 
bypassing substrate control by modulating the redox potential in engineered variants to produce 

constitutively active catalysts. 
 

 
Figure 1-20: The conserved fold of thiolate-ligated heme containing cytochromes P450 contains key helices 
which modulate the catalytic properties of the heme and control conformational changes upon substrate 
binding. 
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1.3.3 Catalytic Engineering in Natural Heme Proteins 
 
The diverse chemistry of iron porphyrin, substantially enhanced within a protein environment, has made 

heme-containing proteins a rich playground to engineer novel catalysts and tap into reactivity not 
observed in nature1. Natural heme proteins have been manipulated by directed evolution to tailor the 

proteins to a wide range of reactions139, pioneered in particular by the group of Frances Arnold. This 
random or guided mutagenesis approach has demonstrated that proteins evolved in nature can be 

switched to novel or alternative catalytic properties by making a relatively small number of mutations, 
showing the adaptability of heme-containing enzymes. 

 
Cytochrome P450 enzymes have proved exceptionally versatile starting points for evolving novel 

catalysts and activating relatively inert hydrocarbon substrates. The natural mono-oxygenase P450-BM3 

from Bacillus megaterium was engineered towards stereoselective cyclopropanation140, adapting a small 
but detectable level of activity and specificity in the natural variant towards an efficient and highly selective 

engineered catalyst. These enzymes are able to utilize mechanisms not observed in natural systems 
such as the formation of reactive carbene intermediates between substrates and the heme cofactor, 

facilitating C-H insertion reactions or nitrene catalyzed N-H insertion141. This facilitates reactivity under 
gentle, aqueous conditions which were not previously possible using typical synthetic catalysts, and the 

asymmetric nature of the enzyme active site can imprint stereoselectivity. 
 

In addition, heme-containing proteins which are not generally associated with catalysis in natural 
systems, such as myoglobin or cytochrome c with typical roles in oxygen binding and electron transfer 

respectively, can also be engineered towards exhibiting desirable catalytic properties. A combination of 

rational design and mutagenesis was utilised to engineer novel myoglobin variants capable of similar 
cyclopropanation142 and carbene-based catalysis143. Directed evolution of cytochrome c enabled 

biomolecular reactions to be expanded to carbon-silicon bond formation144, with catalysis possible both 
in vitro and in vivo. In some cases, these engineered enzymes not only incorporate novel reactivity into 

biomolecular systems but surpass the efficiency of standard synthetic approaches. Arnold and coworkers 
reported a 15-fold increase in turnover in the example of carbon-silicon bond formation.  

 
The in vivo activity of engineered proteins is particularly exciting, offering the potential to combine a series 

of designed and natural proteins to create artificial metabolic pathways for synthetic chemistry. 
Engineered heme proteins offer a route to sustainable industrial catalysis1,145, decreasing the energy 
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requirements due to the low temperature and aqueous solvent conditions required for enzymatic 

catalysis. The approach may also reduce the necessity for expensive precious metal catalysts (such as 
rhodium in the case of cyclopropanation) and eliminating frequently toxic byproducts. 

 

 
Figure 1-21: Engineering and directed evolution of natural heme proteins such as cytochrome P450, 
cytochrome c and myoglobin by Arnold, Fasan et. al. has facilitated enzymatic catalysis of a diverse 
range of abiotic chemical reactions. 

 
Non-natural amino acids have also been utilized to enhance the catalytic properties of engineered heme 

proteins. N-methyl histidine has been incorporated in the natural heme enzyme ascorbate peroxidase 
(APX)146  and also in myoglobin147, replacing the natural histidine heme-ligation with the non-canonical 

residue (Figure 1-22). In APX, this increased the potential turnover number of the protein, removing the 
conserved requirement for the aspartate-histidine hydrogen bonding observed in the wild-type variants. 

Incorporation of N-methyl histidine in myoglobin facilitated similar tuning of the hydrogen bonding network 
surrounding the heme, altering properties such as redox potential and, in combination with directed 

evolution, introduced efficient peroxidase activity into this protein scaffold.  
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Figure 1-22: Incorporation of non-canonical amino acids such as N𝛿	-methyl histidine (pink) has enhanced the 
catalytic properties of heme containing peroxidases despite disruption of the conserved histidine-aspartate 
hydrogen bond observed in enzymes such as APX (grey). 
 

Natural heme-binding proteins have proved valuable starting points to engineer novel and efficient 
catalysis, which can be readily adapted. However, the de novo design of entirely new sequences is an 

exciting opportunity to further expand and improve the catalytic potential of the cofactor, offering new 
starting points which are un-constrained by the driving forces which guide natural evolutionary processes. 

 

1.4 The Maquette Approach 
 
The “maquette” design principles encompass a flavour of protein design central to the proteins designed 
and discussed in this thesis, describing simple (and generally heme-binding) de novo proteins designed 

with the aim of constructing novel structures from the ground up which can replicate and build upon the 

functionality of natural proteins148. The word maquette is borrowed from sculpture, describing a small 
model or sketch of the finished piece. In much the same way, a protein maquette is a simplified designed 

protein structure, which strips back the intricacy of large complex systems into a small de novo sequence 
which is comparatively easy to understand and manipulate in a controlled, iterative manner4.  

 
Understanding protein properties such as catalysis by the study of natural proteins alone can obscure 

the fundamental principles which drive these functions. There is no evolutionary pressure to sample all 
solutions to a given problem, for example whilst evolved enzymes might converge to a singular fold or 
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specific set of active site residues for a particular reaction, the underlying chemistry could be potentially 

be achieved by a diverse range of structures. In addition, natural proteins must function within the broader 
cellular context, requiring compatibility and interaction with the enormous range of systems in living 

organisms. This increases complexity and the challenge of understanding these fundamental principles, 
which in turn makes it difficult to engineer new molecules to build and expand on these functions. Building 

novel structures from scratch with sequences untouched by the influence of natural evolutionary 
processes offers the potential to replicate and understand natural protein function but also to expand the 

diversity and potential of these functions in de novo biomolecular tools. In many cases natural proteins 
may be fragile and difficult to work with or dependent on a range of complex control mechanisms, 

providing a rationale for designing novel robust scaffolds which can be manipulated on our own terms. 
 

1.4.1 Incorporating Heme in Tetrahelical Maquettes 
 
In practice, the maquette design approach emerged from the work of the Dutton group and colleagues to 

initially investigate electron transfer and charge separation in protein systems, in particular in the electron 

transport chains involved in respiratory energy production such as oxidative phosphorylation149,150. 
Electron transfer through proteins relies primarily on redox centres integrated within a protein medium to 

act as intermediate points on the electron pathway, thus the maquette designs built and have continued 
to focus on simple protein scaffolds incorporating redox cofactors, particularly heme. Maquette 

development relies on the protein scaffold being relatively straightforward to design and manipulate, and 
therefore has almost exclusively utilised the helical bundle fold, building from the simple de novo helical 

bundles and metalloproteins designed by Degrado20,151 and others, discussed in Section 1.1. 
 

The design of such proteins requires a number of key components, but the overall helical bundle can be 
designed using heptad repeats and hydrophobic patterning to construct an apolar core. Early generations 

of designed maquettes were built as synthesized peptides149, with disulfide bonds used to link strands 

and drive bundle formation, initially joining four separate helical peptides via two disulfide bridges and 
later combining a pair of helix-loop-helix peptides via a single disulfide between the two loops113 (Figure 

1-23). Cofactor binding is controlled by placement of ligating residues such as histidine at an appropriate 
position in order to axially coordinate heme or alternative porphyrins. Heptad repeats also impact the 

placement of coordinating side chains, with histidine residues spaced 14 residues apart in some multi-
heme designs to orientate the side chains towards the hydrophobic core for cofactor binding. However, 

many of these maquette designs did not attempt to design specific heme binding pockets, relying on 
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tethering the cofactor via the ligating residues which resulted in dynamic heme-bound conformations 

rather than a single native-like state. 
 

 
Figure 1-23: Four-helix bundle maquettes were designed to replicate the protein-cofactor environments of 
systems such as cytochrome bc1 or cyt c Oxidase. (A) These were constructed to accommodate up to four 
heme cofactors149, and whilst the designs produced highly flexible or molten globule-like structures, iterative 
modification could be used to increase rigidity and enabled solution structure determination of some of the 
peptide scaffolds152,153. (B) Subsequent designs altered the topology of the bundle, introducing the 
“candelabra” style design with disulfide bridged loops, guiding the maquettes structures towards natural 
protein function such as oxygen binding. (C) Combining redox cofactor such as heme and flavins also enabled 
the design of photoactive maquettes154. Figures adapted from Dutton et. al. 113,152,154. 

 
1.4.2 Replicating and Expanding Natural Protein Function in de novo Maquettes 
 
Cofactor-binding helical bundles have been used to introduce a range of natural protein functions into 

designed maquettes. Alterations to the helical scaffolds enabled design of an artificial oxygen transport 
protein113, replicating the diatomic gas binding by heme of natural globins (Figure 1-23B). Whilst the O2 

binding maquette remained relatively dynamic, modifications to the structure enabled a sufficient level of 
rigidity to occlude water from the binding site and facilitate small helical rotations to control binding. Photo-

activated electron transfer was designed by combining multiple cofactors in the hydrophobic core, for 
example by covalently attaching flavin molecules into a heme binding maquette to trigger electron transfer 

and reduction of the heme upon excitation of the flavin by light154, whilst  incorporation of zinc tetrapyrroles 
and chlorins have demonstrated further evidence of electron and energy transfer in designed helical 

scaffolds155. 
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More recently, maquette designs have also progressed to production in vivo rather than synthesized 
peptides, constructing four helix bundles as single-chain polypeptides. This is essential for the design of 

c-type maquettes in which the covalently bound heme cofactor is attached as a post-translational 
modification during expression by the c-type maturation machinery114,156. In addition to increasing the 

diversity of engineered proteins through such modifications, in vivo protein production is desirable to 
integrate designs into a broader cellular context for use in potential synthetic biology applications. Whilst 

the maquette strategy was initially developed as a method to interrogate natural systems, the engineered 
designs are becoming increasingly of use themselves and demonstrate promise as novel biomolecular 

tools. 
 

This is highlighted by the design of a novel heme containing catalyst, C45, which demonstrates efficient 

and promiscuous peroxidase reactivity2. This was designed as a covalently attached c-type maquette114, 
which was originally constructed by introducing a CXXCH motif into a b-type maquette from the H10H24 

lineage of maquette sequences, converting the structure to a c-type cytochrome. C45 contains a single 
heme group with a five-coordinate central iron, whilst the distal face is occupied by water which can be 

displaced to facilitate catalysis akin to the reaction cycle of natural peroxidases. The incorporation of 
catalytic activity did not require design of a specific active site or substrate binding pocket, demonstrating 

that construction of a simple heme protein environment with appropriate ligation is sufficient to encourage 
the peroxidase reactivity observed in natural heme containing proteins129. This is in contrast to other de 

novo enzyme design strategies such as the theozyme approach where an explicit substrate binding 
pocket is built. Whilst the protein forms a robust helical bundle and has been structurally modelled in 

reasonable depth, the atomic structure of C45 has not been determined, in common with the vast majority 

of heme bound maquette designs, most likely due to their dynamic and molten globule-like properties.  
 

C45 is capable of high catalytic efficiency with a kcat/Km for ABTS oxidation which surpasses any other 
reported de novo enzyme2, however there is significant potential for improvement by further engineering 

or directed evolution, particularly addressing the rate of H2O2 turnover. C45 demonstrates substantial 
substrate promiscuity, turning over typical peroxidase substrates such as guaiacol, o-phenylenediamine 

and luminol. This promiscuity is observed in many natural heme containing enzymes and may have been 
a feature of primitive enzymes at early stages of evolution, however further design could enhance 

specificity for particular substrates. C45 is also capable of coupling peroxidase turnover with electron 

transfer, enabling reduction of cytochrome c. Furthermore, reactivities such as oxidative dehalogenation 
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of trichlorophenol demonstrate the industrial potential of C45, which is further enhanced by robust 

thermostability and tolerance to organic solvents. 
 

Despite the absence of either designed or characterized structure and the flexibility of the protein, C45 is 
also able to catalyze stereo-specific reactions with high enantiomeric selectivity157 . This demonstrates 

that a simple and evolutionarily naive protein scaffold is capable of building the structural elements and 
asymmetry necessary for the selectivity observed in complex evolved natural counterparts. The de novo 

enzyme is also capable of forming carbene intermediates (Figure 1-24), tapping into the abiological 
properties observed in the evolved natural enzymes discussed in 1.3, with carbene transferase activity 

enabling catalysis of reactions such as cyclopropanation and aldehyde olefination further demonstrating 
the breath of activity possible in these scaffolds. 

 

 
Figure 1-24: The de novo c-type cytochrome maquette C45 is a proficient and versatile peroxidase catalyst 
and is also capable of the broad range of abiotic reactivities which have been developed in engineered and 
evolved variants of natural heme enzymes, such as cyclopropanation and NH insertion (figure from Stenner 
et. al. 2020 157). 

 
1.4.3 Atomistic Structure in Maquette Designs 
 
This tradeoff between structure and function in de novo proteins remains an interesting balance. The 

determination of protein structure is clearly desirable to evaluate the success of designs and guide further 
engineering, including through intensive modelling techniques such as computational design or QM/MM83 
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which rely on atomistic precision. In addition, structural elements can be important for functionality such 

as providing a substrate site binding or promoting enantiomeric selectivity in catalysis, however certain 
heme-containing maquettes such as C45 demonstrate that atomistic design of a singular structure may 

not be necessary2. In cases such as C45, the flexibility of the design may in fact enhance catalytic 
efficiency by reducing barriers to substrate entry and exit from the distal face of the heme cofactor, 

however more research is required to unearth the delicate relationship between dynamics and catalysis 
in these small, designed proteins158–160. Whilst in nature enzymes are generally large in comparison to 

their substrates161, and may be able to balance local dynamics with an overall rigid scaffold (which 
happens to be amenable to crystallography or other structural techniques), the small scale of de novo 

designed maquettes presents a limit on the extent to which dynamics can vary across the molecule, and 
a globally dynamic protein may therefore be essential for efficient catalysis in a maquette sized structure. 

 

Whilst maquette research and design has spanned well over two decades, there are only a handful of 
examples of solved structures at an atomic resolution, a key challenge which this thesis aims to address. 

The relatively non-specific design of hydrophobic cores makes the formation of unique, ‘native-like’ 
conformations relatively unlikely and thus makes structural determination by crystallography or NMR 

challenging, and the proteins are too small for analysis by cryo-electron microscopy. Rational design has 
facilitated improvements in structural rigidity towards native-like structure in maquettes, for example by 

introducing polar interactions in the core162, however computational design of highly complementary 
hydrophobic packing could build towards the routine design of well-structured heme binding maquettes. 

 
One rare exception is L31M (Figure 1-25), a b-type cytochrome maquette which was part of a lineage of 

heme binding designs inspired by the cytochrome bc1 complex. The structure of this design in the apo 

form was solved by X-ray crystallography163, however the protein reverted to a molten globule state upon 
binding heme as evidenced by circular dichroism and NMR spectroscopy. This apo structure suggested 

poor packing interactions in the core of the protein, lacking regular knobs-into-holes organization as 
described by the Crick parameters for helical coiled-coils26, which may have contributed to the lack of 

native-state in early maquettes. This information guided design of significantly more structured proteins, 
such as the HP-1 maquette164, which demonstrated a relatively stable conformation assessed by NMR 

in the two-heme bound holo form – although still no structure. 
 

In 2017, the structure of a thermostable de novo four-helix bundle called PS1 containing the small 

abiological zinc porphyrin (CF3)4PZn was reported by the Degrado group, solved by NMR165. This 
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maquette-like structure is parametrically related (although the sequence has minimal homology except 

for residues involved in heme ligation) to the de novo heme-binding D2 peptide166 which is central to 
much of this thesis. D2 was once again based on the cytochrome bc1 complex, replicating the two-heme 

binding four-helix bundle domain in the core of the complex (discussed in detail in Chapter 3), however 
D2 aimed to design a purpose built and well-packed heme binding pocket, with geometry tightly controlled 

by a parameterized helical bundle and specific polar interactions such as the “keystone” hydrogen bonds 
between the ligating histidines and nearby threonine side chains.  

 
The solved PS1 structure included a well packed protein core on one half of the protein, whilst the other 

half is flexible in the apo-form, stabilizing upon ligand binding. This enabled structural determination of 
both the apo- and holo-forms, although as noted by the authors a heme-bound structure remained 

elusive. The synthetic ligand used is an interesting alternative to heme; a powerful photo-oxidant which 

could functionalize the protein using the electron-deficient porphyrin in complex with either zinc or iron. 
This structure was further developed to bind a synthetic manganese porphyrin, facilitating formation of a 

high valent Mn(V)-oxo species. This recently reported structure167 was the first published example of a 
porphyrin-bound de novo designed protein solved by crystallography. 

 
 

 
Figure 1-25: Solution NMR and X-ray crystal structures of de novo porphyrin binding four-helix bundles. 
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Finally, one further crystal structure of a de novo heme binding maquette is available on the Protein Data 

Bank, which was released on the PDB by Ennist, Dutton et. al in 2018168, incorporating a single heme 
cofactor alongside a di-metal binding centre in an attempt to build an artificial photosynthetic reaction 

centre – and inspection of the sequence and structure suggests this is also rooted in the design principles 
of the D2 peptide.  

 
1.5 Aims and Objectives 
 
The construction of simple de novo heme-containing maquettes is a tried-and-tested method to develop 

artificial protein tools capable of biological functions such as electron transfer, oxygen binding and 
catalysis. Rebuilding sequences and structures from scratch can build diverse scaffolds and may lead 

towards functional divergence from natural proteins, broadening the range of oxidoreductase functionality 
from that observed in both natural and engineered heme proteins. However, the limited success in 

structure determination of most previous dynamic designs can hinder the downstream engineering of 
these robust and adaptable designs.  

 

This work therefore set out to address this issue by determining the atomic structure of precisely packed 
and native-like heme bound maquette designs and to utilise this information in the construction of new 

structures which incorporate novel functionality or act as research tools to address fundamental protein 
and cofactor properties using cutting-edge biophysical techniques with enhanced accuracy. This offers 

the opportunity to finely tune cofactor properties such as redox potential and catalysis in de novo protein 
scaffolds. 

 
Central to this goal is integration of the rationally designed maquette approach with the precision offered 

by modern computational and parameterized protein design techniques, attempting to combine the 
strengths and lessons learned from the different strategies such as the diverse oxidoreductase 

functionality of maquettes with the highly complementary packed structures observed in computationally 

designed de novo protein structures. 
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Chapter 2. 
 

Materials and Methods 
 
2.1 Protein Expression Vectors 
 
Three plasmids were used for production of all proteins discussed in this thesis. The majority of b-type 

heme cytochromes were expressed in the pET151/D-TOPO vector (Thermo Fisher), facilitating 
cytoplasmic expression. Where indicated, b-type designs were expressed in a similar pET45b(+) plasmid 

and were cloned commercially by Eurofins.  
 

All c-type cytochromes (and noted b-type designs) were expressed in a pSHT vector156 to drive 
periplasmic export, facilitating in vivo heme incorporation. This is essential for assembly of c-type 

cytochromes, as periplasmic export is required for covalent assembly of the cysteine-cofactor 
attachments at the CXXCH motif but can also increase non-covalent heme B incorporation (Chapter 

3.2.1). The pSHT plasmid is a modified pMal-p4x vector (NEB), in which the maltose binding protein 
sequence has been removed but the N-terminal translocon recognition sequence is intact156,114. In 

addition, c-type designs were co-transformed with the pEC86 vector169 containing the c-type cytochrome 

maturation (Ccm) apparatus CcmA-H. This results in increased expression of the maturation machinery 
in the periplasm which would otherwise be overwhelmed by production of designed proteins, boosting 

assembly and heme incorporation in the artificial cytochromes .  
 

All three vectors, pET151, pET45b(+), and pSHT are ampicillin resistant, and also include an N-terminal 
hexahistidine tag for initial purification and a TEV cleavage site to remove protein tags during purification, 

as the His-tag can interfere with heme binding. The co-transformed pEC86 vector also confers 
chloramphenicol resistance. 

 
Table 1: N-terminal tag sequences. 

Vector N-Terminal Tag Function 

pET MHHHHHHGKPIPNPLLGLDSTENLYFQ 6-His, Linker, TEV site 

pSHT MKIKTGARILALSALTTMMFSASALAKHHHHHHGSSGENLYFQ Periplasmic Export, 6-His, TEV 
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Table 2: Expressed and TEV cleaved protein sequences. 
Design Sequence Expression System 

b-types 
 

  

4D2 GSPELREKHRALAEQVYATGQEMLKNTSNSPELREKHRALAEQVYATGQE 
MLKNGSVSPSPELREKHRALAEQVYATGQEMLKNTSNSPELREKHRALAE 
QVYATGQEMLKN 
 

pET151 or pSHT 

m4D2 GSPELREKLRALIEQVYATGQEMLKNTSNSPELREKHRALAEQVYATWQ 
ELLKNGSVSPSPELREKFRALLEQVYATGQEMLKNTSNSPELREKHRALA 
EQVIATWQELLKN 
 

pET151 

e4D2 GSPELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLKNTSN 
SPELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLKNGSVS 
PSPELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLKNTSN 
SPELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLKN 
 

pET151 

4D2 Cubed GSPELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLELREK 
HRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLKNTSNSPELREKH 
RALAEQVYATGQEMLELREKHRALAEQVYATGQEMLELREKHRALAEQVY 
ATGQEMLELREKHRALAEQVYATGQEMLKNGSVSPSPELREKHRALAEQV 
YATGQEMLELREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEML 
ELREKHRALAEQVYATGQEMLKNTSNSPELREKHRALAEQVYATGQEMLE 
LREKHRALAEQVYATGQEMLELREKHRALAEQVYATGQEMLELREKHRAL 
AEQVYATGQEMLKN 
 

pET45b(+) 

c-types 
 

  

cCTM1 GQSKSAEQWKETIKQLAQTAYEALQAIEEYANRDSDQAKEFAQYAEKIAKA 
LEEIMQALEAAMDGQNKDEILKEAMQAAKAAAEALRQAYQYAETQGDQE 
AAKKYFRELVKKAKEYCKQCHEIYKN 
 

pSHT (+ pEC86) 

cCTM2 GQSKSAEQWKETIKQIAQTWLELMQKLEELMKDSRDNAKEIAQALEKILKL 
VEEMVQVLEAALRGKGNDEAWKEMVQAAKEMAEALRQAIQWLEKRKD 
DSALYKWIKEALKKIKEACKQCHELVAN 
 

pSHT (+ pEC86) 

BB1 GDNEEFKKMIEKAYEEIKKMLEKAIKKVKEMLEKIIKEIKKALENGEDSE 
KILKKAKEMAEKILKMVIEMAEKILKKLKEMAEKILKKIKEKGVDNEEVK 
KMLEKMIEEAKKMLEKAIKKVKEMLEKMIKEIKKMLENGEDSEKILKKAK 
EMAEKILKMVIELAEKILKKLEEYCKQCHEIYKNLG 
 

pSHT (+ pEC86) 
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2.2 Cloning and Mutagenesis 
 
Designed protein sequences were reverse translated (ExPASy Translate tool) and DNA sequences 

optimised for E. coli using the Thermo Fisher GeneArt server. Genes were synthesized by Eurofins, and 
cloned into either pET151 or pSHT vectors, or ordered pre-cloned in the pET45b(+) vector. Vector 

sequences were constructed using a Site-directed Ligase Independent Mutagenesis method (SLIM)170. 
For cloning, a total of eight primers were used in four reactions, amplifying both the vector sequence and 

gene insert with complementary overhangs suitable for ligase independent hybridization. A similar 
method was employed for mutagenesis, requiring a total of four primers in two reactions with the desired 

mutations. 
 

 
Figure 2-1: (A) A combination of three vectors were used for expression of b-type heme proteins. For c-type 
expression, the pSHT plasmid was used exclusively to drive periplasmic export via the translocon recognition 
sequence. (B) Designed genes were cloned into pET151 and pSHT using the ligase independent SLIM 
method. Vector and designed gene sequences were amplified using combinations of overhanging and non-
overhanging primers and combined in a hybridization mixture containing all four reaction products. Designs 
expressed in pET45b(+) were cloned commercially between the NcoI and XhoI restriction sites. 
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Q5 polymerase (NEB) was used to amplify sequences by PCR. Reaction volumes were made up to 50 

μL in deionized water containing reaction buffer, 20 μM of each dNTP, a final concentration of 4  pg/μL 
template DNA (1 μL of 200 pg/μL template stock), 0.5 μM of the forward and reverse primers, and 0.5 

μL Q5 polymerase. This was initially denatured for 30 seconds at 98°C followed by 30-40 cycles of 10 
seconds at 98°C, 30 seconds at 55-64°C and 4 minutes at 72°C. A final extension of 2 minutes at 72°C 

was then applied. PCR products were assessed by gel electrophoresis in a 1% agarose gel in TAE buffer 
(100 mM Tris-acetate, 0.5 mM EDTA, pH 7), staining gels prior to pouring by addition of 0.01% SYBR 

Gold. An 8 μL volume of PCR product was mixed with 2 μL of gel loading dye with gels run for 30 minutes 
at 100V alongside a 1 kB DNA ladder (NEB) followed by imaging in a bio-illuminator. 

 
Successful PCR fragments were combined in a hybridization reaction to anneal complementary 

overhangs and assemble the vectors. Initially, 12.5 μL of each of the four PCR reactions were combined 

with 1 μL Dpn1 (NEB) in ‘tango’ buffer containing 33 mM tris acetate, 10 mM magnesium acetate, 66 mM 
potassium acetate and 0.1 mg/mL BSA made up to 60 μL with water. This was incubated for one hour at 

37°C to digest the original methylated plasmid templates. 60 μL of an additional buffer (300 mM Sodium 
chloride, 50 mM Tris, 20 mM EDTA, pH 9) was then added and Dpn1 was denatured by increasing the 

temperature to 95°C for three minutes. Three hybridization cycles of 5 minutes at 65°C followed by 15 
minutes at 30°C were then carried out. The hybridization reaction was transformed into Stellar competent 

cells (Tarkara Bio), adding 2 μL of the reaction to a 33 μL volume of cells, completing the transformation 
in accordance with the manufacturer’s protocol (45 second 42°C heat-shock).  

 
Successfully colonies were cultured in 5 mL of LB overnight (37°C, 180 RPM) and DNA prepared using 

mini-prep kits (Sigma, NEB), eluting DNA in deionized water at a concentration of 20-100 ng/μL, 

measured by a DeNovix DS-11 spectrophotometer. Vector assembly was confirmed by Sanger 
sequencing (Eurofins). All vectors were transformed into NEB T7 express cells for protein production. 

 

2.3 Protein Expression 
 
Overnight starter cultures were grown in 100 mL of LB at 37°C, inoculated from transformed colonies or 
a glycerol stock (0.5 mL starter culture + 0.5 mL sterile glycerol, stored at -80°C). 10-30 mL of overnight 

culture was transferred to 1 L of LB in 5 L flasks for protein production. These cultures were grown at 
37°C to an OD600nm of 0.6, then induced by addition of IPTG to a saturating concentration of 1 mM and 

expressed at 37°C for 3-4 hours. The high thermostability and simplicity of the small maquette proteins 
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allows (and can be enhanced by) fast production at relatively high temperatures, rather than gentler 

overnight conditions. Cells were harvested by centrifugation at 4000 xg for 25 minutes, followed by 
resuspension in lysis buffer (50 mM Sodium phosphate, 300 mM Sodium chloride, 20 mM imidazole, pH 

8). Carbenicillin was added to all media at a concentration of 50 μg/mL. Chloramphenicol was also added 
for c-type production due to co-transformation with the pEC86 vector, also at 50 μg/mL. 

 

2.4 Protein Expression with Heavy Isotope Labelling for NMR 
 
Protein samples used for NMR were enriched with nitrogen-15 and carbon-13 isotopes to enhance signal. 
Proteins were labelled with 15N only for initial screening by 2D experiments such as HSQC, and double-

labelled with both 15N and 13C for full structural investigation by 3D experiments. Nitrogen was enriched 
by addition of 15NH4Cl and carbon by 13C-Glucose. Proteins were expressed in minimal media, using a 

method adapted from Rupasinghe et al. (2007)171. 
 

Cultures were grown as described above in 1 L of LB to an OD600nm of 0.6 and then centrifuged at 4000 

xg in ethanol-sterilized centrifuge tubes and re-suspended in 250 mL of 1x M9 salt solution. After 
centrifuging once more, cells were re-suspended in 250 mL M9 minimal media and transferred to fresh 

autoclaved 5 L flasks. These were incubated for one hour at 28°C to allow cell recovery, prior to addition 
of 1 mM IPTG to induce expression. Proteins were expressed in minimal media overnight (16 hours) at 

28°C, and then harvested and purified as normal using the methods described in section 2.5. 
 

Table 3: Minimal media and salt solution for NMR sample preparation. 

M9 Salts (10X) 337 mM Na2HPO4, 220 mM KH2PO4, 85.5 mM NaCl, 
180 mM 15NH4Cl (Sigma. Un-labelled for wash step.) 
 

Trace Metals (1000X) 50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2,10 mM 
ZnSO4, 2 mM CuCl2, 2 mM CoCl2, 2 mM NiCl2, 2 mM 
H3BO3 
 

M9 Minimal Media (250 mL) 25 mL 10X M9 Salts  (autoclaved) 
250 μL 1000x Trace Metals (sterile filtered) 
500 μL 1M MgCl2 (autoclaved) 
0.75-1 g 13C-Glucose (Cambridge Isotopes)/Glucose 
(Sterile filtered in 5 mL deionized water.) 
220 mL deionized water (autoclaved) 
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2.5 Protein Purification 
 

Both b-type and c-type heme protein designs followed the same purification protocol. Cells were lysed 
by sonication, sonicating for 20 seconds four times with 20 seconds on ice in between, and cell debris 

removed by centrifugation at 18,000 xg. Designs were initially purified from lysate by nickel affinity 
chromatography (HisTrap column GE), eluting the protein by increasing imidazole concentration up to 

250 mM. The protein was immediately dialyzed overnight into a low salt buffer optimised for TEV cleavage 
(50 mM Tris, 0.5 mM EDTA, pH 8) in a 4 L volume using dialysis tubing with a molecular weight cut-off 

of 3.5 kDa (Snakeskin Thermo Fisher).  
 

N-terminal tags were removed by addition of approximately 200-400 μg of TEV protease per 3 L of culture 

media plus the reducing agent TCEP to a concentration of 1 mM. The cleavage reaction was carried out 
under anaerobic conditions, allowing the reagents to de-oxygenate and then mixed in an anaerobic 

chamber followed by overnight cleavage at room temperature with constant rotation. Anaerobic 
conditions reduce damage to heme which has been observed in the presence of oxygen, particularly for 

designed proteins with peroxidase activity. Cleaved proteins were further purified by reverse nickel 
affinity, passing the protease reaction through an affinity column to remove un-cleaved protein, cleaved 

tag and the His-tagged TEV protease. Samples were then separated by size exclusion chromatography 
(GE HiLoad 16/600 Superdex 75 pg) under final buffer conditions of 20 mM CHES and  50 mM potassium 

chloride at pH 8.6. Purified protein samples were concentrated as required using centrifugal 
concentrators with a molecular weight cutoff of 3 kDa (Vivaspin or Amicon). 

 

This protocol enables complete assembly and purification of c-type cytochromes – heme cannot be 
covalently incorporated in vitro afterwards. However, non-covalent b-type heme designs can be further 

processed to ensure full saturation of cofactor binding and a homogeneous preparation of the protein.  In 
cases where in vivo heme incorporation was low, hemin was dissolved in DMSO at 1 mg/mL and added 

dropwise to the purified mixture of holo and apo protein to a slight excess, with excess heme removed 
by dialysis or gel filtration. 

 
2.6 SDS-PAGE 
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to assess the 

success of each stage of the purification process and overall quality of prepared samples. Precast Tris-
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Glycine 4-20% NUView precast gels (NuSep) were run using BioRad electrophoresis tanks. 5 μL samples 

were mixed 1:1 with SDS loading dye and boiled at 95°C for 10 minutes, and gels run for 35 minutes at 
180 V with a PageRuler pre-stained protein ladder (Thermo Fisher). Gels were stained with Coomassie 

and de-stained using a 20% ethanol, 5% acetic acid solution in water. 

2.7 UV-Visible Spectroscopy 
 
All UV-visible spectra were recorded using Cary 60 UV/Visible Spectrophotometers in a 1 cm pathlength 
quartz cuvette. Measurements were taken with a scan speed of 2000 nm.min-1, baselined against the 

buffer condition. 

 
2.8 Protein Concentration 
 
Extinction coefficients for assembled heme proteins were determined using a pyridine hemochromagen 
assay172,173 in order to accurately measure protein concentration spectroscopically. Protein samples were 

dissolved in a 10% pyridine solution with a sodium hydroxide concentration of 0.5 M. The UV-visible 
absorbance spectrum of the oxidized sample was measured, followed by complete reduction through 

addition of sodium dithionite and measurement of the subsequent spectrum. The heme concentration in 
the pyridine solution was determined using the following equations for b-type and c-type proteins: 

 

	b-type															𝐻𝑒𝑚𝑒	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	(𝑚𝑀) =
𝐴𝑏𝑠&#'()#'**+" − 𝐴𝑏𝑠,-.'./#'*0!1"

23.98
 

 

c-type															𝐻𝑒𝑚𝑒	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	(𝑚𝑀) =
𝐴𝑏𝑠&#'()#'**!" − 𝐴𝑏𝑠,-.'./#'*2*1"

23.97
 

 
The extinction coefficient for the protein was then determined by assuming the appropriate binding 

stoichiometry for the design (e.g., two heme groups per protein in 4D2) and measuring the absorbance 

spectrum under normal buffered conditions. 
 

Extinction coefficients for apo protein samples at 280 nm were predicted using the ExPASY ProtParam174 
server based on the composition of aromatic residues. The following holo and apo extinction coefficients 

were used throughout this thesis (Table 4). 
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Table 4: Experimental and predicted extinction coefficients for heme-bound and apo designs. 

b-type Designs Ɛ holo (M-1.cm-1) Ɛ apo (M-1.cm-1)  c-type Designs Ɛ holo (M-1.cm-1) 

4D2 220,000 5,960  cCTM1 170,000 

m4D2 98,000 15,470    

e4D2 440,000 11,920    

 

2.9 Acidic Butanone Heme Extraction  
 
Purification of apo, cofactor-free protein samples was essential for full characterization and manipulation 
of the b-type heme binding 4D2 family of proteins. This included preparation of samples for titrations to 

assess binding affinity in addition to exchange of heme for alternative cofactors such as the symmetric 
heme used for NMR and ZnCe6 used for ultrafast spectroscopy. 

 

Heme was removed from designs by acidic butanone extraction175. The pH of purified protein solutions 
was reduced to 2-2.5 by dropwise addition of 0.1 M hydrochloric acid, followed by mixing with an equal 

volume of chilled butan-2-one (< 0°C) in a separating funnel up to a total volume of 20-30 mL. This was 
allowed to separate for 10 minutes at 4°C and the lower aqueous layer collected. Separation was 

repeated three times, followed by dialysis into 4 L of 1 mM Sodium bicarbonate (> 4 hours) and finally 
dialysis into an appropriate buffer (overnight). The apo sample was then purified by size exclusion 

chromatography and assessed by UV-visible spectroscopy. 
 

2.10 Cofactor Binding Titrations 
 

Cofactor binding titrations160 to determine binding affinity were carried out by preparation of up to 1000 
μL of 2-3 μM apo protein solution in a quartz cuvette and incremental addition of small volumes of 

concentrated cofactor (0.5-2.0 μL). Porphyrins which were poorly water soluble were dissolved in 

dimethyl sulfoxide (DMSO), with the maximum proportion of DMSO kept below 10% of the total volume. 
Full absorbance spectra between 200-800 nm were measured after each addition and thorough mixing. 

Binding affinity (KD) was calculated by fitting absorbance at a single wavelength (usually the Soret peak) 
to the tight binding quadratic equation. 
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𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = [𝐶] × 𝜀!"## + 2𝜀$%&'( − 𝜀!"##4
𝐾) + [𝑃*%*] + [𝐶] − 7(𝐾) + [𝑃*%*] + [𝐶])+ − 4[𝑃*%*][𝐶]

2  

 
[𝐶] = 	Cofactor	Concentration (μM) 

𝜀!"## = 	Unbound	Cofactor	Extinction	Coefficient	(µM-1cm-1) 

𝜀$%&'( = Bound	Cofactor	Extinction	Coefficient	(µM-1cm-1) 
[𝑃*%*] = 	Total	Protein	Concentration	(μM) 

 

Reverse titrations (addition of apo protein to cofactors such as zinc chlorin e6) required mixing of 
concentrated protein samples (at least 60 μL) into a 6 μM cofactor sample. 

 

2.11 Mass Spectrometry 
Protein molecular weight was measured by mass spectrometry (MS) using either Matrix-assisted laser 

desorption/ionization (MALDI) or electrospray ionization (ESI) techniques. MALDI-MS was acquired on 
Bruker UltrafleXtreme equipment. Protein samples (concentration approximately 50 μM) were dissolved 

1:10 in matrix solution (10 mg/mL sinapinic acid in 50:50 water/acetonitrile with 0.1% trifloroacetic acid), 
and a 2 μL volume was spotted onto a MALDI plate and left to dry prior to data acquisition. 

ESI-MS was acquired using a Waters Xevo G2-XS QTof LC-MS instrument160 – however the liquid 

chromatography system was bypassed to directly inject purified protein samples. The protein was 
prepared and injected in a volatile 50 mM ammonium acetate solution in water, dialyzing twice into this 

solution for three hours and then overnight. The sample was injected at a flow rate of 0.25 mL/minute, 

with a capillary voltage of 3.6 kV and cone voltage of 50 V, in positive ion mode. Predicted ion m/z values 
were calculated by the following equation, assuming the ionization occurred by the gaining of a proton, 

increasing the mass (m) by 1 gmol-1 per charge (Z). 

𝑚 𝑧⁄ =
𝑚 + 𝑍
𝑍  

MaxEnt2 software was also used to deconvolute m/z peaks, predicting the overall mass of the purified 

protein. 



2.12 Redox Potentiometry 

 67 

2.12 Redox Potentiometry 
Protein redox potentials were measured by OTTLE potentiometry176 (Optically transparent thin-layer 

electrochemistry), where the change in absorbance of a protein sample is measured through a thin 
platinum electrode whilst altering the electrical potential (Figure 2-2). A potential was applied across the 

protein sample via the platinum electrode in a modified EPR quartz cuvette (Wilmad, USA), and 

absorbance spectra measured by a UV-Visible spectrophotometer between 200-800 nm. Potentials were 
measured by a silver reference electrode, and spectra initially obtained in the reducing direction 

(decreasing potential) followed by a reversal to re-oxidize the sample, with step sizes of approximately 
25 mV. The system was allowed to equilibrate for 30 minutes prior to acquisition of each spectrum, 

ensuring that the current had settled by this point. All measurements were controlled by a Biologic SP-
150 potentiostat. The potential was adjusted relative to the Nernst Hydrogen Electrode (NHE), calibrated 

with cytochrome c, requiring an average adjustment of +225 mV. 

All protein samples were prepared at the same pH (8.6) for comparison, in buffer at containing 20 mM 
CHES, 100 mM KCl and 10% glycerol. A 120 μL sample volume was prepared at a protein concentration 

of 25-50 μM. A range of mediators were added to facilitate electron flow between the protein and solvent 
and increase the rate of equilibration (Table 5). 

Protein midpoint potentials (Em) were calculated by plotting the absorbance (Abs) of the reduced Soret 

peak as a function of applied potential (mV). This was fitted to a Nernst equation describing either a single 
electron transfer, or a 2x 1e- equation which describes two independent single electron transfer events 

(with midpoints Em1 and Em2) in the case of a two-heme binding protein. ‘A’ corresponds to the lowest 
absorbance value, ‘B’ to the maximum absorbance value, and ‘C’ to the overall midpoint absorbance 

value. 

1𝑒3																																	𝐴𝑏𝑠 = V	𝐴 + 𝐵. 10
"435!

*6 	X ∕ V	1 + 10
"435!

*6 	X 

2 × 1𝑒3																									𝐴𝑏𝑠 = V𝐴. 10
"435!"

*6 + 𝐶 + 𝐵. 10
"435!#

*6 X ∕ V1 + 10
"435!"

*6 + 10
"435!#

*6 X 
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Table 5: Redox mediators were used with midpoints spanning the experimental potential range. 
Mediator Concentration  

(μM) 
Redox Potential  

(mV vs NHE) 
Phenazine Ethosulfate 20 50 

Indigotrisulfonate 50 5 
Duroquinone 6 -90 

2-Hydroxy-1,4-napthoquinone 25 -152 
Phenazine 20 -180 

Anthroquinone-2-sulfonate 20 -225 
 

 
Figure 2-2: Schematic of the OTTLE cuvette setup. A potential is applied across the platinum and counter 
electrodes with the platinum working electrode submerged in the protein sample, and optical absorbance is 
measured directly through the metal gauze. Buffer is gently pipetted over the sample to anaerobically seal the 
system and the applied potential is referenced by the silver chloride electrode submerged in the buffer. A new 
potential is applied in 30-minute intervals to allow redox equilibration and a UV-visible absorbance spectrum 
measured at the end of each equilibration period. 
 
2.13 Circular Dichroism Spectroscopy 
Circular Dichroism (CD) spectra were recorded using a JASCO J-1500 spectrophotometer (as described 

in Ref. 160). All protein samples were prepared at a concentration of approximately 5-15 μM, and CD 
spectra baselined against the buffer solution (CHES 20 mM, KCl 100 mM, pH 8.6). CD signal was 

measured at 222 nm whilst changing temperature between 5-95°C, at a rate of 1°C per minute, to track 
the overall helicity of designs. Full CD spectra were measured between 190-250 nm at specific 
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temperature points, acquiring eight spectra at each condition and averaging the results. Circular 

dichroism was reported as mean residual ellipticity (MRE) – converting raw data by the following equation 
(where n is the number of peptide bonds in a protein sample):  

𝑀𝑅𝐸	(𝑑𝑒𝑔. 𝑐𝑚!. 𝑑𝑚𝑜𝑙"#) =
𝑅𝑎𝑤	𝐸𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦	(𝑚𝑑𝑒𝑔) × 10$

𝑃𝑎𝑡ℎ	𝐿𝑒𝑛𝑔𝑡ℎ	(𝑚𝑚) × 𝑃𝑟𝑜𝑡𝑒𝑖𝑛	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	(𝜇𝑀) × 𝑛 

 

2.14 Crystallography 
Crystal growth experiments were set up using up to four different high throughput 96-well screens: 

JCSG+, PACT-Premier, Morpheus, and Structure Screen 1&2 (Molecular Dimensions). Proteins samples 

were concentrated to between 10-90 mg/mL and mixed in a 1:1 or 3:1 ratio with precipitant. Sitting drop 
trials in MRC two-drop plates were setup at a total volume of either 1 μL by the Phoenix and Gryphon 

robotics systems (Art Robbins), or 0.4 μL using the Mosquito Robot (SPTlabtech), with a 50 μL precipitant 
reservoir volume in both cases. High throughput screening experiments were incubated at room 

temperature (22°C), housed and imaged in the Formulatrix ROCK IMAGER1000 automated system. All 
crystallography equipment was provided by the BrisSynBio BioSuite facility. Further optimization was 

carried out manually in 24-well hanging drop plates with 2 μL drops, which were stored at either 22°C or 
4°C, altering pH and salt, buffer and additive concentrations in a grid system. 

X-ray diffraction data was obtained at Diamond Light Source. A fluorescence edge scan was obtained 

for 4D2 crystals to determine the required wavelengths to solve the phase by multi-wavelength 
anomalous dispersion, collecting datasets at peak, inflection, high remote and native beam energies 

(7132 eV, 7122 eV, 7300 eV and 12,700 eV respectively). Diffraction data was processed by Xia2177 prior 

to phasing and model refinement in the CCP4i2 software suite. Experimental phasing was performed 
using SHELLX178, followed by refinement with Refmac5.8 and Coot.  

2.15 NMR 
 
Samples for NMR spectroscopy were prepared by purification of isotopically labelled protein (described 

in section 2.4) concentrated to 0.5 mM for two-dimensional experiments and 1.5-2.0 mM for three-
dimensional spectroscopy. All experiments were run with support of the BrisSynBio NMR facility and Dr. 

Chris Williams, who also made a substantial contribution to data analysis. Measurements were obtained 
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using a Bruker 700MHz NMR instrument at a pH of 6.4 in 50 mM potassium phosphate, 20 mM potassium 

chloride. Spectra were analysed using CcpNmr Analysis 2.4.2. Hydrogen deuterium exchange was 
assessed by resuspending a lyophilized sample in D2O and measuring HSQC spectra at regular intervals 

between 30 minutes to four hours, fitting reduction in peak intensity to exponential decay in order to 
determine relative protection factors of the assigned backbone amides. Ramachandran angles were 

predicted using the Dangles tool within CcpNmr Analysis179. 

 
2.16 Peroxidase Assays 
	
Peroxidase activity was assayed by measuring the oxidation of ABTS by hydrogen peroxide, producing 

a radical cation with an absorbance peak at 420 nm. A 10 μM stock of protein was prepared in addition 
to 200 mM peroxide. Kinetic assays were performed in a cuvette with a 1 mL volume containing 300 μM 

ABTS. Buffer conditions were 20mM CHES, 50 mM potassium chloride at pH 8.6, replicating the optimal 

conditions of the de novo heme peroxidase C452. A final protein concentration of 0.1 μM was used (10 
μL stock) added to 1 mL of ABTS solution. Reactions were initiated by addition of 1-160 μL of peroxide 

stock, to a final concentration of 0.2-28.0 μM, and kinetics measured by tracking the absorbance at 420 
nm for one minute. The initial rate was calculated and steady-state Michaelis-Menten kinetics assessed 

across the range of peroxide concentrations. 
 

2.17 ZnCe6 Assembly and Ultrafast Pump-Probe Spectroscopy 
 
Zinc chlorin e6 was assembled by addition of a large excess (approximately 20-fold molar stoichiometry) 

of zinc acetate (dissolved to 5 mM in distilled water) to a 30 μM solution of chlorin e6 in a 5 mM glycine 
buffer at pH 10. Metal coordination by the porphyrin was observed by UV-Visible spectroscopy and the 

reaction was completed in approximately 15 minutes as demonstrated by a shift in the Q-band 
absorbance peak from 655 nm to 633 nm. Apo m4D2 (prepared by acidic butanone extraction) was 

titrated into the chlorin solution, observing the peak shift to 642 nm and ensuring a slight excess of protein. 
The protein-chlorin complex was concentrated by centrifugation (Amicon 3 kDa MWCO), to 

approximately 100 μM (extinction coefficient at 642 nm of 40,000 M-1.cm-1), ensuring an absorbance 

value of > 0.4 at 642 nm for the 1 mm pathlength in the spectroscopy setup. Protein preparation was 
carried out under green light, to minimize chlorin degradation.  
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Ultrafast spectroscopy was carried out by Marta Duchi and the Oliver group, described as follows. A 

custom-built non-collinear parametric amplifier (NOPA) was used to generate ultrashort laser pulses, 
pumped at a 1 kHz repetition rate by a commercial Ti:Sapphire amplifier (Libra, Coherent, 1 W). The 

NOPA laser output was compressed to a pulse duration of less than 15 fs and spanned a range of 
wavelengths between 550-700 nm. 

 
A beam splitter divided the NOPA output into pump and probe pulses, with the time delay t controlled by 

a mechanical delay stage. These pulses were focused to a spatially overlapped spot size of 
approximately 75 μM, with the two beams focused on a 1 mm pathlength flow cell containing the sample. 

After passing through the sample the probe beam was collimated and imaged into a spectrograph to 
spectrally disperse the beam. This was focused onto a CCD detector, digitized and recorded by a control 

computer. 

 
2.18 Electron Microscopy 
 

Electron microscopy was used to assess the largest protein designed in this thesis, the four-heme binding 
24 kDa e4D2 assembly (Chapter 5). Sample quality was initially assessed using negative stain and 

imaged by transmission electron microscopy (Technai 20 TEM). A 0.03 mg/mL sample was prepared 
and 5 μL applied to CF300-Cu carbon coated grids (Electron Microscopy Sciences) for 40 seconds prior 

to three applications of 2% uranyl acetate stain. Particles from negative stain were picked manually and 
2D class averages calculated using Scipion180 software. 

 
Grids were prepared for cryo electron microscopy with the help of Sathish Yadav, coating an optimal 

concentration of 2 mg/mL of purified protein onto Quantifoil r1.2/1.3 carbon foil. Grids were frozen in liquid 
ethane using a Leica EM GP automatic plunge freezer, and a blotting time of 1.8-2.1s produced the best 

ice conditions with a thin layer necessary for imaging of a small protein. 

 
Cryo-EM data was collected using the GW4 Facility FEI Talos Arctica 200 keV microscope, with 

assistance by Dr. Ufuk Borucu. The following microscope parameters were used to collect two datasets, 
the first in counted mode and the second super-resolution. 
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Table 6: Cryo-EM data acquired with a 200 keV Talos Arctica, GATAN K2 detector and Cs 2.7 mm. 

 Dataset 1 (Counted) Dataset 2 (Super-Resolution) 

Illumination   

Spot Size 6 6 

C2 Intensity (%) 39.65 39.53 

C2 Aperture (μM) 50 50 

Illumination Diameter (μM) 1.85 1.84 

Dose   

Magnification 130,000x 130,000x 

Pixel Size (Å) 1.05 1.05 (0.525) 

Pixel Area (Å2) 1.1025 1.1025 

Dose Rate (e-/ Å2/s) 5.844 5.39 

Exposure Time (s) 11.5 11.5 

Total Dose (e-/ Å2) 60.5 62.0 

Number of Fractions 46 46 

Total Dose per Fraction (e-/ Å2) 1.32 1.35 

Data Collection   

Acquisition Mode  Fast 

Data Format  Unnormalized 4 bit 

Objective Apeture (μM) 70 100 

Defocus Range (μM) -3, -2.6, -2.2, -1.8, -1.4 -2.4, -2, -1.6, -1.2 

Autofocus Frequency (μM-1) 6 1 / 8 um 

Delay After Image Shift (s) 3 4 

Delay After Stage Shift (s) 6 8 

Exposures per Hole 1 1 

Energy Slit Width (eV) 20 20 

 
Collected micrographs were analysed using Relion 3.0181 to pick particles, calculate 2D and 3D class 

averages, and construct refined 3D models, and data processed using GPU acceleration on the BlueCryo 
HPC cluster. 
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2.19 Molecular Dynamics 
 

MD trajectories were calculated using the GPU accelerated pmemd.cuda application in AMBER16182. 
Simulations of b-type heme designs were parameterized by the Amber ff14SB force field87 to describe 

the protein system with the bis-histidine ligated heme centre simulated using parameters developed for 
simulations of the cytochrome c oxidase complex183. The tleap Amber tool was used to set up the system, 

solvated and neutralized in a cubic box at a 10 Å cutoff distance with TIP3P modelled water, and bonds 
between the heme iron and histidine Nε2 atoms were manually added. 

 
The CHARMM22 forcefield was used to simulate c-type cytochrome designs, using heme C parameters 

developed for cytochrome c184. A VMD script was used to solvate the system in a 12 Å box with an ionic 

concentration of 0.15 M, generating CHARMM compatible psf and pdb topology and coordinate files. 
These were converted by the chamber tool to AMBER compatible inpcrd and prmtop formats for 

simulation with pmemd.cuda. 
 

All simulations were equilibrated by minimization of the solvent, followed by minimization of the protein 
system, heating to 300 K and constant pressure equilibration for 2 nanoseconds prior to production MD 

in 10 ns stages. All equilibration and production MD input settings are included in appendix 1. Simulations 
were submitted to the ACRC BlueCrystal3 and BC4 clusters or run using a local Linux machine with a 

NVIDIA GeForce GTX 1080 graphics card. The cpptraj tool was used to analyse trajectories, aligning to 
the input structure to calculate RMSD and RMSF values. 

 

Partial charges for parameterization of zinc chlorin e6 were derived by initially optimizing the truncated 
model of the chlorin macrocycle in Gaussian 09 using the following heading. 

 
%NProc=8 

%NoSave 

%chk=gaussfile 

%Mem=4000Mb 

# B3LYP/6-31G(d) Opt(MaxCyc=300,ModRedundant) 

# SCF(MaxCycles=900, NoSymm) 

 

zne6 truncated model hydrogen optimization 

 

0  1 
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Electrostatic potential charges were then fitted to the full deprotonated model, prior to a restrained 
electrostatic potential fit (RESP) with all identical atoms and symmetric groups restrained to equivalent 

partial charges. The espgen application in Amber tools was used to convert Gaussian outputs to a resp 

compatible format. 
 

Gaussian charge fit: 
NProc=8 

%NoSave 

%chk=gaussfile 

%Mem=4000Mb 

#N B3LYP/6-31G(d) Integral=(Grid=UltraFine) Pop(MK,ReadRadii) SCF=XQC 

IOp(6/33=2,6/41=10,6/42=17) 

 

zne6 full model chargefit 

 

-3  1 

 
RESP fitting command: 
resp -i esp_fit_unrestricted.in -o esp_fit_unrestricted.out -t esp_fit_unrestricted.chg -e esp.dat -q initial_charges.chg 

 

2.20 Coiled Coil Analysis and Model Building 
 
Knobs-into-holes packing was assessed using the SOCKET28 webserver with the default cutoff distance 
of 7 Å and zero helical extension. ISAMBARD30 was used to extract coiled coil parameters of opposing 

pairs of helices in 4D2. These parameters were used to build a model of e4D2 by combining the two 
coiled coil pairs built in CCBuilder29, manually docking heme into the bis-histidine ligated positions 

followed by structural minimization and loop building. 
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#ISAMBARD analysis of 4D2 helical pairs 

import isambard 

fourD2ac = isambard.ampal.convert_pdb_to_ampal("4D2_finalac.pdb") 

reference_axis = isambard.analyse_protein.reference_axis_from_chains(fourD2ac) 

crangles_a = isambard.analyse_protein.crick_angles(fourD2a,reference_axis) 

crangles_c = isambard.analyse_protein.crick_angles(fourD2c,reference_axis) 

 

#INTERFACE ANGLE 

import numpy 

phica_a_list = [crangles_a[x] for x in range(0,len(crangles_a),7) if crangles_a[x] is not None] 

phica_c_list = [crangles_c[x] for x in range(0,len(crangles_c),7) if crangles_c[x] is not None] 

phica_a = numpy.mean(phica_a_list) 

phica_c = numpy.mean(phica_c_list) 

i_angle = (phica_a+phica_c)/2 

 

#RADIUS 

radius_a_list = isambard.analyse_protein.polymer_to_reference_axis_distances(fourD2a, reference_axis) 

radius_c_list = isambard.analyse_protein.polymer_to_reference_axis_distances(fourD2c, reference_axis) 

radius_a = numpy.mean(radius_a_list) 

radius_c = numpy.mean(radius_c_list) 

radius = numpy.mean(radius_a_list+radius_c_list) 

 

#PITCH 

alpha_a_list = isambard.analyse_protein.alpha_angles(fourD2a, reference_axis) 

alpha_c_list = isambard.analyse_protein.alpha_angles(fourD2c, reference_axis) 

pitch_a_list = [(2* numpy.pi * radius) / numpy.tan(numpy.deg2rad(x)) for x in alpha_a_list if x is 

not None] 

pitch_c_list = [(2* numpy.pi * radius) / numpy.tan(numpy.deg2rad(x)) for x in alpha_c_list if x is 

not None] 

pitch = numpy.mean(pitch_a_list + pitch_c_list) 

 
2.21 Rosetta Design 
 
Protein design in Rosetta used versions 3.8-3.11, utilising updated score functions such as Ref201539 
and optimized versions of applications such as FastDesign185 as available. Rosetta was implemented 

using RosettaScripts186 (provided in the results sections and the appendices) or executed in a Unix-based 

command line. The ex1 and ex2 expanded rotamer set was utilised in all calculations. 
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Core residues were selected by hand and restricted to either non-polar only or a full range of residues 

(except Cys, His, Gly, Pro) for design of buried and boundary regions of the protein, with the full set of 
designed residues appended to a resfile. 

 
Heme parameters were developed using the molfile_to_params.py python script (distributed in 

Rosetta/main/source/scripts/ directory) and application of the reduced heme CHARMM partial charges, 
in accordance with standard Rosetta electrostatic parameterization. Metal ligation and cysteine covalent 

attachments were restrained using a constraints file and simple harmonic force constants. 
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Chapter 3. 
 

Crystal Structure of a de novo Heme Maquette 
 
3.1 Introduction 
 
The design of protein structure with atomic precision is an invaluable step towards the construction of 

novel functional molecules. Protein design has reached a stage where accurate structures can be built 
across a broad scope of protein topologies3. This includes an increasing range of cofactor-bound and 

metalloprotein de novo structures165,187–190. However, despite the extensive range of sequences and 
designs over several decades of research, the maquette approach to protein design and particularly the 

design of heme binding helical bundles has consistently lacked high resolution structural 
information164,191.  

 
Maquette research has focused on a first principles approach to design, using patterning of hydrophobic 

and hydrophilic residues alongside rationally placed ligating residues to iteratively build and redesign 
helical cofactor bound complexes. This approach is a reliable and robust method to construct the 

intended fold to a reasonable approximation, utilizing techniques such as circular dichroism and 

computational modelling to confirm the secondary structure and topology of designs. In addition, this 
method has been an effective tool to build functionality into these de novo protein units such as catalysis2 

and oxygen binding113. Nonetheless, maquettes have been challenging to investigate using structural 
methods such as X-ray crystallography and NMR, which has been attributed to the molten globule-like 

fold of the designs, dynamically moving between a broad range of conformations rather than a relatively 
rigid, low energy “native” state.  A critical initial aim of this PhD thesis was to address this issue: designing, 

modifying or serendipitously discovering (!) a protein sequence which enables atomistic determination of 
protein structure in a heme binding de novo maquette. This increased understanding of structure should 

act as a stepping-stone in the design of novel functions, particularly aiding computational design and 
modelling of these proteins in the future.  

 

As a caveat, restricting designs to a singular native conformation is not vital or can even hinder the design 
of functionality, reducing the positive impact that dynamic and flexible designs can have on properties 

such as catalysis. Flexibility in the active site has been shown to increase the promiscuity of heme 

The data presented in Chapters 2-5 have been 
submitted in a preliminary manuscript to BioRXIV160  
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enzymes such as P450s192,193, offering reactivity with a broad range of substrates. Furthermore, 

concerted dynamic motions are essential to the mechanisms of enzymes such as TIM194 and 
dihydrofolate reductase195. Directed evolution of de novo enzymes has also demonstrated the importance 

of correlated dynamics in catalysis, resulting in emergence of an activation heat capacity due to tightening 
of the active site in the transition state compared to the more dynamic ground state67,196. Whilst these 

evolved enzymes demonstrate that increased rigidity and precision in the transition state is vital for 
catalytic efficiency, the design of flexible proteins may be useful in the discovery of novel enzymes by 

providing an ensemble of states that can access catalytic conformations, even if only briefly, before being 
optimised towards a tighter transition state. Despite the importance of dynamics in catalysis, an ordered 

and rigid structure as a starting point remains a valuable tool, which could be engineered further with 
increased precision towards dynamic, functional variants.  

 

One strategy towards structural determination of a de novo heme protein is to identify and improve on 
existing designs that showed significantly increased structural rigidity compared to the majority of 

maquette designs, occupying a more distinct energetic conformation. One of the most promising 
sequences reported in the literature is the de novo D2 complex166,197. D2 was designed as a soluble, 

tetrameric structural mimic of the b-subunit of cytochrome bc1 (Figure 3-1). The bc1 complex, or complex 
III, is required for transmembrane transfer of electrons between the oxidation of ubiquinol and reduction 

of ubiquinone to drive production of the proton motive force in the oxidative phosphorylation pathway198. 
The b-subunit contains a four-helix bundle with two bis-histidine ligated B type heme cofactors in the core 

of the bundle responsible for electron transfer. The helical structure was reconstructed in the original D2 
design using a set of modified Crick coiled coil parameters197 that described the position of the carbon-α 

atoms, but the sequence was redesigned from scratch except for key conserved residues.  

 
In the b-subunit, only two of the helices in the four-helix bundle contribute to heme ligation, each 

containing two histidine residues separated by 14 residues, whereas the other two helices shield the 
heme from the surrounding environment and contain conserved threonine and glycine residues. The 

threonine forms a key hydrogen bond with a heme-ligating histidine residue, whereas the glycine enables 
close contact of the helix with the heme cofactor, and both were incorporated into the D2 design. In 

comparison, each helix is identical in the D2 design with a single histidine per helix, reducing the distance 
between the two heme groups in the antiparallel four-helix bundle arrangement. 
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Figure 3-1: The b-subunits of the cytochrome bc1 complex (PDB:1BCC) each contain two b-type heme groups 
encased within a four-helix bundle. Opposing helices contribute to heme ligation via two histidine side chains, 
whereas the other two helices act to shield the heme. The structure of this unit was re-constituted in the D2 
model, a parametrized description of the protein backbone structure designed by Ghirlanda et. al in 2004166. 
Four identical 25-residue de novo peptides assemble to form an antiparallel four-helix bundle upon heme 
binding, with each helix contributing a single ligating histidine residue. The designed heptad repeat of the D2 
sequence is shown, with key heme interactions replacing hydrophobic side chains at some positions; the 
arginine is designed to interact with the heme propionates, the histidine ligates the iron, and the glycine 
facilitates close packing between the helices and heme. 
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The reported D2 design was produced as a 25-residue, chemically synthesized peptide, which self-

assembled upon addition of heme into a four-helix, two-heme complex with D2 symmetry. Whilst a 
structure was not reported, NMR suggested that this complex was significantly more rigid than many 

similar de novo maquette-like designs, with reasonable resolution of chemical shifts demonstrated in its 
1H-15N-HSQC spectrum. Here, we built upon the D2 design to produce a single-chain, in vivo expressed 

variant, for which we successfully determined the crystal structure of the heme-bound helical complex. 

 

3.2 Results 
 
3.2.1 Design and in vivo expression of 4D2 
 
The D2 sequence was converted to a single chain polypeptide expressed and assembled in vivo. Four 

copies of the 25-residue peptide sequence from D2 were linked together by three short loops, two TSN 
loops between helices 1-2 and 3-4 and one GSVSP sequence at the central loop between helices 2-3 

(Figure 3-2). These loops contained mostly polar residues, including residues with low helical propensity 
such as glycine and proline. Combined, this resulted in a 112-residue, four-helical protein, named 4D2.  

 
4D2 Sequence: G SPELREKHRALAEQVYATGQEMLKN TSN 
        SPELREKHRALAEQVYATGQEMLKN GSVSP 
        SPELREKHRALAEQVYATGQEMLKN TSN 
        SPELREKHRALAEQVYATGQEMLKN 
 
Figure 3-2: The cleaved 112-residue sequence of 4D2 includes four repeats of the D2 peptide connected by 
three short loops. Each helix contributes one histidine side chain for heme coordination. 
 
The 4D2 sequence was introduced into a pET151 vector with an N-terminal hexahistidine tag and TEV-

cleavage site and over-expressed in E. coli with a T7 promotor. Expression of the design resulted in a 
bright red cell pellet after centrifugation, demonstrating promising signs of both protein production and 

heme binding. The protein was purified initially by nickel affinity chromatography, followed by addition of 

TEV protease to remove the tag. The cleavage reaction was passed through a further nickel affinity 
column to remove the cleaved tag, any un-cleaved protein and the protease and the purified protein was 

obtained after a final step of size exclusion chromatography (Figure 3-3). This successfully isolated the 
112-residue protein (including the residual glycine resulting from TEV cleavage).  
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Absorbance spectra of the purified protein confirmed the intended heme binding to 4D2, matching the 

characteristic profile of bis-histidine ligated heme B spectra with a distinctive Soret peak at approximately 
416 nm, similar to the spectra of previous reported designs199,200 including the original D2 assembly166. 

This suggested that 4D2 is able to fold and assemble in vivo, scavenging heme from the cytoplasmic 
environment, which remains bound throughout the purification process. 

 
Figure 3-3: (A) SDS-PAGE demonstrated expression of 4D2 as a 15.8 kDa His-tagged protein, which was 
cleaved and purified to isolate the 12.6 kDa design. (B) The protein eluted mainly in a single peak in size 
exclusion chromatography, correlating to the expected elution volume of the monomeric protein, however 
some potentially oligomeric or aggregated populations were also observed. (C) The purified protein 
absorbance spectrum demonstrated heme binding, with a Soret peak at 416 nm and broad Q-band 
absorbance peaks in the oxidized form between 500-600 nm. (D) The molecular weight of apo 4D2 was 
confirmed by MALDI mass spectrometry, which indicated two m/z peaks matching the single and double 
ionized states (Z=1,2).  

 
However, subsequent expressions of the protein demonstrated significant variation of intracellular heme 
binding. On some occasions pale brown cell pellets showed no clear sign of heme protein over-

expression compared to the vibrantly red pellets observed during other batches, despite carefully 
controlled conditions. This is likely caused by variable heme production in the cells, which limits the 

excess cofactor supply for binding. This phenomenon has frequently been observed in the expression of 
heme proteins but identifying the stochastic processes that affect heme production remains elusive. 

Newly transformed colonies increased the likelihood of in vivo heme binding in comparison to growth 
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from frozen glycerol stocks, however this was not always the case and even expressed batches from the 

same glycerol stock could vary significantly. 
 

Expression conditions were screened in an attempt to enhance in vivo heme incorporation. This included 
the addition of 5-aminolevulinic acid, a key precursor in the heme synthetic pathway201 which drives 

increased heme production. However, this did not substantially increase intracellular heme incorporation 
(Figure 3-4). Alternatively, the protein was expressed with a periplasmic export tag156,169. This export is 

essential for constructing covalently linked c-type heme proteins as the maturation apparatus is located 
in the periplasm but may also help in vivo heme binding to non-covalent b-type proteins such as 4D2 due 

to increased heme concentration. Heme is transported into the periplasm via a putative ABC transporter 
formed by the Ccm machinery required for c-type production202, however Ccm-independent heme 

translocation has also been observed enabling production of periplasmic b-type cytochromes203 even in 

the absence of Ccm. This export was effective in reliably incorporating heme during expression, with a 
similar yield as cytoplasmic production. Purified protein using this vector had a 416:280 nm absorbance 

ratio above 5, correlating with fully saturated protein (by comparison with exogenous heme addition).  

 
Figure 3-4: (A) The addition of the heme precursor 5-aminolevulinic acid had no clear effect on intracellular 
binding of 4D2 to the cofactor. (B) Heme incorporation was inconsistent, and identical expression conditions 
showed variable cofactor binding depending on the picked colony, resulting in either low heme binding 
indicated by a brown cell pellet, or high binding and bright red pellets. (C) However, expression in the pSHT 
vector including a periplasmic export tag reliably boosted in vivo protein expression across repeated batches. 
Supplementation by 5-aminolevulinic acid or exogenous iron was unnecessary with this vector, with red cell 
pellets and high heme incorporation observed across several conditions. 
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Heme binding in cells is not essential for assembly of this protein, as it can be added in vitro following 

purification by dropwise addition of hemin chloride dissolved in dimethyl sulfoxide. Maximizing in vivo 
heme binding is desirable however, as full protein assembly during expression would make industrial 

production of potential functional derivatives more straightforward, removing an additional processing 
step, and also offers the potential to engineer variants which can function intracellularly for synthetic 

biology applications such as metabolic pathways. Modified porphyrin analogs could also be introduced 
during expression, using heme-permeable E. Coli strains which have been developed to incorporate 

artificial porphyrins into expressed proteins204. 
 

3.2.2 Biophysical Characterization of 4D2 
 
Heme binding titrations provided initial evidence of the appropriate 2:1 heme to protein stoichiometry. 

Tight binding (KD < 5 nM) was observed, with a clear cutoff point following the addition of two equivalents 
of heme to apo-4D2 (Figure 3-5). A quantitative binding affinity was not reported for D2, however slightly 

tighter binding might be expected for 4D2 due to the single-chain polypeptide reducing the entropic cost 

upon heme binding in comparison to the assembly of four unlinked peptide molecules. 
 

Cooperative binding would be also expected in the protein, with binding of the first heme molecule driving 
assembly of the helical bundle through bis-histidine ligation, orienting the other two histidine ligands and 

pre-organizing the second heme binding site. Tight binding means that a linear increase is observed 
throughout addition of both the first and second heme equivalents and therefore deconvolution of positive 

cooperativity is not possible, however there is certainly no evidence of negative cooperativity. Apo protein 
was obtained from either expression batches with negligible levels of heme incorporation, or by acidic 

butanone extraction of the cofactor. 
 

Electrospray ionization mass spectrometry (ESI-MS) confirmed the binding of two heme B molecules, 

with multiple m/z peaks correlating precisely to ionized states of the fully assembled protein. Unlike 
MALDI, ESI did not significantly disrupt heme-protein interactions, facilitating “native” mass spectrometry 

in which non-covalent interactions remained intact through the ionization process. This technique which 
proved useful throughout this thesis for investigating heme B binding in maquettes. ESI-MS required mild 

conditions such as reduced cone-voltage, and dialysis of the sample into a volatile ammonium acetate 
buffer rather than typical organic solvents such acetonitrile. 
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Figure 3-5: Binding titrations and mass spectrometry confirmed two-heme binding stoichiometry of 4D2.  
(A) Heme binds with high affinity to 4D2, with a KD below 5 nM assessed by measuring the change in 
absorbance at the 416 nm Soret peak (in triplicate), fitted to a quadratic tight binding equation. The tight 
binding makes it challenging to precisely quantify affinity, therefore the KD is reported as an upper bound. 
Addition of heme to a 1.5 μM  protein solution resulted in a linear increase of absorbance at this wavelength 
up to 2 equivalents of the cofactor, at which point the absorbance peak broadens due to the increase of free 
heme in solution.  (B) ESI-MS showed peaks corresponding to various ionization states of the fully assembled 
two heme protein: 2,773.02 (Z=5), 2,310.85 (Z=6), 1980.73 (Z=7), 1733.14 (Z=8). A deconvolution of these 
m/z values (MaxEnt) predicted that the vast majority of the protein population was in the two-heme bound 
form (13.87 kDa), with low levels of apo (12.63 kDa) and single-heme (13.25 kDa) protein. 
 
Potentiometric titrations were utilised to determine the redox potential of 4D2, demonstrating that the 
protein reversibly undergoes two single-electron transfers (Figure 3-6). The Soret peak of the fully 

oxidized iron (III) maquette was 415 nm, which shifted to 429 nm upon reduction to iron (II). In contrast 
to the original D2 peptide assembly166, no hysteresis was observed, and the overall midpoint potential 

appeared to be lower suggesting that the protein loops have an impact on the redox potential. However, 

the reported redox potentiometry from the D2 design should be considered with some caution, as the 
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hysteresis suggested either a lack of meditated electron transfer between the electrode and heme or 

slow interchange between redox linked conformations or oligomeric states. In contrast, the redox 
titrations for 4D2 presented here demonstrate the expected electronic characteristics for a two-heme 

binding design. Nonetheless, averaging the midpoints reported for D2 gives an overall midpoint potential 
of -100 mV, whereas the overall midpoint of 4D2 appears significantly decreased to approximately -155 

mV vs NHE. 

 
Figure 3-6: The redox potential of 4D2 was determined by chronoamperometry. The main absorbance peak 
shifted from 415 nm in the fully oxidized state to 429 nm when reduced. The absorbance at 429 nm was 
tracked to determine the two midpoints potentials of the two-electron reduction of the cofactors by fitting to a 
2x1e- Nernst equation (Em1 = -190 mv, Em2 = -127 mV). 

 
4D2 was also characterized by circular dichroism spectroscopy to assess the secondary structure and 

thermal stability of the protein. As expected, the protein is highly helical, resulting in characteristic minima 
at 209 nm and 222 nm (Figure 3-7). Temperature dependent unfolding and refolding is linear and 

reversible between 5°C to 95°C, and the protein retains some helicity even at 95°C. This temperature 
dependance is typical of highly thermostable designed proteins and does not reach sufficiently high 

temperatures for complete unfolding, making it difficult to quantify parameters such as a folding midpoint 
(Tm) or demonstrate clear evidence of cooperativity due to the linear nature of the melt. This could be 

improved by the use of denaturants to assess unfolding, either instead of temperature or in combination 
with temperature changes. 
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Binding to the heme cofactor is essential for 4D2 to fold completely into a helical bundle – helicity in the 

apo protein is reduced by approximately 50% at 5°C compared to the heme bound form. The spectrum 
is also subtly different in the apo form, forming a more pronounced minimum at 209 nm instead of 222 

nm, suggesting a shift to disordered random coil structure. The clear lack of helicity combined with a low 
melting temperature indicates poorly folded helices in the apo form which may collapse into the vacant 

cofactor binding pocket to form a more compact structure. Heme fills the majority of the protein core, 
driving helix formation and expanding the helical bundle, thus increasing the amplitude of the CD signal 

and shifting the profile of the spectra. 

 
Figure 3-7: Circular dichroism demonstrated that 4D2 is helical and thermostable in the heme bound form but 
showed no evidence of cooperative folding in the temperature range tested. The typical minimum at 222 nm 
was used to assess the overall secondary structure of the design. Helicity was lost in the apo-form and the 
protein was completely unstructured above 40°C. 

 
NMR spectroscopy was also used to probe the structure of 4D2. Following isotopic enrichment of the 

protein with 15N by growth in minimal media, an 1H-15N HSQC spectrum (Figure 3-8) was measured to 
assess the overall structural homogeneity of the protein. As with D2, this spectrum suggested significant 
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improvements in structural homogeneity over the majority of de novo designed heme proteins, with 

reasonable resolution of some chemical environments. However, the intrinsic symmetry of the molecule, 
consisting of four identical helices, meant that these signals were likely to overlap significantly, making 

even partial assignment of resonances or determination of a structure from this NMR improbable for this 
protein. The moderate dispersion of peaks hinted that the design could be relatively dynamic in solution, 

although this may be due to the impact of signal broadening by the paramagnetic heme groups. 

 
Figure 3-8: An 1H-15N HSQC spectrum of 4D2 demonstrated relatively good signal dispersion, suggesting 
some improvement in structural rigidity over many molten globule-like maquette designs, however the quality 
of the spectrum was not sufficient to attempt resonance assignment. 

 
3.2.3 Crystal Structure of Holo 4D2 
 
Crystallization conditions of 4D2 were assessed using sparse matrix screens in 96-well sitting drop 

plates. The purified protein sample was fully saturated with heme, and excess cofactor removed from 
solution using a Sephadex G25 desalting column, before concentrating to approximately 10 mg/ml. 

Protein and precipitant stocks were mixed in a 1:1 ratio and incubated at 22°C. Dark red crystals 

eventually formed in at least four conditions in the Morpheus screen (Figure 3-9), however it took 6 
months for these to be discovered. The plates had been previously checked after 3 months, so crystal 

formation occurred at some point between 3-6 months of incubation. The exceptionally long crystallization 
time suggests that a very low solvent content is necessary to reach the critical protein concentration for 

crystal nucleation and growth. The NMR spectrum did not rule out the possibility of a dynamic and flexible 
structure despite the eventual crystallization which in contrast would suggest structural homogeneity, 
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however the design could exist in solution in a number of dynamic states, taking a long time to equilibrate 

to a homogenous population. 
 
B12:  Buffer 0.1 M bicine/Trizma Base pH 8.5 

0.03 M Sodium fluoride; 0.03 M Sodium bromide; 0.03 M Sodium iodide 
12.5% w/v PEG 1000, 12.5% w/v PEG 3350, 12.5% v/v MPD 
 

C1: 0.1 M MES/imidazole pH6.5 
0.03 M Sodium nitrate, 0.03 M Sodium phosphate dibasic, 0.03 M Ammonium sulfate. 
10% w/v PEG 20000, 20% v/v PEG MME 550 
 

C12: Buffer 0.1 M bicine/Trizma Base pH 8.5 
0.03 M Sodium nitrate, 0.03 Sodium phosphate dibasic, 0.03 M Ammonium sulfate. 
12.5% w/v PEG 1000, 12.5% w/v PEG 3350, 12.5% v/v MPD 

 
G12: Buffer 0.1 M bicine/Trizma Base pH 8.5 

0.2 M Sodium formate; 0.2 M Ammonium acetate; 0.2 M Sodium citrate tribasic dihydrate; 0.2 M Sodium 
potassium tartrate tetrahydrate; 0.2 M Sodium oxamate 
12.5% w/v PEG 1000, 12.5% w/v PEG 3350, 12.5% v/v MPD 

 

 
Figure 3-9: 4D2 formed crystals under a number of conditions in the Morpheus precipitant screen. Crystals in 
drop B12 were taken forward for looping and crystallography. A fluorescent edge scan (bottom right) was used 
to determine wavelengths for MAD data collection. The raw data is displayed alongside first and second 
derivatives used to determine peak (cyan) and inflection (magenta) points. 
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The 4D2 crystals diffracted well in space group H3, enabling structure determination by X-Ray 

crystallography to a resolution of 1.9 Å (Figure 3-10). Diffraction data sets at a range of beam energies 
were obtained to solve the phase by multi-wavelength anomalous dispersion (MAD)205, enabled by the 

two heavy iron atoms in the heme cofactors. A fluorescence edge scan was measured to determine 
appropriate wavelengths, selecting beam energies at the peak (7132 eV), inflection (7122 eV) and high 

remote (7300 eV) in addition to the native dataset collected at 12,700 eV. This facilitated successful 
phasing178,206 and refinement of the structural model to the electron density map (Refinement statistics 

provided in Table 7). 
 

The structure of 4D2160 matches very well to the intended model, a testament to the original design of the 
symmetric D2 peptide166, with four helices arranged in a coiled coil-like structure and histidine residues 

ligating the two heme groups across opposite helices. The backbone structure is very similar to the b-

subunit of cytochrome bc1, the original inspiration for the D2 design (Figure 3-11). The two shorter protein 
loops on one side of helical bundle were resolved, however the GSVSP loop between helices two and 

three were not observed in the structure suggesting it may be relatively flexible.  
 

The protein crystallized in the oxidized redox state (crystallization under reducing conditions was not 
attempted), however the ionizing effects of synchrotron radiation can result in photoreduction of redox 

active metal centers207,208. This means the structure is likely to depict either mixed redox states of the 
protein or even predominantly the reduced iron (II) state. The impact is unlikely to be significant, but the 

heme redox state can have an impact on factors such as the planarity of the porphyrin in addition to 
changing protonation of nearby side chains, causing minor alterations to the structure. 

 

The tubular core of the protein is dominated by heme and the four ligating histidine residues, with 
relatively dense packing of small hydrophobic side chains in the central region between the two heme 

groups (Figure 3-12). Each histidine is in contact with a threonine residue on an adjacent helix within 
hydrogen bonding distance (Figure 3-11A), the “keystone” interaction described in the original design 

which defines the geometry of the molecule, with hydrogen bonds forming between the threonine Oγ and 
histidine H𝛿1 atoms. Coiled-coil packing is observed between two pairs of helices in the bundle (Figure 

3-13B), helix 1+2 and 3+4 with the two heme groups sandwiched between these helical pairs. The 
orientations of the propionate substituents are slightly asymmetric and offset from the axis of the helical 

bundle, interacting with polar residues on the inner face of the helical termini - although most of the 

arginine residues designed to interact with the propionate groups form crystal contacts instead. 
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Figure 3-10: The crystal structure of 4D2 solved to a resolution of 1.9 Å demonstrated successful construction 
of a highly symmetric four helical bundle which coordinates two heme groups via bis-histidine ligation of the 
iron. The two identical loops were resolved in the crystal structure and are displayed relative to the local 
electron density map, as is one of the four identical helical structures (PDB ID = 7AH0, Held for Publication). 
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Figure 3-11: (A) Hydrogen bonding is observed in the protein core between the ligating histidine sidechains 
and nearby threonine residues, the “keystone” interaction of the original D2 design which was inspired by a 
similar interaction in the b-subunit of cytochrome bc1. (B) A superposition of the 4D2 structure (blue) and the 
b-subunit (grey) demonstrates the similarity of the backbone structures, and the shorter distance between the 
heme cofactors in the de novo design compared to the natural counterpart.  

 

 
Figure 3-12: The core of the protein is dominated by heme which drives folding and retains the stability of the 
molecule, surrounded by a relatively small number of hydrophobic side chains in the packed core. The hemes 
are exceptionally closely packed, with an edge-to-edge distance of 2.6 Å and the hydrogen atoms of the vinyl 
substituents approaching Van der Waals contact. A surface representation of the design demonstrates the 
tubular structure of the protein, with only histidine side chains occupying the central heme binding cavity. One 
of the propionate substituents interacts with the loop region whereas the other protrudes out of the bundle 
through a small channel between adjacent helices. 
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Figure 3-13: (A) Some asymmetry is observed in the B-factors of resolved residues, with higher B-factors 
observed in the terminal helices, particularly at the helix-loop junctions. (B) Coiled coil knobs-into-holes 
packing is observed between pairs of helices in the structure, with valine and leucine sidechains forming knobs 
(turquoise, holes-red) in the central helical region. This demonstrates a slightly different assignment of heptad 
repeat positions between neighboring helices compared to the overall bundle or a multifaceted-type coiled coil 
(Figure 3-1), which was discussed in the original Dn design parameters197. (C) No major Ramachandran 
outliers were observed in the refined structure. The majority of Ramachandran angles occupy the alpha helical 
region, except for six residues in the two resolved loop regions, highlighted in red (NTSN, Thr excluded). 
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Table 7. Data collection and structural refinement statistics for 4D2. 

Data Collection  
Beamline Diamond Light Source, I03 
Wavelength(s) 0.9762, 1.741, 1.738, 1.698 
Space Group H 3 
Unit cell dimensions  

a, b, c (Å) 
𝛼, 𝛽, 𝛾 (°) 

Resolution (Å) 

81.25, 81.25, 59.06 
90, 90, 120 
30.24 - 1.91 (1.960 - 1.91) 

Rmerge (%) 0.129, 1.602 
CC1/2 (%) 99.7 
I/𝜎 (I) 11.1 (1.5) 
Unique no. of reflections 
Completeness (%) 

11214 (827) 
99.5 (99.4) 

Redundancy 9.7 (10.2) 
  
Refinement  

Resolution Range (Å) 30.24 - 1.91 
No. of Reflections 10,644 (796) 
Rwork, Rfree (%) 20.5, 24.4 
No. of atoms 

Protein 
Solvent 

 
834 
5 

Average B factor 43.0 
RMS deviations 

Bond lengths (Å) 
Bond angles (°) 

 
0.011 
1.901 

  
Statistics for the highest-resolution shell are shown in parentheses 

 
One ambiguous region within the structure model is the orientation of the heme groups. The vinyl groups 

facing each other on the adjacent cofactors could be in four potential orientations by a 180o rotation of 
the plane of each macrocylcle, whilst the electron density does not correspond clearly to any one 

orientation (Figure 3-14). Unlike some evolved highly specific natural heme binding proteins, 4D2 is not 
designed with the level of precision sufficiently specific for a singular binding orientation of heme, 

although multiple heme binding occupancies have also been observed in the structures of natural 

proteins such as neuroglobin209 and bacterioferritin210.  
 

Sterically, it seems unlikely that the two vinyl groups are on the same side of the molecule, but that still 
leaves at least two possible asymmetric orientations available which likely exist in solution. The multiple 

heme binding conformations of this protein is worth considering, as it could have implications on 
modelling and subsequent designs built from this structure. This is also likely to impact the NMR structure, 

with multiple heme binding modes resulting in broadened signals at nearby chemical environments.  
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Figure 3-14: Multiple heme binding orientations are possible in 4D2, due to the asymmetry of the vinyl 
substituents. Two of the four possible orientations of heme binding are shown with the orientation on the left 
more likely, reducing the clash between the closely bound cofactors. The electron density did not clearly assign 
any particular orientation, and multiple states are likely. 

 
3.2.4 Dynamics of holo and apo 4D2 
 
Molecular dynamics (MD) simulations were carried out from the crystal structure to further investigate the 

architecture of this protein. This was beneficial to probe a number of aspects which were not fully 
addressed by crystallography, such as the structure of the missing loop, the dynamics of the apo protein, 

and the stability of hydrogen bonding between polar residues in the core of the four-helix bundle. It was 

also useful to validate the MD parameters for bis-histidine ligated heme used throughout this thesis.  
 

The GSVSP loop which was not resolved in the crystal structure was initially added using Modeller211 
within the UCSF Chimera212 software package. A number of potential loop structures were calculated, 

and a sensible model used as a starting point for molecular dynamics. Parameters to define the heme 
group were taken from a set used to define the heme B sites in cytochrome c oxidase183, a six-coordinate 

b-type heme in which partial charges were derived for the heme group as well as the ligating histidine 
residues. These charges alongside standard heme bonding parameters were used to build custom 

residue files for use in the AMBER molecular dynamics software suite.  
 

The core helical structure of the protein including the shorter loops was stable and rigid throughout a long 

representative 300 ns molecular dynamics simulation (Figure 3-15). As expected, the GSVSP loop 
fluctuates rapidly, sampling a number of different conformations over the course of the simulation. The 

heme structure is conserved well by the parameters, including the histidine side chain orientation, 
although the vinyl groups are quite flexible, and move out of the plane of the macrocycle during the 
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simulation (Figure 3-15B). The heme groups are so close together in the crystal structure that analysis 

by programs such as MolProbity suggest they are clashing, and therefore the vinyl groups may bend 
away from each other when modelled to reduce this clash. Alternatively, it could suggest that the torsion 

parameters defining these vinyl groups are too weak, and the force constants could be increased. 

 

 
Figure 3-15 (A) The all-residue backbone atom (CA+C+N+O) RMSD of the heme bound 4D2 trajectory (top 
left) suggested a slow shift in the structure over 300ns. However, exclusion of the terminal residues and the 
central loop demonstrated that the helical core of the protein and the two shorter loops are highly stable in the 
cofactor bound state. The fluctuation per residue (RMSF) indicated the same effect, highlighting flexibility in 
the longer of the three loops with moderate flexibility in the shorter loops, which also is evident in a structural 
overlay from the crystal structure relative to a final MD snapshot. (B) Hydrogen bonding distance was 
conserved throughout the simulation between the four histidine-threonine pairs in the structure. At one position 
where the threonine was initially incorrectly assigned in the crystal structure with the -OH group facing the 
opposite direction, the side chain rapidly flipped during MD to form this hydrogen bond. However, significant 
bending out of the porphyrin plane was observed in the heme vinyl groups (indicated by red arrows). (C) Heme 
binding is essential for stability of the helical bundle, which rapidly unfolds in the apo form.  
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3.2.5 Incorporating a five-coordinate heme site in a structured maquette 
 
The crystal structure of 4D2 offers a rare opportunity for engineering of maquette proteins towards novel 

functionality aided by atomic structural resolution. Introduction of catalytic activity into such a scaffold 
could enable precise modification and modelling in order to target specific substrates or reactivity. 

However, the six-coordinate bis-histidine ligation of the two heme cofactors blocks binding of substrates 
such as hydrogen peroxide, preventing notable catalytic activity. To attempt to open up the distal face of 

the heme we produced four mutants replacing each of the four histidine residues in turn with a non-
ligating alanine, the simplest strategy to construct a five-coordinate heme site. This aimed to retain one 

of the bis-histidine cofactor sites in 4D2, whilst converting the other to a mono-histidine ligated five-
coordinate heme. The previously reported example of a de novo peroxidase C45 has already 

demonstrated that simple removal of a ligand can be sufficient to access a diverse range of chemistry2. 

 
However, this work (carried out with MSci student Hector Blackburn) was inconclusive, failing to produce 

a clear five-coordinate heme site in any of the four variants. The mutations were broadly disruptive, with 
expression levels poor across the four variants. Interestingly, there was substantial variation between the 

mutations at each of the four histidine sites despite the symmetry of the helical bundle, suggesting that 
the assembly as a single-chain polypeptide has a significant impact on the structure of the design. 

Introduction of alanine at the N-terminal helix (His9Ala mutant) was the most disruptive, with very low 
levels of expression and heme binding. 

 
The other three mutants all bound heme, but the absorbance spectra in both the oxidized and reduced 

forms of all three were very similar to 4D2 whereas a significant shift would be expected upon introduction 

of a five-coordinate site (Figure 3-16). Binding titrations also failed to suggest robust binding of two heme 
cofactors, predicting a heme binding stoichiometry of between 1-1.5 in contrast to consistent occupation 

of both cofactor sites in 4D2. Heme titrations with the C-terminal H97A variant demonstrated binding of 
only a single heme per protein molecule, suggesting no binding at the five-coordinate site, whereas the 

H67A mutant at the other heme pocket indicated a stoichiometry of up to 1.5 suggesting some weak 
binding to the second heme site. The formation of dimeric complexes with bis-histidine ligation across 

separate protein molecules could explain the mixed population of heme binding and the prevalence of 
absorbance spectra which indicate mostly six-coordinate, bis-histidine ligation. 



3.2 Results 

 97 

 
 

Figure 3-16: The UV-visible absorbance spectra of the three most promising histidine variants (A) showed 
minimal change relative to 4D2, despite the attempt to introduce a five-coordinate heme site. The Soret peak 
in the oxidized form remained at 415-416 nm, shifting to 429 nm upon reduction for all mutants. Binding 
titrations were assessed using Job plots213 (B), suggesting partial occupation of the second binding site in the 
H37A mutant but only binding to a single heme in the H93A variant, however none of the mutants showed 
evidence of robust 2:1 heme binding (at a ratio of 0.66). 

 
Furthermore, removing any of the four histidine residues from the 4D2 scaffold resulted in significant 

disruption to the structure of the holo protein (Figure 3-17). A similar degree of helicity was observed in 
the H37A mutant but at reduced thermostability, whilst folding of the secondary structure even at low 

temperatures was significantly perturbed in the other measured variants.  
 

Redox potentiometry was also inconclusive and varied between the mutants. Two of the mutations (H67A 

and H93A) resulted in a clear positive shift by approximately 15-20 mV (see Table 8). This is likely due 
to low levels of binding to the second heme cofactor, decreasing the change in potential required to fully 

reduce the protein. Conversely, a moderate broadening was observed in the potentiometric titration of 
H37A, with increased potential for the first electron transfer (Em1) but equivalent potential to 4D2 for the 

second reduction, offering tentative evidence of two heme sites with different redox characteristics.  
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Figure 3-17: (A) Removing any of the histidine sites reduced the stability of the holo 4D2 complex. The helicity 
was not significantly reduced at low temperatures in the H37A mutant but began to unfold more rapidly than 
the un-modified 4D2 and failed to re-fold completely. Conversely, mutations at the His37 and His93 sites 
globally disrupted the structure of the four-helix bundle. (B) All of the redox titrations were fitted to two-electron 
Nernst equations for comparison (midpoint potentials provided in table 8), although the variant proteins are 
unlikely to contain a significant population of two-heme binding protein. H37A resulted in a shift in Em1 from    
-127 to -106 mV but no change in the second midpoint potential, whereas H67A and H93A resulted in a 
positive shift of both midpoints.  
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Table 8: Redox potentials of 4D2 histidine mutants. 

 Midpoint Potentials (mV) 
Protein Em1 Em2 

4D2 -127.0 -190.0 
H37A -105.9 -192.8 
H67A -104.4 -173.5 
H93A -101.8 -176.7 

 
The H37A mutant is perhaps the most promising, demonstrating a modulation of redox properties, the 

least structural disorder and a slightly broadened Soret peak in the oxidized form. However, none of the 

five-coordinate mutations suggested any increase in primitive peroxidase activity relative to the broadly 
inert 4D2 scaffold (Figure 3-18), and issues such as dimerization may occur due to the strong driving 

force of bis-histidine heme ligation, highlighting the challenge of incorporating a robust penta-coordinate 
heme binding site into the structured 4D2 core. 

 

 
Figure 3-18: A preliminary kinetic assay of ABTS peroxidase turnover (mixing 20 μM ABTS with 100 μM 
peroxide at equal (0.1 μM) protein concentrations showed no evidence of increased peroxide activity indicative 
of a five-coordinate heme site. The data presented here shows only a short timescale and lacks a positive 
control, however the changes in absorbance measured demonstrate negligible ABTS turnover. 

 
3.3 Discussion 
 
The crystal structure of 4D2 is a major step forward for the continued engineering of novel and functional 
de novo heme proteins and a rare success in the structural determination of a heme binding maquette. 

The protein forms a highly ordered, symmetric helical bundle, matching well to the predicted structure of 
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the D2 peptide assembly (and likewise to the structure of the cytochrome bc1 b-subunit) and incorporating 

two tightly packed bis-histidine ligated heme cofactors in the core of the protein. The protein was designed 
as a single-polypeptide chain and can be fully assembled in vivo, which is further enhanced by 

cytoplasmic export to improve the efficiency of heme incorporation in E. coli, presenting opportunities to 
engineer intracellular functionality in novel variants. The structure is similar to that of the artificial 

porphyrin binding PS1165, derived from the same initial design principles but sharing no clear sequence 
similarity, however the 4D2 design retains both of the heme binding cofactor sites. 

 
The properties enabling successful crystallization of 4D2 - which has not been possible in numerous 

previous maquette designs - are not entirely clear. Although D2 was relatively well-structured, neither a 
crystal structure nor 3D NMR structural evidence was reported, but preorganization of the helical bundle 

by the loops in the single-polypeptide 4D2 design may have tipped the balance and eventually favoured 

conditions for crystal formation – although this still required nearly six months in sitting drops. Evaluation 
by NMR suggested that 4D2 could still be relatively dynamic in solution with only moderate dispersion of 

resonances in an HSQC spectrum, although this could simply be attributed to the repetitive sequence, 
inhomogeneous heme orientation and paramagnetic shifting effects. It thus remains challenging to predict 

structural rigidity or a tendency to crystallize in heme binding maquettes. 
 

However, whilst 4D2 is frequently referred to here as a “maquette” or maquette-like design due to its 
simple heme-binding four-helix bundle topology, the original design strategy used to build the D2 model 

is relatively divergent from the typical maquette approach. Instead of the iterative design processes used 
to repeatedly modify and remodel maquette sequences around an approximate topology, D2 was built 

from scratch with a sequence tailored to a very specific structure. The design utilised modified Crick 

parameters to design tubular Dn symmetry coiled coils197 with a sufficiently large cavity to bind heme in 
the four-helix bundle version, using computational tools to build and refine the model.  

 
This demonstrates the potential of using computational approaches to design new porphyrin binding 

maquettes from the ground up, utilising the knowledge built from iteratively designed and functional 
maquettes but improving the architectural precision and amenability to structural techniques with a more 

direct approach. However, whilst computational tools were used to build the D2 model and refine the 
structure to an extent (using the Discover program), residues in the core were manually designed by 

intuition and therefore further precision could be attained in subsequent designs using computational 

sequence design aided by programs such as Rosetta to construct complementary hydrophobic cores. 
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In contrast, whilst this combination of computational and parameterized approaches to design can favour 
a singular conformation, and an eventual crystal structure in this case, it may limit further engineering 

and the development of functionality. With the core of the protein entirely dominated by heme, the 
adaptability of the design may be restricted as any reduction in heme binding affinity cannot be 

compensated by robust intramolecular protein-protein interactions. The position of the ligating residues 
diagonally across the helix (Figure 3-19) also differs from many maquette structures where the histidines 

are usually located on adjacent helices, which perhaps makes the position of the heme more integral to 
the structure of 4D2 and more difficult to manipulate than adaptive maquette designs. 

 

 
Figure 3-19: 4D2 ligates heme across diagonally opposed helices, similar to bc1 except that each helix 
contributes a single histidine to heme ligation. This differs from the design of most maquette structures which 
ligate heme across adjacent helices and may therefore require different strategies to introduce the functionality 
engineered into designs such as oxygen binding in HP7 and catalysis in C45. 

 

If the stability of the protein does indeed hinge around the designed “keystone” threonine-histidine 
hydrogen bonding in the core it may be difficult to make any substantial modifications (although 

individually these interactions are unlikely to be insurmountably strong). This challenge is more 
pronounced in b-type cytochromes such as 4D2, where the non-covalent heme binding interactions are 

potentially less thermodynamically stable and more prone to disruption, unlike de novo c-type 

4D2

bc1 b-subunit

HP7 Maquette (b-type)

C45 Maquette (c-type)
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cytochromes in which the heme is covalently tethered to protein to add structural support, such as C452 

in which replacing one of the ligating histidines with a non-coordinating phenylalanine was possible 
without significant disruption to structure or heme binding. 

 
This issue was highlighted in preliminary attempts to introduce catalytic activity into the 4D2 scaffold by 

converting one of the heme cofactors to penta-coordinate ligation. Mutation of any of the four histidine 
residues was poorly tolerated, suggesting that bis-histidine ligation of both hemes is essential for robust 

structure in the current design. This could be mitigated by expanding the protein to a larger structure or 
replacing one of the porphyrins with a packed protein core, reducing the folding dependance on heme 

and increasing stability of the apo protein. Building a larger structure could enable introduction of heme 
ligands such as cysteine to guide designs towards the highly desirable catalytic properties of thiolate 

ligated cytochrome P450s. Whilst thiolate ligation has been observed in small de novo b-type 

cytochromes, this has in some cases required strongly basic conditions between a pH of 9 to 12214. 
 

The two heme cofactors are very close, within an edge-to-edge distance of less than 3 Å which would 
facilitate rapid electron transfer through the helical bundle compared to 8 Å in the b-subunit of bc1. The 

redox potential of each of the two hemes is likely to be similar because the surrounding helical 
environment is identical, whereas the two b-subunit hemes have two distinct redox potentials to drive 

electron transport across the membrane. The asymmetric loops in 4D2 may result in a slight difference 
in potentials and create a small driving force, encouraging directional electron transport which could be 

enhanced further by design. The large split in potentials observed is mainly due to the electrostatic field 
effects of the nearby hemes115,215, resulting in a significant shift in the potential of one heme upon 

reduction of the other, however the order of each electron transfer is likely to be random due to the 

equivalent heme environments. 
 

Numerous opportunities for structural and functional redesign utilising the 4D2 crystal structure remain, 
some of which are explored in the remainder of this thesis. Incorporating the properties of natural 

oxidoreductases into similar structures is an enticing possibility but may require more rigorous and 
widespread changes within this particular design.  
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Chapter 4. 
 

Design of a Protein Core in a Single-Heme 4D2  
 
4.1 Introduction 
 
The successful structure determination of 4D2 offers an excellent starting point for the construction of a 

multitude of novel designs with enhanced precision in comparison to previous iterations of heme binding 
maquettes. The key motivation driving this research continues to be the design of functional protein tools, 

however in its current form 4D2 exists only as an inert structural scaffold – lacking substantial evidence 
of catalysis or gas binding. Small modifications such as the mutation of ligating residues which were 

successfully employed to introduce catalysis into earlier maquettes2 have been poorly tolerated or had 
no impact, likely due to the finer structural balance of well-packed heme B binding pockets and the 

dependance of structural stability and folding on the heme-protein interface, particularly bis-histidine 
ligation. To introduce functionality, more widespread changes are clearly required in the protein sequence 

and architecture. Ideally the altered designs would remain amenable to structural determination by 
crystallography or otherwise, offering insights into the mechanism of designed functions and continuing 

to inform structure-guided computational design. 

 
A sensible starting point to test the robustness of the 4D2 scaffold in response to redesign and 

modification was conversion of the protein into a single cofactor variant, removing one of the two heme 
binding pockets in the core of the four-helix bundle. This also offered an opportunity to integrate 

computational design tools such as Rosetta into the design of a heme binding maquette to design side 
chain packing and identify optimal residues to fill the vacated cavity of the removed heme group.  

 
In addition, a single heme binding variant reduces the complexity of the scaffold for subsequent design, 

removing experimental complexities such as the overlapping cofactor absorbance spectra arising from 
the original two-heme design which increased the challenge of assessing heme coordination changes in 

the histidine mutants discussed in the previous chapter. This design simplification also made the single-

heme maquette a valuable starting point to investigate the impact of a protein environment on the 
electronic and vibrational (vibronic) structure of a light active porphyrin in collaboration with ultrafast 
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spectroscopists, potentially offering insights into the fundamental mechanisms of energy transfer in 

photosynthetic systems. 
 

This redesign is likely to have a major impact on the folding of the four-helix bundle, with a well-packed 
hydrophobic protein core contributing to stability alongside a cofactor binding interface. This should result 

in a more ordered and stable apo protein with increased preorganization prior to cofactor binding. This 
principle has been demonstrated in a similar maquette-like structure from the Degrado group, producing 

the abiological zinc porphyrin binding PS1165, in which solution NMR structures demonstrated a relatively 
ordered apo four-helix bundle which contained a dynamic cofactor binding region which stabilized upon 

porphyrin binding. These structures were published whilst we were considering design strategies for a 
single heme 4D2 variant, and the principles and methods which led to PS1 had a considerable influence 

towards our own design of a structured heme binding maquette. 

 

4.2 Results 
 
4.2.1 Computational Sequence Design in the 4D2 Protein Core 
 
The design of a mono-heme binding 4D2 variant (m4D2) required a redesigned sequence with precise 
packing of hydrophobic side chains to fill the space vacated by the cofactor, enabling the overall helical 

backbone to retain its structure rather than collapse into the hydrophobic core. The first step was to 

choose which residues to change, ideally keeping mutations to a minimum to avoid disruption of the 
ordered 4D2 assembly and preserve critical side chain interactions.  

 
To identify relevant interactions, the structure of 4D2 was analyzed using SOCKET to determine coiled-

coil packing in the protein216. These parameters demonstrated that the four-helix bundle effectively 
consists of two pairs of antiparallel coiled coils, with the heme groups sandwiched in between (Figure 

4-1). This highlighted 12 key residues involved in knobs-into-holes interactions in the core of the protein, 
and these were not considered for mutation. In hindsight, some of those excluded were the threonine 

residues involved in hydrogen bonding with the ligating histidines in the protein core of 4D2, and it might 
have been sensible to remove these and replace them with more hydrophobic side chains in the 

redesigned protein core. These could have been switched to valine, which would have minimal structural 

impact but eliminates the polar group from the buried core. However, these residues are on the boundary 
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between the solvent exposed and buried surface of the protein, so the threonine side chains should be 

able to flip away from the core towards the solvent, making the design viable. 
 

After excluding these residues, side chains in the binding site of the removed heme were chosen 
manually for design and potential computational mutagenesis. A total of 11 residues were selected for 

modification – approximately 10% of the total protein sequence. This included the two histidine residues 
which previously ligated the heme group. 

 

 
Figure 4-1: (A) SOCKET was used to identify two pairs of anti-parallel coiled coil structures in 4D2, helix 1+2 
(black) and helix 3+4 (grey). Within the coiled coil region in the centre of the bundle (displayed in blue) a total 
of 12 residues were identified as integral to knobs-into-holes packing interactions (six in each pair) and are 
likely be essential to the structure of 4D2 and therefore were not included for redesign. (B) A total of 11 
residues were selected for re-design in the protein core to construct the single heme-binding m4D2 sequence, 
clearly requiring the introduction of bulky residues to occupy the substantial cavity.  

The protein was designed using Rosetta to optimize the sequence at these 11 residues. Flexible 
backbone design was employed, in which alternating rounds of sequence design and backbone 

conformation sampling are used to design a series of low energy structures. Three different design 
methods were tested, utilizing RosettaScripts186 (see appendix 2). The first (I) was a simple combination 

of four rounds of the fixbb (fixed-backbone sequence design) and relax (backbone optimization) 
applications. The second (II) used the “fast design” application77, which ramps the contribution of 
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repulsive forces from low to normal over the course of the simulation in order to enhance favoured side 

chain interactions. The third script (III) tested, which was adapted from Pollizi et. al. 2017165, was used to 
design a the PS1 helical bundle. This method instead employs the “backrub” application217, a softer 

method of backbone conformation sampling based around relatively small rotations of bonds throughout 
the protein. This should result in a backbone structure that shares more similarity with the parent 4D2 

architecture, whereas the other two methods are likely to cause a more significant divergence in the 
overall structure 

Design simulations were carried out to produce at least 50 different structures per method, and the best 

scoring structure for each method, with the lowest energy in the Rosetta score function, was assessed 
by molecular dynamics simulations of the protein in the apo form. MD was carried out without the heme 

group bound in an attempt to weight designs towards favourable intra-protein interactions in the designed 
core, rather than the heme binding half of the protein which had already been validated by 

crystallography. Figure 4-2 shows averaged analysis of three repeated 100 ns MD structural trajectories 
of each potential design method. The structure developed by method (I) was clearly unstable, with a 

constantly shifting conformation over the course of the simulation. The design methods (II) and (III) both 

produced reasonable structures, which deviated less from the designed structure during equilibration and 
did not fluctuate as much during the rest of the simulation. It is difficult to separate them; the RMSD 

density plot suggests that the BackRub design occupies the most discreet conformation, however the per 
residue RMS fluctuation suggests more stable helices in the FastDesign structure. Encouragingly, the 

majority of the helical instability was observed in the empty heme binding site, whereas the re-packed 
designed protein core was relatively stable as intended. 

The sequence designed from the BackRub method was chosen for experimental evaluation of m4D2. 

MD demonstrated that this is a relatively stable design, and the backbone showed the smallest deviation 
from the original 4D2 structure and a single conformation in the helical region. However, the design choice 

was made after only a single trajectory had been simulated for each structure, which had initially 
suggested that this method was clearly the best of the three, whereas the more extensive MD analysis 

displayed here with multiple repeats of the calculations suggests that the differences are more subtle. 
Realistically, both the BackRub and FastDesign designs are probably similar in terms of stability, and 

both should have been tested. This design process resulted in a total of 9 mutations from the sequence 

of 4D2, 2 of the 11 residues available for mutation were unchanged. 
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Figure 4-2: Molecular dynamics simulations of m4D2 designs in the apo form were used to assess the three 
design methods. (A) RMSD values for all backbone atoms demonstrated that the BackRub and Fast Design  
structures deviated the least from the designed model during the simulations and remained relatively rigid 
throughout. (B) Fluctuation calculated per residue (RMSF) highlighted the flexible regions of the design such 
as the loops and the empty heme binding section of the protein. (C) Stability of a single conformation of the 
BackRub design was suggested in particular by an RMSD histogram which assesses only the fluctuation in 
the helical regions. (D) The sequence and structure of the final m4D2 design contains a densely packed core, 
and residues mutated from the original 4D2 sequence are highlighted. 
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As a final check, the single cofactor binding m4D2 design was simulated in the holo form with the bis-
histidine ligated heme docked back into the structure (Figure 4-3). This structure was highly stable over 

the course of 100 ns. Whilst it deviated slightly from the starting design in comparison to the 4D2 crystal 
structure, the coordinates remained within an average of 1 Å from the initial design. 
 

 
 
Figure 4-3: The heme bound m4D2 design has comparative stability over 100 ns to the 4D2 parent crystal 
structure and does not deviate significantly from the Rosetta generated model. 

 
4.2.2 Expression and Characterization of m4D2 
 
The single heme binding m4D2 design was expressed and purified using the same method as its 

predecessor 4D2. Again, a mixture of holo and apo protein was isolated in the initial purification process 
(Figure 4-4). Size exclusion chromatography suggested a range of oligomeric and aggregated states of 

the protein however the majority eluted in a relatively broad peak. Varying levels of heme incorporation 
were observed across this elution profile; protein eluted earlier consisted of mainly apo protein with 

minimal heme binding, whereas fractions eluted later showed increased but generally unsaturated heme 
binding. However, following further processing of the purified protein to either fully apo- or fully saturated 

heme bound forms, gel filtration profiles are clean and well resolved, suggesting successful isolation of 
homogeneous and monomeric m4D2. 
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Figure 4-4: (A) Size exclusion chromatography initially suggested a concerningly heterogeneous population 
of m4D2 following purification. (B) The protein is expressed and relatively pure across the highlighted fractions, 
as demonstrated by an SDS-PAGE gel, coeluting with some high molecular weight impurities in early fractions. 
(C) The eluted fractions showed variation in heme binding as demonstrated by the ratio of the 280 nm protein 
absorbance vs the heme absorbance at around 416 nm. The most prominent gel filtration peak at an elution 
volume of 90 ml demonstrated the highest degree of heme binding. (D) However, preparation of m4D2 in fully 
apo- and holo- forms facilitated purification of highly homogeneous samples of the protein which were used 
for further characterization, with only a slight shoulder at approximately 80 ml observed. 

 
The absorbance spectrum of the assembled heme-m4D2 complex is similar to that of 4D2, with a near 
identical heme Soret peak at around 415- 416 nm (in the purified oxidation state) suggesting that the 

chemical environment of the cofactor binding pocket is intact in the un-modified section of the protein 

(Figure 4-5). The 280 nm absorbance is more prominent in m4D2, due to the tryptophan residues packed 
into the protein core and the decreased contribution of heme absorbance in the single cofactor variant. 

A combination of binding titrations and mass spectrometry were again utilised to assess cofactor 
stoichiometry, confirming tight single heme binding to the 12.9 kDa apo protein in the assembly of the 

13.5 kDa heme bound holo-m4D2.  
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Figure 4-5: (A) UV-visible absorbance spectra of m4D2 in the apo and holo forms demonstrates similar heme 
absorbance between m4D2 and its parent design 4D2 with a peak at 416 nm, the main difference is the sharp 
280 nm peak due to the increase in aromatic residues in the designed sequence. (B) A titration of hemin into 
a 3 μM apo protein solution (three repeats, standard deviation shown) demonstrates tight heme binding with 
a KD of approximately 3 nM. (C) Mass spectrometry confirms single-heme binding in m4D2, with prominent 
m/z peaks at 1500.01 (Z=9), 1687.39 (Z=8) and 1928.30 (Z=7), corresponding to an overall mass of 13,491 
Da. A small proportion of peaks corresponding to the apo protein (*) are also observed, likely due to ligand 
dissociation during ionization but potentially due to an un-saturated protein sample. 

 
The removal of one of the two heme binding sites in the design of m4D2 has an impact on the redox 

potential of the remaining cofactor (Figure 4-6A). One component affecting this is the protein environment 

of the remaining heme group, which is altered slightly by the mutations made during the redesign. 
However, the interactions between redox cofactors are likely to have a much more significant effect, 

removing the electric field effects of placing two heme groups in close proximity in 4D2 which resulted in 
a split to two distinct midpoint potentials as observed in similar multi-heme designs115,215. This caused an 

increase in the redox potential of m4D2 with a midpoint potential (Em) of -114 mV. This represents a +40 
mV change in potential in comparison to the overall midpoint of 4D2. The midpoint of m4D2 is close but 

still slightly more positive (+13 mV) than the first midpoint potential of 4D2 (Em1), corresponding to the 
first electron transfer in the two-cofactor 4D2 design which increases the energy barrier of the second 
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heme reduction. This more subtle difference in redox potential could better represent the actual impact 

of the local protein environment between the heme binding pockets of m4D2 and 4D2. 

 
Figure 4-6: (A) The heme Soret peak in m4D2 shifts from 415 nm in the oxidized form to 429 nm upon 
reduction as the applied potential is decreased, with a midpoint potential of -114 mv as fitted to a one-electron 
Nernst equation, a significant positive shift in comparison to the two-cofactor binding 4D2. Further investigation 
is required to assess any pH dependence of redox potential, however no significant effect was observed in 
preliminary experiments. (B) Circular dichroism demonstrates relatively high levels of helicity and 
thermostability in both the apo and holo forms of m4D2. Similar spectra are observed for both forms across 
the temperature range and the thermal melt tracked at 222 nm demonstrates only slightly weaker 
thermostability above 80°C in the apo state. 
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Circular dichroism spectroscopy demonstrated that the thermal stability of m4D2 is less dependent on 

cofactor binding than the two-heme binding 4D2 design (Figure 4-6B). Both the heme bound and apo 
forms of m4D2 exhibited a high degree of helicity, with similar spectral profiles and minima at 209 nm 

and 222 nm at low temperatures. The apo form of m4D2 retains over 80% of the helicity of the heme 
bound complex, compared to around 50-60% in 4D2. Even more striking is the thermostability of the apo 

protein. The temperature dependent unfolding of apo m4D2 followed the same trajectory as the heme 
bound form up to 70-80°C, resulting in a shallow and linear reduction in ellipticity. Unfolding of apo m4D2 

was observed above this temperature, but still had an apparent midpoint (Tm) above 80oC. 
 

This suggested that the designed protein core at the site where the heme group has been removed 
enhances the stability of the protein, retaining the overall structure of the protein even when the cofactor 

is not bound at the adjacent site. This is a promising indication that the computational design methods 

used to choose mutations in the protein facilitated construction of a well packed hydrophobic protein core 
in m4D2.  

 

4.2.3 The Search for Structure in m4D2 
 
The heme bound m4D2 protein assembled as a homogeneous, monomeric, and highly thermostable 
complex. It is designed to have an identical solvent exposed sequence and structure to 4D2, and the 

loop regions are also identical; the only modifications are in the core of the protein which were designed 
to have the smallest possible impact on the overall backbone structure. Initial biophysical characterization 

indicated that these modifications seem to have made little structural impact, other than to perhaps 
improve stability. All of these observations would suggest that m4D2 should crystallize in much the same 

way as 4D2. Sadly, this does not appear to be the case. 
 

Crystallization conditions for m4D2 were tested using four spare matrix screens: JCSG, PACT-P, 

Structure I+II, and Morpheus (the latter responsible for crystallization of 4D2). Protein concentration used 
for screening trials was initially 10 mg/ml, but this was increased in subsequent screens up to 20, 40 and 

80 mg/ml, and the protein was still soluble at 100 mg/ml. The ratio of protein to precipitant was varied, 
testing for both 1:1 and 2:1 protein: precipitant volumes in sitting drops at the given concentrations.  

Crystallization was attempted both with and without the N-terminal hexahistidine tag and a number of 
mutants which had been produced by colleague Ben Hardy for independent experiments were also used 

for screening. 
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Figure 4-7: Some ordered precipitation was noted in m4D2 crystal screens, such as “sea urchin” like clusters 
and spherulites, but no conditions suited for optimization were found.  An extremely high protein concentration 
was used to attempt to increase levels of precipitation, but most drops remained highly soluble. The 
exceptional solubility of the protein could be a factor in hindering crystal formation. 

 
Another strategy attempted for the crystallization of m4D2 was production of a fusion protein. This work 

was carried out alongside Charles Landeau as part of his MSci final year project. There has been a 
considerable increase over the last decade of structures deposited to the Protein Database which 

crystallized as fusions, particularly with maltose binding protein (MBP)218. This tag has often been used 

to improve properties such as expression and solubility of tricky proteins, which are not a problem with 
m4D2, but could also help with crystallization by combining the challenging de novo protein unit with a 

readily crystallizable natural fusion partner. The MBP-m4D2 fusion was linked by a short NAAA 
sequence219, and cloned into the typical pET151 expression system used to produce m4D2. The 6-His 

tag and TEV cleavage sequence was retained for purification rather than using an amylose affinity 
column, as this allowed purification of the protein with or without bound maltose.  

 
The MBP-m4D2 fusion was expressed and rigorously characterized by the same methods as m4D2 

(Figure 4-8), demonstrating equivalent heme binding, absorbance spectra and redox potential which 
suggested that the fusion tag does not impact the structure of the heme binding pocket of m4D2 

significantly. However, circular dichroism and gel filtration suggested that the fusion may be relatively 
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heterogeneous, forming aggregates in solution. The large 40 kDa MBP dominates the overall circular 

dichroism spectra in comparison to the 12 kDa m4D2 scaffold, demonstrating the mixed alpha-beta fold 
of the fusion tag, and two distinct unfolding intermediates were observed at 55°C and 80°C.  Regardless, 

crystallization of the fusion protein was still not observed. 
 

 
Figure 4-8: (A) The absorbance spectra of m4D2 and MBP-m4D2 show peaks at identical wavelengths in 
both the reduced and oxidized forms, and the measured midpoint potential of the bound heme cofactor is 
within error, at a difference of 4 mV. (B) A binding titration suggested that the protein tightly binds to a single 
heme, however there is relatively high non-specific heme binding which is only removed by gel filtration. (C) 
The fusion eluted at quite a low volume by gel filtration, suggesting it fails to form a monomeric species, 
although a small shoulder around 65 ml is visible in the elution profile and could correspond to the monomeric 
form of the protein. (D) A thermal melt (which was repeated at concentrations of 2 μM and 8 μM) demonstrates 
two unfolding intermediates, which could indicate aggregation of the protein, and no promising crystallization 
conditions were observed (E). 
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4.2.4 Towards structural assignment by NMR 
 
Whilst crystal formation of m4D2 proved frustrating, it is a significantly better target for analysis by NMR 

than its 4D2 predecessor. The removal of one of the heme cofactors reduces the effect of the 
paramagnetic iron centres which can broaden many of the protein resonances. In addition, the sequence 

and structural repetition is reduced significantly by the redesigned core, making individual residue NMR 
resonances more unique and thus aiding their identification. However, the sequence is still highly 

symmetrical – even in the re-designed regions the mutations made were generally identical on 
corresponding helices. 

 
Initial investigation of m4D2 by NMR was indeed promising, demonstrating considerably improved 

resolution of peaks in an 1H-15N HSQC spectrum compared to 4D2 (and heme bound maquette designs 

in general). This provided further evidence that the redesigned protein is relatively rigid and the core well-
packed, with most backbone amides occupying a unique chemical environment. 

 
Although the resolution in this spectrum was substantially improved, there were significantly more peaks 

than expected and still considerable overlap of peaks, both of which complicate assignment and 
downstream analysis. The increased number of peaks suggested multiple states for at least part of the 

protein. This could be due to the asymmetric structure of heme, which could potentially bind in two 
different orientations as suggested in the 4D2 crystal structure and observed in some natural proteins 

such as neuroglobin209, changing the environment of nearby residues. To counter this, the natural heme 
group was replaced with a symmetric alternative in which the vinyl groups are replaced by methyl 

substituents, and the cofactor can therefore only bind the protein in a single orientation (Figure 4-9).  

 
Heme was removed from purified holoprotein by acidic butanone extraction175 and replaced by 2,4-

Dimethyl-Deuteroporphyrin (2,4-DMDPIX). This macrocycle binds to m4D2 with a moderately decreased 
but still tight affinity (25 nM), likely due to removal of the vinyl groups which contribute to the hydrophobic 

interaction in the protein core (Figure 4-10). The porphyrin remains bound following gel filtration to remove 
excess porphyrin and ensure a homogeneous sample. A further NMR screen by HSQC (Figure 4-11) 

demonstrated improvement in peak resolution, to a level sufficient to attempt sequence assignment with 
the help of Dr. Chris Williams and the BrisSynBio NMR Facility. 
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Figure 4-9: The vinyl substituents of protoporphyrin IX are replaced with methyl groups in 2,4-Dimethyl-
Deuteroporphyrin resulting in a symmetric porphyrin structure which facilitates homogenous binding. 

 

 
Figure 4-10: (A) 2,4-DMDPIX forms a homogeneous complex when bound to the protein, with an oxidized 
absorbance peak at 407 nm, blue-shifted compared to the natural porphyrin. Binding affinity is slightly lower 
than heme (25 nM vs 3 nM) but is still relatively tight. (B) Mass spectrometry confirmed binding of the porphyrin 
and labelling of the protein with heavy nitrogen and carbon isotopes with efficiency over 95%. The mass of 
the unlabeled complex is 13.5 kDa, which is shifted by 150 Da in the single labelled sample, and 700 Da in 
the 15N 13C double labelled sample used for three-dimensional NMR data collection, shown here as 
deconvoluted ESI-MS data. 

0 1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

Conc. 2,4-DMPIX (µM)

A
bs

 (4
07

nm
)

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

Ab
s Reduced

Oxidised

12000 12500 13000 13500 14000 14500
0

Molecular Weight (Da)

R
el

at
iv

e 
A

bu
nd

an
ce

m4D2 2,4-Dimethyl Deuteroporphyrin

N15 C13

12000 12500 13000 13500 14000 14500
0

Molecular Weight (Da)

R
el

at
iv

e 
A

bu
nd

an
ce

m4D2 heme

N15

KD < 25nM

0 20 40 60 80 100
0

500

1000

1500

Volume (ml)

A
bs

 (m
A

U
)

m4D2-DMDPIX
Gel Filtration

UV-Visible Absorbance Binding TitrationA

B

15N 13C
15N

Isotopic Labelling



4.2 Results 

 117 

 

Figure 4-11: The resolution of backbone amide resonances measured by 15N-1H-HSQC is significantly 
increased in m4D2 compared to the two-cofactor 4D2 design, and further improved in m4D2 bound to the 
symmetric porphyrin 2,4-DMDPIX. 

 
A full dataset of 3D NMR experiments (Table 9) was obtained to identify backbone amide resonances in 

the 1H-15N-TROSY-HSQC spectra of m4D2 (Figure 4-12) and attempt structure determination. Whilst the 
TROSY experiment shows less information than a standard HSQC (lacking side chain -NH2 resonances) 

and is normally reserved for larger, slow-tumbling proteins220, the finer detail offered in the spectra aided 
peak identification of crowded resonances arising from the highly repetitive m4D2 sequence. Backbone 

amide resonance assignment160 was possible for nearly all non-proline residues, with the exception of 
the two ligating histidine residues which are heavily affected by the paramagnetic oxidized heme iron, 

one serine (Ser58) in the longer, flexible central loop and two N-terminal residues. A large proportion of 

side chain resonances were also assigned, and the full table of resonances is provided in appendix 3. 
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Figure 4-12: Backbone amide assignment of the m4D2-2,4-DMDPIX 1H-15N-TROSY-HSQC spectra.  
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Figure 4-13: Representative resonance sequences used to assign backbone amides from HNCA+HN(co)CA 
(blue/red) spectra and HNCO+HN(ca)CO (purple/red) spectra in m4D2-DMDPIX. 
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Table 9: Three-dimensional NMR experiments collected for sequence and structure assignment of m4D2. 

Backbone Amide Assignment Side Chain Assignment Structure Assignment 

HCNO HN(CA)CO HCCH-TOCSY 15N-NOESY 
HNCA HN(CO)CA 15N-TOCSY  

HNCACB HNCA(CO)CB CCONH  
 
Despite the rigorous assignment of nuclear resonances using through-bond NMR experiments, complete 

structure determination has not yet been possible although these efforts are continuing. The identification 
of key nuclear Overhauser effect resonances (NOEs) has been challenging, and whilst some through-

space interactions between nearby residues on the same helix have been observed and the four-helix 
bundle topology is clearly evident, insufficient NOEs have been found between the helices to construct 

the set of restraints required for accurate structure building. 

 
This is partly due to the paramagnetic iron centre shifting and broadening NOEs to the point where they 

are not observable – but this problem should not be insurmountable. Reacquisition of the data with 
reduced heme should eliminate the paramagnetic effect (dependent on the spin state of the reduced iron) 

and could aid identification of key inter-helical interactions, although the global changes in the chemical 
shifts may require considerable effort to reassign resonances. This might also be possible by substituting 

iron a diamagnetic centre such as zinc (II). 
 

Increasing the signal-to-noise of the NOESY spectra using higher magnetic fields or optimised 
experiment parameters could circumvent the issue of paramagnetic broadening in an oxidized sample. 

Alternatively, identification of a number of porphyrin resonances would increase the potential number of 

useful NOEs which could contribute to structural restraints. The porphyrin is not isotopically labelled and 
therefore its resonances are overwhelmed by the 15-N and 13-C labelled protein, but preparation of a 

deuterated protein sample bound to un-labelled DMDPIX should aid identification of the porphyrin proton 
resonances. The m4D2 protein sequence remains highly repetitive and therefore a redesign to increase 

sequence diversity could also reduce the ambiguity in the obtained spectra and improve the simplicity 
and speed of assignment for future studies. 

 
Hydrogen-deuterium exchange (HDX) and Ramachandran angle predictions (Figure 4-14) further 

support the assembly of m4D2 as a stable four-helix bundle with native-like structure. HDX is slow in the 
protein core, at a timescale of 3-24 hours or more for complete replacement of amide protons in a sample 

dissolved in a 100% D2O solvent. The vast majority of slow exchanging amides are found in the 
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hydrophobic core, particularly the residues identified as being involved in coiled-coil packing in the central 

region of the bundle. Interestingly, slow exchange is also observed in residues in the short TSN loops 
which were resolved in the crystal structure, suggesting that these are also well-structured in solution 

and further demonstrating the loop stability which may have an impact on the overall structure of the 
bundle. 

 
Figure 4-14: (A) Hydrogen-deuterium exchange demonstrates the stability of the protein core in m4D2. The 
slowest (left – blue) and fastest (right – magenta) exchanging backbone amide protons are highlighted relative 
to the m4D2 design model, demonstrating high protection factors in the central, well-packed hydrophobic 
region of the core in addition to the shorter loops. Rapid exchange was observed at residues predicted to be 
more solvent exposed, particularly at the poles of the four-helix bundle. (B) A prediction of Ramachandran 
angles using the assigned chemical shifts (calculated by Dangles in CCPNMR Analysis) also indicated the 
topology of the four-helix bundle, with only the loop sections falling outside the typical alpha helical 
Ramachandran region – the minor deviations in the helical regions are the less predictable glycine residues. 
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Given the success of replacing heme with a symmetric porphyrin derivative in m4D2, an HSQC spectrum 

of 4D2 with bound 2,4-Dimethyl deuteroporphyrin was also obtained (Figure 4-15). The exceptionally 
ordered symmetry of 4D2 in addition to the contribution of two paramagnetic centres makes it difficult to 

make a conclusive judgement, but the symmetric porphyrin does result in better dispersion, more discrete 
peaks and increase homogeneity, offering further evidence of the multiple binding orientations of heme 

in the 4D2 crystal structure suggested in previous chapter. 
 

 
 

 
 

Figure 4-15: Replacing heme with 2,4-DMDPIX results in a similar improvement in peak resolution in 4D2 as 
observed in m4D2, although the result is less clear and the design of 4D2 makes it a generally poor target for 
intensive study by NMR. The TROSY spectrum of apo m4D2 is also promising, although somewhat crowded 
in the central region, and could be amenable to more detailed analysis to assess whether the structure shares 
similar properties to the partially rigid and part dynamic apo PS1 design165.  
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Finally, a TROSY-HSQC spectrum of apo m4D2 with heme removed also shows good resolution of 

resonances, supporting the principle that the designs retains its structure when not bound to the cofactor, 
held in place by the tightly packed protein core at one end of the helical bundle. Further study of the apo 

protein by NMR has not been pursued yet, but it should be possible to determine more information about 
the cofactor-free design. 

 
4.2.5 Interrogating Vibronic Structure by Ultrafast Spectroscopy in a Light-Active 
Maquette 
 
Alongside the design of novel functional molecules, one of the key historic motivations of maquette 

research is to use these simple de novo scaffolds to understand the mechanisms behind complex natural 
systems. The design of cofactor binding scaffolds has been particularly valuable to develop 

understanding of energy and electron transfer across protein structures154,221, which can be applied to 
natural phenomena such as photosynthesis. 

 

Ultrafast absorbance spectroscopy on a femtosecond timescale has emerged as a powerful tool to probe 
photosynthetic machinery222. One key aim is to understand the exceptional energy efficiency of light 

harvesting complexes and antennae molecules, which absorb photons and transfer their energy to 
reaction centres via intermediate cofactors with efficiency close to unity at each step. The development 

of ultrafast techniques such as pump-probe and two-dimensional spectroscopy has generated new 
evidence to explain these energy transfer mechanisms, suggesting that factors such as quantum 

coherence contribute to their efficiency223,224. This demonstrates the profound impact of the protein 
environment on electronic structure in the array of light-active pigments in photosynthetic machinery, 

precisely tuning the orientation, distance and electronic properties between the cofactors. Understanding 
the interactions between protein and pigment molecules is essential for the design of artificial light-

harvesting complexes. 

 
However, pinning down the nature of the protein-cofactor system is challenging; one reason for this is 

that natural photosystems exist as large and complex networks incorporating a multitude of different 
pigment molecules, making it difficult to investigate the fundamental electronic structure of an individual 

energy transfer centre. Maquettes structures are ideal for this, forming simple and well understood protein 
architectures which bind to only a single or small number of cofactors. Binding to chlorophyll derivatives 

such as zinc chlorin has been reported before in maquette proteins155,225, however characterization of 
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designs has been limited, all examples lack precise structural information, and most designs also bind 

multiple chlorin or chlorophyll molecules. 
 

4D2 and m4D2 potentially offer ideal scaffolds for studying protein bound light active cofactors on a small 
scale. The crystal structure of 4D2 allows much better understanding of side chain interactions with bound 

cofactors, and whilst a structure of m4D2 has not yet been solved its cofactor binding pocket is identical 
to that of 4D2 and most evidence so far suggests its overall structure is broadly unchanged from the two-

heme design, with the exception of increased stability in the apo form due to the packed protein core. 
The single cofactor binding m4D2 was utilised first, in order to study protein-pigment interactions in a 

single pigment molecule. Here, the binding of m4D2 to the photosensitizer zinc chlorin e6 (ZnCe6) is 
assessed and preliminary results from ultrafast pump-probe spectroscopy in collaboration with the Oliver 

group reported. 

 

4.2.6 Assembly of m4D2 Zinc Chlorin e6 
 

Zinc chlorin e6 was prepared in the dark by mixing a chlorin e6 solution in a weak glycine buffer at pH 10 

with an excess of zinc acetate, with metal binding tracked by changes in absorbance peaks. Complete 
metalation of the chlorin required mixing for 15 to 60 minutes depending on zinc concentration, resulting 

in a red-shift in the Soret peak absorbance and blue-shift in the Q-Band peak between 600-700 nm. The 
addition of a small excess of apo m4D2 resulted in a rapid spectral shift, red-shifting both the Soret and 

Q-band absorbance peaks, indicating binding to the cofactor (Figure 4-16).  
 

Analysis of this complex by techniques such as mass spectrometry and gel filtration suggest that ligand 
binding is significantly weaker and more sensitive than heme. Only a small proportion of the protein 

detected by MS was bound to the chlorin molecule, likely due to rapid dissociation during ionization and 
flight, however it does suggest a 1:1 binding stoichiometry of the ligand. A spectral shift is also observed 

following gel filtration, which may be due to a combination of ligand dissociation through the column 

alongside light sensitive degradation or aggregation of the chlorin. Nonetheless, chlorin certainly binds, 
and contributes to the stability of the protein to a similar extent as heme, increasing the helicity and 

reducing the denaturation of the protein at high temperatures, measured by circular dichroism 
spectroscopy (Figure 4-17). 
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Figure 4-16: (A) Addition of zinc chlorin e6 to m4D2 resulted in red-shifted absorbance of both the Soret and 
Q-band peaks, to 425 nm and 642 nm respectively. (B) A small proportion of this complex is detected by ESI-
MS at a mass of 13.6 kDa, however the majority of detected ions are apo-protein. (C) The complex is also 
sensitive to further purification such as size exclusion chromatography (bottom-left), resulting in a further shift 
of the Q-band and slight broadening of the Soret peak.  

 
Figure 4-17: Binding to ZnCe6 results in stabilization of the protein – the thermal melt demonstrates 
thermostability in between that of heme bound and apo m4D2, due to the excess of apo protein added to 
prepare the complex. 
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Spectroscopic titrations were used to assess binding stoichiometry and the impact of axial ligands on 

chlorin binding. Heme shows a robust preference in similar maquette structures for bis-histidine binding 
in which the iron forms a hexa-coordinate complex with two identical axial ligation interactions between 

heme and histidine side chains. Bis-histidine ligation is not as strong a driving force in zinc chlorin 
complexes225 and therefore a mutation of one of the two histidine residues may have less of an impact 

or even improve binding compared. Two m4D2 variants were used to investigate zinc ligation, H94T and 
H94A, replacing one of the histidine residues with either an alternative polar side chain or a hydrophobic, 

non-ligating alanine. 
 

Titrations in both directions are required for developing a full picture of chlorin binding; the addition of apo 
protein into a concentrated ZnCe6 solution, and the reverse addition of ZnCe6 into an apo protein 

solution. The first method (Figure 4-18) demonstrated clear binding to both the “wild-type” and His94Thr 

m4D2 variants which show similar spectral shifts (Table 10), whereas binding to the His94Ala form is 
minimal or non-specific. Surprisingly, this titration showed a binding cutoff at a protein:chlorin ratio of 

approximately 0.5, which could imply binding of two chlorins to a single protein molecule. One explanation 
could be that each histidine side chain independently binds to a single chlorin molecule, however the 

absence of binding in the single histidine 94A variant suggests that is unlikely. Another possibility is 
binding of dimeric chlorin sandwiched in the core of the protein, however there is no spectral or mass 

spectrometry evidence to support that, or there may be non-specific association of chlorin to the protein. 

 
 

Table 10: Absorbance peaks of ZnCe6 bound to m4D2 variants. 

 Soret Peak (nm) Q-Band (nm) 

Zinc Chlorin e6 411 633 
m4D2-ZnCe6 425 642 

m4D2-ZnCe6 (H94T) 
m4D2-ZnCe6 (H94A) 

422 
413 

641 
637 
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Figure 4-18: Absorbance shifts upon addition of apo m4D2 to ZnCe6 demonstrated binding to the unmodified 
and H94T variants of m4D2, but not to the alanine mutant. The cutoff of binding is between 0.5 to 0.75 
equivalents of protein, tentatively suggesting binding of more than one chlorin per protein molecule. 
 

The reverse titration, ZnCe6 into protein, more closely supports the intended 1:1 binding stoichiometry, 
particularly in the unmodified design (Figure 4-19). However, binding in the threonine variant is highly 

dependent on concentration, at low protein concentrations binding is severely inhibited. Chlorin binding 
is significantly weaker than heme in both cases, with an approximate KD of 200 nM in m4D2 and 1 μM in 

H94T compared to 5 nM for heme. 
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Figure 4-19: The binding characteristics observed upon addition of ZnCe6 to apo-m4D2 change depending 
on the protein concentration of the threonine variant but remain relatively stable in unmodified m4D2. 
Absorbance values are plotted as the Soret peak alone (left column) or Soret peak of the bound  (425 nm) 
form minus the unbound (411 nm) to highlight potential binding stoichiometry. 

 
On balance, it was concluded that m4D2 binds to a single ZnCe6 molecule in the core of the protein, with 

a similar orientation and structure as heme binding, but further design could enable tighter and more 
specific binding to the chlorin. The significant impact of mutations to the second histidine residue 

demonstrates that both of the histidines contribute to chlorin binding, which is only possible if the protein 
remains properly folded and the histidine sidechains are oriented into the core of the protein, and this 

structure could only accommodate a single chlorin molecule. Whilst there is not such a clear preference 
for histidine ligation specifically, as polar side chains such as threonine can make similar contributions to 

binding, the unmodified bis-histidine design remains the most robust scaffold for chlorin incorporation.  
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4.2.7 Ultrafast Spectroscopic Studies of Zinc Chlorin-e6 in Methanol and m4D2 
 
Ultrafast pump-probe spectroscopy was used to interrogate the vibronic structure of zinc chlorin e6 in 

methanol solution in comparison to the maquette-bound chlorin. The experiments and analysis presented 
in this section were carried out by Dr. Marta Duchi and Dr. Tom Oliver. 

 
These studies use ultrashort laser pulses of less than 15 fs across a range of wavelengths between 550-

700 nm to investigate the Q-band absorbance. Transient absorption spectroscopy226 initially excites the 
sample which is followed by absorbance measurement of the excited state using a probe pulse, with the 

pump induced change in transmission (ΔT/T) recorded using the following equation, assessing the 
intensity (I) for a given wavelength and timepoint: 

 

 

 

 
Figure 4-20: Schematic of pump-probe transient absorption spectroscopy used to assess excited chlorin 
states with and without a protein environment (figure reproduced with permission from the Bristol Laser 
Group). 

 
Pump-probe spectroscopy demonstrates either negative or positive features depending on the change 

in absorbance in the ground state compared to the excited state. Negative values of (ΔT/T) correspond 
to absorbance by a new species created by the pump pulse, as there is transiently less light transmitted 

by the sample. Negative features can therefore represent either the absorption of photoexcited states in 
the molecule or newly formed photochemical products. Positive features correspond to more 

transmission of the probe light through the sample as there are fewer molecules in the electronic ground 
state than prior to photoexcitation (ground state bleach) or can result from stimulated emission from the 

photoexcited states. 



4.2 Results 

 130 

Ultrashort laser pulses with a varied time period between the pump and probe can be used to assess 

coherent vibrational dynamics in the chlorin. Analogous to the principles which determine electron 
transfer (Section 1.2.1), electronic excitation occurs between states with no associated change in nuclear 

geometry. This is most likely between vibronic energy levels with high Franck-Condon factors where 
there is overlap between the wavefunctions of the two states, demonstrated by the S0 to S1 transition in 

Figure 4-21. Once excited, the wavepacket can oscillate across the vibronic energy level, resulting in 
changing vibrational overlap between the S1 state and higher Sn energy states, and this overlap is 

detected by the probe pulse.  
 

 
Figure 4-21: Electrons are initially excited from the ground state an excited state (S1). This wavepacket 
oscillates across the vibronic energy level (blue arrows), and this oscillation is detected by the probe pulse. 
The Franck-Condon factors with higher energy states (Sn) change over time, with these factors at their peak 
in the central panel, which appears in the transient spectra as an oscillatory signal. 

 
Oscillation of the wave packet in the S1 energy level results in changing Franck-Condon factors with 

vibrational levels in higher Sn electronic states, generating an oscillatory signal at a given wavelength 
(top panel of Figure 4-22) with a period equal to that of the associated vibrational period. The intensity of 

the oscillatory signal decays over time due to vibrational cooling and inhomogeneity in the sample (such 
as the solvent and protein environment). A Fourier-transform of this signal returns the frequency, with the 

width demonstrating the level of inhomogeneity and dephasing time. 
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Figure 4-22: Idealized plots demonstrate that vibrations in the S1 excited state appear as an oscillating 
transmission signal (ΔT/T), which is eventually dampened by sample inhomogeneity and vibrational cooling 
(middle). A Fourier transform of this oscillation (bottom) converts to frequency. 

 
The pump-probe data obtained for ZnCe6 in methanol are displayed in Figure 4-23. The top left panel 
displays pump-probe data for t = 200 fs across the measured wavelength range. The negative feature 

between ~550–625 nm corresponds to an excited state absorption (Sn ¬S1). The positive feature at 640 
nm matches to the ground absorption spectrum of ZnCe6 in methanol and therefore is likely to represent 

the ground state bleach. Finally, stimulated emission from the S1 state is observed in the weak shoulder 
above 660 nm. A false contour plot for the first 1000 fs is presented which describes the change in 

transmission across all timepoints and wavelengths. 
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Figure 4-23: (A) and (B) present single timepoint and fully time-resolved representations of the transient 
absorbance spectra of ZnCe6 in methanol, with the time-resolved panel demonstrating the oscillatory 
vibrational dynamics.  A single wavelength slice (C) demonstrates that this oscillation is a small component of 
the signal and decays rapidly. 

 
The population dynamics were subtracted from the total signal to isolate the contribution of the vibrational 

wavepacket dynamics: each probe wavelength was fitted to a multiexponential decay, which was 

subtracted from the original data (Figure 4-24). Fourier transform of this data returns the vibrational 
frequencies associated with different probe wavelengths, and two slices are plotted in Figure 4-24 at the 

wavelengths of ground state bleach and excited state absorption. These vibrational frequencies are 
associated with ring breathing modes of the chlorin which can be identified by DFT calculations, with both 

the ground state and excited states dominated by a frequency at 1041 cm-1. 
 

 

A
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Figure 4-24: Vibrational wavepacket only data is shown for ZnCe6 in methanol (left) and a Fourier transform 
(right) highlights vibrational frequencies in the excited state (640 nm) and ground state (560 nm). 

 
Data were acquired for the m4D2-ZnCe6 maquette and processed in the same way as ZnCe6 in 

methanol, demonstrating far weaker vibrational coherence dynamics. Responses due to the aqueous 
buffer were also subtracted from the data. This yielded the vibrational wave packet data displayed in 

Figure 4-25. The wavepacket clearly decays far more rapidly in the protein environment, which may be 
due to increased inhomogeneous broadening. In the absence of the inhomogeneous component (which 

can be resolved with 2D spectroscopy), it would be expected that the ZnCe6 vibrational dephasing would 

take longer in the protein due to weaker chromophore-environment interactions. No excited state 
absorption feature was observed in the pump-probe measurements, suggesting that the Sn states shift to 

higher energy levels in m4D2 resulting in less vibrational overlap compared to the chlorin in methanol.  
 

Figure 4-25 also depicts a vibrational spectrum associated with the ground state bleach 636 nm 
wavelength, which is dominated by a broad peak at 774 cm-1. Rapid vibrational dephasing is likely to 

result in the broad peak, meaning that there is a lack of sampling in the Fourier measurement. 
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Figure 4-25: Vibrational wave packet only data for ZnCe6-m4D2 (left) suggests rapid dephasing within the 
protein environment. The vibrational frequencies are dominated by a single, broad peak at 774 cm-1. 

 
4.2.8 Molecular Dynamics Parameters for Histidine-Ligated Zinc Chlorin e6 
 
Modelling of the m4D2-ZnCe6 complex may improve understanding of the protein environment 

surrounding the chlorin, guiding potential mutations to assess how changes in the protein environment 
impact the electronic structure of the pigment. Parameters for the ligated chlorin molecule are essential 

to perform molecular dynamics simulations of the cofactor bound assembly. Two sets of parameters are 
required for MD simulations: bonding parameters describing bond length, angles and torsions, and partial 

charges describing the point charge on each atom. These parameters were developed for MD simulations 
using the AMBER software package. Although there was not enough time for in depth modelling of the 

complex, MD parameters for bis-histidine ligated ZnCe6 are presented here for future users. 
 

Rigorous quantum-mechanically derived bonding parameters for Chlorin e6 already exist in the 

literature227, developed by Gattuso et. al. for studying excited chlorin states. Whilst these parameters are 
missing the bonds involving the zinc atom or ligating residues, they can be combined with the parameters 

describing iron coordination in heme B183 which should provide a reasonable approximation for the overall 
histidine zinc chlorin structure. As a caveat, the heme parameters place iron within the plane of the 

porphyrin macrocycle, whereas the zinc chlorin molecule forms a less planar structure. 
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The partial charges were built using a DFT model to parameterize the electrostatic potential across a 

histidine ligated Zn Chlorin e6 molecule. An initial set of charges were derived for a six-coordinate chlorin 
model, in which imidazole side chains axially ligate the zinc, however the actual complex may be five-

coordinate, or a mix of the two states. A truncated chlorin molecule in which the carboxylate substituents 
were initially removed was optimized with Gaussian16228, using the B3LYP functional and 6-31G(*) basis 

set utilised in previous studies to parameterize the metal free compound227. The carboxylate groups were 
added to this model, hydrogens reoptimized, and ESP charges calculated from the final model compound 

(Figure 4-26). The overall charge of the compound is -3, the macrocycle contributes a -2 charge, the zinc 
ion +2 and the carboxylate groups -3. 

 

 
Figure 4-26: (A) The fully deprotonated form of zinc chlorin was used to derive partial charges for molecular 
dynamics simulations. (B) The model compound was initially optimized by DFT in a truncated form, bis-
imidazole ligated with the carboxylate groups removed. The optimized model demonstrated Zn-Nε bond 
lengths of 2.35 Å, 0.3 Å longer than heme ligation. (C) Final RESP-fitted charges for the chlorin and ligating 
side chains (hydrogens are removed from the chlorin molecule for clarity). 
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RESP charge fitting was applied in accordance with standard AMBER protocols229, blocking the 

electrostatic potential at the Cβ atom of the histidine side chains, and fixing equivalent atoms as equal. 
The distribution of charge across the macrocycle is quite asymmetric, particularly noticeable at the 

nitrogen atoms on the near and far side of the carboxylate groups. The charge on the zinc is also relatively 
high, but overall the partial charges are reasonable and similar to the charge distribution reported in 

similar parameter sets230. These parameters were converted into AMBER compatible file formats, 
topology files including partial charges on the chlorin and histidine residues (CE6.lib, HIZ.lib) and a 

parameter file containing bond information (zne6.frcmod). Parameter files are included appendix 4. 
 

4.3 Discussion 
 
The design of m4D2 demonstrates the adaptability and modularity of the 4D2 crystal structure for the 

design of novel functional units. The design of a packed hydrophobic protein core to replace one of the 
two heme binding sites enabled construction of an apo protein with significantly enhanced stability and 

helicity without disrupting tight binding of the heme cofactor. The design process produced a densely 

packed protein core with an overall protein backbone which was highly stable in molecular dynamics 
simulations of both the apo and heme-bound forms and resulted in minimal disruption to the topology of 

the original 4D2 structure.  
 

Whilst the architecture of m4D2 has not yet been precisely confirmed, with structural determination 
proving elusive so far, biophysical analysis and NMR studies in particular demonstrate the exceptional 

structural rigidity of the design in comparison to most previous heme-containing maquettes. The failure 
of crystal formation is frustrating despite the similarity to the 4D2 design (and significantly more effort), 

although the fully assigned NMR spectra is tantalizingly close to structural determination, with only a few 
critical NOE interactions missing. 

 

The m4D2 structure shares the design principles of the PS1 structure165 constructed by Polizzi, Degrado 
et. al. although with minimal sequence similarity. The protein core was designed on the opposite end of 

the structure, with the heme binding unit adjacent to the two short loops in m4D2 compared to porphyrin 
binding at the termini end of the bundle in PS1 (Figure 4-27). This results in moderate structural 

divergence of the two designs, with the helices collapsing slightly at the non-cofactor binding end and 
remaining further separated around the porphyrin. The symmetry of the PS1 helical bundle is also 
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distorted by the concave structure of the small synthetic zinc porphyrin structure relative to the planar 

and bulkier bis-histidine ligated heme in m4D2, and the highly hydrophobic zinc porphyrinato lacks the 
charged propionate substituents which protrude out of the bundle through a channel observed in the 4D2 

structure, which should be retained in m4D2. More rigorous NMR analysis of the apo form of m4D2 could 
be used to make a comparison with the dynamic cofactor free binding pocket observed in PS1 which is 

stabilized upon porphyrin incorporation. 
 

 
Figure 4-27: The NMR solution structure of the artificial zinc porphyrinato binding PS1 complex (5TGY) is 
very similar to the heme bound m4D2 design which retains the backbone structure of 4D2, although the 
respective porphyrins are incorporated on opposite ends of the bundle. 

 
The replacement of one of the two heme sites highlights that both heme cofactors are not necessary to 
the stability of the four-helix bundle if replaced by sufficient protein-protein interactions in the core. The 

structure could therefore potentially be utilised as a scaffold to design small molecule binding sites, 
replacing the heme with a combination of protein packing and incorporation of smaller ligands which are 

significantly less bulky than heme, setting up a system for electron or energy transfer between the heme 
and adjacent cofactors. Previous attempts to combine heme binding maquettes with small molecule 

redox cofactors such as flavins have relied on approximate covalent modifications154, but the structural 
definition of the 4D2 family could enable precise design of non-covalent ligand binding pockets187. The 

PS1

m4D2
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m4D2 design has also been utilised as a scaffold to modulate redox potential in de novo designs with 

enhanced precision compared to previous studies215, utilising computational tools231 to predict potential. 

 
The simplicity and ability to interchange cofactors in the m4D2 scaffold presented an opportunity to test 

ultrafast spectroscopic techniques on an isolated and photoactive chlorophyll-like cofactor in a protein 
environment. Preliminary pump-probe experiments demonstrated significant changes in the vibronic 

oscillations observed in the chlorin-protein system. Further studies could utilise the structural definition 
of m4D2 and a series of mutations to pin down the individual effects that surrounding residues have on 

the chlorin, using this information to guide design of novel light harvesting systems. 
 

However, more research is required to fully characterize the binding of chlorin in m4D2. Whilst this design 

binds to zinc chlorin e6 with significantly higher affinity and structural order than some previous reports, 
the binding site should be optimised to the chlorin structure, incorporating information from previous 

studies which have elucidated the key features of chlorophyll binding in helical proteins232. 

 
 



 

 139 

Chapter 5. 
 

Design of a ‘Molecular Wire’ Multi-Heme Maquette 
 
5.1 Introduction 
 
Multi-heme binding proteins are found extensively across natural systems, enabling long distance 

electron transport through large protein complexes100. This includes systems such as the cytochrome bc1 

complex which uses two b-type heme cofactors (which form the basis of the D2 design166), a c-type heme 
and an iron-sulfur complex to form its electron transport network. Prokaryotes have developed a broad 

range of proteins which bind four or more heme groups233 within a single polypeptide - usually covalently 
attached in c-type cytochromes - and heme binding proteins up a 16-heme cytochrome from Desulfovibrio 

gigas234 have been structurally characterized. These multi-heme proteins are employed in organisms 
such as Shewanella oneidensis for functions such as energy production, coupling intracellular oxidative 

reactions with the reduction of extracellular metals235 requiring transmembrane electron transport via the 
redox centres.  

 
Cofactor-binding protein designs have generally focused on binding to one or two heme groups. Whilst 

some early maquette designs incorporated up four hemes149, these designs lacked precise design of 

binding pockets and relied on approximate placement of ligating residues in disordered helical bundles. 
Expanding this repertoire towards the design of structurally ordered multi-heme designs could unearth 

new applications for maquette research and functionality, creating larger charge separation pathways 
and building towards complex cofactor networks.  

 
A number of approaches could be attempted to increase the number of heme binding units within the 

4D2 framework. The protein could be expanded by designing protein-protein interactions on the surface 
of the protein, resulting in dimerization or higher oligomeric states to cluster multiple copies of the two-

heme binding unit into a single cohesive structure, potentially forming a repeat protein structure50. A 

second option is to extend the helices of 4D2, repeating the helical sequence to create multiple heme 
binding pockets spaced linearly through the protein core. Potential electron transfer between cofactors is 



5.1 Introduction 

 140  

mainly dependent on the edge-to-edge distance150 between heme groups, which would be significantly 

shorter and therefore faster in the extended design option. 
 

Here, we investigated the second approach, attempting to extend the helices of 4D2 to create a four-
heme binding unit or beyond. This intriguing design incorporates a tightly packed linear arrangement of 

conductive heme groups within an extended helical bundle, resembling a “molecular wire” or cable 
(Figure 5-1). Whilst the design investigated contains four identical cofactor binding pockets, modification 

of these individual sites could be used to tune redox potentials, control directional electron transport or 
introduce reactive components into the molecule. 

 

 
Figure 5-1: (A) Prokaryotes have evolved multi-heme proteins for a wide range of functions, some of which 
remain poorly understood. The ten-heme structure of MtrC (left) from S. oneidensis is essential for maintaining 
aerobic growth of the organism236, whereas the four-heme Cytochrome c554 is required for NH3 oxidation237 
in Nitrosomonas europaea. (B) Two possible blueprints for conversion of 4D2 to a four-heme unit are depicted, 
via either extension of the helices or interactions between the protein surface. 
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5.2 Results 
 
5.2.1 Extending the 4D2 Helical Unit 
 
The sequence of 4D2 was re-designed to extend the helices and include two additional heme binding 

sites, constructing the four-heme maquette e4D2. This required a duplication of the sequence of each 

helix with the connective loops unchanged, however the critical design concern was to ensure that the 
orientation of heme binding residues remained optimal, with key side chains such as the ligating histidines 

directed towards the centre of the helical core. The intention was to minimise disruption to the 4D2 
structure, keeping the helical properties as close as possible to the original. 

 
The most effective strategy to achieve this is by separating corresponding histidine side chains by 21 

residues. This approximately matches the heptad repeat of canonical coiled-coils238, and therefore offers 
the closest geometry to correctly position heme binding sites. However, a degree of flexibility is essential 

for this molecule to fold properly, as the buried heme groups mean that this protein cannot follow the 
typical coiled-coil structure precisely and some distortion in the helices is likely to properly accommodate 

all heme cofactors. The binding energy of these cofactor interactions must significantly outweigh any 

energetic penalty of this slight distortion to the fold. 
 

Each of the four identical helices in e4D2 is a duplication of the 4D2 helix – however a total of 4 residues 
were removed at the junction between the repeated sequences, two N-terminal and two C-terminal. This 

resulted in a 46-residue repeating sequence: 

 
Figure 5-2: Sequence of e4D2 compared to 4D2. 

 

A model of the potential e4D2 structure (Figure 5-3) was constructed to access the feasibility of this 

design. Helical coiled-coil parameters were extracted from the 4D2 crystal structure using the 
ISAMBARD30 protein design software. These parameters were used within CCBuilder29 to construct the 

extended 46 residue e4D2 helix structure. These helical structures were combined by aligning matching 
sections with the 4D2 crystal structure to form the overall helical bundle, and bis-histidine ligated heme 
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groups were docked into the four cofactor binding pockets. The model was refined by energy minimization 

within the Rosetta score function39 whilst constraining the iron-histidine interactions, and demonstrated 
reasonable orientation of the heme binding sites.  

 

 
Figure 5-3: (A) Helical parameters of 4D2 were extracted from the crystal structure using ISAMBARD. The 
structure was split into two pairs of opposing helices (helix 1+3 and 2+4), and the Crick parameters26 of 
interface angle, pitch and radius of these helical pairs calculated separately. These properties were used to 
build the full length idealized helical structures (one of which is shown, top right). These two helical structures 
were combined with four b-type heme ligands and the same connecting loops used in previous designs to 
construct the full model of e4D2. (B) MD simulations demonstrated the overall stability of the heme bound 
e4D2 complex, with relatively small positional fluctuation of backbone atoms during the initial 30 nanoseconds. 
However, across a series of repeated simulations, distortion of two adjacent helices was observed in order to 
accommodate the third and fourth heme binding sites. The other two helices in the structure remained largely 
unchanged from the initial model in all cases. 
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Molecular dynamics simulations of the constructed model indicated a robust structure which did not 

fluctuate significantly from equilibrium over the course of several simulations of up to 350 nanoseconds. 
However, some of the expected distortion in the helical structure was observed, resulting in a clear bend 

in two of the four helices. Overall, the designed e4D2 models suggested that the structure and sequence 
was feasible and provided approximate dimensions for the protein including inter-heme distances which 

could impact the potential electron transfer properties of the structure. 
 
5.2.2 Assembly and folding of e4D2 
 
The designed e4D2 sequence was also expressed in E. coli in a pET151 vector with a hexahistidine tag 
and TEV cleavage site. Whilst the yield was relatively good (5- 10 mg per litre of growth media) and the 

product soluble, the purified protein was broadly inhomogeneous when assessed by size exclusion 
chromatography suggesting a high degree of disorder (Figure 5-4) and there was minimal evidence of 

heme binding in vivo. Addition of hemin to this purified sample resulted in the expected absorbance 
spectra with peaks indicating bis-histidine heme binding, however a significant proportion of the protein 

precipitated at this point. Concentrating the sample by spin concentration further exacerbated 

precipitation, depositing a thick and vibrantly red heme loaded protein-jelly onto the surface of the 
container. This is probably forming a disordered but conductive heme-protein gel which could 

optimistically be of interest to an imaginative materials scientist, although we are yet to figure out a use 
for it. 

 
However, a further round of size exclusion chromatography of the soluble fraction separated a broad 

aggregated peak from a distinct homogeneous peak at an appropriate elution volume for a small, 24 kDa 
ordered monomeric protein. This second fraction was highly stable and soluble (up to at least 30 mg/ml), 

and its elution profile by gel filtration was consistent – there is no equilibrium between the aggregated 
and monomeric peaks. 

 
This suggests that upon addition of heme only a moderate proportion of the protein folded correctly with 

heme groups ligated by the intended histidine side chains. This is not surprising, as with eight histidine 
residues in the disordered apo protein and a core explicitly built around the porphyrin structure there is a 

high probability of misfolding, such as by oligomerization of separate molecules via heme crosslinks or 
intramolecular misfolding due to twisting of the protein incorrectly aligning the heme binding sites.  
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Folding and assembly of e4D2 is dependent on the temperature of the solution when binding heme; at 

low temperatures the majority of the protein forms an aggregated mixture following heme addition with 
only a small proportion of folded monomeric protein detected by gel filtration. Increasing the temperature 

to room temperature and up to 37°C shifts this population towards small, dispersed and well-folded e4D2 
monomers. This suggests that at higher temperatures the weaker interactions involved misfolding and 

aggregation are less favoured, shifting the equilibrium towards heme incorporation at intended binding 
sites. For further preparations and analysis of e4D2, room temperature was selected for heme binding. 

Whilst higher temperatures increase the yield of folded protein, the two main peaks during size exclusion 
are less well resolved, which may reduce the consistency of the purified protein. 

 

 
Figure 5-4: (A) The purified form of e4D2 (22.3 kDa) was an inhomogeneous mixture of states, eluting at low 
volumes which correspond to the dead volume of a size exclusion column or large oligomeric assemblies. An 
absorbance spectrum of the purified apo form demonstrated minimal heme binding with a low peak at 416 nm 
relative to the UV absorbance at 280 nm, however addition of exogenous hemin (top right) results in the typical 
absorbance spectra of 4D2 and derivative designs with a distinctive Soret peak. (B) Further size exclusion 
chromatography after heme addition separated aggregated protein from a homogeneous, low-molecular 
weight fraction at 80-85 ml. This process appears to separate misfolded or aggregated protein from monomeric 
fully assembled e4D2. The two cartoons represent potential assemblies of the protein in each peak, 
highlighting potential crosslinking between polypeptide chains via heme ligation. (C) The elution profile was 
dependent on the temperature of the solution during heme addition – higher temperatures shifted the 
equilibrium towards smaller particles which eluted at higher volumes. (D) Following separation, the monomeric 
assembly remained stable, eluting at the same volume during subsequent rounds of gel filtration.  
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The absorbance spectra were very similar for both the aggregated peak and the late homogeneous peak 

from gel filtration (Figure 5-5A), both forms are likely bound to heme via identical binding pockets, 
however the 416 nm : 280 nm ratio is higher in the later peak. This suggested that each protein molecule 

is bound to fewer heme molecules in the aggregated form, perhaps due to the suggested cross-links 
between molecules. On the other hand, the absorbance ratio in the later peak matches very closely to 

that of 4D2. This is expected for four-heme binding in e4D2, as both the protein and cofactor contributions 
to absorbance have been duplicated in the design. For further characterization, the aggregated peak was 

discarded, and only the late discrete peak tested. 

 
Figure 5-5: Absorbance spectra and mass spectrometry provide robust evidence of successful assembly of 
the four-heme e4D2. (A) The spectra of the two main size exclusion peaks (normalized to absorbance at 280 
nm) suggested higher heme incorporation in the later peak. The overall absorbance spectrum of the second 
peak matched very closely to that of 4D2. (B) MALDI based mass spectrometry of purified holo-e4D2 detected 
m/z values which corresponded to the apo form of the protein (in three charge states). (C) However, ESI 
‘native’ mass spectrometry demonstrated that the sample was close to full saturation with four heme cofactors 
bound per protein molecule. The three main m/z peaks were equivalent to charge states of the four-heme 
complex (± 0.5 m/z), whilst a number of minor peaks corresponded to 2-heme or 3-heme e4D2 constructs. 
Predicted peaks were calculated using the formula m = (m + Z)/Z, where m is the total mass of e4D2, and Z 
is the charge state of the ion. 
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Mass spectrometry was again crucial for confirming the intended e4D2 assembly, with all four heme 

binding sites occupied. MALDI mass spectrometry detected the mass of the apo protein (Figure 5-5B), 
due to dissociation of the non-covalently attached b-type heme groups during the technique. However, 

the assembled four heme binding complex was robust under non-denaturing electrospray ionization 
conditions, with the majority of observed ions corresponding to the mass of the four-heme binding protein. 

A small proportion of two-heme and three-heme binding complexes were also detected. Predicted m/z 
values were calculated using the mass of the protein sequence (22,451.28 g.mol-1) plus the mass of up 

to four de-protonated heme groups (614.49 g.mol-1). 

 
In addition to the sharing identical absorbance spectra, e4D2 and 4D2 also have a very similar secondary 

structure composition, assessed by circular dichroism (Figure 5-6A). The mean residual ellipticity 

between 200- 250 nm was almost indistinguishable between the two proteins, suggesting that both 
designs have an equivalent proportion of alpha helical structure relative to the number of residues in the 

sequence. This suggested that the helicity of e4D2 is consistent across the length of the four-heme 
binding design, forming an extended helical bundle. The protein also showed similar thermostability to 

4D2, with only gradual and incomplete unfolding observed up to 95°C. Circular dichroism spectra of the 
apo protein were not measured, however a poorly folded structure with unstable secondary structure 

would be expected due to the complete lack of a core throughout the extended helix bundle in the 
absence of heme. 

 
Redox potentiometry also suggested that the structure of the heme binding pocket was not disrupted 

significantly by the duplication of the 4D2 sequence to form the e4D2 complex (Figure 5-6B). The overall 

midpoint potential of the two proteins remained at -155 mV, however the potentiometric titration of e4D2 
was broadened slightly, suggesting the hemes are essentially paired in redox potential, with the outer 

and inner hemes experiencing differing electric field environments as a result of being in close proximity 
to one or two other hemes respectively160. This observation is consistent with the electric field effect of 

placing hemes in close proximity as demonstrated in earlier iterations of heme-containing 
maquettes115,239. Interactions between the propionate groups of the two central heme groups for example 

could result in this minor perturbation of the heme potentials. 
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Figure 5-6: The extended e4D2 design showed equivalent biophysical characteristics to its predecessor 4D2, 
relative to the duplicated size. (A) Circular dichroism measurements supported the designed helicity of e4D2, 
which was similar to the two-heme 4D2 in both magnitude and thermostability. The extension of e4D2 may 
confer slightly increased thermostability, reducing the slow degradation observed at high temperatures, but 
this effect is small. (B) Redox titrations of e4D2 also demonstrated an overall midpoint potential consistent 
with 4D2 and with no hysteresis, however a slight broadening of the range was observed (arrows – bottom 
right), suggesting that the close arrangement of four heme groups slightly altered their individual redox 
midpoints. For comparison, both e4D2 and 4D2 datasets are fitted to a two electron Nernst equation, with 
respective midpoints of Em1 and Em2 indicated as dashed lines. Attempts to fit a Nernst function with four single 
electron redox changes resulted in multiple solutions with equal statistical validity and potentials ranging from 
-120 mV to -200 mV. 

 
Quantifying the heme binding affinity of e4D2 is challenging due to the mixed population of bound states 

that form upon heme addition, resulting in unpredictable stoichiometry by titration. However, heme does 
not dissociate from the protein during gel filtration or mass spectrometry, suggesting tight affinity of a 

similar magnitude to 4D2. A competition assay with apo myoglobin was used to further demonstrate tight 
binding of e4D2, with minimal transfer of heme from the assembled maquette complex observed (Figure 

5-7). Tight heme binding by apo myoglobin acts as an irreversible trap with femtomolar affinity, binding 
any dissociated heme from the equilibria of weaker binding proteins and resulting in a transfer of heme 

to myoglobin, which is accompanied by a shift in the Soret peak. 
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Figure 5-7: Negligible transfer of heme from holo-e4D2 to apo myoglobin (apoMb) was observed after one 
hour of mixing at an excess of up to 10-fold myoglobin, comparable to heme binding proteins with nanomolar 
affinity for heme240. Complete transfer of heme to myoglobin would result in a 416 nm : 408 nm ratio of 0.77, 
however only a 1-2% shift of this ratio was detected. This further supports the tight binding affinity for heme of 
e4D2, despite the difficulties quantifying a KD value by titration or other methods160. 

 
Crystallization conditions were tested to attempt to experimentally investigate the structure of e4D2. 

Whilst there were some promising conditions (Figure 5-8), no suitable crystals were produced for 
elucidating structural information by crystallography. In some, cases, large clumped crystals were 

observed, which could be made up of smaller crystals growing in a disordered structure. These were 

fragmented into smaller pieces before collecting X-ray diffraction data at the Diamond Light Source 
synchrotron, but still failed to produce useful diffraction patterns. Initial screening was tested using a 

sitting drop method and crystal growth optimization using hanging drops was also attempted. This 
included variation of pH, precipitant concentration, protein ratio and seeding from the crystalline 

fragments, however similar aggregated structured formed. 
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Figure 5-8: Crystal screening conditions for e4D2 produced some promising crystalline structures, however 
none were of a sufficient quality for processing following synchrotron data collection, despite attempts to 
optimise conditions. An X-ray data set was collected for condition 1, after fragmenting the large clumped 
crystal bodies. The following conditions are depicted:                                                                           
(1)  Structure 1+2 (A5) 2 M Ammonium sulfate 0.1M Sodium acetate pH 4.6                                                  
(2) JSCG+ (E4) 1.26 M Ammonium sulfate 0.2M Lithium sulfate 0.1 M Tris pH 8.6                              
(3+4) JCSG+ (C5) 0.8 M Sodium phosphate 0.8M Potassium phosphate 0.1 M HEPES pH 7.5 (3:1 and 1:1 protein 
precipitant ratios) 

 
5.2.3 Cryo-Electron Microscopy of a 25 kDa particle 
 
Cryo electron microscopy (cryo-EM) is rapidly advancing in its ability to solve the structures of biological 
molecules to near atomic resolution, from relatively small protein molecules up to whole ribosomes and 

viral assemblies in the mega-Dalton mass range241. At the low end of this scale, the smallest high-

resolution structures solved by cryo-EM are hemoglobin242 and streptavidin243 at 64 kDa and 52 kDa 
respectively, both of which have been solved to a resolution of 3.2 Å. Whilst these proteins were studied 

as individual particles, even smaller proteins have been solved in fusion with a larger imaging scaffold, 
such as the 26 kDa GFP structure244 at 3.8 Å. These modular scaffolds offer the potential to anchor a 

wide range of challenging targets for structure determination.  
 

Overall, cryo-EM is proving increasingly useful in determining the structures of proteins and complexes 
which are too large or difficult to crystallize, as well as offering insight into dynamics which other structural 

techniques cannot offer, however the lower mass limit remains an obstacle. Whilst technological 
improvements in equipment such as image detection are improving this, some theoretical cutoffs have 

been suggested, initially a 38 kDa limit proposed by Henderson in 1995245, down to a minimum of around 

17 kDa246. The use of a Volta phase plate has been suggested to aid structure determination of small 
complexes, such as in the case of hemoglobin, however evidence supporting the technology remains 

conflicting247,248. 
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At just under 25kDa, e4D2 is clearly a small protein and would normally be below the applicable range 

of electron microscopy. However, like hemoglobin, e4D2 is also a four-heme binding complex. The 
electron density of the iron ions at the centre of the heme groups could improve the image contrast, aiding 

identification of particles that would normally be too small to be distinguishable. In addition, e4D2 is 
expected to fold into a distinctive shape, a relatively long and narrow rod-shaped complex with 

approximate dimensions of 8nm x 2nm, offering further advantages for imaging processing and particle 
detection. 

 
Negative stain transition electron microcopy (TEM) was initially used to probe the overall architecture of 

the molecule. A large number of homogeneous filamentous structures which fitted well to the predicted 
shape of e4D2 were observed (Figure 5-9), providing some useful evidence that the protein folds as 

intended and is monomeric in solution. However, the lack of detail offered by negative stain TEM means 

that it is difficult to distinguish particles from noise and is certainly not conclusive evidence of the structure. 

 

 
Figure 5-9: TEM micrographs of purified e4D2 (negatively stained with uranyl acetate) suggested that the 
protein forms the designed extended helical shape. The most prominent 2D class averages, each representing 
200-600 individual particles, showed distinct particles which fit well to the expected dimensions of e4D2. 

 
Whilst the protein seemed to be visible by negative stain TEM, the much lower contrast available between 
protein and water offered by cryoEM means that identifying particles can be more challenging. However, 

initial screening of cryogenic freezing conditions suggested that similarly shaped particles were visible 
and homogeneous. Imaging such a small complex requires the ice layer to be as thin as possible, whilst 

avoiding cracking or melting of the ice during data acquisition. Following optimization of the imaging grids, 
an initial dataset of 1479 micrographs was collected using the 200kV Talos Arctica in the GW4 Cryo-EM 

facility. Image quality control by motion correction and CTF estimation in the Relion 3.0 software 
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22 Å 
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package181 indicated a high proportion of poor micrographs which were filtered out for subsequent 

analysis, leaving a total of 914 micrographs. 
 

An initial selection of 4,000 particles was manually picked to develop a set of 2D class averages which 
could be used as a reference for automated particle picking (Figure 5-10). Particles were selected which 

approximately fitted the protein dimensions suggested by the designed model and by negative stain EM. 
Class averages from this dataset offered the first robust evidence of e4D2 structure, showing four distinct 

‘segments’ along the helical axis which correlate to the position of the four heme groups. 

 
Figure 5-10: An initial data collection of 1500 grid holes in counted mode was sufficient to produce a 
preliminary, low resolution 3D model which fits well to the overall dimensions of e4D2. The thin ice required 
for imaging e4D2 resulted in a frequent melting or cracking during data collection and 550 micrographs were 
discarded due to high levels of motion. Following motion correction, 2D class averages of manually selected 
particles matched the particle dimensions observed in negative stain EM and showed distinct regions of 
density which correspond to potential heme positioning. Automated particle picking increased the size of these 
classes, also highlighting the cross section of the helical bundle in remarkable detail. Whilst the resolution of 
3D models built from this dataset was poor, they matched the overall architecture of the e4D2 design. 
Increased density is clear on one end of the particle, which could correspond to the two-loop end of the bundle, 
in comparison to the single loop on the termini end.  
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The small size of the particles made automated picking challenging, but a reasonable approximation was 

found to identify an initial set of 500,000 potential e4D2 particles. At this point the particle selection was 
split into two parts, one to identify the “side-view” of particles showing the length of the extended helices 

(~300,000), and another to select the “top-view” looking down through the helical bundle (~200,000). The 
2D class averages of these particles were aggressively filtered to remove overlapping or clustered protein 

molecules, and ensure a collection of distinct protein images, finally combining the two selections and 
narrowing the total number down to 10,000 particles for 3D model building. This further improved the 

detail, showing both the four lengthways density sections correlating to heme groups, but also 
demonstrating the cross-section of the four-helix bundle. The refined 3D model from this dataset showed 

excellent correlation with the designed structure, but resolution was poor (9-10 Å) due to a significant 
contribution of noise as well as the relatively low number of particles used to build the final model, and it 

was not possible to resolve secondary structure features at this point. 

 
This preliminary three-dimensional reconstruction and particularly the promising two-dimensional class 

averages justified a second more rigorous data collection, using the same microscope (GW4 Talos 
Arctica) but in super-resolution mode to attempt to improve model definition (Figure 5-11). Over 5500 

grid holes were imaged, however this was again reduced to fewer than 2800 micrographs of sufficient 
quality for image analysis. Representative classes from the first dataset were used to pick particles, which 

were filtered to an initial set of 85,000 particles offering further supporting evidence of the helical 
dimensions, fold and heme arrangement in e4D2.  

 
This particle set was used to generate a 3D model by application of D2 symmetry, with clear evidence of 

secondary structure emerging. The D2 symmetry constraint increases the overall information by counting 

particles multiple times towards the refined model. Whilst the protein loops are asymmetric, these are 
likely to be flexible and barely visible by cryoEM, whereas the helical bundle itself should retain the D2 

symmetry of the original 4D2 design, justifying the analysis. There are some important caveats to this – 
symmetry operations for cryoEM analysis should be supported by images themselves rather than 

hypothetical knowledge of the protein structure. The small size of the particle and the relatively low factor 
of symmetry operation (two axes of symmetry) means that empirically confirming the D2 symmetry is not 

possible, and therefore the analysis should be considered with caution. 
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Figure 5-11: A second super-resolution data collection was used to refine structural models of e4D2. A set of 
85,000 particles (2D class averages shown in A) was used to build a model with D2 symmetry (B), 
demonstrating the twist of the helical bundle. The high-density regions of this map correlated to potential 
positioning of the iron atoms, suggesting increased inter-heme distances relative to the designed model, and 
also highlighted bis-histidine heme ligation. A smaller set of particles with reduced inhomogeneity (such as 
the curvature depicted some class averages – C) were used to generate a C1 three-dimensional refinement, 
utilising the D2 model as a mask, which further supported the helical topology of the protein. Fourier shell 
correlation statistics (E) demonstrate serious flaws in the D2-based refinement, resulting in over-estimation of 
resolution and difficulty correlating the models, however the C1 refinement is significantly improved, retaining 
sufficient resolution to characterize the secondary structure. 
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Nonetheless, the D2 influenced three-dimensional model revealed an exciting level of structural detail 

(Figure 5-11B). In addition to showing distinct paths of the four coiled helices in the bundle, the highest 
points of contrast in the density map appeared to fit well to the positioning of the four heme-iron atoms. 

This information highlighted some potential inaccuracies in the original design model: the helices appear 
to be slightly less tightly wound than the design predicted, resulting in a slightly longer helical bundle. 

This in turn increases the spacing between the heme groups slightly. However, the key distances 
between the heme groups measured in the 4D2 crystal structure were conserved. The distance between 

these iron atoms in the crystal structure was 14.6 Å, whereas the distance between the corresponding 
points of density in the e4D2 cryo map was between 14.5-15 Å. At slightly higher contour levels, the 

density from the iron positioning protrudes out towards opposite helices, correlating to bis-histidine 
ligation of the cofactors. 

 

A second 3D model of e4D2 was refined from this dataset without application of symmetry (C1), 
eliminating the uncertainty and potential over-analysis of the D2 model. Reconstruction of a reasonable 

model required heavy filtering of the particle set down from 85,000 to approximately 13,500 particles, 
improving the homogeneity of the data set. This included removal of some minor 2D class averages 

which demonstrated curvature of the helical bundle, suggesting either flexibility or a slightly distorted 
population of the linear protein. 

 
The refined C1 model again demonstrated the secondary structure topology highlighted by the D2 model, 

further improving confidence in the structure of the e4D2 helical bundle, whilst also depicting some 
asymmetry in the loop regions which could indicate the position of the three loops. However, the high-

density points observed in the previous maps which correlated to heme positioning were not clear, 

suggesting they are heavily influenced by the symmetry analysis. The iron positioning is likely to fit very 
closely to D2 symmetry, whereas symmetry may be less pronounced and more variable in the protein 

structure, resulting in the different structural elements highlighted by the two models. 

 
5.2.4 Extending beyond four hemes… 

Even longer versions of this helical structure have also been explored. Given that e4D2 already appears 

to require an element of flexibility to accommodate the imperfect structure as demonstrated by molecular 
dynamics and potentially by cryo-EM, success beyond the four-heme complex is somewhat unlikely - but 

worth a try. The eight-heme version, 4D2 cubed, expressed successfully in E. coli, was soluble and could 
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be purified in the apo form by the same protocols as e4D2. It was designed using the same principles as 

the four-heme complex, duplicating the helical sequences again whilst trimming both the N- and C- termini 
by two residues each. It binds heme readily, resulting in an identical absorbance spectrum to its protein 

predecessors 4D2 and e4D2. 

However, a monomeric homogenous structure could not be clearly isolated, and most of the heme bound 
protein elutes as aggregates in the dead volume of a size exclusion column (Figure 5-12). Approximately 

25% of the smaller four-heme protein folded correctly after the addition of the cofactor, with a total of 
eight ligating histidine residues, whereas the presence of sixteen ligating residues in the larger protein 

exponentially reduces the probability of a correct fold to a point where the chance of success is minimal. 

 

 

Figure 5-12: It was not possible to isolate a fully folded form of the hypothetically eight heme variant 4D2 
cubed. Although there is potentially a small promising peak at around 75 ml which could correspond to the 46 
kDa assembly, mass spectrometry of this fraction was inconclusive. Bis-histidine heme ligation is still observed 
across the entire inhomogeneous peak, resulting in the characteristic oxidized absorption peak at 416-417 
nm.  

5.3 Discussion 
 
Construction of the four-heme binding e4D2 maquette again demonstrates the adaptability of the 4D2 

structure for designing novel biomolecular components. A duplication of the 4D2 helical sequence with 
only a small deletion at the junction between the repeats was sufficient to extend the helical bundle to 

accommodate a densely packed and tight binding series of heme cofactors through the hydrophobic 
core. The extended structure of the e4D2 design incorporates an unusually high number of heme groups 
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in a de novo maquette which are primed for rapid electron transfer across the protein and also retain the 

structure of the precisely ordered D2 heme binding pockets. 
 

Purification of the fully assembled holo complex required a number of additional steps compared to 
conventional heme binding maquettes but remains relatively straightforward and consistent between 

batches. The protein is initially expressed and purified in the apo form, followed by partial assembly upon 
heme addition and isolation of the four-heme binding complex from a mixture of aggregates by size 

exclusion chromatography. The yield of the assembled protein can be improved by increasing the 
temperature during heme mixing, or alternatively the aggregated fraction can be rescued by stripping the 

heme from the protein and then re-assembling the complex and repeating the purification protocol. 
 

All biophysical characterization of the e4D2 design supported the binding and near full-saturation of all 

cofactor binding pockets, with non-denaturing mass spectrometry offering the most conclusive evidence 
for four-heme binding. Minimal disruption to the heme binding pocket relative to the original 4D2 crystal 

structure was observed, with both UV-vis absorbance spectra and the redox potential broadly unaffected 
in the novel e4D2 structure. The extended helical secondary structure was also as designed, with the 

overall helicity of the extended nearly double that of the original two-heme design. 
 

Crystallography attempts were unsuccessful for e4D2, whilst the combination of four heme cofactors, 
larger size and an exceptionally repetitive sequence makes the design unsuited to NMR analysis. 

However, this led to the opportunity to test the limits of cryo electron microscopy, which was surprisingly 
applicable for assessing the global structure of the protein. The design was clearly visible by cryo-EM, 

and although the data falls short of atomistic assignment it proved adept in identifying the four heme 

binding sites in addition to the cross-section of the helical bundle. The imaged micrographs - representing 
around 72 hours of data collection – were sufficient for resolution of secondary structure and cofactor 

binding, and this resolution at around 8-9 Å could still be improved further with larger and more refined 
sets of images. 

 
The most promising three-dimensional model of e4D2 generated so far required application of D2 

symmetry, indicating the precise positioning of the heme groups and also demonstrating the histidine 
ligation of the cofactors. Whilst this analysis lacks statistical backing and is questionable for assessing 

the overall protein structure, the electron dense iron atoms which are highlighted by this method should 

fit robustly and consistently to the symmetry operation, which may explain why they are so prevalent 
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using this technique. Model refinement from a smaller and more homogeneous particle set without 

application of symmetry constraints was also able to resolve the secondary structure, further refining the 
designed model of the four-helix bundle. 

 
Extending the design further to accommodate yet more cofactors could produce ideal structures for cryo-

EM analysis, increasing the size of the protein slightly and producing very distinctive particles. Isolation 
of an eight-heme binding variant was not successful although there is some faint evidence that it could 

assemble and the six-heme variant has not been expressed yet, so the concept remains a possibility. 
Alternatively, the construction of e4D2 fusion proteins with large multimeric scaffolds could prove useful 

to improve the resolution (Figure 5-13). The design of rigid interfaces with symmetric complexes such as 
ferritin or glutamine synthase, the latter of which has previously been utilised to solve the structure of 

maltose binding protein as a proof of concept249, would facilitate easier particle identification and could 

significantly improve the homogeneity of the images, further improving the resolution of the e4D2 
structure towards 3 Å and atomic precision. 

 
Figure 5-13: Fusion of e4D2 with large symmetric protein assemblies could be used to facilitate high resolution 
cryo electron microscopy, however optimization of linker regions would likely be essential. The glutamine 
synthase complex with 12-fold symmetry has been utilised to solve the structure of small proteins by cryo-
EM249. The 24-fold symmetry of ferritin could also be a useful scaffold, with homogeneous assemblies of fusion 
proteins demonstrated by TEM images of a construct designed as a vaccine against Lyme disease250. Figures 
from Coscia et. al.249 and Kamp et. al.250. 

Glutamine Synthase Ferritin
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The e4D2 structure offers an intriguing platform for the design of novel functionality - the close proximity 
of a string of redox active cofactors in such a compact, linear structure could be useful for the design of 

de novo conductive protein ‘wires’ or arrays. The precise electron transfer properties of the design may 
be affected by the orientation of the heme cofactors in addition to the distances between them. The two 

hemes in the 4D2 unit are nearly parallel, whereas the expected orientations of the two central hemes in 
e4D2 are at an approximate 45° angle, which is likely to have an impact on the alignment of d-orbitals 

and therefore the electronic coupling of the cofactors251. Electron flow in natural multi-heme conductors 
has been studied extensively by computational techniques, elucidating the electron transfer mechanisms 

of each individual step and demonstrating the coupling required for efficient transfer between similar 
potential hemes or up-hill gradients92. Similar methods could be applied to e4D2 to compare the efficiency 

of electron transfer in evolved natural heme wires compared to an artificial design. 

 
Modification of the design by altering the redox potential of individual cofactor sites could drive charge 

separation and facilitate directional electron transfer, driving the design of novel and versatile maquette 
tools (Figure 5-14). Heme could be switched out for alternative porphyrin cofactors or light harvesting 

chromophores, with the short edge-to-edge distances between cofactors (at a maximum of 7.9 Å in e4D2) 
enabling rapid electron or energy transfer. Whilst the precise structure of this design is yet to be 

determined, the structural information from the 4D2 design complemented by information from cryo-EM 
could prove invaluable for further engineering and computational design of e4D2. 

 
Nature routinely utilizes covalent attachment of heme in c-type cytochromes to build large multi-heme 

protein assemblies100 which incorporate four or more cofactors, constructing long distance electron 

transfer pathways. The importance of c-type heme in natural systems is perhaps demonstrated here by 
the clear challenge of folding proteins which bind multiple non-covalent heme B cofactors, particularly 

where folding is so heavily dependent on the porphyrin structures in the protein core. The structure of 
e4D2 is therefore an example of a stable de novo design which could likely not exist in nature, due to the 

impact and waste of misfolding. This is despite the atomic efficiency of the e4D2 structure, which houses 
the tightly packed arrangement of heme groups in a minimalist helical structure compared to the bulkier 

globular proteins that exist in nature. This design therefore highlights how de novo proteins can expand 
upon the protein structures of the natural world, building useful and robust assemblies which otherwise 

would not be compatible with evolutionary pressures and intracellular systems.  
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Figure 5-14: The structure of e4D2 offers a platform for the design of directional electron transfer across the 
four cofactors, covering the 80 Å length of the protein. The redox potential at individual sites could be tuned215 
by mutations in the heme binding pocket such as the introduction of nearby polar residues, or by alterations 
to the ligation state of the heme, either switching to a five-coordination state or altering bis-histidine ligation to 
incorporate coordination by methionine or other side chains. 
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Chapter 6. 
 

Computational Design of de novo c-type Maquettes 
 
6.1 Introduction 
 
The work discussed thus far has built upon previously designed sequences of heme B binding proteins 

in order to generate the 4D2 series of highly structured and adaptable maquette proteins. Whilst these 

maquettes have proved unusually amenable to structural investigation by a trio of methods and have in 
part been guided by computational resources such as Rosetta, the design process of making relatively 

small iterative changes to these protein scaffolds has been very similar to the design philosophy used 
historically in maquette focused research4. The iterative approach perhaps limits diversity and 

functionality of designs, particularly in such rigid, well-structured scaffolds, with subsequent steps heavily 
limited by earlier design considerations. For example, the 4D2 proteins were originally constructed 

around robust bis-histidine ligation and making modifications to this coordination to open up the distal 
face of the heme to functionalize the protein and facilitate catalytic activity has proved challenging, 

despite our enhanced structural understanding potentially guiding and improving rational design. 
 

Computational protein design tools have reached a stage where de novo protein design with Ångstrom-

level accuracy is borderline routine3,252 – particularly for helical proteins – although challenges remain 
such as robust and consistent incorporation of ligand binding165. It is therefore enticing to circumvent the 

traditional maquette approach of careful iterations of rational design and characterization and instead 
start from scratch, utilising computational design tools to directly design new maquette sequences guided 

by the knowledge gained from maquette research thus far.  
 

This approach offers two clear benefits. Firstly, precise computational design of well-packed heme 
proteins could aid the design of maquettes which occupy native-like folds and are more amenable to 

structural characterization techniques. This would further improve our structural understanding of 

maquettes and our ability to rationally engineer novel functions in comparison to the molten globule-like 
conformations observed in most previous heme binding designs164. Secondly, the approach could enable 

the design of a diverse set of structures which may prove to be useful starting points for a range of 
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catalytic activities. It is pertinent to reiterate that the design of catalysis in de novo designed heme proteins 

currently relies on constructing an appropriate overall heme-protein environment with suitable 
coordination properties, rather than engineering towards a specific reaction or structure. Computational 

design of a range of maquette environments sampling a broad energy landscape would therefore be an 
ideal approach to expand the potential oxidoreductase properties of de novo heme containing maquettes. 

 
The successful incorporation of catalytic activity into a heme-binding maquette scaffold has been 

achieved in the de novo peroxidase C45 designed previously by the Anderson lab2. This enzyme relies 
on binding to a heme C group, where the cofactor is covalently attached to the protein via two thioether 

linkages to the vinyl (-CH=CH2) heme substituents98. This requires placement of a CXXCH motif on one 
helix of the maquette, with the two cysteine side chains involved in the covalent attachment and the 

histidine coordinating the iron on the proximal face of the heme. The covalent attachment fixes the 

cofactor in place and reduces the relative contribution of distally ligated side chains to heme binding in 
comparison to the heme B groups which rely solely on non-covalent interactions. This aided the 

construction of the five-coordinate heme cofactor in C45 in which the distal histidine was replaced by a 
non-ligating phenylalanine, priming the design for promiscuous catalytic activity157. Computational design 

of novel five-coordinate c-type maquette designs could therefore be a promising route to engineer de 
novo heme protein structures towards novel catalytic activities.  

 
Methods for recombinant production of de novo c-type proteins are already robust, harnessing the natural 

c-type cytochrome maturation machinery (Ccm)156 found E. coli. Efficient covalent incorporation of heme 
in over-expressed maquette proteins requires co-transformation of the design with an N-terminal 

periplasmic export sequence alongside a second plasmid over-expressing the full Ccm apparatus in 

addition to the endogenous system169,253, in order meet the demands of increased heme C processing. 
 

This chapter will explore the computational design and experimental characterization of novel tetra-helical 
c-type maquettes, with the aim of designing well-structured proteins and catalytic starting points, ideally 

simultaneously. Whilst maquettes are very simple proteins, computational design of c-type cytochromes 
from the ground up is relatively complex, with a number of design components which have to be 

considered concurrently. The overall helical fold of the protein must initially be designed, containing an 
appropriately shaped binding pocket for the heme whilst also optimizing placement and orientation of the 

CXXCH motif on one of the helices. Careful sequence design using tools such as Rosetta is then required 

to design the hydrophobic core of the protein in order to stabilize both intramolecular protein interactions 
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and heme binding affinity. Finally, appropriate hydrophilic loops and surface-exposed residues must be 

designed to produce a single-chain and ideally monomeric heme-bound protein.  
 

Molecular dynamics (MD) was also used here to aid characterization and development of novel c-type 
designs, supporting computational design by Rosetta. The integration of Rosetta design with rigorous 

molecular dynamics is useful in order to combine the strengths of both techniques, rather than relying on 
a single method, score function or forcefield90. In addition, whilst the standard method of design validation 

in Rosetta is to use computational structure prediction to ensure that the sequence matches to the 
intended designed structure, the methodology is poorly set up for working with heme proteins where 

folding is heavily influenced by the ligand structure, its coordination with the protein, and covalent 
attachment (in the case of c-types). Molecular dynamics therefore offers an alternative method to 

evaluate and validate potential designs prior to experimental characterization and a means to increase 

the breadth of the potential energy landscape sampled during design. 
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Figure 6-1: Computational c-type maquette design principles. X-ray crystal structures of existing helical 
bundles such as cytochrome c’ were used to describe the approximate geometry of starting models for the 
design of novel c-type maquettes, with the bond lengths and angles of the heme-CXXCH interaction conserved 
from natural examples. The polar solvent-exposed maquette regions were rationally designed, whereas 
computational design tools (principally Rosetta) were applied to design the core sequence and overall protein 
structure by flexible-backbone design, molding the initial idealized helices into a compact, low energy structure 
with optimised side chain packing. Molecular dynamics simulations were used to validate designs, iterating 
between repeated Rosetta design protocols and MD calculations to refine both sequence and structure. MD 
was used either to purely assess the quality of designed structures or to play a direct role in building the 
structure by inputting structural snapshots from MD trajectories into subsequent rounds of sequence design.     

 
 
 
 
 
 



6.2 Results 

 164  

6.2 Results 
 
6.2.1 Cytochrome c’ as a Blueprint for c-type Maquette Design 
 
The first stage of the design process for constructing novel computationally designed c-type cytochrome 

maquettes (cCTM) requires a template for the overall helical structure and heme position within the 

protein. We decided to use crystal structures from either natural or designed four-helical bundles to offer 
a “rough” guide for the design of initial poly-alanine starting models, which could then be built in detail by 

flexible-backbone design to fully define the sequence and structure. Whilst this is a moderate divergence 
from ‘strict’ de novo design, the necessity of optimizing the geometry between the heme cofactor and the 

CXXCH motif makes this a sensible compromise, retaining the key parameters observed in natural c-
type cytochromes.  

 
Cytochrome c’ (or cytochrome c prime) is a form of c-type cytochrome characterised by either high spin 

or mixed heme spin states254. The physiological role of cytochrome c’ proteins is poorly understood, 

although there is evidence of ligand binding to diatomic gases such as CO and NO255 in addition to 
electron transfer to reductases, and they are found in both photosynthetic and denitrifying bacteria256. 

Most cytochromes c’ are not catalytic, potentially due to the densely packed hydrophobic distal region 
blocking ligand binding, although there are examples of c’-like structures with moderate levels of 

cytochrome c peroxidase activity (such as in N. europaea257). However, the structure of many 
cytochromes c’ have an overall structural architecture which is well setup for the design of a catalytic 

maquette environment. Most  fold into a tetrahelical bundle with the heme-binding CXXCH motif at the 
C-terminus on the fourth helix whilst the iron is five-coordinate with a single histidine ligation, sharing 

much of the architecture of a designed c-type maquette such as C452.  
 

Cytochrome c’ was therefore considered a useful starting point for the computational design of c-type 

maquettes with native-like structure which could be amenable to investigation by crystallography or NMR. 
The intention was to use only the approximate topology of c’, discarding all sequence information and 

most structural detail except for the overall fold of the helical bundle and the placement and orientation 
of the heme binding CXXCH motif. This approximate design strategy enables increased divergence of 

final structures, offering the potential for catalytic activity not observed in c’ proteins rather than simply 
reconstructing the structure of the natural protein with new sequences. Whilst most cytochromes c’ exist 
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in nature as dimers, the complete redesign of the surface sequences should not bias towards any 

particular oligomeric state, with monomeric maquette structures the intended target. 
 

Initially, a basic helical template was designed using cytochrome c’ from Rhodospirillum molischianum 
(PDB ID = 2CCY)258, a dimeric tetra helical c-type cytochrome (Figure 6-1). A simple model was created 

in PyMOL259 by constructing four idealized polyalanine helices of equivalent lengths to the natural protein, 
overlaid over one monomer of the c’ dimer. The twelve-residue C-terminal region from cytochrome c’ 

containing the CXXCH motif (including the attached heme cofactor) was fused onto the fourth helix, 
preserving the precise geometry of the covalent cysteine and non-covalent histidine interactions. This 

model was then connected by short, flexible loop regions containing polar residues and helix-breaking 
glycine residues using the Modeller260 tool within UCSF Chimera212, producing a 125-residue heme-

bound four helix bundle starting structure for subsequent design. 

 
This model was examined to identify buried and solvent exposed sidechains. Exposed surface residues 

were manually designed in PyMOL, using a diverse selection of polar and charged residues 
(STQNKRDE), ensuring a slightly acidic theoretical pI (calculated by ExPASY ProtParam) between 4.5-

6.5, suitable for purification with standard buffers at a slightly alkaline pH range of 7.5-9.0. Cysteine and 
histidine residues were disallowed throughout the design process (with the exception of the CXXCH 

motif) to avoid disruptive heme ligation, whilst glycine and proline residues were avoided in the helical 
regions. 

 
Buried residues were selected for automated computational design using Rosetta, restricting mutation to 

a subset of hydrophobic residues (FAMILYVW) in order to build a well packed protein core, including the 

hydrophobic protein-porphyrin interface, described in a ‘resfile’. A simple RosettaScripts186 design 
protocol (Figure 6-2) was developed for flexible backbone design of the structure and optimization of 

these residues. The FastDesign protocol was utilised as a relatively aggressive algorithm to encourage 
large deviations from the starting structure towards low energy structures. This method modifies the score 

function across repeated iterations of design. In early iterations, the weighting of repulsive forces and 
clashes is reduced, prioritizing design of attractive interactions. The repulsive forces are ramped up to 

normal across later iterations, removing small imperfections in the structure whilst preserving the strong 
positive interactions designed at the beginning of the calculation. This method has been shown to be 

effective for the redesign of helical bundles with diversified sequences77. 
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Figure 6-2: A Rosetta script was developed to design the overall structure of the artificial c-type maquettes  
as well as the sequence of the hydrophobic protein core. Residues were classed into three sets – ‘core’ 
residues were allowed for mutation, whereas ‘surface’ exposed and ‘cxxch’ motif residues were excluded from 
sequence design. A series of design movers were applied to build and refine the structure, including one 
PackStat261 filter towards the end of the calculation to judge overall packing quality of designs, discarding poor 
quality structures. A constraint set (below) was added to manually define the bonding between the histidine 
and cysteine residues and the heme cofactor. 

 
6.2.2 First-Generation Computational Design: cCTM1 
 
The first c-type maquette (cCTM1) was designed by three iterations of flexible-backbone design in 
Rosetta and molecular dynamics simulations. Initially, a set of 100 designs were built with Rosetta using 



6.2 Results 

 167  

the starting model as an input. A subset of the best scoring designs was analysed by 100 ns MD 

simulations, assessing both the overall flexibility of the protein by backbone RMSD, and individual residue 
stability by RMSF (Figure 6-3). All designs deviated significantly from the designed model over the course 

of the MD trajectories with an overall backbone RMSD approaching 3 Å or more relative to the Rosetta 
designed structure and some designs demonstrated clear evidence of multiple conformations despite the 

relatively short timeframe. However, the majority of flexibility was in the loop regions and the helical 
regions remained relatively stable within 1 Å of the design, comparable to the helices in a similar 

simulation of cytochrome c’. 
 

 
 

Figure 6-3: Backbone RMSD values (CA, C, N, O) and residues fluctuation (RMSF) values were calculated 
from 100 ns MD simulations of the best scoring structures (Rosetta energy units – REU) from the first Rosetta 
design protocol. The 0001 (*) structure was selected for further design due to the overall stability of the 
structure, particularly in the helices and central loop region, which compares favorably with the original design 
inspiration cytochrome c’. Comparisons of the starting model (orange) and a designed structure (0001, grey) 
demonstrate the impact of flexible backbone design, molding the helical bundle around the heme cofactor 
whilst optimizing the core sequence to the structure. 
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A second Rosetta design iteration of 100 structures was applied to the result of the first round, resulting 
in slightly lower energy scores and significant improvement in the homogeneity and rigidity of structures 

across the MD simulations, with a single dominant population observed in all tested structures and the 
overall RMSD reduced to approximately 2.5 Å vs the design (Figure 6-4). One structure (0063) 

demonstrated the most consistent stability across both the helical and looped regions. Instead of the 
Rosetta design model, the final MD snapshot of this structure was used as the input for a final round of 

design.  
 

The final iteration of Rosetta design produced highly stable structures with average residue fluctuations 
below 0.4 Å in the helices and loop deviations within 1-1.5 Å of the designed structure, suggesting 

sufficient structural robustness for experimental analysis. This is partly due to self-consistency of the MD 

forcefields: clearly utilising a snapshot from a previous simulation which has already been equilibrated to 
the forcefield will deviate less than structures which are derived using alternative methods. However, the 

snapshot was re-modelled and redesigned using Rosetta prior to the final iteration of MD analysis, 
improving both the Rosetta score and the MD performance of the structure. The cross-validation between 

the two techniques significantly improved confidence in the design process, producing the first c-type 
sequence tested experimentally, cCTM1. 

 
A CKQCH motif was used for heme binding, with Lys and Glu residues occupying X1 and X2 positions of 

the CXXCH motif. In hindsight, this was a slightly peculiar design decision. The lysine residue is 
reasonable, identical to the equivalent motif in cytochrome c’ (although an isoleucine is found in the 

designed C45 peroxidase). However, the glutamine diverges from both c’ and previously designed c-type 

maquettes, most of which include an alanine at the X2 site. The glutamine chosen is solvent exposed and 
fits very well in the designed structure, improving hydrogen bonding with local residues, but its inclusion 

has not been tested in previous maquette designs and therefore could have an unexpected impact. 
Nonetheless, all designs discussed in this chapter contain the CKQCH motif. 
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Figure 6-4: The second round of flexible-backbone design by Rosetta resulted in significantly improved 
structural stability, with consistent atomic deviations throughout MD simulations, minimal fluctuation of the 
helices and lower Rosetta energy scores (REU). Molecular dynamics simulations were useful to highlight 
subtle differences between different structures produced by an identical design protocol, for example 
demonstrating a significant shift in helix 2 of the 0059 structure. A snapshot from the final frame of the trajectory 
of design 0063 (*) was utilised for the final iteration of the Rosetta design protocol, producing a rigid, low 
energy cCTM1 structural model and sequence. 

 
6.2.3 Experimental Characterization of cCTM1 
 
The cCTM1 design was expressed in E. coli following the standard method of artificial c-type cytochrome 

production. The designed sequence in the periplasmic expression vector114 pSHT was co-transformed 
with the c-type maturation machinery in a pEC86 vector253 into NEB T7 express cells, and expression 

induced in 1 litre cultures for four hours at 37oC. The protein was readily expressed and soluble, resulting 
in red cell pellets indicative of heme binding. The design was isolated by nickel affinity chromatography 

followed by removal of the 6x-His tag by TEV protease, and finally purified by size exclusion 
chromatography. 
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The size exclusion elution profile of cCTM1 (Figure 6-5) initially suggested an inhomogeneous or 

aggregated molecule, with a consistent series of four peaks. The UV-visible absorbance spectra of the 
peaks demonstrated that heme was present in all four peaks which would suggest that the heme bound 

protein forms multiple oligomeric states or aggregates. However, SDS-PAGE gels demonstrated the 
presence of high-molecular weight contaminants in the earlier peaks, which may co-elute with a 

proportion of heme assembled cCTM1. Despite this, the highly pure final peak eluting at a volume 
corresponding to a monomeric (or potentially dimeric) assembly remains stable, suggesting successful 

purification of a homogenous population of the heme assembled cytochrome. Earlier peaks tend to 
contain a significantly lower heme absorbance peak relative to the protein 280 nm, which could include 

partially heme loaded populations which are more prone to aggregation. 

 
Figure 6-5: SDS-PAGE demonstrated successful expression of the designed cCTM1 maquette which was 
purified by nickel affinity chromatography at a total molecular weight of approximately 15 kDa, followed by 
cleavage of the N-terminal tag by TEV protease to produce the 14.4 kDa maquette. Size exclusion 
chromatography was required to fully purify the design, with heme containing protein eluting alongside high-
molecular weight impurities in earlier peaks as demonstrated by the absorbance spectra of all four fractions. 
However, the final fraction at 88 ml which should correspond to monomeric cCTM1 was stable during further 
gel filtration analysis and the UV-visible absorbance spectra demonstrated an intense Soret peak at 408 nm 
relative to the 280 nm absorbance, suggesting robust covalent heme incorporation. Fractions 1-3 likely contain 
a mixture of impurities (indicated in SDS-PAGE), apo cCTM1 and heme bound holo cCTM1, resulting in the 
initial inhomogeneous preparation. 
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The absorbance spectra of cCTM1 corresponds well to previous c-type maquette designs, with a Soret 

peak at 408nm in the ferric form, which shifts to 418 nm upon reduction alongside the emergence of Q-
band peaks at 521 and 552 nm (Figure 6-6). This is consistent with a five-coordinate histidine ligated 

heme C, as designed. However, these results are not yet sufficient to dismiss the possibility of six-
coordinate conformations, with distal heme ligation by either unexpected side chains in the monomeric 

maquette or a histidine side chain from a second molecule in a dimeric complex. 
 

The redox potential of cCTM1 is also similar to previous de novo c-types, with a midpoint potential of -
157 mV at pH 8.6, slightly positively shifted in comparison to the C452 design for example, which has a 

reported midpoint of -174 mV at equivalent pH. 

 
Figure 6-6: Expression of cCTM1 results in a distinctively red pellet (A), suggesting successful in vivo 
incorporation of covalently attached heme C. The absorbance spectrum of the purified protein in the ferric (III) 
form is similar to rationally designed five-coordinate c-type maquettes such as C45 (B), although it is also 
comparable to six-coordinate designs such as C46 (top right – panel from Watkins et. al. 20172). Redox 
potentiometry of cCTM1 (C) is reversible with minimal hysteresis and a midpoint potential of -157 mV at pH 
8.6, determined by fitting a single electron Nernst equation to the absorbance of the reduced Soret peak at 
418 nm. 
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The secondary structure of cCTM1 is robustly helical and thermostable, demonstrating a linear unfolding 

profile between 5-95oC as measured by circular dichroism (Figure 6-7). This temperature dependance is 
consistent with previous molten globule-like structures which fail to form a distinct native-like structure 

(although the thermal unfolding of the crystallized 4D2 design was also similar). The inhomogeneous size 
exclusion elution profile initially observed led to concern that the protein could be prone to concentration 

dependent aggregation, therefore circular dichroism spectra were recorded from two samples with a 10-
fold concentration difference. However, no change in the residual ellipticity was observed offering further 

reassurance of stability and homogeneity of the design. The total signal of the CD spectra was 
significantly higher than the theoretical maximum relative to the calculated concentrations derived from 

the heme absorbance, which suggested that a significant proportion of heme-free apo protein was found 
the purified sample causing an underestimate of the protein concentration. Further experiments such as 

crystallization trials and NMR are necessary to gain more insight into the structure of this design.  

 
Figure 6-7: Circular dichroism demonstrates a high degree of helicity in cCTM1 with the distinctive double 
minima, however the concentration appears to be under-estimated with the total signal significantly below the 
theoretical maximum of around 40,000 deg.cm2.dmol-1. This suggested a proportion of heme-free apo protein 
in the purified sample, which could be more prone to misfolding and aggregation and result in the failure to re-
fold completely. In addition, there appears to be some degradation of the sample during the data collection, 
with the intensity of the heme peak reduced relative to the 280 nm absorbance.  
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Finally, preliminary peroxidase activity of the cCTM1 scaffold was assessed using a simple ABTS assay 

(Figure 6-8). The design showed significantly enhanced activity relative to free hemin, immediately 
demonstrating improved catalytic properties offered by the simple protein environment surrounding the 

cofactor. The level of activity is relatively insignificant relative to efficient peroxidase enzymes such as 
the de novo C45, but still a measurable starting point. The design degrades rapidly in the presence of 

peroxide, with no ABTS turnover observed unless peroxide is the final added reagent. 

 

 
 
Figure 6-8: cCTM1 shows enhanced turnover of the peroxidase substrate ABTS relative to free hemin, but 
significantly weaker than established peroxidase enzymes. Peroxide was added to a solution of CHES buffer 
at pH 8.6 with 0.1 µM protein (or hemin) and 300 µM ABTS, with the production of the ABTS•+ radical cation 
determined by measuring absorbance at 420 nm. Steady-state Michaelis-Menten curves of cCTM1 vs hemin 
and C45 are compared (left, middle), whilst the right panel demonstrates an example kinetic trace for each at 
4 µM H2O2.  

 
6.2.4 Increasing Structural Diversity of the Starting Model 
 
The initial c-type design cCTM1 demonstrated some promising properties, assembling and binding heme 

in vivo and folding into a helical, thermostable protein. Whist the catalytic activity of the protein was 

modest, it was significantly better than all of the essentially inert bis-histidine ligated b-type heme designs 
discussed in previous chapters. Experimental characterization of more sequences from the same design 

process may help to find scaffolds with greater structural stability or improved activity. However, the 
structure of the starting model used as the initial input to the sequence design Rosetta protocol is likely 

to have a large impact on the structure and sequences of all potential designs; both Rosetta algorithms 
and molecular dynamics trajectories (over the timescale used) are likely to converge on relatively local 

energy minima relative to this starting point. To expand the potential range of design structures, either 
altered or entirely new starting models are required.  
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One notable property of the initial cCTM1 design was a high proportion of alanine residues at 26 out of 

125 amino acids, particularly in the core, suggesting a very compact helical bundle with minimal space 
to pack larger side chains. Expanding this hydrophobic core into a slightly larger structure could improve 

sequence diversity and explore a new energy landscape. The core of the c’-based starting model was 
therefore modified by applying a flexible-backbone design protocol which allowed only aromatic side 

chains in the protein core (Phe, Tyr, Trp), forcing the helices to expand around the densely packed core. 
A second round of design was applied allowing only smaller side chains (|le, Leu, Val, Met, Ala), inducing 

the structure to relax to a moderately compact, lower energy structure. Subsequent rounds of design 
introduced the full set of hydrophobic residues in the protein core, continuing to utilise molecular dynamics 

to validate each design stage (Figure 6-9). A stable structure (cCTM2) from the final round of design was 

selected for experimental characterization, with subtle alterations in the structure relative to cCTM1 which 
facilitated the intended change in amino acid composition, with alanine side chains reduced to 17/125.  

 
Alternatively, existing crystal structures of de novo four helix bundles were explored as starting structures 

to convert to heme C binding maquettes. One structure was chosen: a hyper-stable, parametrically 
designed four-helix bundle48 (PDB ID: 4UOS) constructed by Huang, Baker et. al. (2014). This was 

selected due to the ease of integrating the heme-CXXCH geometry into the crystal structure, which fits 
very well to the C-terminus of the bundle, resulting in a heme orientation with surprisingly few clashes to 

the protein backbone. 
 

A sequence was designed to attempt to express this protein as a c-type maquette (named BB1), building 

the hydrophobic core of the protein using the same Rosetta-MD method as the two cCTMs. All core 
residues were available for redesign, resulting in a total of 13 mutations in addition to the inclusion of the 

CXXCH motif. The main change in the structure was a fraying of helix 1 at the N-terminus to create space 
for the heme group, whilst the remaining three helices retained their parameterized orientation closely. 
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Figure 6-9: cCTM2 was designed by expanding the hydrophobic core of the helical bundle, reducing the 
proportion of alanine side chains in the design relative to cCTM1, but retaining the overall helical topology. A 
stable structure (0004) assessed by MD analysis (representing three 50 ns replicates) from the final round of 
flexible backbone design in Rosetta was selected for experimental investigation. Conversely, a parameterized 
de novo four-helix bundle (PDB: 4UOS) was used as entirely new starting point to blueprint an extended c-
type maquette design, with helices between 40-42 residues in length, and a sequence and structure designed 
by a similar iterative flexible-backbone approach. Core residues highlighted in red were selected for re-design. 

 
However, both of these designs expressed poorly, and showed minimal heme incorporation in vivo. The 
UV-visible spectra of cCTM2 showed some heme binding (Figure 6-10), however the heme Soret peak 

was shifted to 415 nm in comparison to the 407 nm peak in cCTM1, and relatively low compared to the 

280 nm absorbance. This spectral shift could be due to dimerization resulting in six-coordinate heme, in 
which one of the monomers lacks heme binding but ligates the distal heme face on the adjacent protein 

molecule. BB1 also expressed poorly and potentially truncated. Heme incorporation was barely 
detectable with a very faint Soret peak at around 408 nm following the first round of purification by nickel 

affinity chromatography, which could just be a result of background contamination from endogenous 
proteins. The rigidity and unusually high folding energy of this helical bundle could potentially block the 

assembly of the c-type maturation process, preventing heme binding. 
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Figure 6-10: (A) Nickel affinity chromatography suggested low but detectable expression of the cCTM2 and 
BB1 designs, with increased UV absorbance following addition of high imidazole buffer but at a significantly 
lower level than cCTM1. (B) SDS-PAGE demonstrates clear expression and purification of the (un-cleaved) 
cCTM2 maquette, at an expected MW of 14.4 kDa. However, the un-cleaved BB1 protein should have a 
molecular of 26 kDa. Two potential bands corresponding to this mass are observed, however the higher band 
is also found in the cCTM2 purification and is likely to be a contaminant, whereas the lower band is slightly 
smaller than expected and could indicate production of a truncated protein, potentially due to proteolysis of 
the CXXCH containing C-terminus. The UV-visible absorbance spectra of Ni-affinity purified cCTM2 and BB1 
(C) suggest negligible heme incorporation, with Soret peaks at 415 nm and 407 nm respectively. 

 
6.2.5 A Rosetta Remodel and Match Approach for the Design of de novo c-type 
Maquettes 
 
The protocols used for designing for c-type maquette structures thus far require substantially more 
experimental testing to evaluate their effectiveness. Whilst one design demonstrates successful 

assembly and covalent heme incorporation, it is uncertain whether these methods can fulfill the aims of 
either precise structural determination or interesting catalytic properties. Although the methods may be 

useful, there are some clear flaws, particularly in the structure of starting models which are restrictive and 
likely to be distant from native-like structure.  

 
Here, a more rigorous potential design protocol was explored which begins by construction of a large 

library of de novo helical bundle models prior to integration with the heme cofactor and subsequent design 
of the sequence and structure by flexible backbone design. 

 

Rosetta Remodel262 is a method to construct de novo protein structures which are built around defined 
structural constraints and secondary structure features. It can be used to model short protein sections or 

loops or in this case construct entire de novo protein scaffolds, making it a useful tool to build a library of 
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thousands of potential helical scaffolds for the design of heme binding maquettes. The secondary 

structure and crystal structure of cytochrome c’ was again used as a template for the design, however 
utilising significantly less information than previously. A blueprint file (Figure 6-11) was created to build a 

set of poly-alanine helical bundles, indicating the position and lengths of the helices and connecting loops. 
A set of eight weak constraints were applied, using distances from cytochrome c’ which were sufficient 

to mold the structure into a bundle with a  cavity for binding heme. A set of 500 structures was built, and 
whilst a proportion were unusable for further design a reasonable set of potential four-helix bundles were 

generated. Scripts and associated files are provided in appendix 5. 
 

Following construction of a library of structures, Rosetta Match69,263 was used to fit the covalently attached 
heme C cofactor into the designed models. Match is a method which was initially developed for enzyme 

design, identifying scaffolds which have optimal contacts between a substrate transition state and 

functional groups on surrounding residues. However, it is also useful for the design of ligand binding 
sites, identifying pockets in a structure where a ligand can be placed in contact with key atoms in nearby 

side chains to optimise binding through covalent or non-covalent interactions. The Match algorithm was 
used to identify pockets with minimal atomic clashes for the covalent attachment of heme to two cysteine 

residues in addition to non-covalent ligation to a histidine side chain (Figure 6-12). Position files define 
the allowed residues for the ligand interaction, and a set of files defining all possible locations of the 

CXXCH motif (e.g. {1,4,5}, {2,5,6} […] {120,123,124}) were looped through for each structure in the 
library. For a library size of 500 structures with a length of 124 residues, Match evaluates a total of 60,000 

potential heme binding pockets. 
 

An initial test of 500 structures identified a total of 304 matches. Manual inspection was required at this 

point to identify reasonable potential structures with the heme cofactor buried in the core of the helical 
bundle. The majority of structures resulted in poor matches with solvent exposed heme on the surface of 

the bundle, which is challenging to automatically filter out. Nonetheless, this initial screen produced a 
total of 10 potential starting models which were used for sequence and structure design using the flexible-

backbone design protocols already discussed. 
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Figure 6-11: A total of eight inter-helical Cα-Cα distances from the crystal structure of cytochrome c’ (yellow 
dashes – A) were used to construct a library of helical structures with an appropriate geometry for heme C 
incorporation. Rosetta blueprint and EnzDes-style constraints (B) were used to define the topology of the 
structure, a mix of helical (H), random (R) and loop (L) sections, and lightly constrain the indicated residues 
to the given distances. This enabled construction of a varied range of structures, with manual inspection 
showing that some were feasible starting points to build compact maquette designs (C), whilst others were 
highly distorted and inappropriate, but the full library was retained for the next step prior to filtering later to 
improve automation of the design process. 
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Figure 6-12: Rosetta Match was used to affix the heme cofactor to a CXXCH motif in the designed scaffolds, 
testing all available residue positions in a bundle. The distances between the relevant cysteine and histidine 
atoms to the heme group were defined by a set of constraints, with a large range allowed (±0.8 Å) to increase 
the number of potential matches. These distances could be fixed later during flexible backbone design. Whilst 
a large number of matches resulted in poor structures with solvent exposed heme (green), a number of 
reasonable matches were found such as the example given, with a buried heme facilitating design of a 
hydrophobic binding pocket in the core of the protein. This example placed the CXXCH motif close to the C-
terminus on the fourth helix, similar to a number of natural and previously designed c-type sequences. 

 

The designs constructed thus far failed to equilibrate in molecular dynamics simulations, despite testing 
of multiple forcefields and programs (ff124SB+Amber, GROMOS+CHARMM). This suggested poor 

structures with high energy clashes or distortions. 
 

This design protocol remains in its infancy; it is untested experimentally and substantial optimization is 

required to produce a range of reasonable designs. This may require adjustment of the initial blueprint 
including the selection and distances between constrained residues in addition to optimization of the 
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ligand binding Match parameters. Automating the process by development of methods to discard poor 

structures and solvent exposed heme cofactors would also help, enabling testing on a scale of millions 
rather than hundreds of structures. However, with such improvements this design process represents a 

significantly more rigorous method for the design of novel heme binding maquette structures, facilitating 
fully de novo design throughout the protocol. 

 

6.3 Discussion 
 
The application of modern computational design tools is essential for the continued development of 

cofactor binding proteins and catalysts. However, it remains a challenging task with the subtleties of 
ligand chemistry adding layers of complexity which are not considered by standard protein prediction and 

design. The construction of de novo c-type cytochromes highlights many of these challenges, including 
the design of precise porphyrin coordination chemistry in addition to covalent linkages. These difficulties 

have been mitigated by the use of constraints to fix the geometry of key protein-ligand interactions, in 
addition to taking inspiration from natural proteins to preserve critical structural elements and 

complementing design methods with tools such as molecular dynamics (MD). 

 
Relatively simple flexible backbone design protocols were developed towards the design of novel heme 

C binding proteins, using tried and tested methods for the design of well-packed hydrophobic protein 
cores. This approach iterated sequence design, backbone optimization, and molecular dynamics in order 

to direct initial structural models towards a low energy target structure. One of the challenges in protein 
design is the prevalence of experimental failures which cannot be explained by the computational 

analysis. There are many examples where an identical design process was used to produce a series of 
computationally indistinguishable designs, and whilst some fold to the intended precise structure others 

fail to express or fold entirely. Whilst solubility is a key culprit for such variability, a combination of 
computational techniques could help to identify poor structures prior to experimental production. In a 

number of design rounds of the cCTM proteins MD identified unfolding and instability of some structures 

whilst others remained highly stable, despite near identical Rosetta energy scores. This could act as a 
useful computational assay to improve the success rate of designs. 

 
Successful protein design projects have frequently required a testing of a large number of designs, with 

groups such as the Baker lab frequently reporting attempted expression of tens52,264 or even fifty or more50 
sequences to find identify a small number with the intended structure. In reality, only a very small subset 
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of designs was experimentally tested here, and the design process still needs significant improvement 

for full confidence. Only one of these designs successfully assembled with a covalently attached heme 
group, forming a stable helical maquette. The UV-vis absorbance spectrum alongside redox 

potentiometry and the low but detectable level of peroxidase activity in the cCTM1 design all 
corresponded to the critical design component of a five-coordinate heme centre, but more evidence is 

required to confirm this. Ideally, structural determination by crystallography or NMR, however alternate 
experiments such as Electron Paramagnetic Resonance (EPR) could offer more indication of 

coordination state. 
 

Other designs failed to incorporate heme and expressed poorly. Insufficient quantities of protein were 
produced to analyse the apo protein state of these designs, however a possible cause of failure in addition 

to typical solubility or folding issues is incompatibility with the c-type maturation machinery. The BB1 

design derived from the hyper-stable de novo helical bundle48 is likely to collapse into an exceptionally 
rigid hydrophobic core, which may occlude the covalent heme attachment mechanisms despite the 

presence of the CXXCH motif. Understanding of the interplay between folding and c-type maturation 
remains incomplete, such as whether or not the motif is recognized in an unfolded protein state prior to 

covalent attachment and subsequent folding. 
 

The next obvious step to increase the range of experimental testing would be to express more sequences 
from the design iteration which produced the heme binding cCTM1 scaffold. Short 20 ns MD trajectories 

were calculated for 17 other structures designed alongside cCTM1, initially identifying two or more 
potential sequences with highly stable helical bundles for suggested further experimental analysis (Figure 

6-13). 

 
Whilst increased experimental testing is clearly essential, and evidence of heme incorporation in at least 

one example is promising, my opinion is that the methods developed here still lack the precision required 
to build structured heme maquettes with atomic accuracy. High throughput experimental testing may be 

an avenue to identify interesting catalytic properties, but structural information and sub-Angstrom design 
precision is unlikely without more robust design protocols. The construction of entirely de novo structures 

utilising the Rosetta structural fragment library and built using tools such as Rosetta remodel offers a 
significantly more rigorous strategy to design precise heme binding helical scaffolds. In combination with 

a refined and automated Match method to identify optimal covalent heme binding sites, this could 
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facilitate analysis of a diverse computational library of structures which sample the low energy states 

essential for successful and accurate folding predictions of designs. 

 

 
 
Figure 6-13: Short MD trajectories identify a number of sequences designed alongside the successfully 
assembled cCTM1 design which would be good candidates for further experimental testing. A subset of the 
backbone RMSD values are displayed as a histogram, which demonstrates that the cCTM1 design occupies 
the most homogenous conformation with a narrow peak, although some others such as 0017 deviate less 
from the designed structure. Conversely, some structures such as 0006 show significant evidence of helical 
fraying and unfolding. The suggested sequences of designs 0017 and 0068 are similar to cCTM1 but contain 
up to 15 mutations, a combination of hydrophobic design in the core and polar re-design of the loops. 
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Chapter 7. 
 

Discussion and Future Perspectives 
 
This thesis has begun to address the challenge of atomistic precision in the design of heme-binding 
maquettes, finally presenting the crystal structure of a two-heme bound design, 4D2. In hindsight this did 

not require widespread re-design or re-thinking of past efforts, and instead was possible by a simple 
rearrangement of the D2 peptide166 into a single-polypeptide chain. This success demonstrates the value 

of computational or parameterized design methods in the construction of unique, native-like structure in 
maquette designs, which may be more challenging using the iterative, functional design approach 

common throughout the maquette lineage. 4D2 provides an excellent basis for continued design of de 
novo heme-bound structures with a sub-Ångstrom level of accuracy. 

 
The switch from a peptide to a protein scaffold proved to be relatively straightforward in this case. This 

modification certainly did not impede the native-like structure of the design or may have been a key factor 

which finally enabled successful crystallization, providing some preorganization of the scaffold for heme 
binding and complementing the rigid structure of the helical binding unit with additional loop residues 

which were involved in crystal contacts and heme propionate interactions. Minimal effort was made 
towards loop design and no optimization was required, with the loop sequences borrowed from a similar 

de novo design. Whilst the longer loop was flexible in all designs and offered little structural support, the 
two shorter loops were shown to be rigid and contribute to the overall structure. These loops were 

resolved in the crystal structure of 4D2, were stable in molecular dynamics simulations of all three 4D2 
derived designs, and the loop backbone amides also exchanged slowly during HDX experiments in the 

single heme m4D2. 
 

The structural integrity of the D2 parameterized backbone architecture has in fact been proven by multiple 

groups during the timescale of this PhD project, producing a range of scaffolds for further design. The 
Degrado lab presented the NMR structures of the PS1 complex165 in both the apo and holo forms, sharing 

a similar backbone structure with 4D2 and m4D2 (although no sequence similarity). This success was 
attributed to both replacement of heme with a smaller, symmetrical and highly hydrophobic porphyrinato 

complex in addition to design of a stable protein core in the non-cofactor binding region, requiring a total 
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redesign of the sequence. The crystal structure of 4D2 with the core entirely dominated by heme 

demonstrates that these modifications were not essential for structure determination of D2-derived 
designs, however this strategy inspired the eventual design method in this project for a similar re-design 

to a single heme variant, m4D2.  
 

Similar to PS1, the single heme m4D2 has also proved amenable to analysis by NMR, and we still hope 
to determine the solution structure of this design. These NMR studies further demonstrated the 

advantage of using the symmetric heme derivative 2,4-Dimethyl-deuteroporphyrin in challenging heme-
binding structures, a molecule which has been utilized in similar designs by other research groups, 

however there is limited published data supporting the approach. The protein core in m4D2 has potential 
to be a versatile structure for the design of a range of binding pockets for small molecule ligands, and 

these binding interfaces could feasibly be ‘plugged’ into larger extended designs such as the e4D2 

structure to create adaptable and modular protein complexes. 

 
Figure 7-1: 4D2 and derivative designs share similarities with an increasing repertoire of D2-influenced 
structures from the Degrado and Dutton groups. However, there is no sequence similarity between 4D2 and 
PS1, and only minimal similarity with 5VJT around the shared heme binding site. 

 

The published structure of a single-heme, metal-binding maquette from the Dutton group168 (PDB: 5VJT) 
clearly also has its structural roots in the D2 design and shares similar characteristics to the design of 

e4D2 in this project, assembling into a long extended helical bundle (the sequence identity is 
approximately 25%). The e4D2 complex presented here, however, incorporates a remarkable density of 

e4D2

5VJT

4D2

PS1



Discussion and Future Perspectives 

 185  

heme cofactors into the bundle, creating a long distance and exceptionally rapid electron transfer chain 

which would normally require covalent attachment of heme C in similar natural examples.  
 

Although some extra care is required in the purification of e4D2 to remove misfolded protein following 
heme addition, the assembled protein is exceptionally stable, and work by others in the group is beginning 

to demonstrate its adaptability towards the design of ligand binding, modulation of redox potential or the 
construction of transmembrane complexes. The extended helical bundle offers a degree of 

thermostability which may prove essential for incorporation of non-histidine heme ligands such as 
cysteine, guiding these designs towards novel functionality such as catalysis, which remains a primary 

goal motivating this work. However, designs such as e4D2 could perhaps also be utilised as a component 
in larger synthetic or bioenergetic systems, connecting reaction centres via engineered covalent or non-

covalent attachments and acting as a fast electron transfer unit between complexes. 

 
Unpacking and modulating the redox potentials of individual heme cofactors in the four-heme unit is an 

interesting challenge, which could be aided by selective knockouts of the individual heme sites and ligand 
alterations or mutations in the heme binding pockets. The series of 4D2, m4D2 and e4D2 designs (Figure 

7-2) offers a particularly direct comparison of the electrostatic effects of placing multiple hemes in close 
contact in identical binding pockets, with the addition of a second heme in 4D2 causing a substantial 

negative shift of redox potential, whereas the addition of two more cofactors in e4D2 results in only a 
slight broadening of potentials.  

 

 
Figure 7-2: A compilation of data from 4D2 design derivatives demonstrates the shifting redox potentials in 
the multi-heme binding variants relative to the identical spectral properties of the three proteins.   
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We were able to use cryo electron microscopy to analyze the structure of e4D2 in remarkable detail, 

pushing the boundaries of the technique in the study of a 24 kDa monomeric assembly. Although the 
resolution is relatively poor, the secondary structure and the arrangement of heme cofactors are both 

highlighted by the technique. The distinctive electron density offered by the heme cofactors was essential 
to this investigation and could be improved further by incorporation of alternative heavy metal heme 

derivatives such as tin porphyrin. The fusion of e4D2 with large and symmetrical multi-subunit complexes 
such as ferritin may offer the most effective route to high resolution structure in e4D2. 

 
The balance between dynamics, function and structure is a central theme in this thesis. The value of 

designing dynamic structures is becoming increasingly apparent in the design of functions such as 
catalysis, particularly at the size and scale of maquette designs. The ordered protein architectures 

presented here are amenable to structural techniques and very useful tools for rational design of ligand 

binding or catalysis, however the adjustments to heme coordination required to open the distal face of 
the porphyrin and encourage any observable enzymatic activity have not been possible.  

 
Continuing and optimizing of the design of novel c-type maquettes as introduced in Chapter 6 is an 

avenue to directly test this hypothesis on the balance of catalysis and dynamics. For example, if the 
intended atomistic accuracy is achieved in c-type designs, these methods could produce precise, 

structured designs which may show negligible catalytic activity akin to the cytochrome c’ structures that 
acted as a blueprint for the designs. Conversely, designs with less accuracy which might be considered 

‘failures’ in a strict structural definition may still form the maquette helical bundle fold and incorporate 
heme, and perhaps offer more notable catalytic activity. Attempts have been made to modify and evolve 

the artificial peroxidase (C45)2 which inspired these designs, but this is the first attempt to rebuild the c-

type maquette architecture from scratch, which may be an effective strategy to increase the diversity of 
catalytic function in these de novo proteins. 
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Appendices 
 
Appendix 1 - Molecular Dynamics Input Files 
 
Minimization of solvent+Hs with restraints for protein heavy atoms 
&cntrl 
 imin=1, maxcyc=200, ntmin=1,  
 ntpr=10, 
 cut=10.0, 
 ntr=1, restraint_wt=100.0, 
 restraintmask='!:WAT,SOD,CLA & !@H=' 
/  
 
MD heating of solvent with restraints for solute  
&cntrl 
 imin=0, irest=0, ntx=1, 
 nstlim=25000, dt=0.002, 
 ntpr=500, ntwx=5000, ioutfm=1, 
 ntb=2, cut=10.0,  
 ntc=2, ntf=2, 
 ntt=1, tautp=1.0, tempi=50.0, temp0=300.0, 
 ntp=1, taup=1.0, pres0=1.0,   
 ntr=1, restraint_wt=25.0, restraintmask='!:WAT,SOD,CLA' 
&end 
&ewald 
 skinnb=3.0 
&end 
 
Minimization of system  
&cntrl 
 imin=1, maxcyc=300, ntmin=1, 
 ntpr=50, 
 cut=10.0, 
&end 
 
MD quick heating of system  
&cntrl 
 imin=0, irest=0, ntx=1, ig=-1, 
 nstlim=10000, dt=0.002, 
 ntpr=100, ntwx=5000, ioutfm=1, iwrap=0, 
 ntb=1, cut=10.0, 
 ntc=2, ntf=2, 
 ntt=1, tautp=1.0, tempi=25.0, temp0=300.0, 
/ 
 
200ps NPT MD equilibration of system 
&cntrl 
 imin=0, irest=1, ntx=5, 
 nstlim=100000, dt=0.002, 
 ntpr=1000, ntwx=50000, ioutfm=1, iwrap=0, 
 ntc=2, ntf=2, 
 ntb=2, cut=10.0, 
 ntp=1, pres0=1.0, taup=1.0, 
 ntt=1, tempi=300.0, tautp=1.0,  
/ 
 
10ns NPT MD production simulation 
&cntrl 
 imin=0, irest=1, ntx=5, 
 nstlim=5000000, dt=0.002, 
 ntpr=10000, ntwx=50000, ioutfm=1, iwrap=1, 
 ntc=2, ntf=2, 
 ntb=2, cut=10.0, 
 ntp=1, pres0=1.0, taup=1.0, 
 ntt=1, tempi=300.0, tautp=0.1, 
/ 
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Appendix 2 - m4D2 Design Rosetta Scripts 
 
FastDesign.xml 160 
 
<ROSETTASCRIPTS> 
    <SCOREFXNS> 
     <ScoreFunction name="t14cst" weights="talaris2014_cst" /> 
    </SCOREFXNS> 
    <RESIDUE_SELECTORS> 
    </RESIDUE_SELECTORS> 
    <TASKOPERATIONS> 
            <ReadResfile name="designresidues" filename="resfile.txt"/> 
        <ExtraRotamersGeneric name="extrachi" ex1="1" ex2="1" ex1_sample_level="1" ex2_sample_level="1" /> 
    </TASKOPERATIONS> 
    <FILTERS> 
        <PackStat name="pstat" threshold="0.58" repeats="3"/> 
    </FILTERS> 
    <MOVERS> 
    <ConstraintSetMover name="cst" add_constraints=1 cst_file="constraints.cst"/> 
    <FastDesign name="design" repeats=5 scorefxn="t14cst"  
                clear_designable_residues="false" ramp_down_constraints="false"  
                task_operations="designresidues,extrachi" /> 
    </MOVERS> 
    <APPLY_TO_POSE> 
    </APPLY_TO_POSE> 
    <PROTOCOLS> 
    <Add mover_name="cst"/> 
    <Add mover_name="design"/> 
    <Add filter_name="pstat"/> 
    </PROTOCOLS> 
    <OUTPUT scorefxn="talaris2014"/> 
</ROSETTASCRIPTS> 

 
Relax-Repack.xml 
 
<ROSETTASCRIPTS> 
    <SCOREFXNS> 
        <ScoreFunction name="tlr" weights="talaris2014_cst" /> 
    </SCOREFXNS> 
    <RESIDUE_SELECTORS> 
    </RESIDUE_SELECTORS> 
    <TASKOPERATIONS> 
    <ReadResfile name="resfile" filename="resfile.txt" /> 
    <ExtraRotamersGeneric name="extrachi" ex1="1" ex2="1" ex1_sample_level="1" ex2_sample_level="1" />  
   </TASKOPERATIONS> 
    <FILTERS> 
    <PackStat name="stat1" threshold="0.58" chain="0" repeats="1" /> 
    </FILTERS> 
    <MOVERS> 
    <PackRotamersMover name="pack1" scorefxn="tlr" task_operations="resfile,extrachi"/> 
    <FastRelax name="relax1" /> 
    <ConstraintSetMover name="constraint1" add_constraints="true" cst_file="constraints.cst"/>  
   </MOVERS> 
    <APPLY_TO_POSE> 
    </APPLY_TO_POSE> 
    <PROTOCOLS> 
    <Add mover="constraint1" /> 
    <Add mover="pack1" /> 
    <Add mover="relax1" /> 
    <Add mover="pack1" /> 
    <Add mover="relax1" /> 
    <Add mover="pack1" /> 
    <Add mover="relax1" /> 
    <Add filter="stat1" /> 
    <Add mover="pack1" /> 
    <Add mover="relax1" />   
    </PROTOCOLS> 
    <OUTPUT scorefxn="talaris2014"/> 
</ROSETTASCRIPTS> 
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Backrub.xml – from the design of PS1165 by Pollizi et. al. 
 
<SCOREFXNS> 
    <ScoreFunction name="scorewts" weights="score13"> 
        <Reweight scoretype="atom_pair_constraint" weight="1"/> 
        <Reweight scoretype="angle_constraint" weight="1"/> 
        <Reweight scoretype="hack_aro" weight="1"/> 
        <Reweight scoretype="fa_pair" weight="0"/> 
        Reweight scoretype = hack_elec weight = 0.55 
        <Reweight scoretype="rg" weight="2"/> 
    </ScoreFunction> 
    <ScoreFunction name="scorewts_backrub" weights="score13"> 
        <Reweight scoretype="atom_pair_constraint" weight="1"/> 
        <Reweight scoretype="angle_constraint" weight="1"/> 
        <Reweight scoretype="rg" weight="2"/> 
        <Reweight scoretype="hack_aro" weight="1"/> 
    </ScoreFunction> 
    <ScoreFunction name="softwts" weights="soft_rep_design"> 
        <Reweight scoretype="atom_pair_constraint" weight="1"/> 
        <Reweight scoretype="angle_constraint" weight="1"/> 
        <Reweight scoretype="rg" weight="2"/> 
        <Reweight scoretype="hack_aro" weight="1"/> 
    </ScoreFunction> 
</SCOREFXNS> 
<FILTERS> 
    <PackStat name = pstat threshold = 0.58 repeats = 3/> 
</FILTERS> 
<TASKOPERATIONS> 
    <ReadResfile name = rr filename = resfile.txt/> 
    <InitializeFromCommandline name = ifcl/> 
    <IncludeCurrent name = input_sc/> 
    <RestrictToRepacking name = no_mutations/> 
    <ExtraRotamersGeneric name = extra_rot1 ex1 = 1 ex2 = 1 ex1_sample_level = 3 
    ex2_sample_level = 3 extrachi_cutoff = 0/> 
    <OperateOnCertainResidues name = fixpolars> 
        <PreventRepackingRLT/> 
        <ResidueHasProperty property = POLAR/> 
    </OperateOnCertainResidues> 
    <OperateOnCertainResidues name = fixcharged> 
        <PreventRepackingRLT/> 
        <ResidueHasProperty property = CHARGED/> 
    </OperateOnCertainResidues> 
</TASKOPERATIONS> 
<MOVERS> 
    <ConstraintSetMover name = atomic cst_file = constraints.cst/> 
    <PackRotamersMover name = repack scorefxn = scorewts task_operations = ifcl,no_mutations/> 
    <PackRotamersMover name = pr1 scorefxn = softwts task_operations = rr,ifcl/> 
    <PackRotamersMover name = pr2 scorefxn = scorewts task_operations = rr,ifcl,extra_rot1/> 
    <MinMover name=minmovsc scorefxn = softwts tolerance = 0.005 chi=1 bb=0/> 
    <MinMover name=minmovbb scorefxn = scorewts tolerance = 0.005 chi=0 bb=1/> 
    <Backrub name = backrub pivot_residues=1-109 require_mm_bend =1/> 
    <Sidechain name = sidechain task_operations = ifcl,no_mutations,fixpolars,fixcharged/> 
    <ParsedProtocol name = backrub_protocol mode = single_random> 
        <Add mover_name = backrub apply_probability = 0.75/> 
        <Add mover_name = sidechain apply_probability = 0.25/> 
    </ParsedProtocol> 
    <GenericMonteCarlo name = backrub_mc mover_name = backrub_protocol scorefxn_name = 
    scorewts_backrub trials = 200 temperature = 1.2 preapply = 0/> 
    <ParsedProtocol name=flexdes> 
        <Add mover_name=pr1/> 
        <Add mover_name=minmovsc/> 
        <Add mover_name=pr2/> 
        <Add mover_name=minmovbb/> 
        <Add mover_name=pr2 filter_name=pstat/> 
    </ParsedProtocol> 
    <GenericMonteCarlo name=iterate mover_name=flexdes scorefxn_name=scorewts trials=3 
    preapply=0 temperature =0.4/> 
</MOVERS> 
<OUTPUT scorefxn=scorewts/> 
<APPLY_TO_POSE> 
</APPLY_TO_POSE> 
<PROTOCOLS> 
    <Add mover_name=atomic/> 
    <Add mover_name=repack/> 
    <Add mover_name=backrub_mc/> 
    <Add mover_name = iterate/> 
    <Add filter_name = pstat/> 
</PROTOCOLS> 



 

 209  

Appendix 3 – Resonance chemical shift assignment for m4D2-DMDPIX160 
 
 
   

H N C CA 
          

3 Pro - - 175.68 65.01 4.37:Ha 1.93:Hba 2.35:Hbb 2.03:Hga 2.09:Hgb 3.83:Hda 3.83:Hdb 31.64:Cb 27.82:Cg 50.92:Cd 
4 Glu 8.54 119.36 176.26 59.18 4.19:Ha 2.11:Hba 2.11:Hbb 2.35:Hga 2.35:Hgb 28.97:Cb 36.89:Cg 

   

5 Leu 8.12 121.95 176.17 57.9 4.13:Ha 1.49:Hba 1.83:Hbb 1.71:Hg 0.91:Hda* 42.50:Cb 26.93:Cg 23.76:Cda 25.15:Cdb 
 

6 Arg 8.26 118.16 175.61 60.44 30.53:Cb 28.89:Cg 43.81:Cd 
       

7 Glu 7.78 118.32 176.34 58.7 4.19:Ha 29.07:Cb 35.99:Cg 
       

8 Lys 8.01 121.24 176.28 59.31 4.15:Ha 32.54:Cb 
        

9 Leu 8.17 118.32 174.95 57.91 3.97:Ha 1.44:Hba 1.84:Hbb 1.14:Hg 0.59:Hda* 0.60:Hdb* 40.90:Cb 27.16:Cda 
  

10 Arg 8.06 118.18 175.64 60.4 3.64:Ha 30.00:Cb 27.35:Cg 43.26:Cd 
      

11 Ala 7.77 120.12 178.19 55.1 4.22:Ha 1.60:Hb* 18.22:Cb 
       

12 Leu 8.13 119.06 176.83 58.12 4.28:Ha 1.45:Hba 1.96:Hbb 1.97:Hg 0.82:Hda* 1.05:Hdb* 43.68:Cb 27.08:Cg 23.31:Cda 26.62:Cdb 
13 Ile 8.63 119.81 175.04 65.54 3.24:Ha 1.50:Hb 0.09:Hg1a 1.16:Hg1b 0.33:Hg2* -0.20:Hd1* 37.23:Cb 30.04:Cg1 17.35:Cg2 13.46:Cd1 
14 Glu 7.72 118.35 177.39 59.9 3.89:Ha 29.05:Cb 36.29:Cg 

       

15 Gln 7.99 117.86 178.17 59.31 4.82:Ha 2.70:Hba 3.01:Hbb 2.83:Hga 3.02:Hgb 30.61:Cb 35.12:Cg 
   

16 Val 9.65 125.27 175.06 68.61 6.31:Ha 2.65:Hb 0.77:Hga* 0.86:Hgb* 31.93:Cb 
     

17 Tyr 8.18 122.35 173.77 61.52 2.08:Hba 2.69:Hbb 38.11:Cb 
       

18 Ala 8.66 121.37 179.32 55.97 3.99:Ha 1.84:Hb* 18.73:Cb 
       

19 Thr 9.5 108.39 175.94 66.65 5.27:Ha 7.11:Hb 2.98:Hg2* 73.81:Cb 24.76:Cg2 
     

20 Gly 9.21 110.62 171.69 44.48 
          

21 Gln 7.09 118.41 176.32 57.66 27.37:Cb 33.07:Cg 
        

22 Glu 7.83 119.25 175.93 59.01 3.77:Ha 29.58:Cb 
        

23 Met 7.04 116.22 174.41 58.11 33.54:Cb 
         

24 Leu 6.42 116.78 174.9 55.67 41.05:Cb 
         

25 Lys 6.87 115.48 173.46 56.85 3.89:Ha 32.93:Cb 
        

26 Asn 7.37 116.94 172.57 52.85 4.71:Ha 2.58:Hba 2.73:Hbb 
       

27 Thr 8.13 112.97 - 63.07 69.02:Cb 21.96:Cg2 
        

28 Ser 7.87 115.79 - 58.05 63.97:Cb 
         

29 Asn 8.43 120.41 - 53.03 39.87:Cb 
         

30 Ser 8.49 117.84 - 57.4 63.36:Cb 
         

31 Pro - - 176.66 65.66 31.87:Cb 27.89:Cg 50.98:Cd 
       

32 Glu 8.7 117.59 177 60.31 4.68:Ha 29.35:Cb 37.00:Cg 
       

33 Leu 8.19 122.79 177.16 58.62 5.14:Ha 2.22:Hba 2.39:Hbb 2.46:Hg 1.41:Hda* 1.66:Hdb* 42.83:Cb 27.86:Cg 24.83:Cda 25.70:Cdb 
34 Arg 8.55 119.65 177.31 61.26 5.34:Ha 30.96:Cb 28.61:Cg 44.17:Cd 

      

35 Glu 8.65 119.06 176.68 59.19 4.85:Ha 29.26:Cb 35.79:Cg 
       

36 Lys 9.06 122.1 178.23 61.06 5.32:Ha 34.01:Cb 3.16:Hba 3.43:Hbb 2.66:Hga 2.54:Hda 3.62:Hea 26.27:Cg 30.36:Cd 42.70:Ce 
37 His 11.26 - 177.73 52.79 33.63:Cb 

         

38 Arg 10.65 120.45 176.3 61.32 30.55:Cb 26.23:Cg 42.93:Cd 
       

39 Ala 9.84 123.06 179.96 56.17 4.45:Ha 2.12:Hb* 18.78:Cb 
       

40 Leu 9.86 120.21 176.97 58.6 4.72:Ha 44.34:Cb 
        

41 Ala 9.72 122.24 177.94 55.42 17.07:Cb 
         

42 Glu 8.56 121.4 176.6 59.74 3.93:Ha 29.15:Cb 35.98:Cg 
       

43 Gln 7.96 119.86 177.42 59.1 4.26:Ha 29.65:Cb 34.66:Cg 
       

44 Val 8.9 123.08 173.44 66.72 3.32:Ha 1.93:Hb 0.40:Hga* 0.72:Hgb* 31.43:Cb 21.67:Cgb 25.43:Cgb 
   

45 Tyr 7.68 120.56 174.75 62.54 3.73:Ha 2.51:Hba 2.79:Hbb 37.98:Cb 
      

46 Ala 7.93 119.19 178.29 55.08 4.04:Ha 1.51:Hb* 18.45:Cb 
       

47 Thr 8.18 115.86 173.05 67.16 3.95:Ha 4.11:Hb 1.16:Hg2* 68.10:Cb 22.19:Cg2 
     

48 Trp 8.58 123.06 173.98 60.05 4.40:Ha 3.14:Hba 3.20:Hbb 29.39:Cb 
      

49 Gln 7.8 113.93 176.36 58.79 3.50:Ha 28.00:Cb 33.75:Cg 
       

50 Glu 7.58 119.75 176.01 59.39 3.93:Ha 29.30:Cb 35.82:Cg 
       

51 Leu 8.06 120.71 176.36 57.99 3.95:Ha 41.87:Cb 25.48:Cda 27.13:Cdb 
      

52 Leu 7.66 117.49 177.54 57.05 3.81:Ha 41.68:Cb 
        

53 Lys 7.75 119.25 175.27 58.7 32.70:Cb 
         

54 Asn 7.9 115.04 173.63 53.34 4.70:Ha 2.90:Hba 2.90:Hbb 39.07:Cb 
      

55 Gly 7.78 107.4 172.17 46 
          

56 Ser 8.28 115.27 171.66 60.11 63.80:Cb 
         

57 Val 7.58 116.44 171.95 61.56 4.20:Ha 1.89:Hb 0.76:Hga* 0.88:Hgb* 33.75:Cb 20.76:Cga 21.80:Cgb 
   

59 Pro - - 173.58 62.62 4.58:Ha 2.01:Hba 2.25:Hbb 1.90:Hga 1.93:Hgb 3.57:Hda 3.65:Hdb 32.02:Cb 27.04:Cg 50.40:Cd 
60 Ser 8.29 116.53 170.66 56.16 4.71:Ha 4.01:Hba 4.16:Hbb 63.03:Cb 

      

61 Pro - - 176.45 65.92 32.13:Cb 27.91:Cg 50.85:Cd 
       

62 Glu 8.69 116.83 176.59 59.93 4.12:Ha 1.96:Hba 2.05:Hbb 2.33:Hga 2.33:Hgb 29.00:Cb 36.66:Cg 
   

63 Leu 7.7 121.41 176.2 57.34 4.25:Ha 1.62:Hba 1.76:Hbb 1.61:Hg 0.89:Hda* 0.95:Hdb* 42.14:Cb 27.31:Cg 24.55:Cda 25.92:Cdb 
64 Arg 8.46 118.74 176.04 60.67 30.65:Cb 28.07:Cg 43.91:Cd 

       

65 Glu 8.06 117.67 176.06 58.55 4.35:Ha 2.12:Hba 2.12:Hbb 2.40:Hga 2.49:Hgb 29.05:Cb 35.93:Cg 
   

66 Lys 7.96 121.27 176.38 59.53 32.89:Cb 
         

67 Phe 8.64 118.39 173.53 61.98 4.04:Ha 2.97:Hba 3.05:Hbb 39.48:Cb 
      

68 Arg 8.26 118.15 175.61 59.98 
          

69 Ala 7.88 119.53 178.33 55.22 18.26:Cb 
         

70 Leu 7.76 119.33 176.28 57.98 42.92:Cb 23.99:Cda 26.09:Cdb 
       

71 Leu 8.45 119.88 176.93 57.7 40.90:Cb 24.46:Cda 26.06:Cdb 
       

72 Glu 8.29 117.23 177.54 59.75 3.98:Ha 29.08:Cb 36.27:Cg 
       

73 Gln 7.95 117.87 178.32 59.47 4.84:Ha 2.76:Hba 3.04:Hbb 2.84:Hga 3.05:Hgb 30.74:Cb 35.30:Cg 
   

74 Val 9.42 125.27 175.23 69.2 6.30:Ha 2.67:Hb 0.78:Hga* 31.99:Cb 22.32:Cga 25.69:Cgb 
    

75 Tyr 7.96 121.17 174.34 62.11 37.40:Cb 
         

76 Ala 8.74 121.87 179.33 55.99 4.06:Ha 1.83:Hb* 18.79:Cb 
       

77 Thr 9.52 108.55 175.96 66.64 5.28:Ha 7.12:Hb 3.00:Hg2* 73.84:Cb 
      

78 Gly 9.04 110.87 172.05 44.27 
          

79 Gln 7.01 118.33 176.26 57.57 27.78:Cb 33.10:Cg 
        

80 Glu 7.77 119.11 175.88 59 29.68:Cb 
         

81 Met 7.03 116.27 174.39 58.11 33.54:Cb 
         

82 Leu 6.41 116.8 174.9 55.67 41.05:Cb 
         

83 Lys 6.87 115.48 173.46 56.85 3.89:Ha 32.93:Cb 
        

84 Asn 7.37 116.94 172.57 52.85 4.71:Ha 2.58:Hba 2.72:Hbb 
       

85 Thr 8.13 112.97 - 63.07 69.02:Cb 21.96:Cg2 
        

86 Ser 7.87 115.79 - 58.05 63.97:Cb 
         

87 Asn 8.43 120.41 - 53.03 39.87:Cb 
         

88 Ser 8.49 117.84 - 57.4 63.36:Cb 
         

89 Pro - - 176.59 65.61 31.83:Cb 27.88:Cg 
        

90 Glu 8.68 117.52 176.96 60.32 4.44:Ha 29.35:Cb 36.97:Cg 
       

91 Leu 8.13 122.89 176.97 58.57 5.11:Ha 42.82:Cb 
        

92 Arg 8.47 119.63 177.1 61.17 5.18:Ha 30.93:Cb 28.35:Cg 43.90:Cd 
      

93 Glu 8.6 118.69 176.67 59.17 4.77:Ha 29.26:Cb 
        

94 Lys 8.97 121.99 178.15 61.01 5.29:Ha 
         

95 His 11.22 - - - 
          

96 Arg 10.66 120.47 175.99 61.33 
          

97 Ala 9.74 122.49 180.05 56.14 18.78:Cb 
         

98 Leu 9.8 120.07 176.91 58.54 4.71:Ha 44.29:Cb 
        

99 Ala 9.86 122.38 176.62 55.53 18.07:Cb 
         

100 Glu 8.34 117.15 176.95 59.49 29.18:Cb 36.08:Cg 
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  H N C CO           
101 Gln 7.73 118.66 176.94 58.94 4.22:Ha 29.55:Cb 34.70:Cg 

       

102 Val 8.7 122.53 174.43 66.8 3.55:Ha 1.91:Hb 0.38:Hga* 0.60:Hgb* 31.12:Cb 21.43:Cga 24.63:Cgb 
   

103 Ile 7.76 120.11 174.98 64.48 3.68:Ha 1.45:Hb 0.69:Hg1a 0.81:Hg1b 0.44:Hg2* -0.07:Hd1* 36.68:Cb 28.62:Cg1 17.12:Cg2 12.10:Cd1 
104 Ala 7.55 122.09 178.19 55.13 4.09:Ha 1.46:Hb* 18.21:Cb 

       

105 Thr 8.03 114.96 173.45 66.71 4.00:Ha 4.12:Hb 1.10:Hg2* 68.49:Cb 22.07:Cg2 
     

106 Trp 8.66 123.69 174.74 60.27 4.00:Ha 3.05:Hba 3.29:Hbb 28.91:Cb 
      

107 Gln 7.78 113.89 176.2 58.88 3.66:Ha 27.90:Cb 33.94:Cg 
       

108 Glu 7.31 117.6 176.27 58.78 4.00:Ha 29.53:Cb 35.80:Cg 
       

109 Leu 7.89 119.5 175.65 57.57 4.00:Ha 1.32:Hba 1.65:Hbb 1.57:Hg 0.42:Hda* 0.69:Hdb* 42.25:Cb 27.34:Cg 24.58:Cda 25.72:Cdb 
110 Leu 7.45 116.15 174.39 55.09 4.03:Ha 1.31:Hba 1.28:Hg 0.44:Hda* 0.58:Hdb* 41.90:Cb 26.41:Cg 22.83:Cda 25.00:Cdb 

 

111 Lys 7.12 119.38 172.99 57.34 4.11:Ha 33.08:Cb 24.74:Cg 29.54:Cd 42.26:Ce 
     

112 Asn 7.73 124.29 176.68 55.02 4.46:Ha 2.61:Hba 2.75:Hbb 40.76:Cb 
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Appendix 4 – Molecular dynamics parameters for zinc chlorin e6 
 
Zinc Chlorin e6 parameters are available in the following public GitHub repository: 
 
https://github.com/georgehutch/Zinc-Chlorin-Parameters 
 
A tleap input file is included to set up the system for molecular dynamics simulations in AMBER. 

Ligating histidine residues must be renamed to HIZ in the pdb. Also provided are .lib files containing 
partial charges as derived in Chapter 4 for both zinc chlorin e6 and the modified histidine residues. 

Finally, the provided .frcmod file contains adapted parameters from Gattuso et. al. for chlorin e6227. 
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Appendix 5 – Rosetta Remodel and Match design of de novo c-type maquettes (Section 6.2.5) 
 
Remodel method to generate four-helix bundle scaffold library 
 
Command: 
 
rosetta_scripts.static.macosclangrelease @ flags 
 
flags: 
 
-parser:protocol quickanddirty.xml 
-in:file:s starting124.pdb 
-nstruct 500 
-ex1 
-ex2 
-enzdes:cstfile cst.txt 
 
Script: 
 
<ROSETTASCRIPTS> 
    <SCOREFXNS> 
        <ScoreFunction name="default" weights="ref2015"/> 
    </SCOREFXNS> 
    <RESIDUE_SELECTORS> 
    </RESIDUE_SELECTORS> 
    <TASKOPERATIONS> 
    </TASKOPERATIONS> 
    <MOVE_MAP_FACTORIES> 
    </MOVE_MAP_FACTORIES> 
    <SIMPLE_METRICS> 
    </SIMPLE_METRICS> 
    <FILTERS> 
    </FILTERS> 
    <MOVERS> 
        <RemodelMover name="fourhelixbundle" blueprint="blueprint1.txt" quick_and_dirty="True" />   
    </MOVERS> 
    <PROTOCOLS> 
        <Add mover_name="fourhelixbundle"/> 
    </PROTOCOLS> 
    <OUTPUT scorefxn="default" /> 
</ROSETTASCRIPTS> 
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cst.txt: 
 
CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 1 is_backbone 
   TEMPLATE::   ATOM_MAP: 1 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 2 is_backbone 
   TEMPLATE::   ATOM_MAP: 2 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   CONSTRAINT:: distanceAB:    7.6   0.20 100.00  0 
 CST::END 
 CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 1 is_backbone 
   TEMPLATE::   ATOM_MAP: 1 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 2 is_backbone 
   TEMPLATE::   ATOM_MAP: 2 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   CONSTRAINT:: distanceAB:    10.3   0.20 100.00  0 
 CST::END 
 CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 1 is_backbone 
   TEMPLATE::   ATOM_MAP: 1 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 2 is_backbone 
   TEMPLATE::   ATOM_MAP: 2 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   CONSTRAINT:: distanceAB:    6.5   0.20 100.00  0 
 CST::END 
 CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 1 is_backbone 
   TEMPLATE::   ATOM_MAP: 1 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: CAbb 
   TEMPLATE::   ATOM_MAP: 2 is_backbone 
   TEMPLATE::   ATOM_MAP: 2 residue3: ALA CYS ASP GLU PHE GLY HIS ILE LYS LEU MET ASN PRO GLN ARG SER 
THR VAL TRP TYR 
 
   CONSTRAINT:: distanceAB:    14.9   0.20 100.00  0 
 CST::END 
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Match method to incorporate heme C into designs scaffolds 
 
Command: 
 
match.static.macosclangrelease @flags.txt 
 
flags.txt 
 
-extra_res_fa HEC_oxidised.params 
-match:lig_name HEC 
-match:scaffold_active_site_residues posfile.txt 
-match:geometric_constraint_file cst_match.txt 
 
posfile.txt (example) 
 
111 114 115 
 
cst_match.txt 
 
CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_name: CAB C3B C2B 
   TEMPLATE::   ATOM_MAP: 1 residue3: HEC 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: SH1 
   TEMPLATE::   ATOM_MAP: 2 residue3: CYS 
 
   CONSTRAINT:: distanceAB:    1.80   0.20 100.00  1        0 
 CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_name: CAC C3C C4C 
   TEMPLATE::   ATOM_MAP: 1 residue3: HEC 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: SH1 
   TEMPLATE::   ATOM_MAP: 2 residue3: CYS 
 
   CONSTRAINT:: distanceAB:    1.80   0.20 100.00  1        0 
 CST::END 
 CST::END 
 CST::BEGIN 
   TEMPLATE::   ATOM_MAP: 1 atom_type: Fe3p 
   TEMPLATE::   ATOM_MAP: 1 residue3: HEC 
 
   TEMPLATE::   ATOM_MAP: 2 atom_type: Nhis 
   TEMPLATE::   ATOM_MAP: 2 residue3: HIS 
 
   CONSTRAINT:: distanceAB:    2.10   0.20 100.00  1        0 
 CST::END 
 


