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Summary

This thesis details new research into the influence of nonplanar distortions upon the
function of porphyrin based cofactors in proteins via analysis of structural data deposited
in the Protein Data Bank (PDB) combined with quantum molecular modelling. Previous
reports of conserved macrocycle conformations across related proteins (e.g., twisted haems
in peroxidases) together with physicochemical studies on nonplanar porphyrins led to the
idea that protein induced nonplanarity could be a modulatory parameter exploited to affect
efficient biological function. Whilst the phenomena has been investigated substantially in
haemoproteins, photosynthetic systems have received less attention and so this work treats
reaction centres (RC) and the tetrahaem cytochrome subunit (RC-cyt) from purple bacteria,

and the light-harvesting Fenna-Matthews-Olson (FMO) protein from green bacteria.

Research began with the analysis of the conformations of RC bacteriochlorophylls (BChls)
as revealed by X-ray crystal structures deposited in the PDB. The RC contains four
identical BChl cofactors plus two bacteriopheophytins that display unique properties and
perform individual roles in the RC. The main caveat at the outset of the analysis was the
quality of the experimental data since today’s best resolution structures peak at only

1.87 A. As a consequence the abundant medium resolution data available were subjected to
multivariate statistical analyses to test the hypothesis that the macrocycle conformations
were unique. The ability to perform this task was enabled by the method known as normal-
coordinate structure decomposition, which affords an intuitive numerical description of
tetrapyrrole macrocycle conformation. The initial hypothesis proved correct, and thus the
analysis provided the first reliable report that the individual BChls in the RC possessed
distinct nonplanar conformations that in some cases broke the apparent C-axis of the RC.
With these conformations in hand, the relative perturbations of the BChls” key properties
(redox, absorption and excited-state properties) were predicted, with reference to the
current state-of-the-art regarding the known effects of nonplanarity and turned out to be
correlated with each BChI’s individual role as well as species-specific characteristics. This

represented new direct evidence for conformational control in photosynthesis.

The subsequent project applied the statistical approach developed for the RC BChls to the
four haems of the RC-cyt to determine whether their conformations contributed to their
individual redox potentials (E,,s). The RC-cyt is tethered to the RC proximal to the special-
pair and reduces the cation radical formed during photosynthetic charge-separation. The
RC-cyt contains four haems that are arranged linearly in a series of alternating high-/ low-

Ens. In this case there was no obvious correlation of the individual cofactor conformations

V



with their experimental E,s and so density functional calculations (B3LYP /3-21g to 6-
311+g**) were employed to calculate the effect. A previous report in which the E,;, of a
haem-NO and -O; binding domain (H-NOX) was lowered by mutations that altered the
steric environment of the haem alone, and therefore only its conformation, allowed the
discovery that when all else is equal, the haem-Fe’s partial atomic charge (Qg.) is highly
correlated with its E,,. Subsequently, Qpe of the RC-cyt haems were calculated and the
calibration curve used to quantify the conformational contribution to the inter-haem E,,
differences. When these results were combined with the previous state-of-the-art
calculation of their individual E,,s the experimental agreement improved significantly. The
effect was found to account for up to 70 % (54 mV) of a particular inter-haem potential
difference and these results suggested that accounting for conformational differences

amongst haems was a missing-link in haem-E,, variation.

Lastly, on-going research combining semi-empirical molecular modelling with a statistical
experimental design is beginning to unravel the influence of BChl conformations upon
site-energy inhomogeneity in the FMO protein. A full factorial series of partial molecular
optimisations of a BChl model, starting from the crystal structure geometry, using the well-
established PM6//ZIndo/S method suggests that the major structural contribution to the
intrinsic site-energy (i.e., in vacuo excitation energy) is the macrocycle skeletal
conformation and not the acetyl orientation, as is presently thought. The approach affords
total delineation of complex structural effects, including their interactions, and may
provide the definitive answer as to how BChl conformational parameters influence this
property. At present, it has been demonstrated that differences in the macrocycle
conformations alone accounts for approximately 80% of the variation in the calculated
excitation energies across all pigments from all structures. An outstanding difficulty is
selecting which PDB structure represents the most accurate representation of the pigment
conformations and hence provides the most accurate intrinsic site-energies; aggregation of
the experimental data by averaging may not be appropriate in this case but has not been

entirely ruled out.

To summarise, this thesis extends the concept of conformational control to photosynthetic
systems, namely the bacterial RC, RC-cyt and the FMO protein and these results serve as a
general model for this phenomena in other proteins. Additionally, many of the analytical
strategies (e.g., cluster and principal components analysis; full factorial designs) employed
are not common in the field of structural analysis or computational chemistry and thus their

use here highlights their potential as powerful techniques in these fields.
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1 Introduction

1.1 Overview: Why, What and How?

1.1.1 Protein-Cofactor Interactions Fine-tune Function

The biochemical processes of life are underpinned at many levels by macromolecular
machines called proteins. Proteins are so general and fundamental that through evolution
nature has imparted upon them the capabilities to perform functions that range from those
of simple structural devices such as the keratins to those that participate as highly
specialised components in complex cyclical pathways or biosynthetic production lines.
This triumph of nature is possible due to the potentially limitless scope atforded by the
modular and hierarchical structure of proteins that proceeds from the primary to quaternary

through sequence, conformation, fold (shape) and assembly.

Many proteins also incorporate biophysically active or catalytic small-molecules. These
cofactors are often situated in — or even constitute — the “active site(s)’ of the protein and
affect or assist in whatever function the protein is required to perform; indeed there was a
time, according to Bergmann and Niemann,' when it was thought that proteins, “act
merely as the passive carriers of physiologically active, or prosthetic, groups ”" The
chemical structure of the cofactor grossly determines what role it may play and thus, for
example, redox active transition metal (TM) containing compounds may be found in
electron transfer proteins and TMs with coordinative flexibility are present in ligand
transport- or sensing proteins. This additional level of structure extends the scope in which

nature may construct proteins even beyond that alluded to above.

In spite of this fact, although complex the set of known proteins is fathomable and
amenable to both structural and functional classification.’” This may be indicative that the
set of biologically useful proteins is a mere fraction of the structures that are possible.
Indeed, the notion of biological utility implies the presence of functional driving forces that
direct the evolution of proteins and also that the set of useful functions is finite. With this
in mind, functional variation in some cases may have been restricted to adaption or fine-

tuning since the time that the biochemical paradigms for life on earth had evolved. The

" Notably, an early discovery2 of a prosthetic group that was truly essential for enzymatic function was the
haem cofactor in catalase.



structural principles of proteins and cofactors that have been mentioned so far are also
relevant in this context in the limit of small perturbations characterised for example by
minor biosynthetic modification or a few sequence substitutions. Additionally, in
conjugated proteins covalent and non-covalent interactions between the protein and
cofactor may be considered as modulators of their chemical and physical properties
providing an additional mechanism beyond purely structural considerations for the fine-

tuning of function.

The way in which proteins have attained such a central role in the processes of life is a
result of the diversity and complexity that emerges from the opportunities afforded by the
many levels of structure available to affect their construction and impart function.
Amongst these possible ‘design principles’ the fine-tuning of cofactor properties via its
interactions with the apoprotein plays a key-role in ensuring efficient performance and
proper adaption to a particular environment. Whilst thorough investigation of this principle
is required to move towards a complete understanding of the structural aspects that
influence protein function, basic research in this area is also a pre-requisite to developing
strategies to achieve the same level of functional mastery displayed by nature through
proteins in systems created for technological applications that may benefit from the so-

called biomimetic approach.

1.1.2 Tetrapyrroles are Ubiquitous in Nature

Tetrapyrrole containing proteins are a particular class of proteins that contain cofactors
related to the porphin nucleus. Aside from the ubiquitous haems and chlorophylls, which
have been dubbed “The Colours of Life”,° this includes proteins that contain as prosthetic
groups the vitamin B; z-derivatives7’ G (cobalamins), cofactor F430°' or sirohaem, to name
only a few of their perhaps less commonly thought of cousins. Additionally, there are
many other proteins whose substrates are one or a group of these cofactors or else their
immediate precursors such as the haem degrading protein IsdI'” or ferrochelatase, as

examples of each, respectively.

The diversity of these proteins is impressive since they encompass whole swathes of
biochemistry including respiration, photosynthesis, ligand-sensing and -transport,
metabolism, metal-sequestration and much more. Of great significance is the fact that
many of these processes rely upon fundamentally different chemistries and thus properties
that range from ligand-binding constants, redox potentials, absorption maxima, excited-
state lifetimes, ion-selectivity and chemical stability are required, where relevant, to be

regulated. This begs the question as to how nature has succeeded in managing these
2



properties for its desired ends, especially when it was noted that the chemical identity of

the cofactor largely dictates what it is capable of doing as well as what can be done to it.

Across all tetrapyrrole containing proteins the relevance of the latter point of this question
is perhaps moot; nature has provided enough significant variation within the chemical
structures of tetrapyrrolic cofactors to endow them with properties suitable for their
intended task (Figure 1-1). However, within a particular class, the variation in structure is
often quite subtle and does not usually account for the entirety of their functional diversity.
In many cases too, chemically identical species are used to perform disparate functions. In
these situations, differences between protein-cofactor interactions may be invoked to
explain the functional variation that minor differences in chemical structure, or the
complete lack thereof, does not. Amongst the possible interactions, hydrogen bonding,
electrostatic effects, axial ligation and covalent binding are known to affect both the kinetic
and mechanistic properties of catalysis and the energetics of biophysical processes like
electron transfer.'® ' Higher-order architectural organisation is also critical in determining
the role of the protein through controlling its interactions™ with others and access to the
cofactor as well as maintaining defined spatial orientations”" ?* in multi-cofactor proteins
(hence the term, ‘protein scaffold’). Whilst these features of protein design are relevant to
all or at least most prosthetic groups, perhaps there is something else unique to
tetrapyrroles that would provide an additional rationale for their apparent ubiquity? Indeed,

the suggestion that there is will form the central argument of this thesis (vide infra).
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MeO,C
PhytylO,C [0)

Bacteriochlorophyll a (BChl a) Haem b

Cobalamins

Figure 1-1: Examples of tetrapyrrole cofactors illustrating structural diversity. Bacteriochlorophyll a is found
in the reaction centres and light-harvesting complexes of purple bacteria; haem b is most well-known for its
function in haemoproteins; particular cobalamins (vitamin B,,) are cofactors in methionine synthase and
methylmalonyl coenzyme A mutase and cofactor F,3 is essential for methanogenisis by methyl coenzyme M
reductase.

1.1.3 Tetrapyrroles Have Flexible Macrocycles

Tetrapyrrole cofactors have found such multifaceted use in nature as a result of the
properties conferred to them by the aromatic core in tandem with their ability to complex
with and stabilise biologically useful metals. Focussing on the former, the delocalisation of
electrons across the relatively large surface area of the macrocycle is present also in the
charged species generated consequent to electron transfer events allowing the
delocalisation of charge so that reorganisation energies are minimised.”> > The extended

2729 that when combined

conjugation also results in strong absorptions in the visible region
with the substitution patterns observed in the chlorophylls are quite befitting for the

harvesting of light energy from the sun.

A superficial consideration of the aromatic conjugation of the macrocycle would perhaps

demand the conclusion that it must remain planar. However, this is not necessarily the case
4



(Figure 1-2) and indeed appears to be the exception rather than the rule in protein
complexes.w‘3 * Concurrently, a basic consideration of the effect of macrocycle
nonplanarity on the p-orbital overlaps that contribute to the aromaticity suggests that they
may become disrupted and thus produce some alteration of the detailed electronic structure
and properties of the macrocycle, whilst the symmetry of the macrocycle is also perturbed
by distortion. Perhaps unsurprisingly then, many empirically observed correlations
between the extent of nonplanarity and numerous physicochemical properties,3 P
including all of those mentioned above, have been reported. This knowledge allows one to

posit that protein-induced macrocycle deformation of tetrapyrrole cofactors could serve as

a mechanism by which a protein may modulate its biophysical or biochemical function.

The concept is not as farfetched as it may sound. Indeed, in a sense there is a relationship
between the idea of conformational control and the notions of the “Induced Fit”*""** (the
antecedent of Fischer’s* “Lock-and-Key™ theory) and Pauling’s concept of the “Activated
Complex”.*** In the former, binding of substrate to enzyme effects a mutual

4,42 Whilst

conformational change that is necessary for catalytic function and specificity,
the latter deals with the stabilisation of particular transition states — manifest in tight
binding-constants for their analogues” — is implicated as the origin of enzymatic catalytic
acceleration.*” ** Similarly, the main goal of this thesis is to present new evidence in
support of the idea that the protein-induced deformation of the tetrapyrrole macrocycle of
haems and chlorophylls is a mechanism exploited by proteins to impart desired

physicochemical properties (Figure 1-3).

twisting -%

Figure 1-2: Schematic illustrations of some of the characteristic distortions of the porphyrin macrocycle.
Figure provided by M. O. Senge.

bending

" An example of conformational control acting in this way is observed in ferrochelatase and its related
enzymes (described in Chapter 1.5.3).



Electronic Effects Redox

Electrostatics ‘ BiO'OgicaI Ligand affinities
H-bonding Spin-state
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Figure 1-3: Schematic illustration of the proposed mechanism of ‘conformational control’. The protein exerts
a distortive influence upon the cofactor that induces a specific nonplanar conformation; this in turn modifies
the cofactors physicochemical properties and thus impacts its biological function. Direct electronic influences
are also utilised by the protein to influence function (e.g., axial ligands, H-bonding and electrostatic effects)
that are not a part of conformational control and these too are represented in the diagram.

1.1.4 Photosynthetic Complexity
Tetrapyrroles play many critical roles in photosynthetic systems. They are the primary

21, 22, 46, 47

donors and acceptors in initial photosynthetic charge-separation, the

48-51

chromophores of the of the light-harvesting complexes and the redox cofactors

21,205 . .
+22:32 5nce their energetic excess has

responsible for the re-reduction of the primary donor
driven subsequent stages of the photosynthetic machinery. The simplicity of this
description belies the beautifully intricate and complicated processes involved. However,
at this point it suffices to say that these individual events demand drastically different
behaviours from the cofactors and although both haems and chlorophylls are involved, the
complexes that perform these tasks can do so only by exploiting their architectural utility
as scaffolds and their ability to tune cofactor physicochemical properties through protein-

cofactor interactions.

Given the significance of photosynthesis to the biosphere of the planet on which we live as
well as the importance of understanding the detailed mechanisms of its operation for
potential energy applications,> there is good reason to study this process in detail.
Moreover, because it includes representatives of one of the key-roles that tetrapyrrole (TP)
containing proteins play, namely (dark) electron transfer, as well as the unique processes of

light-harvesting and photo-induced electron transfer, it presents an ideal system for this

6



study. An extra incentive for this focus is the relative abundance of structural data, which
will be shown to be critical in the following section, coupled with the underrepresentation

of the application of the concept of conformational control to this system.

1.1.5 Approaches: Models, Simulations and Measurement

There are several options that present themselves when considering how to go about
testing the hypothesis that macrocycle flexibility is in some way related to TP cofactors’
diversity of function. One way would be the design and synthesis of model compounds that
exhibit different macrocycle conformations and attempt to correlate these conformations
with measurements of relevant physicochemical properties. This approach was in fact
instrumental in the development of the concept® *” but it is not without its limitations
where, on the one hand, conformational effects are confounded with the varying chemical
structures and on the other, the compounds often deviate chemically from the cofactors
found in nature. Nevertheless, this method is exceedingly useful thanks to the many clever
designs that have been utilised to mitigate its drawbacks and although was not used in the
present study, publications from such approaches supported many of the interpretations of

conformational effects that will be suggested here (Chapter 1.5.2).

A second option is the use of quantum chemical techniques and this method can surmount
both of these problems as within the limits of the computing facilities available any
conceivable structural model may be implemented. However, this advantage has proved
also to be a weakness since the freedom runs the risk of introducing an intractable level of
arbitrariness that has no parallel in reality.” This is perhaps an unfairly severe criticism
since even studies that have been subsequently shown to be lacking in their structural
models were indeed judiciously designed and by virtue of their discordance with prevailing
thought ended up highlighting the need for deeper understanding (see Chapter 1.5.4).
Another feature that renders such studies imperfect is simply that for many electron wave
functions, all contemporary methods yield only approximate solutions to the Schrédinger
wave equation so that the calculated electronic structure is only accurate within the context
of the model and method employed.” Fortunately, modern methods are often sufficiently
accurate for many purposes and importantly numerous benchmarks and comprehensive

comparisons to experiment are available to assess relevance so that the issue is often

" Whilst one could argue that the same could be said for in vitro synthetic models of in vivo macrocycle
nonplanarity, a synthesised model compound always exists in the physical world (providing its structure has
been assigned correctly) and so always bears relevance to at least something that can occur in reality.
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pragmatic in nature when deciding how to balance computational complexity against

accuracy and available resources (Chapter 3.4).

During the course of the following research, increasing amounts of quantum molecular
modelling was exploited as a core method. All of the structural models employed were
derived from published experimental evaluations of the conformations of TP cofactors in
protein-complexes so that the first caveat mentioned above was entirely avoided. However,
this process itself introduces its own structural bias into the electronic structure
calculations and a unique aspect of the approach presented here was its explicit
consideration and mitigation. As for model and method selection, calculations at both ends
of the complexity spectrum were performed, from PM6//ZIndo/S to B3LYP/6-311+g**, in

different studies.

The last and the most important method to be discussed is the direct measurement of the
cofactor conformations in intact protein complexes. To this end X-ray crystallography is
often viewed as the definitive experimental technique for the observation of chemical
structure and conformation and this view lends weight to the relevance and importance of
this thesis. Although capable of resolutions on the order of a few tenths of an Angstrom
(~0.4 A) for small-molecules, proteins are typically more complex and so ‘atomic detail’ is
not always achieved (notably however, a small protein structure was recently solved to a
resolution of 0.48 A, PDB ID: 3NIR56). Indeed, the first effective macromolecular structure

3738 \was deemed an achievement worthy of the

21,22

determination of sperm whale myoglobin
award of a Nobel Prize as was the structure of the reaction centre, which represented

the first integral membrane protein to be analysed by X-ray crystallography.

Since atomic detail is not often attainable (particularly relevant for reaction centres as will
be highlighted later), reliance upon good chemical sense in the form of refinement
constraints and restraints is an obligation.” This leads to difficulties when one wishes to
aggregate measurements by averaging because differences in the implementation of these
artificial observations introduces significant bias into the final recorded structure. The
conundrum that then ensues is how to select the structures that will yield the best

representation of the actual cofactor conformations. Fortunately, as X-ray crystallography

" For example, Linnanto and l(orppi-Tommola55 found ~100 nm variation in the calculated lowest excited
state energy for the same BChl a pigment using the coordinates from different crystal structures.
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provides in the end a numerical description of the structure (i.e. atomic coordinates) the

results of many studies are particularly amenable to statistical analysis.”

The statistical approach provides an unbiased logical rigour for the study as any stated
hypothesis must be objectively supported by the data in order to remain upheld. In more
practical terms, multivariate analysis allows one to cope with large numbers of
observations of many variables and extract the salient features quickly and efficiently
whilst simultaneously drawing attention to individual cases that do not fit expectations so
that suitable measures may be taken to assess their importance. Another important facet of
the statistical approach is that it provides a way to establish the confidence that can be
assumed with respect to the uncertainty of an observation such as the variability of a

particular conformational parameter of a TP in a protein.

1.2 Scope and Organisation of Thesis

The remaining sections of this introduction outline some of the basic and key features of
tetrapyrrole chemistry such as their structure and the diversity of the compound class as
well as electronic and physical properties. This is followed by a general overview of some
exemplary roles of TPs in biology that is focused on haemoproteins and chlorophyll
complexes and the mechanisms for the in vivo modulation of physicochemical properties.
A critical evaluation of the historical development of the general concept of
conformational control through to some recent observations illustrating its role in proteins
is followed by a detailed introduction to the major photosynthetic systems that were
explicitly examined in this work. This is followed by a short chapter containing the
detailed aims, objectives and a summary of the methods and original contributions to

scientific knowledge that are presented in the thesis.

Chapter 3 details how the data that were used in this study were obtained and describes the
technical and practical details of the normal-coordinate structural decomposition (NSD)
procedure that was the starting point for the analysis. The statistical methods that were
employed throughout the study and the chemical interpretations of the results derived from

these techniques are discussed. The applicability of the computational methods applied in

i Note, however, that in this work the coordinates themselves were not directly assessed as they were first
transformed by the method of normal-coordinate structural decomposition. This process not only handles the
necessary translation and rotation of the coordinate system of the crystal structure to make individual
macrocycle conformations directly comparable, but also imparts upon the quantitative comparisons an
immediate qualitative interpretation.



chapters 6 and 7 are surveyed with particular emphasis on their proven utility in related

systems.

Chapter 4 presents a brief analysis of the numerical stability of NSD to verify its suitability
and robustness with respect to error propagation as the foundation for the research

presented in this thesis.

Chapter 5 provides an account of the first attempt to perform a statistically sound analysis
of the cofactor conformations in bacterial reaction centres (RCs) and the first serious
interpretation of the potential biophysical effects. This chapter contains the research

160

published by the author in Chemical Communications in 2011” with additional details and

follow-up research.

Chapter 6 was the first ‘routine’ application of the method developed for the RC and
attempted to answer the specific question of redox potential control in the tetrahaem
cytochrome anchored to the RC of B. viridis. Quantum chemical simulations were used to
quantify and delineate the precise contribution. This chapter is based upon the author’s
publication in Inorganic Chemistry in 2013°' together with an expansion of the discussion

of the relationship of specific macrocycle distortions with haem redox potentials.

Chapter 7 took the previous developments and extended the computational approach using
a statistically designed of experiment. This was intended to delineate the conformational
contribution to site-energy inhomogeneity in light-harvesting complexes using the FMO
protein as the primary model system. Whilst the study is not yet complete, the

experimental design and presently available results are described in detail.

Chapter 8 contains discussions of appropriate follow-up studies, the potential impact of the

research and re-iterates the major findings.
1.3 Characteristic Aspects of Porphyrin Chemistry

1.3.1 Structure

The discussion of the systematics of porphyrin structure is most easily accomplished by
first considering unsubstituted porphyrin. Porphyrin (1) is a heteroaromatic compound
composed of four pyrrole subunits fused together by methine bridges adjoining adjacent
pyrrole a-carbons (i.e. it is a cyclic tetrapyrrole). Although all carbons are essentially sz_
hybridised the macrocycle possesses three distinct types, namely the a- and 3-carbons of

the pyrrole subunits (C, and Cy, respectively) and the bridging meso-carbons (Cp,) (1;
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including the [UPAC recommended nomenclature®). Conventionally, the aromatic
pathway of porphyrin is considered to extend around the periphery and imine nitrogen
atoms, excluding the B-carbons of rings B and D as reflected by longer Cy,-C,, bonds,* and

therefore to contain only 18 of the 22 available n-electrons.

Metalloporphyrin 2 Chlorin 3 Bacteriochlorin 4

Porphyrin 1

Figure 1-4: Structures of most common porphyrin based macrocycles; 1 including [UPAC numbering.

The cavity at the centre of the core provides a tetradentate square-planar coordination
environment upon deprotonation that is capable of coordinating metals from the main
group and transition series as well as the lanthanides and actinides.®* The generalised
metalloporphyrin (2) belongs to the D, molecular point group and exhibits the highest-
symmetry possible for a porphyrin derivative. Metallated porphyrins may be either
unligated or possess one or more axial ligands (typically 1-2) depending on the identity of

the metal.

A crucial facet of porphyrin reactivity in biology is that they have multiple stable oxidation
states corresponding to sequential reductions of the exo bonds (Cy-Cy) of the pyrrole rings.
This allows derivation of, amongst other variants, the biologically important chlorins (3)
that are saturated solely at ring B and the bacteriochlorins (4) where ring D is additionally
reduced. These reductions do not disrupt the macrocycle’s aromaticity although the
conversion of B-carbons to sp’-hybridisation has obvious stereochemical consequences for
the affected rings. Additionally, these reductions decrease the molecular symmetry so that
both free-base and metallated forms of chlorins are of C,, symmetry and likewise

bacteriochlorins are D>, in either form.

Another form of the macrocycle observed in nature is represented by the chemically
different corrin class. These compounds exhibit a high degree of reduction and are easily
recognised by the absence of a single meso carbon so that two of the pyrrole rings are
directly connected via a C,-C, bond. Vitamin By, is characterised by the presence of the

corrin macrocycle (Figure 1-1).



1.3.2 Aromaticity

As aromatic compounds, porphyrins undergo many of the associated electro- and
nucleophilic substitution reactions including halogenation, nitration, alkyl lithiation and
acylation at the exposed - and meso-positions. Adding to their structural non-equivalence,
these positions have different reactivities that have long been known to be tuned by
appropriate selection of the central ion.® Of course, this reactivity is not strictly relevant to
naturally occurring derivatives where substituents or appropriate precursors are usually
incorporated before cyclisation and is mentioned only to highlight the ‘typical’ aromaticity

displayed by porphyrins and the subtle electronic tuning that is possible.

The conventional description of the delocalisation pathway (Figure 1-5) is based on that of
a bridged diaza[18]annulene system.®> However, there are competing hypotheses and an
interesting example considers the inner-cross representation coupled with the internal
aromaticity of the protonated pyrrole rings A and C (Figure 1-5).°>° This model was
derived by quantum chemical calculation of the nucleus independent chemical shift
(NCIS)" at various points within the structure of the macrocycle. It was found that the
geometric centres of rings A and C displayed NICS constants that were practically
identical to those of fully aromatic pyrrole whereas those of rings B and D were
comparable to pyrroles with conjugated substituents (i.e., of decreased aromaticity") and
contained short, localised C-C bonds.*® Furthermore, this description is not static since the
relative difference in aromaticity of the rings changes upon perturbation, for example, for
symmetry and electronic reasons, metallation reduces the difference between them

(Figure 1-5).% This latter suggestion finds support in another theoretical study that
concluded that the macrocycle ring-current is shifted towards the periphery with increasing

charge on the metal.®’

The above idea is concordant with recent studies although it is worth mentioning that the
precise details of porphyrin aromaticity have not yet reached full consensus.® However,

1.% that, “The “bridged annulene” view of porphyrins does

the conclusion from Wu ef a
not describe their aromaticity sufficiently... the appended 6w aromatic sextets confer
aromaticity much more effectively than macrocyclic 4n + 2 & electron conjugations.”
confirms the notion that the local aromaticities of the pyrrole rings are essential. However,

it is important to emphasise that it is the origin of the aromatic stabilisation of porphyrins

" The NICS is the magnetic shielding present at any point in the electron density of a molecule but is not
defined for space occupied for nuclei.
' As in lower aromatic stabilisation energies and greater bond-length alternation.
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that has been discussed; the spectroscopic properties of the macrocycle are largely the

result of the extended conjugation around the ring (vide infra).

[18]annulene Internal cross Global and local Global and local
- free base - metal complex

Figure 1-5: Models of macrocycle aromatic pathways. The conventional [18]annulene description (far left);
the ‘internal cross’ used to define the macrocycle conjugation pathway in a recent model® (left); the aromatic
system in free base (right) and of metalloporphyrins (far right) including the ‘local’ aromaticity of each ring.

1.3.3 Electronic Spectroscopy

The typical UV/Vis spectra of porphyrins®” %’

exhibit absorptions in two regions termed
the Soret or B-band (~380-420 nm) and the Q-bands (~500-600 nm) (Figure 1-6). The
B-band corresponds to a strongly allowed excitation of low angular momentum whilst the
QQ-bands are formally forbidden due to large AL, during the transition. Important vibronic
overtones are also present resulting from concurrent vibrational excitation so that the
lowest energy transition is more accurately denoted Q(0,0) and the next-lowest Q(1,0),
with an analogous convention for the B-bands when resolved. A key-difference between
the spectra of metalloporphyrins and their free-base counterparts is the number of Q-bands
(Figure 1-6). This results from the reduced symmetry of the free-base (D) so that the two
axes defined by opposite pyrrole nitrogen atoms (Nopp-Nopp) are no longer equivalent
resulting in further splitting of each vibronic transition. These aspects of the electronic
structure of porphyrins and their derivatives are well described by the semi-quantitative

27-29

MO-based “four-orbital model” of Gouterman,” ™~ which also qualitatively predicts the

observed consequences of other structural perturbations, as described below.

The four-orbital model considers the two HOMOs and LUMOs of porphyrin derived from
Hiickel theory and mixes the four possible excitations between them using a simplified
treatment of configuration interaction (CI) to account for electron interaction.””*’ Whist
the e, LUMOs are found to be quantitatively degenerate, comparison of the nodal patterns
of the Hiickel a», and a;, HOMOs to the n = +4 orbitals” from both the free electron and

cyclic polyene models suggested that they may similarly be considered “accidently”

" That is, the pair of degenerate HOMOs defined by both of these models’ sole quantum number (#). For
example, in the free electron model » is the angular momentum quantum number and the energy of an orbital
is given by h’s’/2mR’.



degenerate. The result of this modification” and subsequent application of a simplified
form of CI to the two pairs of now degenerate one-electron excitations between the four
frontier orbitals (i.e., construction of the excited states from linear combinations of the
single excitations) gives rise to two sets of X- and y-polarised degenerate excited states,
one of which is strongly allowed and at higher energy than the other forbidden set,
accounting for these aspects of the experimental spectra (Figure 1-6).”" ¥ As for the
multiplicities of the Q-bands (two in metal complexes and four in the free base; Figure 1-6)
each degenerate excitation has a transition dipole orientated with one or the other Ngpy-Nopp
axis and are so termed the Q- and Qy-excitations. Therefore in metal complexes, where
these axes are equivalent, the Qy and Qy pair is degenerate but in free base porphyrins, the

axes are not equivalent and the degeneracy is lifted.
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Figure 1-6: The characteristic spectral absorptions of porphyrins. The UV/Vis spectra of 2,3,7,8,12,13,17,18-
octaethlyporphyrin in benzene (red; M = 2H) and its magnesium(II) complex in dichloromethane (blue;

M = Mg); spectra obtained from PhotochemCAD.”" !

1.4 The Diversity of Tetrapyrroles in Nature

Porphyrins and their derivatives are an important class of compounds in nature where they
perform a multitude of biological functions acting as prosthetic groups in proteins. The
best-known examples are the haems and chlorophylls. The haems are essential to the
function of cytochromes, P450s, haemo- and myoglobins and the peroxidases'® "> " in

which they provide the active-site where the chemistry takes place. Likewise, chlorophylls

" Here referring to treatment of the HOMO and HOMO — 1 as formally degenerate. This is not actually the
case in Hiickel calculations so that before this modification to the energies of the Hiickel MOs was
considered the Q- and B-bands were assigned to the lower and higher energy transitions, respectively, which
resulted in the failure to account for the different oscillator strengths of the two transitions.
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affect the fundamental processes in the light-reactions of photosynthesis by acting as light-

harvesting chromophores and the primary agents ofcharge-separation.74

The employment of haem as O,-transporters, electron transfer agents and the providers of
high-valent Fe-oxo intermediates is dependent upon the coordination and redox chemistry
of the haem-Fe central substituent. However, the utility of the porphyrin ligand in haem is
clearly beyond that of the formation of a stable metal-chelate complex rendering
potentially deleterious free Fe less prevalent in vivo, or just to provide a ‘handle’ with
which the protein may bind Fe efficiently. In reality, haem is like all coordination

complexes where ligands are crucial modulators of the properties of the metal centres.

In contrast, the macrocycle is the unambiguous site of the photochemical and
photophysical processes that are required to affect photosynthesis so that in the
chlorophylls the presence of the centrally coordinated Mg is intended to influence the
properties of the ligand. This is clear not only because of, for example, the knowledge that
charge-separation results in 7-cations and -anions or the related fact of that the Mg2+ ion is
redox inert (i.e., does not change oxidation state during Chl redox reactions) but is
especially emphasised by the photosynthetic roles of the pheophytins, the free-base
derivatives of chlorophylls. Thus, photosynthesis is dependent upon the intense n* «n
transitions of the macrocycle to yield broad action spectra’ (tuned during biosynthetic
modification to suit the environment of the particular organism) whilst initial charge-

separation is possible due to their capacity for photochemically induced electron transfer.
1.4.1 Haems and Haemoproteins

Structure of Haem

There is considerable diversity in the structures of haem cofactors but the most commonly
observed in natural systems are haem b, the Fe-chelate of protoporphyrin IX from which
all naturally occurring haems are derived, and haem c, which differs from haem b by
covalent attachment to its protein via thioether linkages formed between the a-vinyl
carbons and (typically) cysteine residues in the common CXXCH binding motif

(Figure 1-7).”> Haem b is found in the oxygen binding haemo- and myoglobins, the

7577

catalases and peroxidases, b-type cytochromes and all P450 enzymes whilst haem c is

most prevalent in their namesake the c-type cytochromes.” "

" The spectral range which activates photochemical processes; in this case photosynthesis.
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Figure 1-7: Haem b (left) and schematic illustration of protein-bound haem c (right).

Bound haems are always at least pentacoordinate and commonly an additional residue
provides an octahedral environment for the haem-Fe. There are examples of haems with
relatively exotic axial ligands such as N-termini, proline or cysteinate residues’” but for
haem c at least, usually bis-HIS, HIS-MET and (less often) MET-MET axial ligation is
observed,'® whilst additional aquo ligands may lead to octahedral coordination in otherwise
pentacoordinate HIS ligated haems. A detailed analysis of the axial ligand preferences of
haems b and -c revealed key differences including the greater prevalence of exchangeable
small-ligands in haems b and stereochemical constraints imposed on HIS orientation in

haems c.®

Haemoprotein Functions

Haem containing proteins are well-known for their involvement in respiration, metabolism
and small-molecule sensing across the bacteria, plants and higher organisms. Yet despite
their early discovery, new functions continue to be uncovered including roles in gene

regulation, cholesterol homeostasis and antibiotic synthesis.”

Haemo- and myoglobin are perhaps the best-known haemoproteins and function as the
transport and storage vehicles (respectively) for the supply of O,. The quaternary structure
of haemoglobin consists of four subunits, each of which contains a single HIS-ligated
haem that is capable of reversibly binding O, at the haem-Fe. In an impressive

81-83 Wherein

achievement for structural biology, the mechanism of haem co-operativity,
initial binding of O, at one site increases the affinity of the rest, was uncovered to be the
result of a substantial decrease in the Fe-HIS bond length upon O, binding associated with
the altered oxidation level and spin-state of the haem-Fe. This results in the haem ‘pulling’
on the protein and induces a global conformational change that is communicated to the
other sub-units and is responsible for the increased O, affinities of the remaining

deoxyhaems.



In eukaryotic bacteria and mitochondrial membranes the respiratory electron transport
chain generates the proton gradient that drives metabolic oxidative phosphorylation and
produces adenosine triphosphate (ATP).* Four of the five protein complexes in the
sequence between the primary electron donors (NADH and FADH) and the terminal
acceptor (O,) utilise haems as redox centres. In Complex II, the role of the haem (when
present) is not fully understood and has been ascribed a structural function in maintaining
the fold of the protein.85 Mechanistic detail is available for cyt bcl,86 which accepts
electrons from a soluble ubiquinol into haem-By of the cyt b subunit directly whilst cyt c;
is reduced via the 2Fe/2S centre simultaneously as electron transfer occurs from haem-B
to haem-By;. Subsequently, haem-By; reduces a bound ubiquinone, which is released after a
second reduction, and cyt c¢; reduces soluble cyt ¢. Cyt ¢ oxidase (or complex V), the
terminal enzyme in the ETC, accepts four electrons from four molecules of reduced cyt ¢

and uses them to reduce molecular oxygen to water.

Although the precise mechanism of O, reduction is not closed to debate, the following
(very abridged) account adapted from the review by Michel et al. 8 is likely to contain the
major features. When fully reduced, cyt ¢ oxidase binds O, at the haem a3 / Cuy,
heterobinuclear site where a series of intraprotein electron transfer events and the uptake of
two protons results in loss of H>O and the production of an oxyferryl intermediate
(Fe(IV)=0%). Subsequently, another electron and proton are delivered to the haem a3 —
Cuy, site producing a hydroxyferryl species (Fe(III)OH) that produces a second H,O
molecule after receiving an additional proton. This leaves the a3-Cu, site in the fully

oxidised state that can be re-reduced by cyt ¢ via Cu, and then haem a.

Modulation of Properties

The modulation of haem reduction potentials is of utmost importance for establishing the
position of cytochromes in inter-protein electron transfer chains (ETCs) as well as the
direction of ET in multihaem cytochromes. In general, haemoprotein reduction potentials
exhibit an impressive range spanning 1 V from -550 mV to +450 mV versus SHE®® and are
a key-determinant of their function.* Considerable success has been achieved with respect
to delineating the effect of the axial ligand on key-properties such as reduction potentials.
For instance, the horse heart mitochondrial cyt ¢ M80H” and Desulfovibrio vulgaris cyt c3
H70M”"! variants, both of which interconvert HIS-MET and bis-HIS haem coordination,
reported a 200-220 mV lower potential for the bis-HIS ligated form. This is in reasonable
concordance with isolated haem model compounds® which show a 150 mV decrease to

result from bis-HIS coordination relative to HIS-MET, which is itself remarkably close to
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the value of 160 mV found to best describe the difference in a study of 96 haemoproteins

containing 141 haems.*

There is also a significant influence of the peripheral substituents on the porphyrin
ligand.72 For example, a 50 mV decrease in the midpoint potential of bis-imidazole ligated
haem b is observed simply by reduction of the 3,8-vinyl groups, which serves as a basic
model for haem c. Moreover, through the cis-effect the donation characteristics of the
porphyrin may alter the Fe’s affinity”> ** for axial ligands as well as redox potentials.72
Reconstitution experiments of native haemoproteins’ with exogenous model porphyrins
show clearly that these effects are relevant in vitro, too. For instance, a study that
investigated the oxygen affinities of a series of reconstituted haemoglobins with haem
derivatives bearing altered substituents at the 3,8 positions (vinyl in haem b) found that O,
affinity was inversely proportional to the substituents inductive effects.”® There are many

9
more examples. ;

In addition to the effects of the porphyrin and axial ligands noted above, many other
factors conspire to produce the large potential range, that is equivalent to a ~100 kJ mol™’
shift in the free-energy of reduction, and at this point they are quite well understood.*
These include the protonation state and solvent exposure of the haem proprionates,
electrostatic effects of charged-residues in the binding-site and the interhaem redox
coupling (i.e. the dependence of individual haem potentials on the redox state of nearby
haems in multi-haem complexes).* *’'%° Thus, whilst variations in chemical structure are
important when present, it is most commonly the particular construction of the binding site

that serves as the most flexible modulator of haem properties in vivo.

1.4.2 Chlorophylls

One of the most important biological processes for life on Earth is that by which plants,
bacteria and algae harness the energy of the sun and store it in energy rich reduced carbon
compounds; the fundamental building blocks for all the naturally occurring organic matter
that surrounds us. Furthermore, oxygenic photosynthesis (PS) was and is responsible for
the appearance and continual regeneration of oxygen in the atmosphere that allows the
efficient release of this stored energy by life via aerobic respiration and allowed the
appearance of surface life by eliminating much of the harmful UV radiation antithetical to
its mode of existence. The main photosynthetic cofactors (Figure 1-8) are the chlorophylls
(Chls) found in oxygenic PS plants, and the bacteriochlorophylls (BChls) present in purple
bacteria such as Rhodobacter sphaeroides (BChl a; 9) and Blastochloris viridis (BChl b;
10).
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Figure 1-8: Major photosynthetic cofactors; Chl a (7), Chl b (8), BChl a (9), BPheo a (10), BChl b (11) and
BPheo b (12).

At the heart of the initial stages of photosynthesis are the light-harvesting complexes
(LHCs) and the reaction centres (RCs), both of which contain numerous Chls or BChls that
are crucial to their functions.*®*” In LHCs,”" ! light is captured by these cofactors in
n*«—m excitations and is ‘funnelled’ via non-radiative energy transfer’,”" 2> 4 1% toward
the RC complex where electron transfer is initiated. Indeed, that the processes of light-
harvesting, charge-separation and photo-protection all involve and depend upon numerous

tetrapyrrole cofactors is a true testament to their versatility (see section 1.6 for further

details).

The high-precision structure of the BChl a derivative methyl bacteriopheophorbide a
provides interesting details regarding the pigment’s conformation.'” The core bond
lengths are largely symmetric around the N5-N¢ axis and are well suited to the specific
bond-order pattern indicated for BChl a above. The C3-acetyl is orientated significantly
out-of-plane with respect to ring A (~23°), with the carbonyl oxygen closer to ring B, and
the keto oxygen is evidently conjugated to the macrocycle on the basis of bond-lengths in

ring i

103, 104

The question, “Why Chlorophyll?”” has been the subject of two titled reviews. In

Mauzerall’s 1973 discussion'®” the transition from the requirements of a prototypical

" When inter-chromophore distance is greater than ~10 A, energy transfer dynamics are described by
Forster’s theory of Fluorescence Resonance Energy Transfer (FRET) for weakly-coupled chromophores
wherein non-radiative energy transfer occurs when the oscillating electronic dipole of the excited state of the
donor induces an oscillation in the acceptor that corresponds to the separation energy of the latter’s ground-
and excited-states. However, within LHCs where inter-chromophore separations are small, modifications to
this theory are required to allow the excitation energy to be coherently delocalised over groups of strongly
interacting pigments. Energy transfer between such strongly interacting systems may then be modelled as

FRET between donor and acceptor clusters e.g., LHCs and RCs, respectively. See Sener’s review® for a
succinct description.



photo-oxidising chromophore toward those of a photoreductant are laid out alongside their
fulfilment by uroporphyrin and the Chls, respectively. For Chls, the general properties
conferred by the macrocycle’s excited states are said to be augmented by the inclusion of
Mg, which substantially improves its abilities as a photoreductant, and the absorption
characteristics enhanced by reduction to the chlorin and the presence of the cyclopentanone
ring.* The phytol chain is noted to improve lipid solubility whilst the additional peripheral
substituents are considered a mixture of remnants from the biosynthetic pathway and to

impart stability to potentially reactive B-positions.

Bjorn’s enquiry'o4 is more specific and he attempts to explain why Chl a (7) above all other
Chls has been selected to perform the dual roles of light-harvesting and electron transfer in
oxygenic photosynthesis, the latter requiring Chl a to act as the powerful oxidant and
reductant in photosystem [ and II, respectively. The argument is largely phenomenological
and is based on the fact that there are no RCs in oxygenic phototrophs that contain any
other type of Chl (with the rare exception of Chl d) and the conclusion is similarly so in the
suggestion that its dominance is the result of an earlier appearance than Chl b (8).
However, another well-known point raised is that despite the many Chls that are present in
the photosynthetic proteins, only the few in the RCs are involved in the oxidation-
reduction photochemistry. Thus, Bjorn emphasises the prevailing view that the details of
the architecture of the protein environment is responsible for determining the precise role
of the individual Chls and says that, “the major tasks of a protein may be to exclude or
position functionally compatible electron donors or acceptors, depending upon whether

. . » IO4
the complex will act as an antenna or a reaction center” .

Chlorophyll-Protein Interactions

Aside from the architectural considerations noted above a number of specific protein-Chl
interactions are known to influence their properties. Unlike haem, the axial ligand is not
always a particularly dominant factor in determining the key-properties of protein-bound
Chls as in the majority of cases the usual 5-coordination is fulfilled by HIS, the major
function of which is to affect stable attachment to the protein. In detail, around 50% of
protein-bound Chls are believed to be coordinated by HIS, although examples of
coordination by GLN, ASN, backbone carbonyls and water are known, and the substitution

of such a well conserved feature is likely to be of importance. 19 However, the most

" The cyc]oFentanone ring was also implicated in a unique and interesting mechanism for oxygen
generation, % which despite the novelty, has not withstood the test of time.
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exceptionally unique coordination yet observed appears in photosystem I (PSI) where both
second accessory Chls are ligated by the sulphur atoms of MET residues, a feature that has

been suggested to allow these Chls to act as the low potential electron acceptors in PSI. e

All Chls, and BChls in particular, possess carbonyl groups that are capable of acting as H-
bond donors. In Chls, this is most important with respect to the keto oxygen on the
cyclopentanone ring whilst additionally in BChls the acetyl provides another H-bond donor
that is also strongly conjugated to the aromatic system. The presence of suitable acceptors
in binding-sites is therefore one way in which a protein may regulate cofactor properties.
Site-directed mutagenesis has been exploited to add and remove H-bonds to the C3-acetyl
and C13'-keto groups of the BChls comprising the special-pair dimer in the Rhodobacter
sphaeroides reaction centre and have shown that their individual effects on the BChl

dimer’s midpoint potential are additive at about +90 mV per new H-bond.'"”'"

Another important feature of binding-sites is the presence of any charged residues in the
vicinity of the pigment that induce an electrostatic perturbation upon the cofactor.
Positively charged residues stabilise the reduced relative to the oxidised form whilst the
converse is true for negatively charged amino acids. 19- 110 Slightly more complex is the
effect upon excitation energies, where the charge and its placement relative to the
transition induced charge-redistribution of the cofactor, may affect either blue-shifted or
red-shifted absorptions.'” """ Likewise, the charged cofactors associated with intermediate
states of charge-separations in RCs have a similar effect on neighbouring cofactors.'"?
Additionally, the energetic influence of dielectric relaxation of the protein occurring due to
Coulomb interactions with the charged chromophores has been shown to stabilise the

charge-separation intermediates.'"

1.5 Nonplanar Porphyrins and the Historical Development of

Conformational Control
Whilst the aromatic mt-system of porphyrins may at first imply planar compounds, it has
long been known that the macrocycle possesses considerable conformational flexibility. A
number of factors conspire to induce these distortions such as coordinated metals with
small ionic radii (e.g., Ni); modification of the core by substituents on the pyrrole nitrogen
atoms (protonation or methylation) and steric crowding at the periphery.37 In the case of
the so-called highly substituted porphyrins that are characterised by a high-degree of
peripheral substitution with sterically demanding substituents,?’ distortion occurs to

alleviate the strain imposed by the substituent interactions whereas in metal complexes the
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M-N bonds place restrictions on the core size of the macrocycle and can lead to distortion
in order to maintain optimal bond lengths. After many structural studies, it was noticed that
symmetrically substituted porphyrins often exhibited characteristic, symmetric distortions
including the saddled, ruffled and domed conformations.”” ''*'"* Physicochemical
associations of these distortions also had become apparent and included the bathochromic
shift of the Q-bands, decreased reduction potentials (easier oxidation, hindered reduction)
and a shortening of the fluorescence lifetime of the molecule’s excited states.”” However,
the assignment of these effects as arising from the distortions, was debated for some

36, 116-118

time, and settled, in favour of the distortive origin, only quite recently.36

The idea that macrocycle distortion is a mediator of biological function is not new, %313,

et considering the associated physicochemical effects of distortion summarised
above, in this author’s opinion neither should it be surprising. Indeed, that chemically
identical species are able to perform such distinct functions in vivo participating in
numerous biochemical processes via fundamentally distinct chemical reactions is quite
unique. However, whilst model-compound studies proved the validity of the concept,™ the
first confirmation of these ideas began with the large-scale NSD analysis of haems,*> **
which demonstrated the existence of functionally conserved conformations. More recently,
successful attempts have been made to use this knowledge to modify a cofactor’s
physicochemical properties via conformational modification induced by site-specific

mutation in vitro."!

Even so, whilst the last large-scale analysis of the phenomenon was successful in obtaining

3233 the time lapse between those

recognition for the phenomenon in haemoproteins,
studies and the present has left the concept of conformational control lacking compared to
other protein-cofactor modulatory methods (e.g., H-bonds). Furthermore, whilst there has
been significant follow-up in recent times for haemoproteins (see section 1.5.5) there has
been very little equivalent consideration of the effect in photosynthetic proteins. The
purpose of the following brief review then is to highlight the development of the concept
of conformational control, by charting a selection of the advances in the structural and

physical chemistry of nonplanar and the explicit application of these results to structural

observations in biology.

1.5.1 Early Crystallography and Stereochemical Description
Early crystal structure determinations of porphyrins published in 1963 by Fleischer of
(2,7,12,17-methyl-3,8,13,18-ethylporphyrinato)nickel(II) (13; Ni(I)Etioporphyrin-I)'*

and (5,10,15,20-tetraphenylporphyrinato)copper(Il) (14; Cu(I)TPP)'* revealed that both
22



macrocycles were considerably nonplanar. In follow-up work, Fleischer'** compared the
conformations of Ni(Il)Etioporphyrin-I, Cu(II)TPP, Pd(I)TPP, Zn(1I)TPP and
Fe(II1)(OH)TPP and concluded that differences in crystal packing and chemical structure
were responsible for the dispositions of porphyrins to adopt planar or nonplanar
conformations. This work is notable as it may be considered the first comparative analysis
of tetrapyrrole conformations in general. Shortly after Fleischer’s initial observations,

119
Hoard and coworkers’/® /!

presented their own similar results with the
crystallographically isomorphous 5,10,15,20-tetraphenylporphyrin (15; H,TPP) together
with a theoretical rationale for the observations that perhaps could be said to mark the
beginning of the concept of conformational control. 123126 The jdeas that were put forward
in this work were seminal and are worth summarising as despite the intervening 50 years

the crux would appear to remain relevant today.

R
R R
R
13 Ni(ll)etioporphyrin | 14 M = Cu, R = Ph, Cu(Il)TPP 17 R = Ph, H,TPP%*
15 M = 2H, R = Ph, H,TPP 18 R = 4-pyridy!

16 M =2H, R = Pr, H,TPrP

122, 123118, 119
ke Robertson and

127-129

Until Fleischer and Hoard’s observations in the 1960s,
Woodward’s mid-1930s landmark structure of phthalocyanine, indicating a planar
macrocycle, had been taken to indicate that the related porphyrins would too be “naturally
planar”.'” However, the crystal structure of H,TPP demonstrated the presence of large
displacements of the meso carbons above and below the mean-plane. These were shown
not to disrupt the local planarity of several key regions, indicating that the geometric
requirements for local nt-bonding were retained, but that each pyrrole was not coplanar
with the C,-Cpy-Cipso-Ca dihedral was identified as the, “principal circumstances adverse
to ideal w-bonding ".'** Ruffling was suggested to allow puckering of the chelate ring
between the metal, two adjacent N-atoms and their connecting skeletal carbons to reduce
the strain present in the 6-bonding framework resulting from certain bond angles
exceeding 120°. Although the affected reduction of such bond-angles was small in

magnitude and appreciable only at meso carbons (as these are not part of a ring), the
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observed angle of around 125° was said to be sufficiently removed from the ideal for sp’ o-

bonding so that any small reduction would be energetically significant.'®

A crucial observation presented later was that an S, ruffled conformation would not
necessarily be the only nonplanar conformation likely to be found, “4 convex form (C, or
Cyy symmetry) of the skeleton becomes plausible with longer M-N bonds, by allowing the
metal atom to lie far enough outside the plane of the four nitrogens to take care of the
added dimensional constraint. This configuration, moreover, could be induced by the
additional coordination of an externally constrained ligand to M. The high spin F e’ and
Fe'? derivatives are outstanding candidates for such configurations. Thus Kendrew's
observation that, in myoglobin, the iron atom lies more than 0.25 A. out of the mean plane
of the haem group is interpretable in simple fashion. »126" This foresight predicts the
presence of macrocycle doming in 5-coordinate complexes, which had not yet been
directly observed, and moreover suggests that it should accompany the vertical
displacement of the haem-Fe that had been observed in myoglobin. In their follow up
paper, they also identify the deeper meaning of their suggestion by stating that, in the
context of the myoglobin structure, “...the easy deformability of the porphine skeleton is

: ; cal i
one of its useful’ piological characteristics” .

Later, Silvers and Tulinsky’s]30 detailed structure of triclinic H,TPP revealed that the same
compound could exhibit different conformations since their crystal form possessed a
considerably flaitter core, where the largest deviation of a macrocycle atom from the mean-
plane was only (0.0 A. In this case, the pyrrole protons were located on fixed and opposite
rings and the slijght deformation that remained was ascribed to N-H repulsion in the core
(i.e., the N-H... H.N distance was longer by 0.14 A than the other N...N diagonal).
Tulinsky subsequently presented an average structure for the (planar) free-base
macrocycle63 - 131 ty combining data from porphyrin (HzP),]3 . 5,10,15,20-
tetrapropylporplhyin (16; H,TPrP)"*! and triclinic H, TPP. The substituted derivatives were
noted to have sliigitly longer C,-Cy, bonds and it was suggested that the spectral differences
between H,TPrip ¢nd the other two studied porphyrins could be linked to altered m-electron
properties maniifest i additional minor structural differences. In discussion however,”
Hoard suggestecd packing differences were responsible for the structural differences in

H, TPrP whilst /Adernoted that “increased chlorin character’ was an observed tendency

of many meso t¢etiaakylporphyrins. Six years later, Lauher and Ibers'* presented the first

" By “Kendrew’s ohbs:rvetion” Hoard is of course referring to the structure of sperm whale myoglobin. =

24



[-substituted porphyrin structure, namely that of (planar) 2,3,7.8,12,13,17,1¢-
octaethylporphyrin (19; H,OEP) that at the time was useful to assess differexces between
meso- and B-substitution, with the latter more relevant to natural systems. Tleir analysis
also found lengthened C-C bonds at the substituted positions compared to ursubstituted

H,P and the meso-substituted H, TPrP and H,TPP.

An important discovery was the structural origin of the red-shifted absorption spectra of
porphyrin dications.'** In particular, crystal structures of some diacid species revealed
severe nonplanar distortions of the macrocycle that were due to steric interactions of the
crowded core as well as electrostatic repulsion of the partially positive pyrroe nitrogen
atoms.'*> 13 Moreover, the enhanced red-shifts observed in H4TPP2 i 17) ard the dication
of 5,10,15,20-tetrakis(4-pyridyl)porphyrin (18) compared to other dications these named
compounds are green whereas other dications are usually violet) were attribyted to the
rotation of the meso phenyl rings into the macrocycle plane, allowed by the nonplanarity of

the compounds.'**"%¢

Although M-N bond-lengths are the most variable bond-lengths in metalloperphyrins
(~1.95-2.10 A), it was noticed early that they are constrained relative to metal

preferences in monodentate complexes by the influence of the macrocycle (e.g., an

increase of only 0.04 A is observed in palladium(Il) compared to nickel(II) complexes)."**

Furthermore, despite this variability and the associated (yet reduced) variation in the radius

d"7 138 (6 be even less flexible

1312132

of the central hole, other skeletal parameters were observe
such as the in-plane centre to meso distance (Ct.-C,,) and the C,-C,,-C, bond-angle.
These observations together with structural data for high-spin Fe(III) complexes led to the
idea that in these species the coordinated Fe was necessarily displaced out of the 4N-plane
because of size restrictions.">” Moreover, on this basis it was suggested,'?’ and later

139, 140
d,

observe that low-spin Fe(III) could be accommodated within the 4N-plane. This

proved also to be the case in proteins, emphasised for example by the haems in low-spin

141, 142

ferric cyanomethaemoglobin . whilst in contrast, the Fe(II) atom in high-spin

deoxyhaemoglobin®' was displaced by ~0.75 A out of the 4N-plane toward the axial HIS

: 143
residue.

Following further advances in the synthesis and characterisation of a great many
conformationally distorted porphyrins, Scheidt and Lee''” offered a systematic evaluation
of the contemporary state-of-the-art in 1987 that provided the modern stereochemical
classification of nonplanarity used today. Here, the terms ruffled (ruf) and saddled (sad)

conformations were formally defined with rufindicating a twisted macrocycle with meso
25



carbons alternately displaced above and below the mean-plane and sad, obtained by a 45°
rotation of the ruf conformer around the major C,-axis, describing a similar alternate
displacement of the pyrrole rings relative to the mean-plane. Additionally, the by then
well-known domed (dom), waved (wav; called “stepping” by Scheidt) and “roof” type

conformations were also noted.

sad ruf
dom wavy

Figure 1-9: Idealisations of the commonly observed macrocycle conformations described by Scheidt and

Lee.'" In the sad conformations (top left), note that the pyrrole rings are alternately tilted up/ down along
their C,-C, axes producing a saddle shape. In the ruf conformation (top right), the meso carbons are
alternately displaced above and below the mean-plane that could be affected by twisting a planar macrocycle.
In the dom conformation (bottom left) all of the pyrrole rings are tilted in the same direction with respect to
their C,-C, axes resulting in the characteristic dome shape. Finally, the wav conformation has one set of
opposite pyrrole

144,145 related the

Another key idea developed by Scheidt over the previous decade
geometric parameters of metalloporphyrin cores (e.g., M-N bond lengths) to the electronic
configuration of the central ion. Specifically, any complex in which the “stereochemically
active” metal d,2 or dy2 - y2 orbitals were populated would exhibit greater M-N bond lengths
than a complex with the same or a similarly sized metal where these orbitals were empty.
This principle could thus be applied to determine spin-state given structure in ambiguous

cases, or else to predict stereochemistry given spin-state, the latter bearing relevance to

oxidation state changes during the functioning of haemoproteins.

Additional constraints on the coordination geometry to be discussed were that axial ligand
bonds were generally larger than analogous monodentate complexes, especially with larger
ligands, because of nonbonding repulsion between the ligand and the porphyrin
macrocycle. Likewise, the importance in N-heterocyclic ligands (e.g., imidazole and
pyridine) of the dihedral angle between the axial ligand plane and the Np,-Np, axis (first

considered by Hoard'* ) and trends in 5- and 6-coordinate complexes were described.
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1.5.2 Model Compounds and Structural Correlations

Senge3 " has previously reviewed the numerous ways in which conformationally distorted
porphyrins are achieved via synthetic design as well as the associated physicochemical
consequences. Throughout the following sections many examples of the various
approaches that have proved successful will be highlighted, although here they have been
presented in an order to systematically illustrate the influence of nonplanarity on
physicochemical properties. The reader is referred to Senge’s review®’ for a

complementary and more comprehensive coverage.

Conformational flexibility

Numerous investigations of Ni(II) derivatives indicated a tendency to ruf distortion
resulting from core-strain induced by short Ni-N bonds exacerbated in strained or
inherently more flexible derivatives and thus Ni(II) porphyrins are commonly found with
substantially distorted macrocycles.''* '***% For instance, nonplanar tetragonal'*® and
planar triclinic A'* forms of Ni(II)OEP (20) were known in the 1970s, the latter with
longer Ni-N bonds, and in contrast to the analogous H,TPP (see previous section) the
tetragonal form was suggested to represent the unconstrained structure. A third planar
form (triclinic B) was discovered later and was distinguished by the presence of significant
n-1 interactions that appeared to affect two different sets of Ni-N distances, with the
shorter pair in-line with the stack.'”” The n-stacking was noted to be absent in the other
crystal forms and least in tetragonal Ni(I[)OEP perhaps lending credence to the latter
representing the intrinsically preferred geometry. Another relevant result was the
observation of ruffled and (relatively) planar forms of Ni(II)2,3,12,13,17,18-hexaethyl-7,7-
diethyl-8-oxoporphyrin (21) in the same lattice."’

Ni(II) hydroporphyrins such as (5,10,15,20-tetramethylchlorinato)nickel(Il) (22), provided

an early illustration of the increased flexibility of reduced macrocycles emphasised by

148

considerable deformation compared to the planar porphyrin. ™ This characteristic was also

present in Fe chlorin derivatives and was suggested to be the result of intrinsically greater
core-size in the hydroporphyrins that therefore encourages ruftling to shorten M-N

lengths.I52 The few other studies of conformationally distorted chlorins, including Kalisch

and Senge’s]53 series of increasingly B-ethyl substituted tetraphenylchlorin derivatives (see

following for the analogous porphyrin series), and compounds with both meso and B-

154-156

substituents, are in agreement with this observation, as it appears that chlorins have a

tendency towards more ruf distortion."’
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19 M = 2H, H,OEP 21 22 Ni(Il)TMC
20 M = Ni, Ni(ll)OEP

Many other reports of peripherally crowded Ni porphyrins highlight their status as one of

120, 158, 159 ; .
0-138.159 However, the discovery via

the original models of macrocycle nonplanarity.
resonance Raman (RR) spectroscopy that the conformational flexibility of Ni(I[)OEP
observed amongst the various crystal forms was also present in solution deserves special-
mention, in particular that the nonplanar form displayed red-shifted absorptions, which is
shown to be a characteristic marker of nonplanarity in the following section.'® This was
not the first proof that nonplanar conformations were not the privilege of compounds in the
solid-state. For instance, variable temperature NMR''? 161162 ox periments and EXAFS'®

measurements had already demonstrated that this could be the case and many other

examples37 are known.

Physicochemical Associations

One of the first direct correlations between nonplanarity with both red-shifted absorption
spectra and increasing ease of oxidation was made in connection with compounds of
photosynthetic importance and immediately associated with the biological function of such
chromophores.1 In particular, experimental observations and INDO/S calculations upon
7n(11)2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin (23; Zn(II)OETPP),
Zn(I1)OEP and Zn(II)TPP demonstrated that nonplanarity destabilises the HOMO and
causes the observed differences of the series’ absorptions and oxidation potentials and is
consistent with the insensitivity of their reduction potentials. These results served as a
prelude to assessing intrinsic differences caused by conformational variation of the
cofactors of the B. viridis reaction centre''” and later the pigments of the Fenna-Matthews-
Olson (FMO) protein.'"" Expansion of this with the synthesis and characterisation of
Zn(IHOMTPP (24)'®' demonstrated that in these severely sad distorted “peripherally
crowded” porphyrins the distortion arose from internal steric strain as opposed to crystal-

115

packing effects occurring in dimeric H, TPP zt-cation radicals'"” and on the basis of 'H-
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NMR remained present in solution. Interestingly too, in contrast to the conclusion for
dications, the concomitant in-plane rotation of the meso-phenyl groups in these species
were suggested not to affect increased conjugation since meso-phenyl bond-lengths
remained unchanged relative to planar compounds.'®' These compounds also exhibited

remarkable N-basicity as a result of the exposure of the pyrrole nitrogen atoms due to their

sad conformations.
R PhisSp VY Mes X
R R Y X
Ph Ph Mes Mes
R R X Y
R Ph R X Mes Y
23 R=Et, Zn(lIl)OETPP 25 X=He o Bio o WX =1 Y=H 2 X=Y=0
24 R = Me, Zn(ll)OMTPP Fe(lll)(Cl)(Br, TPP) 27 X=Cl,Y=H 30 X=Y=Br
28 X=Br,Y=H

The metal’s influence upon macrocycle conformation was investigated in detail revealing
that the nonplanarity in strained 2,3,7,8,12,13,17,18-octaalkyl-5,10,15,20-
tetraphenylporphyrins (e.g., 23, 24; OATPPs) can be relaxed (i.e., the opposite effect of
small metals) in order to expand the core to accommodate larger metals and that the
detailed influence of specific metals are related between the OATPP and the less

encumbered OEP series.'”’

Oxidation Potentials

An intriguing example of the interplay between structural and electronic effects in
porphyrins is the trend in oxidation potentials of the sequentially brominated M(Br,TPP)
series. % 164-166 Systematic studies have been performed with the free-base, Fe(III)Cl,
Cu(II) and Co(II) derivatives showing that in some cases the expected increase of the
oxidation potentials with increasing bromination due to inductive effects is superseded by
the effect of the increasing nonplanarity of the macrocycle resulting from the increasing
peripheral strain. For example, the Fe(III)(Cl)(BryTPP) series (25) reported by Kadish and
coworkers®® revealed that upon addition of a third bromine the oxidation potential
decreased below that of the disubstituted product. This trend continued nonlinearly and
resulted in the perbrominated compound exhibiting a potential 10 mV lower than
Fe(III)(CI)TPP. Estimates of the precise conformational effect were given as 50, 93, 118,

186, 256 and 309 mV for Fe(IIT)(Cl)(Br;.5)TPP) and although not indicated by the authors,
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this corresponds to a linear relationship itself, suggesting an average potential shift of ~53
mV per substituent for the conformational effect (R? of 0.98). Also, the invariance of the
metal-centred reduction with respect to the level of distortion was taken to support the

"9 that distortion raised the HOMO energy whilst having

earlier theoretical result
significantly less effect on that of the LUMO (see above) and/ or to indicate a decreased

effect of the conformation on metal-centred processes.

Ochsenbein et al.'® investigated the structures and electrochemistry of 5,10,15,20-
tetramesitylporphyins (26; TMesPs) with Cl and Br substituents at the “antipodal
positions” (27, 28; i.e. opposite pyrrole rings tetra-B-halogenated) and the -
octahalogenated derivatives. Both shifts in the RR spectra and UV/Vis absorptions (both
Q- and B-bands) were taken to indicate that the distortions were preserved in solution. The
observation that the f-octahalogenated derivatives (29, 30) were both easier to oxidise than
the corresponding B-tetrahalogenated compounds (by -0.10 and -0.13 V for the Cl and Br
substituted forms, respectively) was accounted for by the excessive distortion of the former
(sad with some ruf). It is notable that the shift is greater for the Br derivatives since, as
could be expected, this compound possesses greater sad distortion than that of the
analogous Cl derivative with average displacements of the B-carbons from the mean plane
of 0.95(2) and 0.905(5) A,'%’ respectively.166 Additionally, although not severely distorted,
the B-tetrabrominated compound possesses the relatively less-common wav conformation,

where substituted pyrrole rings are bent above and below the mean plane.

Photophysical Correlations

A number of studies have shown that photophysical properties are also significantly

40, 168-177

affected by the macrocycle conformation. These have revealed that nonplanarity

results in decreased S;-lifetimes (tg) and fluorescence quantum yields (¢g) as a result of

enhanced nonradiative decay rates (kic, kisc and kct) of the : nt,t*) excited state. Holten
Y

155, 166

and coworkers assessed the influence of sad and ruf distortion on free-base

porphyrins using dodecasubstituted porphyrins and meso-tetraalkylporphyrins (the latter
with bulky substituents), respectively, showing that both distortions affect strongly
“perturbed” properties but that the ruf mode leads to more drastic consequences.'** i
These perturbations include enhanced Stokes’ shifts of 850 — 975 cm ™', decreased ¢g and
T 0 0.003 — 0.009 and 400 — 800 ps, respectively, and shortened IC and ISC lifetimes of

around 0.8 — 8.8 ns and 0.4 — 1.7 ns, respectively, for the sad compounds (cf. 106 cm™'

(Stokes’ shift), 0.13 (dg), 15 ns (tq), 74 ns (t1i¢) and 22 ns (ti5¢c), averages for planar

compounds).'®® For the ruf compounds, smaller Stokes’ shifts of 478 — 486 cm ™' were
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observed yet only negligible fluorescence was detected with ¢g =1 —2 x 10~ and g of 8 —
46 ps.'” Similar trends were also noted in the so-called “basket-handle” porphyrins where

distortion is induced by covalently linked meso-phenyl substituents.'® '’

The relationships between the macrocycle conformation and the observed effects were
proposed to arise because of greater conformational flexibility of the nonplanar compounds
in the excited state.'® '"® This idea was formed on the basis of the large Stokes’ shifts that
could not be accounted for classically as solvent reorganisation dynamics should be similar
in all of the porphyrins studied. The increased flexibility would also be manifest in the
observed increased kic and this was further evidenced by the fact that the ruf distorted
compounds exhibited similar properties to planar analogues at low-temperature (78 K).
These ideas were confirmed and extended in a follow-up that demonstrated that the sad
distorted compounds also tended toward more “normal” behaviour at low-temperatures,
albeit to a lesser extent than the ruf compounds; the trends were also shown to be present

in the corresponding zinc(I) complexes.'”’

Unique excited state perturbations were found in Ni(II)Tz-BuP (31) that differ considerably
from the above owing to the fact that the '(m,7*) excited state immediately decays to a

180 1) this

(d-2,dx2 - 2) intermediate, a general feature of low-spin & nickel(ID) porphyrins.
case, the (d,d) lifetimes of the highly ruffled porphyrins were orders of magnitude larger
than those of planar complexes (e.g., 33 and 40 ns for Ni(II)T#-BuP and Ni(I[)TAdP (32),
respectively, and 100 — 220 ps for Ni(II)TPeP (33), Ni(II)Ti-PrP (34) and Ni(I[)TPP).
Furthermore, in Ni(I)Tz-BuP, the lifetime of the (d d) excited state exhibited a dramatic
temperature and solvent dielectric dependence, ranging over 2 ps to 50 ns in very polar and
nonpolar solvents, respectively, and increased to the microsecond timescale at decreased
temperatures (e.g., in methylcyclohexane 1(d,d) is extended to 0.15 ps at 210 K whereas in
2-MeTHEF the temperature must be reduced to 130 K to observe a 0.11ps lifetime). These
results were rationalised in terms of the M-N repulsion affected by population of the d,> - >
orbital that requires expansion of the core for its relief, a process that is hindered in ruf
distorted porphyrins (see earlier). It was postulated then that a dom or mixed-mode
conformer forms in the excited state, which therefore has a large barrier for deactivation to
the pure ruf ground state, resulting in a kinetically trapped excited state. Additionally, the
strong solvent dependence was taken to indicate significant polarity of the excited state
nonplanar conformation and this was suggested to be another feature of some nonplanar

conformations in general (e.g., dom).
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Recently, Roder er al.* have utilised the accessibility of a series of conformationally
designed porphyrins exhibiting a graded degree of sad distortion obtained via the
successive [-alkylation of H THp 5 e systematically assess the photophysical effect.
This study represents an additional departure from the “all-or-nothing™ approach by
assessing the influence of gradually increased nonplanarity in a set of closely related
compounds and additionally included the effect of metallation by comparing the free-base
and zinc(II) derivatives of the (C,Hsx)TPP (x = 2, 4, 6, 8) series. It was shown that the
singlet excited state properties were more sensitive to the conformation than those of the
triplet and that the onset of the conformational effect was faster for the zinc(Il) derivatives.
In detail, whilst the Stokes’ shift and ¢y were altered even in dialkylated Zn(I[)DETPP and
reached maximum perturbation in Zn(II)cisTETPP, the same parameters changed
significantly only in HyfransTETPP and levelled out only after hexaalkylation.
Furthermore, both series exhibited gradually decreased S;-liftimes, ISC quantum yields
and triplet lifetimes, the latter resulting in dramatically reduced singlet oxygen quantum
yields.* This is a particularly interesting result as it hints at a potential mechanism for
photosynthetic proteins to impart photo-protective abilities on chromophores through

induced nonplanarity (see Chapter 5).
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1.5.3 Modern Protein Crystallography and (Vibrational) Spectroscopy

NSD Systematic Assessment of Haem Conformations

In 1995 Hobbs and Shelnutt’’ demonstrated that the haems in a diverse set of c-type
cytochromes exhibited a conserved ruf conformation by a comparative structural analysis
of the then available X-ray structural data. It was shown that the distortion was

predominantly induced via the CYS thioether linkages to the macrocycle and that this
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affected an asymmetric distribution of the pyrrole tilt angles with respect to the mean-
plane. Additionally, on the basis of an earlier resonance Raman study that indicated a
reluctance of metalloporphyrins with core-sizes >2 A to ruffle,'® it was suggested that the
distortion occurred at significant energetic cost to the protein. Together with the emerging
knowledge that porphyrin conformation influenced redox potentials, these results were
proposed to imply a functional significance of the conserved conformation. Moreover, they
suggested that the oxidation state of the haem-Fe could be communicated through the
haem’s conformation via its protein-contacts, to potentially mediate the protein’s

interaction with its redox-partners.

; oo o 2034
In a series of landmark publications,**”

the above result was expanded extensively by
considering the haem conformations from a diverse set of crystal structures encompassing
dozens of proteins and hundreds of crystal structures (including significant redundancy).
These advances were greatly assisted by the introduction of the normal-coordinate
structural decomposition (NSD) procedure for the analysis of porphyrin macrocycle

. 32,184
conformations.

This method quantitatively decomposes the observed macrocycle
conformation into contributions from the archetypical nonplanar distortion modes (e.g.,
ruf, sad, dom, etc.; see Chapter 3 for a thorough description). Structures of globins,
cytochromes c, P450s and peroxidases, amongst many others, were included and both
species conservation of haem conformations in related proteins as well as new haem-
specific structural differences within multi-haem proteins were revealed.”* For example,
subtle differences were uncovered between the a- and B-haems in human
deoxyhaemoglobin with the former possessing mostly dom and ruf deformations and the
latter sad and dom distortions.** In comparison, the predominance of the dom distortion
remained evident in sperm whale deoxymyoglobin although a unique contributing wav
component was also observed.** The analysis of several cyts c3 lent further credence to the
notion that the segment between covalently linked CYS residues was crucial for
determining haem conformation since only changes in this region were accompanied by
cross-species conformational differences between equivalent haems.> Notably, no
systematic differences between reduced and oxidised cytochromes could be detected.
Another result was that the noncovalently bound haems b in peroxidases were all very

strongly distorted with mostly sad conformations plus additional ruf contributions.”™ o

A general result for nearly all proteins was that the haem conformations were well
described by only a few of the normal-coordinates of the macrocycle alone (i.e., to within
the experimental error) suggesting that the distortions arose from an overall energetic
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perturbation from the binding-site as opposed to specific localised contacts.” In support of
the reliability of the protein structural data for the purposes of comparing detailed
macrocycle conformations, it was also reported for some examples that deviations in the
NSD results amongst redundant structures resembled the coordinated error of a single atom

. 3>
in the resolved structures.

Ferrochelatase

The gradual unravelling of the distortion mediated mechanism of metallation exploited by
chelatase enzymes represents a widely accepted example of conformational control. e
Aside from the fundamental nature of this research it is also biomedically relevant as
mutations in ferrochelatase can lead to erythropoeitic porphyria.189 The idea that
macrocycle deformation was a key step in the mechanism of metal insertion in general was
originally based on the observation that N-methylporphyrins underwent metallation 3-5
orders of magnitude faster than non-methylated derivatives.'”” Soon after it was discovered
that N-MePs were potent inhibitors of ferrochelatase'®! it was suggested that the sterically
imposed nonplanar conformation was similar to a reaction intermediate. This idea was
subsequently supported by the generation of an efficient antibody metallation catalyst that

had been raised against N-methylmesoporphyrin IX (40)."?

The structure of the active-site of ferrochelatase was first identified by Lecerof et al ks

who obtained the crystal structure of the protein bound with both an N-MeP substrate as
well as the metallated product Cu(I[)N-MeP after soaking in CuSOy4 solution. The enzyme
bound the ring A methylated isomer alone, similar to the antibody bound structure
although with greater distortion, indicating that tilting of pyrrole ring A contributed to the
catalytic mechanism. Pyrrole rings B, C and D were each fixed by numerous contacts with
the protein described as “vice-like” and remained relatively in the mean plane although a
general mixed ruf/ sad conformation was apparent. Ring A on the other hand was tilted
substantially by ~36°, which is greater than that observed in isolated N-MePs.
Additionally, the structural similarity of ferro- and cobaltchelatases was cited as indicating

a ubiquitous mechanism of chelation for all variants.

Sigfridsson and Ryde have performed a theoretical study that specifically addresses the
importance of distortions for metal insertion by ferrochelatase.'”* They assessed the
energetics of macrocycle distortion of H,P and a series of metalloporphyrins (MPs) and
found that not only were such distortions energetically feasible but that the distortions also
provided a release mechanism for the product. These authors confirmed the previous result

that ring A of N-MeP was distorted further by the protein rather than as a result of the
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steric crowding caused by the methyl protruding into the core. It was also shown that the
level of distortion observed in the inhibitor complex was likely to be significantly greater
than that induced in natural substrates, owing to the difference in the pyrrole tilt minima
for that calculated for in vacuo compounds, specifically ~30° versus 0°. They also revealed
that the dianionic deprotonated form of H,P was even easier to distort, implying that this
intermediate would be energetically stabilised by the distortion imposed by the binding-

site.

Comparison of the distortion energies of various MPs established an ordering of Co > Cu >
Zn > Fe that was concordant with the fact that ferrochelatase can catalyse the insertion of
these other metals into the porphyrin in vitro (the high-specificity in vivo is believed to
arise because ferrous iron is most probably delivered directly to the enzyme by a molecular
chaperone). Consideration of the same property of CdP led to the conclusion that it was
easier to distort than H,P providing a mechanistic possibility for the mode of inhibition by
Cd. Optimisation of protoporphyrin IX (i.e., the free-base of haem b) in the ferrochelatase
binding-site demonstrated that ring A of the natural substrate was also tilted by the protein
in the same direction as the N-MeP structure and that rings B-D were also (slightly) tilted

to form a sad conformation.

The proposed mechanism received definitive validation when a Raman mode sensitive to
the extent of nonplanarity was shown to be directly correlated with catalytic affinity. b
Lastly, Ferreira and coworkers'®® have taken these ideas a step further by employing
directed evolution to create ferrochelatase variants that have greater selectivity for nickel
over iron. These new proteins were shown to induce less saddling than the wild-type
protein and thus their previous suggestion that “chelatases distort to select™'®’ has proven

to be correct.

1.5.4 “Origin of Red Shift” — Theoretical Debate and Controversy

A succinct account of the following debate concerning the true origins of the red-shifted
spectra of nonplanar porphyrins was given by Shelnutt and coworkers™ in the introduction
to their 2003 paper that largely settled the argument. This covered the period from the
initial scepticism voiced by DiMagno''® in 1995 until their own work. However, as the
course of the following debate considerably advanced understanding of the precise
conformational effect they are given special consideration here. Additionally, this
discussion will highlight the need for careful interpretations of studies of arbitrarily

generated models of nonplanarity and suggest caution in the extrapolation of a few

anecdotal results to the wider picture.
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DiMagno and coworkers' 1 contested the contemporary prevailing view that nonplanarity
by itself induced red-shifted absorptions as a result of their findings that the highly
nonplanar cobalt(II) tetrakis(heptafluoropropyl)porphyrin and corresponding free-base
exhibited blue-shifted absorptions relative to Co(II)TPP and H,TPP. In support of their
conclusion, they pointed out that whilst the solid-state spectra of the MTPP derivatives
were substantially red-shifted relative to their solution absorptions* the fluoroalkylated
compounds showed identical spectra in both phases suggesting that, “either the solution
and solid state conformations are very similar or the conformational differences are of no

consequence .

Additionally, in a set of AM1 and AM1/CI calculations utilising dihedral constraints to
enforce varying degrees of sad distortion, they found that their model predicted a blue-shift
of the Q(0,0) transition as the distortion increased. Furthermore, the geometry of their
fluoroalkyl model was predicted to be significantly nonplanar by a substantial energetic
margin so they assumed the solution state conformation to be similarly distorted. However,
confusingly they assert that, “These results indicate that nonplanar conformations
predominate in solution and that the absence of red shifts [compared to TPP] in the
solution and solid phase optical spectra is consistent with nonplanar structures.”''° This
appears to be out-of-line with their reasoning quoted above; had they found a planar
structure in solution they would have possessed an example where the planar and
nonplanar forms of the same compound exhibited the same absorption spectra. In reality
though, the weight of their argument was only supported by the fact that rwo extremely
dissimilar compounds exhibit differences in their absorptions, one of which does show a
direct conformational dependence, supplemented by semi-empirical calculations that

appear not to be critically assessed in any way.

The first direct response to this controversial publication was provided by Ghosh some five
years later.''” This study used the technically more advanced DFT/SCI method for
calculation of excitation energies on geometries obtained from PW91/TZP optimisations.
That they also refrained from the imposition of arbitrary restraints to delineate
conformational effects, instead opting to use structures obtained from highly substituted
porphyrins and replacing the substituents with hydrogens, and verified their results by

comparison to experiment were two additional facets of this work that perhaps render it

"Taken to indicate planarity of the compound in solution with the later qualification that the red-shift in the
crystalline form indirectly originates from nonplanarity only as a consequence of allowing the phenyl
substituents to rotate into the porphyrin plane, not an unreasonable idea.
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more reliable compared to DiMagno’s report. The conclusion of this study was that
nonplanar distortions were responsible for the substantial red-shifts of highly distorted

porphyrins.

The position of DiMagno’s follow-up''® and response to Ghosh was that substituent
induced in-plane nuclear reorganisation (IPNR) was the causative agent of red-shifted
absorption spectra and that nonplanarity was related to the phenomenon by, “collateral
contiguity rather than cause-and-effect.” For the series of meso-perfluoroalkylated
porphyrins the contraction of the C,-C,,-C, angle of the substituted meso, resulting in
elongation of the transannular C,,-C,,, nonbonded distance as indicated by molecular
mechanics simulations, was suggested to be directly responsible for the red-shift..
Additionally, uncannily similar relationships were presented demonstrating inverse
proportionality between the number of meso-perfluoroalkyl or meso-phenyl substituents
with the position of the Q(0,0) absorption. It is convincingly pointed out that these imply
little to no influence of ruffling since the near-perfect linearity of the whole series suggests
an additive effect for each substituent that does not change with the appearance of
nonplanarity. At the same time, because the decrease of the internal angle at the
perfluoroalkyl substituted meso is affected upon all successive substitutions this IPNR is
ascribed as the causative agent.''® Furthermore, in order to address the criticism voiced by
Ghosh''” concerning the dissimilarity of perfluoroalkyls compared with phenyl
substituents, they embarked on a further computational experiment to ascertain, “whether
the negligible impact of ruffling observed in these studies is an isolated and serendipitous

. = j , 118
occurrence, or is a manifestation of a more general phenomenon”.

To this end, they
utilised high-level DFT optimisations (again using dihedral constraints to affect ruffling)
and TD-DFT calculations of electronic transitions of porphyrin, 5,10,15,20-
tetramethylporphyrin (H,TMP) and tetrakis(trifluoromethyl)porphyrin (T(CF5)P). H,TMP
was unsurprisingly found to be natively ruffled in the unconstrained optimisation but the
authors make an interesting point when they interpret the significant ease with which the
ruffling is extended as indicating an “exchange of IPNR for torsional strain... nonplanar
distortion relieves IPNR "."'® This appears to be somewhat reminiscent of Hoard’s idea that
ruffling occurs in order to alleviate strain on the C,-C,,-C, angles. However, recalling that
ruffling will decrease the value of this angle, if [IPNR has already done so one would not

have expected ruffling to be energetically easier. Indeed, a cursory review of their data

shows that this conclusion was not valid because the energy versus dihedral curves are
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more or less identical but for the location of the minima.” This would appear to raise issue
with their particular highlighting of a shallow potential energy surface for T(CF;)P, which
appears to imply that IPNR can be offset by ruffling here as well.

In their 2003 paper entitled, “Origin of the Red Shifts in the Optical Absorption Bands of
Nonplanar Tetraalkylporphyrins”, Shelnutt and coworkers®® sought to ascertain “...why the
observed red shifts could not be reproduced by the constrained porphyrin structures and
[to determine] their true origin”. Their approach was thorough and systematic employing a
meta-analysis of the data that led to the original suggestion that nonplanar porphyrins were
red-shifted as well as a combined MM/INDO study focussing on the Ni and free-base
forms of 5,10,15,20-tetra-t-butylporphyrin (Tt-BuP) and TMP and concluded with an
experimental study of a series of bridled chiroporphyrins. Using an assortment of
structures of a diverse variety of free-base and Ni porphyrins, the relationship between
porphyrin nonplanarity and absorption spectra was explicitly demonstrated indicating
correlation between the total degree of out-of-plane distortion and the Soret position. These
observations were supplemented by regarding porphyrins with substituents that induced
symmetric distortions (sad or ruf), with minimal differences in electronic effects, where
experimental and INDO derived spectra of the ruf series were shown to display a quartic

dependence on the degree of ruf obtained from MM calculations.

An exceptionally detailed computational study of the Ni and free-base derivatives of Tt-
BuP and TMP was subsequently described that involved a complex sequence of structural
models that were able to delineate most of the causative agents of the calculated
differences in the compounds’ B-bands. Electronic differences between the substituents
were quantified by replacing meso 7-Bu groups on the optimised structure with Me groups,
similar to Ghosh’s and DiMagno’s framework, yielding only a small blue-shift leaving the
majority of the difference to be accounted for. Next, again in agreement with Ghosh and
DiMagno, optimisations performed with incrementally constrained ruffling dihedral angles
resulted in only small red-shifts. Crucially, the concept of IPNR was then subjected to an
analogous assessment by 1) imposing the bond-lengths found in Ni(II)T#-BuP upon
Ni(II)TMeP, 2) additionally constraining the C,-C,,-C, angle of Ni(II)TMeP to that in
Ni(II)T#-BuP and 3) in an attempt to maximise IPNR, by fully optimising both compounds

under the constraint that they remain planar. Although it is noted that the first two models

"The coefficients for a harmonic approximation are 0.00614, 0.00600 and 0.00819 kcal mol™' deg ™ to 3 s.f.
for P, TMP and T(CF3)P respectively; their mistake was to compare the energetic cost of distortion of both P
and TMP to 40°, not accounting for the fact that the distortion takes P further from its minima than TMP.
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did induce small red-shifts of the calculated Ni(II)TMeP absorptions, they were
insignificant compared to those that resulted from the ruffle constraints. Moreover, the
third model yielded blue-shifted absorptions for Ni(II)T-BuP compared to Ni(Il)TMeP
suggesting at the very least that IPNR cannot work without access to the full
conformational space available to the macrocycle (i.e., in the z-direction) or as the authors
consider that, “... IPNR is unlikely to be the origin of the missing Soret red shift in

T(tBu)P, although it may be important for other porphyrin systems " .>®

After deducing that the totality of the observed red-shift was not present in either of the
artificially constrained structures, the effect of the co-planarity of the meso methyl
substituents was addressed. They had noticed that in artificially ruffled Ni(I[)TMeP the
methyl groups tended to “droop” back into and below the plane of the macrocycle quadrant
in which it is bonded. Whilst this effect was found to produce a small blue-shift that
somewhat offset the red-shift induced from artificial ruffling, suitably adjusting the model

to negate this yielded only a minor improvement to the overall result.

Finally, we come to what was found to be the actual origin of the red-shift. We have as yet
delayed the observation that had been made regarding the correlation of the higher-order
By, distortions with the lowest-energy mode of this symmetry (i.e. ruf). During the NSD
structural analysis of tetraalkylporphyrins it was highlighted that although smaller in
magnitude, the 2B;, and 3B, deformations were proportional to the extent of ruf present.
However, because of the greater energy required to distort along these modes their
presence even in small amounts was considered to be significant. These distortions were
also shown to affect the N-C,-C,,-C, torsion angle greater than simple ruftling alone so that
they could reasonably be believed to substantially disrupt p-orbital overlap in these
regions. Critically, the 2B, and 3B, distortions were reduced in the artificially ruffled
models and so a way to include their influence was sought. Thus, two physically justifiable
models were selected to uncover whether these higher-order modes would be induced by
features other than bulky-substituents and if so, whether they would exhibit significant red-
shifts. Specifically, Ni(II)TMeP was optimised with non-bonded atoms added close to the
methyl substituents to impart steric strain and then the UV/Vis absorptions were calculated
after their removal. Also, alkyl straps of varying lengths were placed across opposing meso
positions to afford distorted conformations. The resulting structures, which did indeed
possess significant contributions from the higher-order B;, modes, were found to exhibit

the majority of the red-shift that was observed experimentally.
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It is insightful to end this discussion with a quote from Gouterman in response to a
suggestion intended to undermine the four-orbital model, “I think no theory at this stage of
the game can explain all the facts, because they just can’t be comprehended... But there
are a lot of facts that we do comprehend and [which theory is right] depends on how many
facts about them we have comprehended and on how many facts the alternative theory

16118 t5 debunk an idea that had been

comprehends. i ) appears that DiMagno’s attempt
drawn based on many years of empirical observation was based on only a few isolated
cases. Ghosh’s concession'®” then resulted from a compelling argument afforded by

DiMagno in the form of the constrained ruffling model''® that was substantiated by his

198 that the alternative

own calculations. However, it was not until Shelnutt’s study
hypothesis (IPNR) was subjected to the same scrutiny that its inventors had laid upon the

nonplanarity hypothesis, and at this point the fair comparison, bore out the latter idea.
1.5.5 Recent Biological Studies (Perturbative and Computational)

Haemoproteins
The haem nitric oxide and oxygen binding domain (H-NOX) has become the subject of
active research for its endogenous biological regulatory role in small-molecule sensing,'””

200.201 and in particular,

its potential as a tuneable model system for biomimetic applications
for the highly nonplanar conformation imposed by the protein on its single haem

cofactor.'?" 222% Thjs is one of the most distorted haem cofactors to be observed in
natural systems>"” and this feature has been linked to its uncommonly high midpoint

1203

potential ™~ and is likely crucial to its biological function.

The crystal structure of the H-NOX domain isolated from the obligate anaerobe
Thermoanaerobacter tengcongensis (Figure 1-10) revealed an exceptionally distorted
haem, whose degree of distortion was shown to be related to global structural changes on
the surface of the protein, providing a potential link to haem conformation and signal
transduction. This work by Kuriyan and coworkers was ground breaking as this crystal
structure provided the first atomic resolution picture of a haem binding-site with significant

sequence homology to the soluble guanylyl cyclase haem domain in vertebrates.”"
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Figure 1-10: View of the H-NOX domain structure from Thermoanaerobacter tengcongensis (PDB ID:
: : 202
1U56; image created using PyMol).

Recently, Marletta’s group at UC Berkeley showed that mutation of the conserved
PRO115 residue present in very close proximity to the haem (van der Waals contact) to the
less sterically demanding ALA residue affected haem relaxation to a more planar
conformation in both the solid state via crystallography” and in solution using resonance
Raman (RR) spectroscopy.””* This structural change also led to increased oxygen affinity
and lower midpoint potentials of the complex. The generation of other mutants with
intermediate degrees of haem distortion demonstrated that the redox potential was

systematically modulated by the haem conformation (Figure 1-1 et

Other important
developments include recent confirmation of the connection between haem flattening and
signal transduction in further mutational studies®” and an early technological application

that involved the replacement of a single tyrosine residue to affect loss of the haem’s

oxygen binding ability for the creation of a NO sensor.”"’
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Figure 1-11: The haem conformations in the wild-type202 and P115A”" mutant H-NOX complexes (PDB

IDs: 1U56 and 3EEE, molecules A and D, both respectively) illustrated by side-on views and skeletal
deviation plots, which indicate core macrocycle atoms vertical displacements from the mean plane.
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Bren and coworkers have performed a number of studies on the effects of nonplanarity in
cytochromes.”” " One of their recent achievements in this field has been the development
of NMR as a technique for assessing the impact of ruffling on the electronic structure of
haem on a per atom basis.”'> This multi-faceted and impressively thorough study combined
site-specific mutations  to vary the extent of haem ruffling and to control the haem MET
axial ligand’s binding mode in Hydrogenobacter thermophiles cytochrome css,, with
NMR, EPR and DFT to assess the resultant spin-density distributions and the haem-Fe
orbital energies. They confirmed that the mutation affected decreased ruf distortion via 'H
NMR and were then able to identify new '°C chemical-shift / ruffling correlations. The
specific changes indicated that the spatial extent of the spin-density distribution was
decreased at both the haem’s meso and [3-carbons as a result of ruffling. Notably, EPR
suggested that the relative energies and contributions to the HOMO of the Fe d-orbitals did
not change appreciably, indicating a distinct difference of the effect of ruf distortion in this
cyt compared to other ruf distorted model compounds containing strong m-acceptor ligands
where configurations change from (dn,)z(a')c,dy:)3 to (dx:,ci),:)4(dw)'. This is an interesting
result as it highlights the complicated relationship between the effects of distortion in

concert with other environmental aspects.

In a follow-up focussed upon delineating the influence of ruf distortion vs. Fe(III)-HIS
bond strength on the EPR spectra of H. thermophiles cyt css; and Pseudomonas aeruginosa
cyt ¢ssy, it was again suggested that haem ruffling was correlated with decreased reduction
potentials.”’> However, here the results were confounded by the fact that the reduction
potentials of the mutants could also be explained by a change in the Fe(III)-HIS bond
strength. However, the effects were considered separable on the basis that the observed
change in the EPR axial ligand field term was opposite to what would be expected from
changes in the axial HIS bond strength. As a result, the decrease of the axial term was
shown to be consistent with increased ruf distortion and thus it was concluded that the
axial bond strength was mostly invariant across the mutants so that the observed changes in

spectral features and reduction potential were attributed to the effects of haem ruftling.

The observation that the haem degrading proteins IsdI and IsdG (iron-regulated surface
determinant) produce oxidation products that are very different to those from the typical

haem oxygenase enzymes (HOs) has been attributed to the extremely large ruffling

" The particular A7F point-mutation was expected to alter the haem conformation through interaction with
the Cys-X-X-Cys-His motif.
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induced in the protein bound substrate haem.*'*?"° Takayama et al 2! found that
[sdIFe**(CN) possessed exceptionally small average methyl proton chemical shifts and
large paramagnetic shifts of the meso hydrogens. This indicated greater delocalisation of
the haem-Fe’s unpaired electron onto the meso carbons compared to the -pyrrole carbons
and was suggested to result from the dominance of the (dn,,a}:)4(a(,0.)l configuration over
the (dx).)z(dx,d):)3 state. This was rationalised as a result of the ruffling allowed overlap of
the macrocycle 2a,,(m) orbital with the Fe 3d,,, the former having large values at the meso
and nitrogen skeletal atoms. Such a change in the electronic configuration has been
observed in ruffled FeP model compounds only when strong m-acceptor axial ligands are
present although it was posited here to exist in dynamic exchange in the native protein, on
the basis of the methyl proton resonances; it is highlighted that the (d,(y,dy:)‘t(dn)1
configuration may facilitate oxidative susceptibility of the haem meso positions.*
Additionally, the structural consequence of the excessive ruffling appeared to present the
haem B- and meso carbons to the oxygen binding site.”"* It was also suggested that ruffling
works against differences in the H-bonding and dielectric properties of Isdl compared to
typical HOs, which are predicted to raise the potential of Isdl relative to HOs. However,
because the observed E,,s are similar, it was also suggested that the increased ruffling
lowers the reduction potential, similar to the situation in H. thermophiles cyt css» and P.

aeruginosa cyt css; noted above.

Following this study was a report of a mutant Isdl, with reduced haem ruftling and
substantially diminished activity.215 Since the E,, of the mutant was similar to wild-type the
decreased activity was suggested to occur entirely due to the removal of the ability of the
protein to substantially ruffle the haem. The TRP66 residue is noted to be conserved in
both IsdG and IsdI and is in direct contact with the haem’s f-meso carbon and therefore
contributes substantially to the conformation. Mutations in this position were previously
shown to reduce the catalytic activity of IsdG. In this study, the Isdl variants exhibited
macrocycle distortions ranged over 1.3 —2.3 A, most likely a significantly greater
energetic variation than in the H-NOX study (where the range was up to ~1 A) and
supposed to be enough to alter the electronic configuration. Importantly, the Trp-66 residue
was shown not to be required for substrate binding although haem degradation activity was

dependent on AAs with large side-chains being present in this position. The electronic

" This is a sensible conclusion since placement of the energetic unpaired d-electron in the d,,-orbital, which
overlaps with the macrocycle 2a,, HOMO as a result of ruffling, renders it available to react at the meso
positions.
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spectra and the pK,s of the distal water ligand of two of the variants contrasted with the
wild-type such that they were more similar to classic HOs. These changes were attributed
to the decreased ruffling, confirmed for W66Y by X-ray crystallography. In particular, the
Soret and Q-bands of the variants were blue-shifted relative to WT, in agreement with
expectations but also lending more credence to the distortion / red-shift theory, as these
conformation alterations were achieved without chemical modification of the haem. 'H
NMR indicated a significantly smaller contribution of the (d,‘y,dy:)"(dn,)I electronic state in
W66Y. W66F was neither crystallised nor were its methyl resonances assigned, however,
on the basis of the nature of the mutation and the fact that all corresponding paramagnetic
shifts were lower field than those in the W66Y, it was suggested that this variant possessed
even less ruffling. This is consistent with the idea that ruffling is essential for degradation

as the W66F mutant was kinetically slower than W66Y.

Another recent study demonstrated that O, affinities in protoglobin are affected differently
by nonplanar and in-plane distortions so that increasing ruf distortion is correlated with
decreased affinity (in line with the results from H-NOX studies discussed earlier), whilst
core contraction also results in decreased affinity. 2'® This effect is not surprising since
core contraction is itself correlated with increased ruf, yet interestingly compression (or
expansion) along a single Nyp,-Nopp axis also decreases the O, affinity. A similar
nonplanarity / E,, correlation to that found in H-NOX (i.e., that is somewhat at odds with
the result of the previous few conclusions) is suspected in E. coli succinate dehydrogenase
(a complex I homolog) where its high E,, has been attributed partially to the substantial
sad deformation of the haem b cofactor.?!’ Additionally, it was speculated that the haem
conformation may play a regulatory role by exhibiting sensitivity to the redox state of the

quinone pool.

Photosynthetic Complexes

Zucchelli et al. have attempted to use NSD directly to determine the intrinsic site-energy
distributions” of Chl pigments in light-harvesting complexes.m’ Y In this approach, the
four-orbitals of Chl that have greatest influence over the Q, transition are considered to be

perturbed in proportion to the extent of macrocycle deformations that possess the same

" The site-energy of a chromophore in a multi-chromophore protein is its uncoupled excitation energy and
arises due to its interactions with the protein matrix. The intrinsic site-energy refers to the site-energy of an
individual chromophore in the absence of the protein environment and thus represents the contribution of
differences in pigment conformation alone (or if relevant, chemical structure). In multichromophore proteins,
the individual pigment site-energies give rise to a spatial distribution throughout the protein.
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symmetry. In this scheme then, both E, (wav) distortions affect blue-shifts whilst the 4>,
(dom) and 4, (propellering) modes affect red-shifts. Although this appears to be a rather
crude approximation that neglects the fact that, for example, the ruf and sad are more
commonly associated with red-shifted absorptions it produces site-energy distributions in

remarkable agreement with other methods."

Saito ef al. addressed the influence of differences in the PSII ETC Chls a conformations as
revealed by the 1.9 A crystal structure”’ using a modified NSD and a MM/QM
approach.221 They found that the dominant dom conformation of the Pp; cofactor
(conserved from certain RCs) could stabilise the oxidation of HIS ligated Chls generally,
but not in the RC specifically. Also, whereas doming was induced by axial ligands alone in
Pp2 and Chlspy/pp, an interaction between the peripheral substituents of Pp; and the protein
affected its conformation. Additionally, greater ruffling of the RC cofactors of the D1
branch (i.e., the active branch) was observed to potentially contribute to electron transfer
(ET) asymmetry in the RC. However, whilst all these points were noted to be
correspondent with the charge-distribution in Ppyp," ~and ET asymmetry in general, it was
suggested that the conformations were likely only indicative of the local steric environment
of the cofactor and that the dynamics were affected by electrostatic influences of the
protein. This was based on an earlier study regarding the determinants of the hole
distribution of Ppy/pa’ * in PSII where they had found only slight charge asymmetry
(favouring Ppi" ) when calculated without the protein environment, which was attributed

in part to differing phytol conformations.”*

1.5.6 Summary of the Consequences of Macrocycle Nonplanarity

As the conformational flexibility of a great number of porphyrins and a large variety of
their physicochemical properties have been discussed, it is useful to provide a concise
summary of the currently known effects of general nonplanarity and specific distortions.

As has been described, increasing nonplanarity is correlated with porphyrins that have:

e red-shifted absorption spectra

e decreased oxidation potentials (i.e. they are easier to oxidise)

e decreased S;-lifetimes and fluorescence quantum yields

e decreased T)-lifetimes and ISC quantum yields (that affect reduced 'O, yields)
e altered axial ligand affinities

e different orbital interactions with coordinated metals

45



Additionally, in some cases the effects of particular deformations (i.e., sad, ruf, etc.), have
been distinguished. In relation to electronic absorptions, the higher-frequency deformation
modes B;,(2) and By,(3) that are correlated with the ruf conformation are particularly
responsible for red-shifted absorption maxima. This observation may also be relevant to
oxidation potentials as the red-shift has been shown to occur due to greater destabilisation
of the macrocycle HOMO compared to the perturbation of the LUMO energy. One could
also speculate that the higher-frequency deformation modes generally hold greater
influence over properties on the basis that they introduce a larger energetic perturbation to
be distributed amongst the orbitals and that the greater conformational strain may alter
dynamic properties (e.g., relaxation after excitation or oxidation). Another clear cut
example was the observation that the perturbations to photophysical properties in
nonplanar porphyrins were considerably amplified in ruffled compounds, although it must

not be forgotten that they are also majorly apparent in those with the sad conformation.

With respect to the influence of nonplanarity in haems, different reports have concluded
that nonplanarity is correlated with both increases and decreases in haem redox potentials
have been described. The former are represented by the H-NOX series'?! and E. coli
succinate dehydrogenase,”'” whilst the latter are represented by the cytochromes described
in the preceding section.”'*"* It would appear that the latter studies suggest that pure ruf
distortion affects decreased potentials, however, it must be highlighted that the effect was
not directly observed; its presence was assumed on the basis that other active influences
were expected to have the opposite effect so that the change in ruf was supposed to negate
their observation. It appears that only the H-NOX study provides categorical evidence for
their conformation / potential relationship. However, perhaps the most prudent position to

take is that the precise details of the relationship remain an open question.

1.5.7 Conformational control in non-TP cofactors?

The concept of conformational control is in no way restricted to tetrapyrrole containing
proteins. There are many established and a few more emerging manifestations of similar
processes in biochemistry that are worth consideration as they help to generalise the
phenomena. Broadly speaking, such effects may be classified as those that involve the
control of protein conformational dynamics via cofactor associated parameters or else the
functional control of cofactor properties via direct modification of its conformation. These
two classifications are illustrated in TPs by contrasting, for example, haem co-operativity
in haemoglobin with the maintenance of a high midpoint potential by excessive distortion

in the wild-type H-NOX complex. However, as the following example shows, such a
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distinction may be academic rather than reflecting any mutual exclusivity occurring in

nature.

A classic example is the visual sensing protein rhodopsin, wherein the photo-isomerisation
of an 11-cis-retinal to the all-frans form initiates the visual photo-transduction cascade.””
However, whilst it has long been known that the apoprotein affects substantially increased
yields of the active agonist,” a computational study”** demonstrated that the structural
mechanism responsible is the protein-induced distortion of the C11=C12 and C12-C13
dihedral angles in the ground state. Moreover, recent reports have indicated that deleterious
mutations in the binding-site known to cause Retinitis pigmentosa, a condition associated
with blindness, result in substantial changes in the C11=C12 dihedral and significant

spectral-shifts of the chromophore.225 b Ak

In another twist, ubiquinone redox potentials have been attributed to the orientation of their
methoxy substituents.””” This study revealed that the reason that only ubiquinones with
methoxy substituents may function as both Q4 and Qg in photosynthetic reaction centres
(i.e., 1 and 2-electron acceptors, respectively) is because the protein distorts the Qg’s
methoxy by around 20 — 25° out of the aromatic plane, which contributes ~50 mV (65 —
80%) to the observed potential difference. 7 This result is particular interesting in the
context of this thesis as it extends the notion of conformational control to other cofactors in

reaction centres.

1.6 Photosynthetic complexes

The initial stages of photosynthesis (PS) are naturally divided into two major events.
Charge-separation is the point at which sunlight is converted into electrical energy in the
form of a transmembrane electrochemical potential that is generated after transfer of an
electron from the photo-excited special-pair (SP) chlorophylls along the reaction centre
electron transfer chain (RC-ETC). The final acceptor of this electron in the ETC (a
quinone) then links charge-separation to the generation of a transmembrane proton
gradient that it used to drive the subsequent steps of PS. Of course, nature has not left the
initiation of this event solely to chance that the SP is directly excited. Bacteria and plants
alike make use of the large arrays of chromophores in light-harvesting complexes that
serve as exceptionally efficient antennas for converting light-energy into delocalised
excitations that are then directed to RCs, thereby greatly enhancing the rate at which

charge-separation occurs.
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Additionally, in order to repeat the cycle the oxidised SP cation radical (SP") must be re-
reduced. This stage is mediated either directly by a sole soluble cyt ¢, or else, in many
species, a bound tetrahaem cyt subunit immediately reduces SP” and is itself returned to
the reduced state by cyt c,. Over the few past decades tremendous progress has been made
regarding our understanding of the processes (and their connections) involved in
photosynthesis that has culminated in a unified description of the functioning of a

photosynthetic vesicle.”* %%’

1.6.1 The Bacterial Photosynthetic Reaction Centre

The Electron Transfer Chain

The reaction centre electron transfer chains (RC-ETC) from two species of purple
photosynthetic bacteria Rhodobacter sphaeroides and Blastochloris viridis are studied in
Chapter 5 of this thesis. The bacteriochlorin cofactors of the ETC are bound by one of two
reaction centre proteins (L or M; synonymous with A and B, respectively), via numerous
interactions including axial ligation by HIS residues in the case of the four
bacteriochlorophylls, and are arranged in pairs of approximate ', symmetry (Figure
1-12).2"2* % There are a few nomenclatures for the individual pigments in the ETC and
here the components of the special-pair dimer (P) will be distinguished by the addition of a
sub-script indicating the protein to which it is attached (i.e. D and Dy). This formality is
continued for both the monomeric ‘accessory’ BChls (Ba and Bg) and the BPheos (Hx and
Hpg) noting the distinction that in bacterial RCs it is conventional to describe the monomers

of P using the L/M nomenclature and the accessories using the equivalent A/B labels.

Once P is excited to P*, an electron is transferred to the primary acceptor BPheo (H,) in
~2 ps and ~3-5 ps, for B. viridis and R. sphaeroides, respectively, the beginning of the
formation of the cross-membrane electron gradient that drives PS.** ! This takes place
through a scarcely detectable P'B; ~ intermediate that is formed rapidly after photo-
excitation. Subsequent reduction of Q by Ha is followed by electron transfer from Q5 to
Qg. After re-reduction of P" either directly by cyt ¢, in R. sphaeroides or by the RC-cyt in
B. viridis a second ET cycle takes place culminating in the reduction of Qg to Qg*". At
this point, the fully reduced and protonated QH, dissociates from its binding-site in the RC
and is replaced by another oxidised quinone from the cytoplasmic pool.”* A crucial feature
of the RC is that electron transfer occurs only along the L-branch despite the apparent C,

symmetry.”
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Figure 1-12: The prosthetic groups of the ETC of R. sphaeroides. Top left (pink; circled) D, top right (red)
Dy, middle left (purple) B, middle right (dark red) Bg, bottom middle left (blue) H,, bottom middle right
(indigo) Hg, bottom left (yellow) Q,, bottom right (yellow) Qg bottom middle (grey) Fe’" and top far right
(orange) carotenoid. Note that each L, M (equivalent to A, B) pair is approximately related by a C, rotation
about an axis which is located in the plane of the page and bisects the ETC into two halves.

There are two striking differences between the RCs from R. sphaeroides and B. viridis.
Specifically, the RC from B. viridis utilises BChl b and is in possession of a bound
tetrahaem cytochrome whilst that from R. sphaeroides contains BChl a and does not have a
bound cyt.*® Other differences include the identity of the carotenoid close to the ET
inactive accessory BChl (Bg) and of the quinones (1,2-dihydroneurosporene,
menaquinone-9 (QA) and ubiquinone-9 (Qg) in B. viridis and spheroidene and ubiquinone-
10 in R. sphaeroides) as well as the detailed binding interactions of the pigments with the
chromophores.* There are also significant differences in the static physical properties of
the RCs (e.g., P960 in B. viridis vs. P865 in R. sphaeroides) as well as the kinetic

parameters with respect to photo-induced charge-separation between the two species.*® !

Reaction Centre Tetrahaem Cytochromes

Although not present in all species the absence of an RC bound tetrahaem cytochrome
serving as the immediate reductant to the photo-oxidised special-pair P* has been described
as “the exceptions rather than the rule”.”** In B. viridis the reaction centre cytochrome
(RC-cyt) is observable in crystal structures of the RC bound close to the special-pair and
consists of four haem ¢ cofactors arranged in an approximately linear fashion extending
from P to the periplasmic space outside of the membrane.”" ** 239 The haems are bound by
two ‘dihaem segments’ that relate each pair via a local C,-symmetry axis and the sequence
homology of these segments led to the suggesting that the tetrahaem cytochrome originated

234

from a gene duplication event.” Each segment binds a one low- and high-potential haem
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so that a chain of haems exhibiting alternating potentials is created through to the special-

pair (i.e., — 60, 305, 15, 375 mV, SP; Figure 1-13).23% 2%

Although it is still not known why the potentials alternate in this way it has been shown
that the identity of the immediate reductant of P* is dependent on the ambient redox
potential.”* In general, and not surprisingly, re-reduction of P* is fastest at lower ambient
potentials when more of the haems are pre-reduced prior to photo-oxidation of P. In detail,
when only the high potential haems are reduced, H3 acts as the donor to P" affecting its re-
reduction with t;; of approximately 190 ns and H3 itself is then reduced by H2 with t;/, of
1.7 ps. In terms of the factors affecting such drastic differences in the potentials of the
haems, computational studies have achieved accuracy to within +25 mV via electrostatic
calculations by considering effects such as the electrostatic influence of charged residues in
the vicinity of the haems, the protonation state of the propionates, the identities of the axial

ligands to the haem-Fe and the inter-haem redox couplings.”

Figure 1-13: Illustration of the RC-cyt from B. viridis. The image was created from the crystallographic
coordinates found in PDB ID: 1PRC>’ using PyMol; from top to bottom, the special-pair BChls b (P960),
haem 3 (H3), haem 4 (H4), haem 2 (H2) and haem 1 (H1).
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1.6.2 Photosystems I and I

The coupling of two separate RCs with specifically poised redox potentialsl 1950 that one is
capable of oxidising water to oxygen (PSII) and the other of generating a strong reductant
to produce NADPH (PSI) results in the biological marvel that is oxygenic photosynthesis.
The Z-scheme (Figure 1-14) illustrates the energetic relationships between the electron
transfer events in the light-reactions of photosynthesis that result overall in the reduction of
NADP* by H,0.** Immediately following photo-excitation of the primary donors, the
initial charge-separated states are formed in both photosystems (P680°/Pheo and
P700°/Ay") producing the trapped energetic electrons that participate in the ‘downhill’
reduction steps and, concurrently, the strong oxidant P680". 2" 2% The relatively weak-
reductant produced by PSII is used to re-reduce P700" through the interconnecting electron
transport chain via the membrane mobile quinone that, after double protonation, affects ET
to the [2Fe-2S] cluster in cyt bgf. A subsequent ET step within the cyt bgf complex sees the
reduced [2Fe-2S] cluster pass its electron to oxidised plastocyanin (PC) via cyt f, which
consequently reduces P700", whilst the alternative ET pathway mediated by the cyt b
component is coupled to cyclic phosphorylation. After the accumulation of four oxidising
equivalents in the Mn-containing oxygen evolving complex (OEC; i.e., the Ss-state is
reached), water oxidation takes place and the fully reduced state (Sy) of the OEC is
recovered. Meanwhile, the ET events downstream of PSII involve the reduction of a

soluble ferredoxin that in-turn reduces the flavoprotein ferredoxin-NADP" reductase

(FNR).>®

Structural similarity of both PSI and II to the RCs is maintained in terms of the overall
arrangement and number of cofactors present in the ETC although in both RCs BChls are

220.241 there are four Chl a

substituted for Chl a and derivatives. Specifically, in PSII
pigments, the Pp;/p; dimer and the pair of accessories Chlp/ps, and two Pheos a, whilst in
PSI** the special-pair is a heterodimer composed of Chl a and its C1 3% epimer Chl ¢’ and
the four accessories and primary acceptors are all Chls a. Further critical differences in the
biophysical dynamics of these two RCs are apparent. Firstly, that the primary donors are
believed to be ‘accessory’ Chls, specifically Chlp; in PSII** and either Chl A or -Ag in
PSI.*** contrary to the situation in RCs, even so, the photo-generated cation radicals are
localised to the both P680 and P700 after initial charge-separation.I04 Additionally, as

hinted by these identifications, ET is not as asymmetric in PSI when compared to RCs

from the purple bacteria, although this feature is retained by PSII.'"*
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Figure 1-14: The oxygenic photosynthetic Z-scheme. Left to right: oxygen evolving complex (OEC), PSII
primary donor (P680), PSII primary acceptor (Pheo), A-branch plastoquinone (Q,), B-branch plastoquinone
(Qp), plastoquinol (PQ), cytochrome bsf complex (cyt bef), plastocyanin (PC), PSI primary donor (P700), PSI
primary acceptor (Ag), phylloquinone (A,), iron-sulphur proteins (Fx and F,/Fg), ferredoxin (FD) and
ferredoxin-NADP" reductase (FNR).

1.6.3 Bacterial Photosynthetic Light-harvesting Complexes

The requirement that P is photoexcited before it may serve as the primary donor in the
ETC could have been a severely rate limiting step of charge-separation impinging on
overall photosynthetic efficiency had nature not devised mechanisms to maximise the rate
at which P* is formed. The approach taken was the construction of dedicated light-
harvesting complexes (LHCs) that typically consist of densely packed arrays of
chromophores whose main task is the conversion of light into electronic excitations and
their direction to the RCs. In contrast to RCs that bear comparatively close resemblances
regardless of their origin, there is considerable architectural flexibility with respect to the

structures of LHCs.

Light-harvesting complexes I and Il

The antenna complexes of purple bacteria consist of the RC-associated light-harvesting
complex I (LH1; Figure 1-15), or B875, and the peripheral antenna light-harvesting
complex II (LH2; Figure 1-16), or B800/850.2* Both proteins contain numerous BChl a
pigments held by the apoprotein in strictly defined circular arrangements. Specifically,
LH2%**2* consists of two BChl rings denoted B800 and B850 containing 9 monomeric

BChls and 9 pairs of BChl pseudo dimers, respectively, with Mg-Mg distances of ~21 and
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9 A, also respectively, whilst the RC-LH1 complexm’ 20 contains the B875 ring of 30
BChls composed of 15 BChl a dimers with similar Mg-Mg separations to B850. The
energetic hierarchy of the bacterial light-harvesting complexes suggests excitation energy
transfer occurs in a stepwise sequence: (LH3 —) LH2 — LHI1 — R =% Interestingly,

differences in the planarity of the BChl macrocycle conformations have been noted.”

Figure 1-15: Illustration of the RC-LH1 monomeric assembly; note that it is the dimeric form that is believed
to be present in vivo. The image was created from the crystallographic coordinates found in PDB ID:

IPYH249 using PyMol.

Figure 1-16: Illustration of the LH2 protein, note the presence of the face-to-face B850 and edge-to-edge
B800 rings. The image was created from the crystallographic coordinates found in PDB ID: IKZU256 using
PyMol.

In order to provide environmental adaptability, a modified form of LH2 may be expressed

by some species of purple bacteria under low-light conditions known-as LH3 in which the
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absorbance maximum of the B850 ring is blue-shifted to 820 nm and hence is termed
B820.2* Structural studies of LH3*** has led to the suggestion that altered H-bonding to
the C3-acetyl of BChl a in the B820 ring was responsible for the spectroscopic variation,
an idea that has recently been extended® to include the effect that this has on the excitonic

coupling in the complex.

Aside from differences in excitonic coupling arising from the various BChl packing-

densities present in the B850 and B800 rings that contributes to their spectral differences,”"

7 the detailed pigment-protein interactions experienced by each BChl may affect unique
site-energies (i.e., the uncoupled excitation energies; see footnote p. 44) that influence the
exciton dynamics. For instance, computational studies utilising models based on
crystallographic data have indicated that the protein environment red-shifts the exciton
energies of the B80O0 ring to a greater extent than in B850.25% %% Moreover, direct
calculation of the pigment site-energies has shown that differences caused by the pigment
conformations alone echo those that are found when more of the protein environment is
included. In detail, the isolated pigment models of the LH2 chromophores yielded Q,
energies of 1.59, 1.57 and 1.61 eV for the aB850, B850 and B800 BChls, respectively,
and the relative difference between the B850 BChls was maintained when the effects of
neighbouring BChls, axial-ligands or H-bonding residues were explicitly included.?®" *¢!

An earlier study found even greater variation, suggesting the nonplanar B850 BChl’s site-

energy to be ~0.04 eV lower (i.e. red-shifted) than its planar aB850 counterpart.”’®’

The Fenna-Matthews-Olson Protein

The Fenna-Matthews-Olson (FMO) protein provided the first crystal structure of a
chlorophyll-containing protein.48 The FMO complex serves as the excitation energy
transfer (EET) intermediate between the chlorosome baseplate and the RCs of the
photosynthetic green sulphur bacteria.”®® The complex consists of seven BChl a pigments
encapsulated between an oval-shaped B-sheet and a few a-helix stitches, in what has been
referred to as the “taco shell protein”, and crystallises as a trimer with (in some species) an
eighth BChl situated at the interface of each monomeric unit. It is has been suggested
recently that excitation energy passes through the FMO to the RC complex via one of two
pathways: either the highest-energy (~BChl 8) or the third exciton state (~BChl 1) are
initially excited followed by relaxation through BChls 2 or 4 (i.e., alternate routes), and
thereafter subsequent decay through BChls 7 and then 3, the latter of which serves as the
exit pigment.264 Depending on whether the initial relaxation is through BChl 2 or 4,

determines calculated transfer times of 1.5 or 0.5 ps, respectively.
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There are two spectral classes of FMO protein that are differentiated by the relative
intensities of their absorption maxima.”®® Type I complexes show a greater intensity of the
second lowest-energy excitation and include the species Prosthecochloris aestuarii and
Pelodictyon phaeum whereas in type Il species (e.g., Chlorobaculum tepidium) the
intensity of this excitation is suppressed such that it is lower than the third lowest-energy
optical transition.*®® Speculation as to the factors that lead to the spectral classes has
included citations of the differences in the macrocycle conformations of the pigments
(including nonplanarity and C3-acetyl orientation) and alternatively differences in the
binding of BChl 8, specifically its ligation state.”*® This latter suggestion has since been
superseded on the basis that it has been recently suggested that the FMO from P. phaeum
does not include BChl 8 after all,”’ although it is possible that this is a preparative issue as
crystal structure determinations usually ascribe this cofactor a low-occupancy and it is

considered to be the most labile cofactor.

Figure 1-17: Illustration of the FMO protein monomeric asymmetric unit. From bottom left to centre via an
approximate ‘9’-shaped spiral: BChl 1 (pale blue), 2 (purple), 3 (yellow), 4 (pink), 5 (grey), 6 (blue) and 7

(orange). The image was created from the crystallographic coordinates found in PDB ID: 3BCL 8 using
PyMol.

The FMO protein is considered by many to be a useful model complex for studying
photosynthetic energy transfer, Olson himself referred to the crystal structures as, “...a
godsend for physicists and physical chemists interested in spectral properties, excited
states, and energy transfer.” As a result, numerous studies of the site-energy distributions
and exciton dynamics have been reported,”® and have included explicit investigations of
the influence of variations in BChl conformation.''" So far, the best agreement between

structure-based ab initio calculations of the site-energies with those empirically determined
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by parametric fitting to the experimental spectra, have been obtained by consideration of
the effect of the electrostatic environments of the BChl binding-sites on the relative

stabilities of their ground- and excited-states.>*” >’

Chlorosomes

The chlorosomes are the main photosynthetic antenna complexes in green bacteria. In
contrast to the protein-organised complexes described previously, chlorosomes contain
very little protein and instead are comprised almost entirely of self-assembled chlorophyll
aggregates; a small BChl a binding-protein is associated with the chlorosome may serve as
an intermediate between the chlorosome and the RC apparatuses (including the FMO
protein) and is referred to as the ‘baseplate’.271 Depending on the particular species,
Chlorobiaceae (green sulphur bacteria) contain one of either BChls c, d or e (the
Chlorobium chlorophylls) and their corresponding homologues, which differ in the length
of the alkyl substituents attached to C8 and C12 as well as the identity of the esterifying
alcohol, whereas all Chloroflexaceae (green nonsulphur bacteria) usually contain the BChl

¢ derivatives.?”!

The particular BChl substitution pattern (i.e., specific homologue) of the compounds
isolated from chlorosomes in some species is governed by the light-conditions maintained
during culture,” with reduced light leading to increased methylation.””* This is considered
to affect altered spectral properties by modulating the in vitro aggregation properties of the
chromophores. However, structural studies of the demetallated derivatives of the
homologues'"” from Chlorobium vibrioforme indicate substantial alterations to the
macrocycle conformation, which may contribute to the red-shift of the low-light
chlorosomes, although analysis of the spectral properties of the isolated chromophores®’*
did not show any systematic variation corresponding to the extent of methylation.
Additionally, model compounds have indicated that the C20-methyl substituent induces
local nonplanarity at this position, which may contribute to the 10 nm redshift of BChl ¢

relative to BChl .77

" An interesting application of the light-adaption process has been the analysis of the distribution of the BChl
homologues in sedimentary cores, allowing the comparison of bacterial communities from different locations

S k . : e 2 272
as well as a characterisation of their development in response to environmental conditions over time.

56



2 Project Outline

2.1 Motivation: Outstanding Problems and their Solutions

2.1.1 Photosynthetic Systems

Whilst haemoproteins have received significant attention regarding the impact of
conformational control,** '*"?'*2!7 there is a clear lack of equivalent studies of the
phenomenon in non-haem driven processes. In particular, in photosynthetic systems a
number of authors have noted the significance of BChl nonplanarity in photosynthetic

30, 119, 230, 276-278
complexes,

although the relevance of conformational control is generally
not as well accepted in relation to these proteins as compared to haemoproteins.
Nevertheless, the subtle fine tuning of physicochemical properties made possible by
macrocycle distortion may be applicable here as well and it is certainly worthwhile to test
this hypothesis. This underrepresentation is directly addressed throughout this work by
focussing on the conformations of BChls and haems in the reaction centres (RCs) and
cytochrome subunits (RC-cyt) from purple bacteria and the light-harvesting Fenna-

Matthews-Olson complex from green bacteria.

There are a number of potential reasons why photosynthetic systems have not been as well-
studied as the haemoproteins with respect to the influence of protein-induced macrocycle
distortion. To begin, as a result of their chemical instability there is a severe lack of
specifically designed model compounds of conformational flexibility in chlorins, 7 to the
extent that Senge153 has provided the only substantial structural analysis to date. At present
then, it is possible only to address the situation in vivo, by the analysis of the
conformational flexibility of protein-bound chlorophyll and related cofactors directly.
Therefore in this context, this study extends the concept of conformational control to the

chlorin and bacteriochlorin class of tetrapyrrole compounds.

Also, analysis of the conformational variability of photosynthetic cofactors in analogy to

32,33

what was performed by Shelnutt (Chapter 1.5.3) may have been hindered because

there are relatively fewer crystallographic studies and, at first glance, less functional



variability amongst those that are available (i.e. fewer species and unique* proteins).
Perhaps more importantly, the available structure determinations are resolved at relatively
poorer resolutions owing to the experimental difficulties associated with the high

molecular weight membrane proteins that are of great interest in photosynthesis.

In order to circumvent the problems posed by the limited resolutions of the available
structures, the uniformity of the RC structural data was exploited explicitly to assess the
experimental reliability of the measurements of BChl conformations in RCs and
consequently led to their improved experimental determination. If the data could be shown
to be consistent with real conformational differences amongst the cofactors (as was the
case) these conformations could be correlated with their individual biophysical roles in the
RC. This was achieved by applying the known-effects of macrocycle distortion to the
relative differences in BChl conformations (e.g., if X is more nonplanar than Y it is
assumed that X is easier to oxidise, has red-shifted absorption spectra, efc.), a process that
yields an initial estimate of the induced conformational effect isolated from other
considerations of the binding-site. Additionally, considering the architecture of RCs, there
is in fact significant functional variability amongst the individual BChls, so that the
implications of the predicted effects may be explored in the context of the current
knowledge of the biophysical dynamics of RC function. Thus, the predicted
conformational influence could be correlated with suspected physicochemical differences

between the RC BChls and this was extended to species specific variations.

2.1.2 Statistical Approach

The primary objective of the initial analysis of the normal-coordinate structural data (NSD)
was to obtain best-estimates of the cofactor conformations within the protein in its
crystalline state. This entailed the secondary aim of identifying and characterising any
systematic errors present in the set of all relevant structure determinations. It will be useful
to first consider the possible sources of error in the coordinates of these structures found in
the Protein Data Bank (PDB), so as to describe how these may be mitigated by direct
analysis of NSD results.

" For example, although there are dozens of structure determinations of the RC in the PDB the variety is in
general limited to proteins with one or more site-specific mutations and the majority are from either one of
only two species (R. sphaeroides or B. viridis). This is in contrast to haemoproteins where the rich diversity
of different proteins with unique functions and properties gave purpose to a broad analysis of the distribution
of haem conformations in general that could then be associated with functional significance.
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The experimentally determined property that results from an X-ray diffraction study is an
electron density map (EDM) of the unit cell, from which an atomic model is constructed to
a first approximation of the density. This model is then refined to improve the agreement
between the experimental and theoretical density distributions whilst adhering to sensible,
chemically deduced restraints of the free parameters. Although error in the EDM itself is
subject to separate contributions that arise from the precision of the measured diffraction
amplitudes (data collection) as well as the estimates of the diffraction phases (phasing) and
other aspects (e.g. scattering factors employed), it is useful here to consider these
individual sources in combination to give rise to a total error in the EDM. This error will
be propagated into the atomic model built from the data. However, the process of model
building and refinement introduces further errors. These originate from factors such as the
definitions and target values of restrained stereochemical parameters as well as their
individual relative weightings to one another and the experimental observations. As one
would expect then, the end result overall is that the reported atomic coordinates used in this
study to assess the macrocycle conformations are not exact representations of the actual

atomic configurations present in the crystal.

Fortunately, it is a simple matter in general to decrease the influence of sources of random
error by aggregating the results from multiple measurements. However, blind averaging of
all the available measurements is not necessarily appropriate since some of the sources of
error described above may turn out to be systematic when considered across the entire
dataset. For example, individual research groups may have specific protocols for
refinement that they employ in all of their structure determinations that could be quite
different from those used by others. As a consequence, before any attempts to obtain
averages were made, the dataset as a whole was examined to determine whether any such

systematic variations were present and if so, steps were taken to remove their influence.

2.1.3 Theoretical Model to Quantify Conformational Effects

In general, it has proved difficult to model the effects of nonplanarity on the
physicochemical properties of porphyrins using quantum molecular modelling (QMM).
Indeed, wholly different results were obtained using similar methods in the past that were
dependent upon the structural models employed (see 1.5.4). Additionally, the common
practice of using crystallographic coordinates obtained from protein structures in QMM

studies introduces yet more difficulties regarding the reliability of the results.

However, the original development of a way to account for bias and reduce random

experimental error in cofactor geometries from X-ray structural data described later in this
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work, enabled the first QMM studies to be performed where this latter factor was explicitly
accounted for (without geometry optimisations). Furthermore, the availability of a new
experimental model (i.e., the H-NOX mutants®” described in 1.5.5) of the influence of
conformational control upon haem reduction potentials, including high-resolution atomic
coordinates, meant that the QM model could be calibrated and tested against these data

first before applying it to a complex system.

2.1.4 Account for Non-additivity of Conformational Effects

Although the non-additivity of the effects of local and macrocyclic conformational
parameters on key-physical properties has been suggested in the past,''' no experiment has
yet been able to clearly delineate their individual contributions. Whilst there is certain
feasibility in using highly truncated models of haems in QMM studies of the redox
influence of relative conformational differences amongst these compounds, because a key-
interest in chlorophylls is their absorption properties that are necessarily very sensitive to
the effects of conjugated peripheral substituents, these are not as relevant to BChls. This is
in contrast to haems where truncated models are useful because the characteristic redox
chemistry takes place at the haem-Fe or else involves the coupling of the aromatic pathway
of the macrocycle to the metal and both of these factors are dominantly influenced by the

coordination environment provided by the skeletal framework.

If it were possible to separate out the individual contributions of local and macrocyclic
conformational effects (e.g., the acetyl orientation from skeletal deformation), it may help
to overcome another significant hurdle for the applicability of the conformational control
concept to photosynthetic systems. In detail, a few studies have claimed to have
categorically disproved that skeletal distortion effects key-properties of the special-pair
BChls in RCs and instead attribute a dominant influence to the co-planarity of the C3-
acetyl substituent. Although the model presented in this thesis for separating
conformational effects is not applied directly to the special-pair, the results suggest that
macrocycle deformation is usually the main conformational perturbation to BChl

properties.
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2.2 Aims and Objectives

In summary, there are two major objectives of the research accounted in this thesis:

1. to assess the role of conformational control in photosynthetic systems
2. to develop and apply methods to quantify and delineate the conformational

contribution to physicochemical properties
Additionally, the individual aims that were required to fulfil these objectives were:

a. obtain reliable descriptions of the conformations of BChls and haems in
photosynthetic proteins from the presently available structural data

b. predict the expected relative physicochemical effects, in terms of the state-of-the-
art knowledge of the effects of porphyrin nonplanarity, using the relative
differences in cofactor conformations or alternatively,

c. to quantify physicochemical differences arising from conformational effects using
appropriate QMM techniques

d. to construct structural models and an experimental design for use in a QMM study
that is capable of isolating the individual perturbations to BChl physicochemical

properties arising from local and macrocyclic conformational effects

In terms of the individual projects that were conducted, Chapter 5 achieved the first two of
the above aims by delivering what is argued here to be the most accurate and precise
descriptions of the conformations of the individual BChls in the RCs from R. sphaeroides
and B. viridis possible from the currently available experimental data (i.e., aim ‘a’).
Additionally, the expected physicochemical outcomes of the relative conformational
differences were correlated with their biophysical roles in the RC (aim ‘b’) and so
demonstrated that the protein scaffold exerts functional conformational control on the

porphyrin macrocycle in RCs (objective “17).

The following project (Chapter 6) applied the same statistical process to the structural data
available for the RC-cyt from B. viridis and thus provided accurate determinations of the
conformations of the individual haems (“a”), which were then used in subsequent
theoretical calculations to directly assess the conformational impact on their midpoint
potentials (‘c’). The specific method employed was developed by correlating the results
from a series of calculations on a recent model complex for conformational control of

haem E;s that thus provided an experimental calibration (objective 27).
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The final project (Chapter 7) has not yet provided any improved model coordinates for the
individual BChls from the FMO protein as the relatively high-resolution structural data
available for these complexes appear to vary systematically and thus precludes reduction of
error through averaging. However, this complex has been used to develop a method to
delineate individual structural contributions to the intrinsic site-energy (i.e., in vacuo

excitation energy) that is proving to be quite successful (‘d’).

In all of the above cases, the results have extended the concept of conformational control to
photosynthetic apparatuses. However, the results also serve as a model for the role of
conformational regulation of tetrapyrrole cofactor biological function in other systems.
Additionally (and more generally), the strategies that were employed resulted in the
development of methods for the statistical analysis large volumes of protein-bound ligand
crystallographic data, allowing post hoc assessment of the structural data’s reliability.
Finally, the research described in chapter 7 represents a relatively unique combination of a
QMM study with a statistically designed experimental sequence, which serves as an

exposition of the power and utility of this approach.
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3 Methods

3.1 Data Collection

The atomic coordinates of reaction centre and light-harvesting complex BChls and haems
that constitute the structural data used in this work were obtained from the Protein Data
Bank Ligand Exp0279‘ 280 in “.ipdb’ format (specific access dates are provided in the
“Experimental Details” sections of each chapter). These were then processed with the

normal-coordinate structural decomposition procedure (NSD)*> 1¥4

using the online Java
application provided by Sun and Shelnutt,”®' with each structure oriented consistently
(Figure 3-1), as described in the program’s online documentation. The process was semi-
automated using a macro written with AutoHotKey and individual results were saved in a
template created using Microsoft Excel that provided immediate graphical illustration of

the NSD as well as skeletal deviation plots for all individual structures.

The identity of the structure (i.e. PDB ID, residue ID, filename, efc.) was automatically
associated with the results during processing but the biological identity (e.g. Ba, Bg, efc.)
of the cofactor had to be added manually using either residue ID conventions for the
HETATM records or associated axial ligands and was confirmed visually with reference to

the full protein model, a lengthy process for the ~100 structures analysed.

Figure 3-1: Correct orientation of the cofactors for NSD analysis (phytyl chain has been truncated). Rings A
and B (indicated by the acetyl and ethyl groups, respectively) are used as the anchors to orient the structure
such that reading clockwise from nine o’clock the rings follow the sequence A, B, C and D.

Once all individual structures were processed, the formatted row vectors containing NSDs
and PDB annotation data (observations) were collected into “.csv’ format using an MS
Excel Visual Basic for Applications macro. At this stage the data files were read into B

where any further processing necessary (e.g. data reconfiguration) was accomplished using
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various in-built index and sub-setting functions. Additionally, annotations relevant to all

cofactors from a particular PDB structure (e.g. species) were added at this stage.

3.2 Structural Characterisation

The structural characterisation of nonplanar porphyrins may be achieved using a number of
the macrocycle’s geometric parameters that generally may be considered to fall into one of
two groups. Specifically, there are those which utilise the internal angles and interatomic
vectors ‘as is’ such as the Ca-Nopp-Nopp-Ca” dihedral angles to quantify ruf distortion, or
alternatively, parameters derived relative to the 4N- or 24-macrocycle atom mean-plane.
Although both of these approaches are valid, it is generally considered that deviations from
the mean-plane best capture the nonplanar conformations of porphyrins and are most

, y 157
suitable for comparative analyses. "’

Two useful quantifiers of the degree of nonplanar distortion are A24 and D,,,, which are
defined as the root mean square deviation of the 24 macrocycle atoms from their least-
squares plane and the related root sum-of-squares, respectively (Equation 3-1; D,,, is
preferred in this work). Alternatively, skeletal deviation plots reveal local features of the
individual z-displacements from the 24-atom mean-plane (Az;) by means of plotting Az;
against an arbitrary positional parameter, assigned such that the view of each pyrrole unit
is along its N-mid(Cy-Cp) bisector and reading from left to right one ‘walks around’ the

macrocycle (Figure 3-2)."’

Equation 3-1: The typical out-of-pane distortion of a single atom is given by A24, whereas a measure of the
overall distortion is given by D,,,; in both equations Az; is the vertical displacement of an atom from the
mean-plane.

However, the advent of the method of normal-coordinate structural decomposition3 g

(NSD) represented a turning-point in the structural characterisation of porphyrins and it is
this method that will be used extensively throughout this work. NSD is a conceptually
simple procedure that employs the decomposition of the conformation of the macrocycle
by a basis set composed of its various normal-modes of vibration. This technique affords
clear separation of the contributing characteristic distortions to the macrocycle
conformation in a quantitative yet readily interpretable fashion (Figure 3-2; e.g., ruf, sad,
dom, etc.). Furthermore, often a basis of only the lowest energy normal-mode of each

symmetry are necessary to describe the conformation accurately, affecting reduced
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dimension compared to specifying the 24 Az; displacements and therefore allowing the

large scale analysis of porphyrinoid crystallographic data.
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Figure 3-2: Illustrations of methods used to characterise macrocycle nonplanarity. The mean plane that is
defined by the 24-macrocycle atoms (left), from which the individual skeletal deviations are derived (top
right) that may be subsequently decomposed by NSD (bottom left).

3.2.1 Normal-Coordinate Structural Decomposition

The observation that the commonly observed ruf, sad, dom and wav conformers were very
similar to static displacements along the lowest-energy normal-modes of vibration of the
macrocycle led to the development of a new technique for the quantitative structural
analysis of tetrapyrroles called normal-coordinate structural decomposition (NSD). The
NSD procedure describes an observed macrocycle conformation in terms of a linear
combination of displacements from a planar reference geometry along so-called normal-
coordinates derived from the normal-modes of a planar porphyrin macrocycle. In Shelnutt
and coworkers®® formulation there are three major components of NSD that require
attention: the calculation of the normal-modes, derivation of the normal-coordinates from
the normal-modes and the selection of the ‘reference macrocycle’ whose normal-modes are

used to construct the normal-coordinate basis.

In principle, any molecule’s conformation may be described as a linear combination of
deviations from a reference geometry (e.g., the in vacuo ground state) along its 3N — 6,

or 3N — 5 as appropriate, normal-modes of vibration. For porphyrins, this means that 66
normal-modes span the vector space that is required to describe any possible conformation
of the 24 atom (= N) macrocycle skeleton. Furthermore, for a Dy, symmetric porphyrin
these modes split into 2N — 6 = 45 in-plane (IP) and N — 6 = 21 out-of-plane (OOP) modes
whose symmetries are given by the irreducible representations of the Dy, point group (i.e.,

IP: Boo, Bigy By Aies A g ad’OOP: By, By Azy, B A/,,).32 Jentzen et al. calculated these
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normal-modes quantitatively using a molecular mechanics force field based on DRIEDING
that had been shown to accurately predict the conformations of many distorted porphyrins
in the solid-state.'® Since a model unsubstituted metalloporphyrin was used for the
vibrational analysis, extraneous normal-modes involving C-H stretches and large-motions
of the central metal were also obtained. Whilst the former were automatically isolated from
the skeletal motions on account of their naturally high frequencies, the metal’s motion was
artificially decoupled by setting its mass close to zero ensuring that its modes were
confined to exceptionally high frequencies. The 66 remaining normal-modes comprise an
orthonormal set that span all possible conformations of the macrocycle skeleton. However,
upon their conversion into ordinary coordinate space via division by the root-mass-matrix
and re-normalisation to obtain the normal-coordinates that are used as the basis for
structural decomposition they are no longer orthogonal within a given symmetry type due

to the different masses of the C and N atoms.”

As for the reference macrocycle used to calculate both the normal-modes and the Cartesian
displacement coordinates of porphyrins that are analysed (see later), unsubstituted
Cu(I)porphyrin was chosen as its ground-state was considered to represent a least-strained
geometry (i.e., planar with d(M-N) close to Hoard’s optimum). Thus the normal-coordinate
basis employed by NSD originates from the 66 skeletal normal-modes calculated for
Cu(II)P using a modified version of the DRIEDING force field with the mass of Cu set to
0.001 amu. Additionally, the Cartesian displacements of the structure under analysis, that
are directly decomposed into a linear combination of the normal-coordinate basis, are
determined with reference to the symmetry adapted coordinates taken from the Cu(II)P

crystal structure.

The computation of a particular structure’s NSD is quite straightforward and begins with
the calculation of the macrocycle least-squares plane and the individual atomic deviations
from this plane (Az).*”> The Az are sufficient for the OOP decomposition since this is
achieved via solution of the matrix equation, Ax = b, where A is the normal-coordinate
basis set, x is the vector of normal-coordinate coefficients and b is the vector of Azi.Jr The

coordinate system is then transformed by a series of orthogonal axis rotations. The first

" Division by the mass-matrix is equivalent to dividing the normal-mode amplitude for each atom

(i.e., the corresponding entry in the normal-mode eigenvector) by its atomic mass. Since the macrocycle
possesses both C and N atoms the eigenvector entries are divided by different numbers thus breaking the
orthogonality of the set (i.e., the orthogonality is lost in the conversion of mass-weighted to non-mass-
weighted coordinates because the mass-matrix is not a scalar multiple of the unit matrix).

' Note later that if A is a reduced basis set (i.e. min. or ext.) then a least-squares solution will be required.
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rotation sets the x,y-plane of the new coordinate system so that it coincides with the
macrocycle mean-plane and the second rotates the z-axis so as to minimise the sum of
squares of the coordinate deviations between the observed structure and the reference
macrocycle.* Once these rotations are complete, the remaining x,y-displacements between
the observed and reference structures give the IP deformations in an analogous manner to

the linear decomposition described above. In summary, the computational steps are:

1. Determination of the macrocycle least-squares plane - the individual atomic
deviations from which (Az;) are used to calculate the OOP normal-coordinate
coefticients in the first linear decomposition.

2. Rotation of the axes so that the x,y-coordinate plane coincides with the macrocycle
least-squares plane.

3. Rotation of the observed structure around the z-axis to minimise the sum-of-
squares deviations between the x,y-coordinates of the macrocycle atoms under
analysis from those of the reference structure.

4. The x,y atomic deviations in this orientation between the observed macrocycle and
the reference structure (Ax;, Ay;) are used to calculate the in-plane deformations in

the second linear decomposition.

Note that the above description of the linear decomposition step has been slightly
simplified. The actual computation uses a 72 x n basis matrix, A, (where n = the number of
normal-coordinates in the basis; i.e. n = 12, 24 or 66 for the min., ext. or comp. bases
respectively) where each of its columns corresponds to a normal-coordinate (e.g., the
column that corresponds to the lowest-energy B>, normal-deformation vector contains non-
zero entries, where appropriate, for the first 24 elements (Az;-displacements from
planarity) and zero entries for the remaining 48 (Ax;, Ay;-displacements from reference
macrocycle) and vice versa for any IP normal-mode. It should therefore be apparent that
the observed distortion, b, is a 72 x 1 column vector containing the Az; mean-plane
displacements and the Ax;, Ayj-displacements from reference macrocycle, that are obtained
after the coordinate transformations described above. It follows then that the solution
vector, X, is an n % 1 column vector containing the scalar coefficients for each of the

normal-deformations of the basis, i.e. the vector of normal-coordinates (Equation 3-2).

" The calculation of the in-plane atomic deviations from this macrocycle can be visualised by analogy with
the d,, calculation, replacing the simulated structure with the reference (Equation 3-3)
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Equation 3-2: The generalised linear matrix equation that is solved during the last step of the NSD
computation. PR
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Reduced Normal-Coordinate Bases: Min. and Ext.

A crucial observation was that basis sets composed of less than the full complement of the
66 normal-modes of the macrocycle were often able to accurately reflect the macrocycle
conformation and these were typically the lowest-energy modes of each symmetry type.*>
The explanation behind the adequacy of reduced bases was that displacements along
normal-modes of lower energy are more accessible because they exhibit the least restoring
forces, whilst the prevalence of these symmetric distortions” lent empirical weight to this
idea.*” Thus, reduced basis sets composed of only the lowest energy and both the lowest
and next-to-lowest energy normal-coordinates of each symmetry type (min. and ext.,
respectively) are often adequate to characterise macrocycle conformations. This is
particularly useful for characterising protein-bound macrocycles where in contrast to the
symmetric distortions found in most synthetic compounds (i.e. single mode deformations),
the asymmetric environment of the protein tends to induce mixed-mode conformations that
are not easy to characterise visually, or using geometric parameters other than NSD.
However, when using a reduced basis set the fit between the actual structure and that given
by the min. or ext. basis simulations’ will not be exact (Figure 3-3).”> As a result, a
measure of the accuracy of the simulated structure was required and so the root-mean-
square positional error between the actual and simulated structures were defined for the

OOP and IP normal-coordinates, termed d,,, and J,,, respectively (Equation 3-3).

The normal-modes for the OOP distortions of the min. basis consist of the lowest energy

vibration from each symmetry (Figure 3-4) and are familiar to porphyrin chemists as the

" The very existence of a systematic nonplanar stereochemistry of porphyrins (see Chapter 1.5.2) defined in
terms of the symmetric ruf, sad, dom, etc. conformations correctly implies their ubiquitous observation in
porphyrin structural studies; thus, in spite of the chemical diversity of porphyrin compounds, these
conformations are inherently favoured by the macrocycle. The energetic cause of this observation became
clear once it was realised that these canonical stereochemistries closely resembled the lowest-energy normal-
modes of the skeletal framework.

' Since the normal-coordinates and the conformation are related in a deterministic way, it is trivial to obtain
an ordinary Cartesian description of the macrocycle from the NSD normal-coordinates by projecting them
back onto the reference macrocycle. The “simulated structure” is that obtained by reversing the NSD process
but using only the normal-coordinate coefficients of the reduced basis.
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saddle (B.,), ruffle (B,,), domed (A45,), propellered (4,) and the degenerate wave modes

(Eq(x) and Eg(y)).3 ? The IP modes that compose the min. basis (Figure 3-5) are the meso-
stretching (Byg), N-stretching (Bjg), pyr-translation (E,(x) and E,(y)). breathing (4 ,,) and
pyr-rotation (A42,).
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Figure 3-3: Comparison of the in- and out-of-plane (left and right, respectively) atomic displacements yield
by the min. basis simulations (blue) and the observed structure (red) from the NSD analysis of BCL C302
from PDB ID: 1E6D;™* 5, = 0.0533A and 6,,,, = 0.0368A.

Equation 3-3: The goodness-of-fit between reduced basis simulations and the actual conformation.
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Figure 3-4: Molecular illustrations of 1A deformations along the normal-coordinates of the minimum basis.
By, (top left), By, (top right), A5, (middle left), £,(x) (middle right), E,(y) (bottom left) and A, (bottom right).
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Figure 3-5: Molecular illustrations of 1A deformations along the normal coordinates of the minimum basis.
B, (top left), B, (top right), E,(x) (middle left), £,(y) (middle right), 4, (bottom left) and A, (bottom right).
Note that B,, and B, modes likely alter internal H-bonding in the core and, with the addition of 4,,, the
coordination environment of central metals. These figures were produced by generating the atomic

displacement vectors in MS Excel from the normal-deformation matrices given in Jentzen et al.”~ and

- . . : g . . 284
superimposing the image onto an illustration of the reference macrocycle (produced using GaussView™  and
the coordinates from Jentzen et al.).
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3.3 Data Analysis

Although specific details regarding the conduct of any of the substantial data analyses
performed are provided in later chapters when relevant, a general discussion of some of the
main techniques employed is given here. Additionally, it was considered useful to include
short summaries of techniques that were used extensively throughout the analyses and
these may be found below in Table 3-1 for easy reference. Usually, analyses were
performed with R,* although in some cases other software was used and this is indicated

where relevant.

Table 3-1: Summaries of the main statistical techniques used throughout the analysis.

Dissimilarity = Measures the multivariate ‘dissimilarity” between two observations. In

analysis this work, the Euclidean distance of each pair of observations was used
yielding a symmetric matrix with a leading diagonal of zeros (the
dissimilarity of an object to itself). In chemical terms, it quantifies the
conformational dissimilarity between two structures / observations.

Agglomerative AHC groups similar observations in a hierarchical manner via a stepwise

Hierarchical process. Thus, the two most similar observations are paired to form a

Clustering group (cluster), then from those remaining, either the next two most
similar are paired or one observation is added to the previous group and
so on, until there is only one group containing all the observations.

A decision must be made as to how many clusters to select. This can be
achieved either by setting the number of clusters or by consideration of
the dendrogram which shows the relationship between them, including a
measure of the (dis)similarity of the clusters or a quantity proportional to
an error measure at each stage.

In this work the Euclidean distance was used to obtain the dissimilarity
matrix and Wards® method was used for the agglomeration. In chemical
terms, the process distinguishes groups of cofactors with similar

conformations.
Kernel KDE provides a nonparametric estimation of the distribution of a dataset
Density by placing a symmetric function at each observation and summing the
Estimation result. In this case, Gaussian kernels were used with bandwidths

(h; i.e., standard deviations) determined using the plug-in selector.

3.3.1 Multivariate Clustering

Cluster analysis is a statistical technique that may be used to reveal the relationships
between observations in a multivariate dataset (e.g. the NSD coeftficients for protein-bound
cofactors explored in this thesis).?®> % In general, this is achieved by an algorithm that in
some way iteratively groups observations together so that a particular objective function is
optimised resulting in groups of observations (clusters) that have similar characteristics

within the groups and distinctions between. To this end, there are two major methods that
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differ fundamentally in their approach, namely k-means and hierarchical clustering, where
the latter is further characterised as being either agglomerative or divisive.” In this work,
agglomerative hierarchical clustering (AHC) of NSD data was employed to find groups of
cofactors that possessed similar conformations to test the idea that the individual binding-

sites imparted distinct conformations on the bound cofactor.

AHC approaches the problem of clustering by combining objects on a case-by-case basis
into groups, whereupon new groups themselves are considered by the method as
candidates to be merged, based on some property of the whole group, and the process
continues until a single group containing all objects is formed. As an illustrative example,
consider the AHC analysis in Figure 3-6, which used the Euclidean distance matrix
constructed from an arbitrary 2D-dataset and Ward’s method for the agglomeration. The
dendrogram shows the evolution of the cluster solution. Notice that first points 6 and 7
were merged and then 8 was incorporated into this cluster, new clusters were then formed
to contain points (1,2) and (3,5), the latter being quickly merged with 4. At this point the
outlying observation 9 is merged with cluster (1,2) followed by the union of clusters

(3.4,5) and (6,7.8).
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Figure 3-6: Example of an agglomerative hierarchical cluster analysis, data points (left) and dendrogram
(right). The dendrogram indicates the order in which each point is merged to form a cluster and suggests the
presence of four clusters that is in line with the distribution of points illustrated in the scatter-plot.

In general the height of the node representing a particular union is representative of the
dissimilarity of the observations, or clusters of observations, that were merged (i.e., the
‘higher’ the node, the less similarity exists between the observations). This provides an
intuitive way to select which cluster solution is most-appropriate for a given problem, in

addition to the availability of any a priori knowledge of what is likely to represent a
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meaningful cluster. Additionally, the vertical axis of the dendrogram (Figure 3-6) may
represent a specific property of the clusters, depending on the particular method employed

(vide infra).

To initiate an AHC, an appropriate measure of the proximity of the observations is
required (i.e., the conformational similarity). With respect to continuous numerical data,
the general form of proximity measures are dissimilarity matrices constructed from the
pairwise distances defined by a particular metric.”® This gives rise to an n x n matrix
where each entry d;; corresponds to the distance between observation i and j. Metrics that
are in common use for clustering applications include the Manhattan, Euclidean (the /, and
/> norms, respectively) and the squared Euclidean distances, amongst many others.”® The
decision as to which distance measure is most appropriate is strongly driven by the nature
of the data. In the extreme, clearly categorical, ordinal, discrete and continuous data all
give rise to fundamentally different notions of distance, so much so in fact that for
categorical observations the adjectives similarity or uniqueness are intuitively more
appropriate than “distance’ to rely the degree of proximity or isolation. However, even with
continuous numerical variables the use of metrics other than the familiar Euclidean
distance (see below) may be warrantied. For example, when variables are highly correlated
and one wishes the distance to reflect anomalous observations within this structure the
Mahalanobis distance is called for. In this work, since NSD results in a continuous
numerical description of the cofactor conformations, and we are not interested in
accounting for correlation in the definition of similarity, the Euclidean distance metric
(Equation 3-4) was used to construct dissimilarity matrices.

Equation 3-4: The Euclidean distance between two objects / and j in n-dimensional space. The matrix is
symmetric around the leading diagonal of zeros (i.e. the distance of an object to itself) and each off-diagonal

term is the distance (or dissimilarity) of observations 7/ and j; since the distances are all positive, naturally
only the unique pairwise entries are required by the cluster algorithm.

n

dij = Z(xik = xkj)z

k=1

Additionally it must be decided whether or not to standardise the data (i.e. convert to zero
mean and unit variance) prior to calculation of the distance matrix. This would be essential
if the observed variables were measured in different units;285 however, as this is not the
case here (all normal-coordinates are in A) this condition clearly does not apply. The
question remains relevant though and in order to address it must be recognised that scaling

all observations to unit variance would have the effect of reducing the influence of normal-
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deformations that varied substantially and increasing that of those whose variations were
generally smaller. For example, in a clustering of all 66 normal-coordinates after scaling,
one would observe the importance of the more variable low-energy distortions’ (ruf, sad,
dom, etc.) to be reduced because their contribution to the pairwise distances would
decrease, whilst the importance of the less variable high-energy modes (e.g. B;.,(2)) would
be inappropriately inflated. This would have a negative impact upon how well the clusters
represented relationships between the actual macrocycle conformations, since all of the
NSD modes are measured on the same scale (i.e. normalised). Thus, the NSD results were

used ‘as is’ in all cluster analyses.

The second major aspect of an AHC is the agglomeration method, which determines how
groups of observations that have already been clustered are treated in subsequent stages of
the agglomeration. Simple criteria are, for example, single-linkage clustering which is also
known as the nearest neighbour method that identifies the proximity of a cluster K to
another L as the minimum of all pairwise distances between the objects in K to those in L,
which of course is valid for “clusters’ of single objects.*®* The method used in this work,
namely Ward’s method, is more complex (Equation 3-5) but in essence minimises the

increase of the sum total, i.e. over all clusters, of the within cluster sum-of-squares error.

Equation 3-5: Ward’s total within cluster error sum-of-squares criterion. Where the summations are over the
total number of m clusters (g), the total number of / objects in the m" cluster (n,,) and the total number of &

variables (p,().285

g Nm Pk
Al
Ee= 3 B wherell, = (X — %)
m=1 =1 k=1

In general, Ward’s method has been shown to perform very well when the clusters contain
a similar number of objects although is not necessarily optimal when this is not the case.”®
However, throughout this work, exploratory analyses generally involved significant trials
of various clustering methods that tended to yield similar results. Thus, the results from
Ward’s method have been presented in all AHCs for the sake of standardisation and

because the nodal structure on the dendrogram may be interpreted as related to the relative

" The lower-energy distortions exhibit greater variation (i.e. range of values for different cofactors) because
they possess shallower potentials leading to the possibility of high, intermediate or small deformations being
induced by the protein. In contrast, only slight deformations along the high-energy modes may be induced
due to the steepness of their potentials so the values found for a particular chemical cofactor (e.g. BChl a) do
not vary much as a result of different protein environments.
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loss of within cluster homogeneity, or alternatively, the increase in the total within cluster

sum-of-squares error.

3.3.2 Principal Components and Factor Analysis

Although not a direct alternative to cluster analysis, principal components analysis (PCA)
and the related exploratory factor analysis (EFA) are well-suited as an aid to discover
groups of similar observations in high-dimensional data through dimensionality reduction,
which allows identification of objects that show similarity in a lower dimensional

283.28 An additional benefit of using this technique as a complement to cluster

scatterplot.
analysis is that the new axes are linear combinations of the original variables (here the
macrocycle normal-deformations) so that the validity of the cluster centroids (i.e., within
cluster NSD averages) as representatives of real frends in the data, may be directly
assessed. Both PCA and FA are methods that effectively perform variable axis rotations to
generate new ‘variables’ (termed principal components or factors, respectively) from linear
combinations of the original set with the goal of accounting for as much variance as
possible in as few PCs or factors as possible.”*® The main differences derive from the
relationship of the new variables to the original set in each method, which in PCA is that
the PCs are explicit linear combinations of the original variables whereas in EFA the
observed variables (i.e., NSD coefficients) are linear combinations of unobserved, or latent
variables (i.e., factors influencing the NSD coefficients). Additionally, PCs are uniquely
defined by a dataset and there will usually be as many PCs as there are variables albeit that
the first few PCs will account for the majority of variability in the data and are hence the
most important. In contrast, in EFA the number of factors to be extracted is determined
before the analysis is commenced and once obtained there correlations with the original
variables (loadings) are invariant under orthogonal rotations so that they may be rotated to
aid easy interpretation. For example, the Varimax method employed in Chapter 5.4 rotates
the factor loadings in order to maximise the variance of the loadings each original variable
across all of the factors with the intention that each variable should only be highly loaded

upon a single factor making it easier to interpret the factors.

3.4 Quantum Molecular Modelling

The selection of an appropriate method for the theoretical modelling of molecular systems
and properties of interest is a delicate decision requiring simultaneous consideration of the
required accuracy of the theoretical formalism alongside the availability of computational
resources. This latter consideration is particularly relevant to porphyrins and their
biological derivatives since the simplest compound (i.e., unsubstituted porphyrin) contains
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24 nonhydrogen atoms, whilst full models of haems and chlorophylls have around 43 (290
electrons) and 66 (418 electrons) nonhydrogen atoms, respectively. Additionally, haem is a
transition metal derivative and so the presence of d-electrons necessitates further

consideration.

In the research presented in this thesis, electronic properties of haems were calculated
using DFT (Chapter 6), specifically the B3LYP functional®’ with various basis-sets,”** >
and of bacteriochlorophylls using the semi-empirical models PM6 for geometry
optimisations and ZIndo/S to calculate electronic excitation energies (Chapter 7). In both
cases the Gaussian 09 software package294 was used and calculations were run on the
Lonsdale cluster provided and maintained by the Trinity Centre for High-performance

Computing.

3.4.1 Semi-empirical NDDO and INDO/s Methods for Modelling Chls: Precedent
and Benchmarks
Calculation of spectroscopic properties of porphyrins using the popular INDO/s method
has a well-established precedent in porphyrins and their metal complexes.® ' 119120 Ag
has been discussed in Chapter 1, INDO/s correctly reproduces the nonplanarity induced
red-shifts of sterically encumbered nonplanar porphyrins providing a realistic geometry is
provided (i.e., either from a crystallographic study or suitable in silico optimisation).‘m I
For example, calculations using crystallographic model geometries produced Q,
wavelengths of 782 nm for BChl a and 734 nm for BPheo a that compare well to the
experimental values of 775 and ~746 nm, respectively, slightly better than for the
corresponding Q wavelengths of 590 vs. 583 nm for BChl a (calc. vs. expt.) and the

" More extensive work using geometries

corresponding 565 vs. ~526 nm for BPheo a.
obtained from MM optimisations (e.g., a porphyrin specific DRIEDING II), has shown that
INDO/s calculations may often systematically overestimate the Q, wavelength, whilst the
Soret band is underestimated,” but crucially relative differences amongst compounds are

very well modelled.*® '*

Linnanto and Korppi-Tommola®> *** 2> have performed extensive comparisons of the
accuracy of semi-empirical and ab initio methods for the calculation of geometries and
excitation energies of chlorophylls and bacteriochlorophylls. These studies have ranged

from isolated molecules and solvent complexes all the way to full models of reaction

" It is unclear as to whether this is due to inaccuracies in the MM optimisation or the INDO/s model as the
author is not aware of a relevant comparative study using experimental and optimised geometries.
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centre and light-harvesting complexes.299 In general, exceptionally good performance of
the PMS5//ZIndo/S scheme (i.e., PMS5 geometry optimisation followed by a ZIndo/S single-
point energy calculation) is found for the Mg complexes of unsubstituted porphyrin,
chlorin and bacteriochlorin as well as 7 Chls and 8 BChls.**” The PM5 optimised structures
of unligated and 6-coordinate complexes predicts a planar porphyrin with the Mg in the
4N-plane, whilst 5-coordinate species show a substantial out-of-plane displacement of the
Mg atom, in line with both B3LYP and HF/6-31g*. Additionally, all methods correctly
predict that the Mg-N bond(s) to the reduced rings are longer than those from non-reduced
rings. Partial atomic charges were also found to be consistent amongst the semi-empirical,

HF and DFT methods.”®’

Linear least-squares fits of the experimental Qy, Qy and Soret absorptions against the
PMS5//Z1Indo/s results provided correlation coefficients greater than 0.985 for the
unsubstituted complexes.””” Likewise, the experimental and predicted absorptions of the
Chl and BChl compounds were also highly correlated, although for the BChls slopes
ranging ~0.7 — 1.1 were reported whilst for the Chls the slopes were all ~0.7 in the 1:1
acetone complexes; the 4-coordinate models were also highly correlated with experiment
although the slopes were systematically lower. These results were rationalised in terms of
the greater sensitivity of the Qy and Soret absorptions to solvent effects, which tend to
stabilise these higher-energy transitions and hence the absence of this effect reduces the

slope from unity.*”’

In the above study only two Chls and two BChls were optimised using the HF and DFT

methods and only ZIndo/s excitation energies were calculated.”’

However, in a companion
article B3LYP and HF optimisations were performed on an additional two BChl models
and excitation energies calculated using CIS and time dependent HF and B3LYP, using the
6-31g* and 6-311g* basis sets, providing more scope for comparison.298 The main
conclusion was that the best transition energies were obtained using the B3LYP/6-
31g*//ZIndo/S scheme. However, PM5//ZIndo/S was also considered to perform well and
was recommended for use in large calculations where the more accurate and expensive
B3LYP/6-31g* optimisations were impractical. Thus in Chapter 7, where the plan is to

perform thousands of geometry optimisations and single-point energy calculations upon

fairly complete BChl models, a semi-empirical methodology is indicated.

3.4.2 Density Functional Theory
It has long been known that some form of treatment of the correlation energy is necessary

to provide adequate description of the first-row transition metal complexes due to the near
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300-302
Moreover,

degeneracy of the 4s and 4p orbitals as well as amongst the 3d orbitals.
larger errors typically result from uncorrelated calculations upon metals with incompletely
filled d-shells to the right of the d-block (i.e., Fe — Cu).””? Furthermore, porphyrins also
display significant electronic correlation,”” and this is hardly surprising given the near
degeneracies of the frontier orbitals as well as the many electrons that are present in the

delocalised m-system.

For example, uncorrelated HF optimisations of porphyrin were shown to yield structures
with severe framework bond length alternation or “frozen resonance forms” of C»,
symmetry, whereas inclusion of electron correlation via MP2 or LDF optimisation
provided the correct D, structure; notably, the severity of the bond-length alternation in
the HF converged structure increased with larger basis sets.”? Additionally, the authors’
suggested that the near degeneracies amongst the frontier orbitals may contribute
significantly to the increased correlation energy in D, geometry as excitations from the
two HOMOs were shown to increase in the D, structure indicated by the T2 cluster
amplitudes. The correlation amongst the core and ¢ electrons were also shown to be
important as MP2 treatment of the m-electrons alone lost over half of the correlation
stabilisation energy.3 % The comparisons were also relevant to chlorin and moreover,
vibrational calculations of chlorin implied that it is more flexible with respect to out-of-
plane distortions than porphyrin, with low-energy vibrational energies for the sad and ruf
modes plus an even softer mode involving a localised torsion of the saturated Cy-Cy,
bond.*” Since then, Density Functional Theory (DFT) has found significant application in

304-308
and the

the modelling of biologically relevant porphyrin and related compounds,
efficient way in which DFT explicitly incorporates electron correlation within its

theoretical formalism is certainly a major contributor to this success.

" Recall Gouterman’s four-orbital model where an accurate description of porphyrin electronic spectra is
achieved by assuming that the two HOMOs and two LUMOs are, respectively, degenerate (Chapter 1.3.3).
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4 Analysis of the Robustness of NSD with Respect to

Coordinate Error

4.1 Error analysis of the NSD method

With respect to the consideration of error in the NSD analysis of porphyrin X-ray structure
data Jentzen et al.* laid the foundations by considering the approximation error (d,,, and
0;p) of the use of the truncated basis sets (i.e., min. and ext.). In addition, this work also
provided a derivation for the positional error in reduced dimensions that are relevant to the
separate out-of-plane (1D; OOP) and in-plane (2D; IP) normal-coordinate displacements.
This led to the general rule of thumb that a reduced basis approximated the nonplanar
conformation of the structure to within the experimental error if d,,, is less than or equal to

~0.03 A for structures at ~2 A resolution.

However, no analysis of the numerical stability of NSD was included in the original
derivation and neither has one been published since. Therefore, whilst it was not expected
that the computational procedure would be especially sensitive to experimental error, it
was felt prudent to check this explicitly. In particular, the larger basis sets are not
completely orthogonal with respect to deformations of the same symmetry type (see
Chapter 3.2.1) and this could potentially result in a magnification of the experimental
coordinate error in the NSD solution. This was noted by the original authors and creators
of NSD, who commented that the affected bases (i.e., min. and ext.) were almost
orthogonal.” ? Here though, it is shown formally that there is no serious numerical

instability of the NSD procedure via analysis of the basis set condition numbers.

4.2 Conditioning of NSD Bases

[t is a well-known mathematical problem that in linear systems involving non-orthogonal
matrices with uncertainties in any of the components,” it is possible for the relative error
affected by the original uncertainty to become magnified in the solution.’” That is to say,
small changes in the input due to coordinate error can become large changes in the output,
which in this case is the NSD solution vector. This problem is referred to as the matrix
‘condition’ such that a ‘well-conditioned matrix” does not affect a large magnification of

the relative error. Therefore, in order to establish the true validity of the NSD method, the

" In this case, the positional parameters of the macrocycle atoms are uncertain with respect to the
crystallographic coordinate error.
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conditioning of the basis matrices, and hence the numerical stability of the decomposition,

must be established.

The final stage of the NSD computation has already been described. To summarise, the
linear decomposition is simply the solution of the standard matrix equation, Ax = b, where
A represents the normal-deformation basis set, x is the vector of normal-coordinate
coefficients and b is the vector of Az; displacements of macrocycle atoms from their
least-squares plane. However, since the value of b is known only to a certain degree of
precision, the matrix equation is more accurately written as shown in Equation 4-1, where
&b is the coordinate uncertainty in the Az; displacements and 8x is the error propagated

into the normal-deformation coefficients.

Equation 4-1: Standard matrix equation including error terms.

A(x+ 6x) =b+6b

The magnitude of the error in x, i.e. the norm of §x, can be shown to be bounded above by
the product of the norms of the inverse and the input error as in Equation 4-2, where the

double brackets indicate the norm of the matrix or vector.

Equation 4-2: Upper-bound for the norm of the error in the solution vector.

lloxIl < JA~* |l 5b|

Additionally, the upper limit of the magnification of the relative error of b on x, which here
are the atomic uncertainties and NSD solution uncertainties, respectively, is given by the

condition number defined in Equation 4-3, of the matrix in question.*”

Equation 4-3: Definition of the matrix condition number.

k(A) = |AIATMI

The calculated x(A) values are given for each of the NSD bases using the oo-, 1- and 2-
norms  (Table 4-1), whilst the 2-norms are most often used for this purpose, all are valid
and are therefore given for completeness. Additionally, the square of the condition number
(x(A)?) is also provided as this measure is more appropriate for systems that are solved
using least-square, which most certainly is the case with the reduced bases and probably

also for the complete basis.

" Thus providing different, yet equally valid, values for ||Al| and ||A™?||. The definition of matrix norms is
complex and the interested reader is referred to Cheney and Kincaid for their discussion.>"
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The condition numbers and their squares (Table 4-1) show that all of the basis sets are well
conditioned (i.e. all k(A) are close to unity). In particular, the min. basis is found to be
perfectly conditioned as expected since this basis was orthogonal by symmetry and
therefore there is no magnification of the atomic positional errors in the NSD solution. The
small increases in the condition numbers of the larger basis sets are due to the non-
orthogonality of the modes of the same symmetry. However, since k(A)? are still
sufficiently small, these bases are considered to be well-conditioned and so only very

minor magnification of the atomic positional uncertainties, at most, may be propagated into

the NSD solution.

Table 4-1: c-, 1- and 2-norm condition numbers of the three out-of-plane basis sets. Values in parenthesis
arex(A)?2.
min. OOP ext. OOP comp. OOP
Ko (A) LG 1.08815 (1.18408) 1.21039 (1.46504)
K. (A) LSG1) 1.08815 (1.18408) 1.23328 (1.52098)
K, (A) 1. (1.) 1.0441 (1.09014) 1.08847 (1.18476)

To conclude, the NSD procedure is a numerically stable procedure and no serious
magnification of the atomic positional uncertainties occurs in the NSD solution for any
basis. In particular, because the min. basis is completely orthogonal, it is perfectly

conditioned and thus its use is preferable with the provision that the d,,, criterion is met.
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5 Functional Tetrapyrrole Conformations in Bacterial

Photosynthetic Reaction Centres

Tetrapyrrole containing proteins are one of the most fundamental classes of enzymes found
in nature and it is an open question to give a chemical rationale for the multitude of
biological reactions that can be catalysed by these pigment-protein complexes.’® """ A
critical factor for all biological functions is the close structural interplay between bound
cofactors and the respective apoprotein, in addition to other influences such as hydrogen
bonding or electronic effects. In individual tetrapyrrolic systems there is considerable

b il nonplanarity is the key geometric factor affecting their

evidence
physicochemical properties and additionally the biological diversity of chemically identical
tetrapyrroles has been linked with distinct, conserved conformations.*"*****” However,
except for studies based on individual structures, no convincing general proof has been

given for this concept of conformational control thus far.

Using the tetrapyrrole cofactors found in purple bacterial photosynthetic reaction centres
(RCs), the first statistically reliable test for this hypothesis in photosynthesis is presented.
Here it is shown via analysis of all available structural data of the relevant RCs, that the
various bacteriochlorophyll (BChl) chromophores possess different conformations, which
are likely to impart physicochemical differences that can be correlated with their chemical
role. This demonstrates that the protein scaffold exerts functional conformational control
on the porphyrin macrocycle and that modulation of the macrocycle conformation is an
effective and general means to fine-tune the cofactor properties in vivo. Additionally, these
results serve as a general model for the structural factors involved in cofactor regulation in

nature.

5.1 Many Roles for a Few BChls

Throughout this chapter, the focus is restricted to the six tetrapyrrole cofactors of the
electron transfer chain (ETC) from the RCs of purple photosynthetic bacteria and within
this restriction, further emphasis is placed upon the four BChls, Dy, Dy, Ba and Bg

(Figure 5-1). The basic structure and properties of the bacterial RCs have been described in
detail already (see Chapter 1.6.1). The BChl and BPheo cofactors of the ETC are anchored
to the L or M protein subunits of the RC and are arranged in pairs of approximate C-
symmetry.** Photo-oxidation of P occurs after excitation via transient reduction of B that
in turn reduces Ha, which subsequently reduces Qg via QA.23 ! Electron transfer occurs

preferentially along the L-branch, despite the apparent > symmetry of the 55 B
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Figure 5-1: The Blastochloris viridis reaction centre electron transfer chain as represented by the model
coordinates found in Deisenhofer e al.’s 2.3 A structure (PDB ID: IPRC).237 Green cofactors are bound by

the L-subunit and are from top to bottom, D;, B,, H, and Qg whereas blue cofactors are bound by the M-
subunit and are Dy, Bg, Hg and Q4. Figure drawn using PyMol.

These first steps of photosynthesis highlight how the processes of light-harvesting, charge-
separation and photo-protection all depend upon the tetrapyrrole cofactors.”>3"?
Consequently, the RC is a true testament to their versatility, wherein chemically identical
species perform one or more of these highly specialized functions within a single protein.
It will be shown that amongst electrostatic effects of the binding-pockets and H-bonding
mechanisms, protein modification of the cofactor conformations provides a further

chemical rationale for some of the observed details of this process.

The results in this chapter were derived from the normal-coordinate structural
decomposition (NSD) analysis of the BChls and BPheos from crystal structures of the RCs
from Rhodobacter sphaeroides and Blastochloris viridis. The approach involved the
determination of the NSD for every BChl and BPheo from relevant crystal structures
obtained from the Protein Data Bank (PDB; structural summary in Table 5-1). These data
were then analysed via a methodical statistical route that included investigation of the
nature and reliability of each structure with respect to their description of the BChl and
BPheo conformations. This was necessary in order to ensure that subsequent aggregation
of the experimental data by averaging was appropriate, so that best estimates of the actual

conformations present in the crystal were extracted.
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Table 5-1: Summary of RC crystal structures included in the analysis of BChl and BPheo conformations.

Species Crystal structures® Resolution(s)b
B. viridis 15(14) 1.86-3.21 (2.36)
R. sphaeroides 79 070) 1.80-4.60 (2.66)

[a] Independent RC crystal structures assessed (retained for best estimate in parenthesis); [b] Resolution i
range (mean) of all structures.

The initial analyses of the NSD data showed that many RC crystal structures exhibited
consistent skeletal conformations for each individual BChl in the ETC, demonstrating that
the conformations provided by many of the structure determinations were consistent with
the idea that the individual binding-sites imposed distinct conformation on each cofactor.
Moreover, it appeared that there were both cross-species conservation of the conformations
at particular sites as well as distinct differences at others. Another, and perhaps the most
crucial motivation for this detailed investigation, was that many of the implied
conformational differences represented a departure from the apparent C>-symmetry of the

ETC.,

However, owing to the relatively low resolutions of the crystal structures with respect to
the variation amongst the macrocycle conformations (Table 5-1), the experimental validity
of these early observations was at first an unanswered question. The objective then became
to deduce whether or not it was possible to find validated best estimates of the
conformation at each site by considering every RC crystal structure that was published in
the PDB; the answer to this question in the affirmative being necessary to test the
hypothetical concept of the conformational control of porphyrinoid cofactors in nature, in
the photosynthetic context. The analysis ultimately provided the best experimentally
determined macrocycle conformations of the cofactors to date and will hopefully be of use
to computational chemists and crystallographers alike in modelling RC structure and

function.”
5.2 Experimental Details

5.2.1 Data-acquisition, processing and NSD

The relevant atomic coordinates were downloaded from the PDB Ligand Expo,Jr280 which
is a part of the RCSB PDB project.’'" Specifically, the coordinates for every ligand with
the component identifier BCL, BCB, BPH and BPB, corresponding to BChls a, b and
BPheos a, b, respectively, found in the directory on the 18" October 2010 were

" The coordinates are provided in Appendix A, Table A-15 to Table A-28.
t www.ligand-expo.rcsb.org; last accessed on 29" December 2013
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downloaded in ‘.ipdb’ format. Additionally, the coordinates for the BPheos a in structures
2BNP, 2BNS and 2BOZ that were labelled BH1, were downloaded later on 28" March
2011. Note that any PDB structure that contained two RCs in the asymmetric unit provided
separate coordinates for the cofactors in each monomer; these PDB structures are identified
in Table 5-2 and Table 5-3. The macrocycle of each cofactor was then decomposed into
deformations along its normal deformations by the procedure of normal-coordinate

32,34,120

structural decomposition (NSD). The NSD computations were carried out using the

online NSD Web Prograngl with each cofactor oriented consistently, as described in the

program’s online documentation (see Chapter 3.2 for further information).

Rhodobacter sphaeroides RC crystal structures

Table 5-2: PDB summary of experimental data from R. sphaeroides reaction centre crystal structures that
were included in the analysis. Also given are the keys for Figure 5-6 and Figure 5-12 and the classifications
of each crystal structure obtained from the analyses described in chapters 5.4.2 and 5.4.3.

PDB Space Rwox Res. T/K  Comments® Ki K, RBC® RBP® Ref
ID Group

1AIG°  P4;2,2 0215 26 77 Light 12 A2 4 5312
1AI°  P4;2,2 0216 22 77 Dark 34 34 4 5 312
1088 ‘P22 0227 . 25 90 Dark; Cd** PT inhibitor 56 58 ORI i AR
IDV3® P4;2,2 0226 2.5 90 Light; Cd®* PT inhibitor 78 - 1.3 4. A5 313
IDV6®  P4;2,2 0238 25 90 Dark; Zn’* PT inhibitor 9,10 9,10 47 s
1E14 ' P32r 0226 - 27 100 FMI197R/GM203D [B,] i 4 OL 314
IE6D  P3,21  0.174 23 298 WMII5F/ FMI97R e AR - 4 4 283

[Ba/P]

IF6N  P3,2] 0221 28 277 Errorin BCL L304 (B,) TS OL 315
IFNP " P321 - 0216 26 277 PL20SY 13714 4 OL 315
IFNQ P3,21 0217 26 277 PL209E I 4 oL 315
JGW.  P321 0211 .28. 298 THMRIL 15 16 2A 2 316
LJGX  P3 21 0211 381 298 TM21D AR 2A 2 316
13GY  P3;21 0218 ' 27 293 ‘¥YMI6F AR 2A 2 316
UGZ. P32l 0215 27 298 ¥MIGK 18 .19 2A 2 316
1JHO . P32 0225 35 . & EL205L 19" .20 2A 2316
IK6L  P3,21  0.193 3.1 293 - . 1 -
1IK6N  P3,21 0203 3.1 293 EL212A/DL213A £ - 1 1 317
IKBY P3,21 0195 25 298 HM202L [Dy—BPheo] 2 Lo - 2318
1IL9B  P;2,1 g2 24 100  Cytochrome C, bound 200 22 2B 2 B
1L9)° P21 0.248 3.25 100 Cytochrome C, bound 219 332 2B 9,50
IM3X  P3,2]  0.185 2.55 298 Surface lipids [B, / Hg] 28,195 2A 2 319
IMPS  P3,2]  0.194 255 298 YMI77F/FMI97R [P] 24 26 4 OL 319
10GV  P422,2 0214 235 100 25 1 27 2B 2 .320
IPCR  P3,21  0.186 2.65 . 26 28 4 OL 321
IPSS P2,2,2, 0223 3.0 - Seeref. 2% 29 OL 5 322
IPST  P2,2,2, 0218 3.0 - See ref. [Dyy—BPheo] A 30 . 5 322
1IQOV  P3,21 0169 2.1 298 AM260W 28 5 4 1 323
IRG5S P3,21 0155 25 298 R-26.1 29 . 31 4 4 324




PDB Space  Rwox Res. T/K Comments® K . K RBC® ' RBP " Ref

ID Group

IRGN  P3,21 0.189 2.8 100 R-26.1 reconstituted 30 32 4 4 324
with spheroidene

IRQK  P3,21 016259 7. 298 R-26.1 reconstituted with 31 33 4 4 324
3,4-dihydrospheroidene

1RVIJ P3,;21 0218842575 100 DL213N/RH177H; 32 - 2B - 325
[Ha is BPheo b]

1RY5 P3,21 02118 04] 292 DL213N; 33 = 2B - 325
[Ha is BPheo b]

IRZHEE " P3,;2] 0.221 1.8 100 DL213N/RM233C; 34 = 4 - 1325
[HA is BPheo b]

IRZZ: * P4:2;2° 0216 2.4 100 DL213N/RM233C; 35,3 - 2B 2 325
[Ha is BPheo b] 6 434

1S00° P432,28 0206+ 2.6 100 DL213N/RM233C; 8753 - 2B M 305
[HA is BPheo b] g8 935

IUMXe P3,2] 0224 238 298 RM267L; 39 - 4 - 326
[Ha/g is BPheo b]

1YF6 P3;21 0.197 2.25 100 Quintuple mutant 40 e 8 - 327
[Qa deficient;
H,—BChl]

LGSTEE P22, 20 5 10.234F 3.0 - R. sphaeroides Y 41 36 OL OL. 328

179J) P4,22 0299 4.5 298 Redox active 42 87 2A DIN399
metal centre

179K P4,22 0335 46 298 Asabove 43 38 2A 23209

2BNP  P4,2,2 0:21 27 100 Dark 44 39 OL 3 33()

2BNSS P4:2;2 . 0209 2.5 100 Light 45 40 OL 30330

2BOZ P31 21 0174 2.4 100 GM203L [B,] 46 41 4 472331

2GMRGP2: 2720 N0 2158 1258 100 DL2ION 47 42 4 4 332

2GNU  P4,2,2 0200529 100 48 43 oL 3 333

2HG3 S P39 0.164 2.7 100 R-26.1 49 44 4 4 334

2HGY ' P3,2] 0.179 2.45 100 R-26.1 50 45 4 4 334

2HHI1 P3;21 0:178¢ 2.55 100 R-26.1 51 46 4 4 334

2HHK = P3;21 021725 2.3 100 R-26.1 52 47 4 4 334

2HIT P3,21 0:182° 2:75 - R-26.1 53 48 4 4 334

2HJ6 P3,21 0:174: " 3.0 100 R-26.1 54 49 4 4 334

2J8C P3,21 0.178 1.87 100 Dark, pHS8 55 50 3 3. 335

2J8D P3;21 0.197 2.07 100 Light, pHS8 56 51 3 3 335

2J1Y: P3,21 0N 812 100 AMI149W [Hp exclusion] 57 = 4 - 336

2JJ0 P3721 0203 2.8 100 AM248W [Q4 exclusion] 58 52 4 4 336

2RERONS P, 272 34 - 59 53 OL S 337

2UWS  P3;21 0202 2.9 100 Light, pH6.5 60 54 3 O 335

2UWT  P3,21 0196825 100 As above 61 55 3 3335

2UWU  P3,21 0.208 2.04 100 Dark, pH6.5 62 56 3 34 335

2UWNV  P3;21 0:225° 2713 100 Light pH6.5 63 57 3 3335

2UW P33 21 0:205° 2:05 100 Dark, pH6.5 64 58 3 3335

2UIXB8 = P32 0.185. 25 100 Dark, pH9 65 59 3 3" 335

2UX4  P3;21 0.19 2.1 100 Light, pH9 66 60 3 352335

VXS P32, 0202 2.2 100  As above 67 61 3 35335
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PDB Space Rwex Res. T/K Comments® K, K. . RBC": RBP® . Ref
ID Group

2UXJ P4:2;2'= 10.194% 225 100 Dark, pH10 68 62 3 38 385
2UXK  P4;2,2 0219+ 2 31 100 Light, pH10 69 63 3 30 335
2UXL  P3;21 0.176 2.88 100  Dark, pH10 70 64 3 31 335
2UXM  P3,2] 0.186 2.7 100 Light, pH10 71 65 3 3. 1335
2WXS5  P3,21 0237 +2.63 100 FLI81R [Bg 6-coord.] 72 66 3 3 338
3DSY - P3;21 0.191 3.0 293  EL2120 - - 1 1 339
3DTA P3,21 0:199 % 3D 293  EL212Q, NM44D - - 1 12339
3DTR.  ~ P3;21 0-195. =31 293 EL212@, LI227F - - 1 15 1339
3IDTS  P3,21 0:209. 3.1 293 (EL212@Q,'DL213A, - - 1 1§ 339
RM233L
3DU2 (. P3,21 0.192 3.1 293 | EL212A - € 1 JRsE=339
3DUs: || P3;21 0.191 2.8 273 EL212Q, DL213A, - € 1 1 340
AM249Y
3DYUQ: | .P3;21 0.209 2.7 273  EL212Q, DL213A, - - 1 1 340
NMSD
4RCR  P2;2;2, 0227 2.8 - R-26 73 67 OL OL 341

[a] Provided by the author to highlight important characteristics of the structure e.g., if the crystals were
diffracted under illumination (charge-separated) or in the dark, the identity of point mutations, missing or
modified cofactors, the presence of co-crystallised subunits, ezc.; [b] OL denotes outlier in relevant factor
analysis; [c] structures containing two RCs in asymmetric unit and therefore up to two measurements of each
cofactor; [d] not included in factor analysis because of erroneous, missing or chemically different cofactor
(see comments) and [e] not included in factor analysis since structures do not exhibit any reasonable
experimental variation.

Blastochloris viridis RC crystal structures

Table 5-3: PDB summary of experimental data from B. viridis reaction centre crystal structures that were
included in the analysis. Also given are the classifications of each crystal structure obtained from the
analyses described in chapters 5.4.4 and 5.4.6.

PDB ID Space Group Ryox Res. T/K Comments® BBC® BBP® Ref.
IDXR  P452,2 0.194 2.00 263 HLI168F [Dy lost H-bond; 1 1 342
increased P interaction]
1PRC P432,2 0719315 2:30, &~ N A - [R=2 37
1R2C P432,2 0202 2.86:" 293 1 1 343
1VRN P432,2 0.191 2.20 100 1 1 344
2ISN P432,2 0.173 1.96 NA 1 [FRNBAS
2JBL P432,2 0.190 2.40 263 Stigmatellin inhibited 1 1 346
2PRE P4;2,2 0.182 2.45 263 Ubiquinone-2 complex [Qg] 1 =232
2WIM  P2,2,2 01174 9195 100 Lipidic sponge phase 1 I3 47
2WIJN P2,2,2 0.172 1.86 100  As above 1 I3 47
3D38 P32l 0.194 3.21 100 Crystallised with 1 OL 348
methyl-B-cyclodextrin
3G7F P432,2 0.177+ 2.:50 100 HM200L, [heterodimer (Dyy)] NA OL 349
3PRC P432,2 0.178 240 263 Qg depleted 1 IFE232
SPRC P4;32,2 0.190 235 263  Atrazine complex 1 15 350
6PRC P4;2,2 0.184 230 263 Triazine complex 1 1 ':350
7PRC P432,2 0.184 2.65 263 Asabove 1 1 350

[a] Provided by the author to highlight important characteristics of the structure e.g., the identity of point
mutations, missing or modified cofactors, the presence of co-crystallised substances, etc. and [b] OL denotes
outlier in relevant factor analysis
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5.2.2 Statistical analyses

Preliminary analysis involved the agglomerative hierarchical clustering (AHC) of each of
the cofactors’ min. basis NSD coefficients in order to discover whether or not the crystal
structure data were consistent with the idea of distinct cofactor conformations at each site
in the ETC. Thus, the AHC was performed on data matrices containing observations of the
NSD min. basis for each of the cofactors of a given species’ (Table 5-4; i.e., species-
specific ‘pigment-as-observation’ data configuration) using the XL Stat plug-in35 ! for
Microsoft Excel. The AHC results that are reported used the Euclidean distance to build
the dissimilarity matrix and Ward’s method for the agglomeration.

Table 5-4: Schematic representation of the data-configuration used to compare the NSD described

conformations of individual pigments in chapter 5.3 (‘pigment-as-observation’ matrix; 4 observations per
structure).

PDB ID Pigment ID NSD Results
1AIG B, B, B, etc.
Bg
Dp
D
1AL Ba
Bg

The cofactor NSD data were then re-configured so that the results for all of the cofactors
from each individual crystal structure (i.e., PDB entry) were considered as a single
observation (Table 5-5; i.e., species-specific ‘structure-as-observation’ data configuration).
The data were collated into m x n matrices where m was the number of included crystal
structures and » was equal to the number of cofactors included multiplied by the number of
NSD normal-coordinates that were assessed. For example, a single RC structure would
represent an observation of the of the cofactor specific NSD min. basis distortion modes
B2, of Ba, By, of Bg... A2, of Dy and so on. Thus, in the analyses of the experimentally
correlated features, where the 12 normal-coordinates of the NSD min. basis represented the
conformations of each cofactor, each observation of an RC structure consisted of 12 x 4 or
12 x 2 variables for BChl and BPheo analyses, respectively. The result of this approach
was the ability to isolate so-called batch effects that are present in particular (sets of)
structure determinations via variable-axis rotations from methods such as principal
components and factor analysis (PCA and FA). All of the analyses presented in section 5.5

were performed on data matrices in this configuration.
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Table 5-5: Schematic representation of the data-configuration used to compare the NSD described
conformations of the BChls afforded by each PDB structure in chapter 5.4 (‘structure-as-observation’ matrix;
1 observation per structure).

PDB ID B, NSD B, NSD D, NSD Dy NSD
1AIG B.’u OfBA, Blu of BAw elc. BZu of BBa elc. B.’u of DL, ete B.J,, of DM, elc.
1Al)

Kernel density estimations (KDEs), Euclidean dissimilarities, FAs and the PCAs used were
calculated in the R programing environment>>” using the kde, daisy, factanal and prcomp
functions in the ks, cluster and base libraries, respectively. The bandwidth parameters of
the KDEs were calculated using the plug-in selector, executed with the Api (or Hpi for
bivariate KDEs) function also in the ks library. The decision as to the number of factors
extracted in the factor analyses was made based on initial data analysis that suggested the
presence of two major systematic differences between individual structure determinations.
The data matrices were untransformed, Varimax rotation was performed in the FAs and the
crystal structure scores were computed using the regression method. Once the crystal
structure set partitioning was complete, the mean (arithmetic) NSDs were calculated to
yield the average conformation of each of the cofactors in each subset of crystal structures.
Both the sample standard deviation (SD) and standard error of the mean (SE) are given as
measures of the conformational variation; the SD represents the observed single
experimental precision of each of the measured parameters whereas the SE should provide

appropriate confidence intervals for the precision of the mean conformations.”

5.2.3 Average Conformations and Centred NSD
In order to obtain the average conformation from the average NSD deformation
coefficients the NSD procedure is effectively carried out in reverse by weighting each

normal-deformation by the average value of its coefficient and projecting these

" These figures are provided in Appendix A, Table A-1 to Table A-14.

" Whilst it is not asserted that the samples are normally distributed, the Central Limit Theorem suggests that
the sample mean will be and hence the SE provides approximate 95% confidence intervals for the means.
The SDs may provide a useful test to see whether we have accounted for all of the systematic variation of the
data by comparing them to the theoretical precision of a single experiment. However, we have not attempted
this here as this calculation is not trivial. To do so, one would need to know the approximate experimental
error in each NSD at a given resolution and would need to take into account: the theoretical mean atomic
positional error, a reduced dimensionalitz component owing to separation of the in- and out-of-plane
coordinates (performed by Jentzen et al. 2), the error in the calculation of the mean plane, the effect of
restraints on these errors and possibly, owing to the random distribution of positional error, its probabilistic
propagation into each mode given the nodal (phase change) patterns of the different normal-deformations. In
addition to this later point, should probabilistic concerns be minor, at the very least one would need to know
entry-wise condition numbers for the NSD calculations.
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displacements back onto the reference macrocycle used for the decomposition. In a few
cases, results have been provided that refer to the ‘centred NSDs’. These data were
obtained by performing the NSD computation on the mean conformation obtained via the
aforementioned procedure. The reasons obtaining these values were twofold: to obtain the
D,yop and 0,,, parameters for the averaged conformation, as opposed to these parameters’
averaged values over BChls from multiple crystal structures and additionally to ensure that
the average NSD deformations were representative of the NSDs of the average
conformations. This latter point was considered a prudent check since the ext. and comp.
basis sets are not completely orthogonal,* although substantial deviations were not
expected owing to the relatively small dot products of the normal-deformation vectors™
and the analysis of the numerical stability presented in Chapter 4. In all cases, the centred
normal-deformations were virtually indistinguishable from the average values (providing
further verification of the numerical stability of the NSD procedure), however, the D,,, and
Ooop parameters did vary significantly and so these are provided and discussed where

relevant.

5.3 Preliminary analysis: Verification of Distinct Conformations
Preliminary analysis of the cofactor conformations provided by all of the available RC
crystal structures was performed using agglomerative hierarchical clustering (AHC) in
order to identify structures bearing similar conformations in terms of their individual min.
basis NSDs. Since in few cases were the resolutions of the available RC structures better
than 2 A, which in part determines the coordinate errors, only the lowest-energy normal-
deformations of each BChl and BPheo were clustered since the smaller variations in

higher-energy deformations were not likely to be meaningful experimentally significant.*

The B. viridis AHC revealed six clusters of structures bearing similar conformations,
including one cluster containing only a single structure (Figure 5-2). These clusters
contained predominantly only BChls from a single site in the ETC. The cluster
relationships indicated by the dendrogram imply that the special-pair BChls are very
distinct from the accessories and furthermore that each monomer (i.e., Dy and DL)* are
conformationally distinguishable (Figure 5-2, top right). It is also apparent that the first

accessory cofactors (B and Bg; labelled Al in Figure 5-2) form a distinct group, but are

" Regarding the cofactor nomenclature, recall that it was noted in chapter 0.0.0 that Dy is used to
distinguish the monomers of the special-pair whilst the analogous B, and H g are used for the first and
second accessories, respectively.
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not distinguishable from each other. In contrast, the second accessories (Ha and Hg) form
two groups that are each predominantly composed of one of either Hs or Hg, although this
is not as complete a separation as in the Dy / Dy case, illustrated by the presence of both
BPheos in each cluster. The cluster that consists of a single observation is identified as the
Dy cofactor from a “hetero-dimer” mutant structure where the Dy BChl was replaced with
a BPheo through mutation of its coordinating HIS residue (PDB ID: 3G7F);** but note its
proximity to the main Dy cluster. This is an important result as it indicates that the
conformation is induced by the environment of this cofactor and is intrinsic to the site as

opposed to the cofactors chemical identity.

The average distortion coefficient along each out-of-plane normal-deformation obtained
for the ‘characteristic’ BChls of each cluster” helps to explain these features of the
dendrogram (Figure 5-2, bottom left). Thus, the conformations of the BChls in the B and
Bg sites are similar in their relative lack of the ruf deformation (B;,) and consequent
relative planarity. In contrast, D; and Dy are by considerably nonplanar with a largely ruf
conformation, yet differ substantially in the extent of distortion such that Dy is the most
distorted of the ETC cofactors. The Dy that has been converted to a BPheo (i.e.,
“DM(HET)” in Figure 5-2) has a similar nonplanar conformation to the other Dys, but

resembles the BPheos with respect to its in-plane conformation (not shown).

The AHC of the BChl NSDs from the R. sphaeroides RCs also suggests the presence of
distinct conformations, although the inter-cofactor relationships are different (Figure 5-3).
The special-pair BChls are again conformationally distinct, although in this case they are
less separated from the BChl accessories and it is instead the BPheos that are most unique
in this species. An important difference is the presence of a cluster that predominantly
contains the Bp cofactors, meaning that in this species the first accessories are
conformationally distinguishable. Additionally, although clearly unique from the BChls,
the mixed composition of the two clusters that contain accessory BPheos (denoted AC2
and AC2%*) suggests that they are not conformationally distinct compared to one another.
Another key observation is that the cluster containing mostly B structures also contains a
significant number of the other BChl cofactors (i.e. Bg, Dy, and Dy ; Figure 5-3, bottom
right). Furthermore, owing to the relative planarity of the By site (a feature of both species)

it should be clear that the “‘misclassified” cofactors in this cluster (i.e. non-B,) must also be

" For example, the average is computed for only the Hg cofactors in the cluster that predominantly contains
Hpg so that the H,s are excluded.
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relatively planar. This feature also finds correspondence in the BPheo conformations,
specifically in the second cluster composed of Has and Hgs (AC2*) that is distinguished
from the nonplanar AC2 BPheos by their relatively planarity.

Dissimilarity
-
w

Dissimilarity

e B R L1

DL DM DM Al OA OB

i) (HET)
HB2u 15 [ 1] =BA
0 ..1- _1- ll_l__l mBlu 10 - W BB
= A2u 1
083 5 s 5 mDL
. WEgx o W7 =DM
i E B P,
£ <
5 8y 5588 = DA
Al/ A1/ DL DM DM ®A OB ®Alu s = DB

BA BB (HET)

Figure 5-2: Initial AHC of B. viridis data. Cluster dendrograms (top) showing the clusters that predominantly
contain Dy (green), Dy (brown), Al (blue; B, and By cofactors), H, (grey; labelled @, in figure) and Hg
(orange; labelled ®g) cofactors and their relationship; dissimilarity is given by Wards’ criterion. Cluster
assignment by cofactor (bottom right); the axis labels indicate the cluster as seen in the dendrogram and the
coloured bars enumerate how many cofactors of that functionality were present in the cluster. Average NSD
min. basis distortions of the correctly classified cofactors (bottom left; i.e. of cofactors that were present in
the cluster pertaining to their functionality). n= 84, within class variance = 0.053 (12.59%), between class
variance = 0.371 (87.41%).

In contrast to in B. viridis, where B and By are relatively planar and indistinguishable, in
R. sphaeroides the Bg BChls are the most nonplanar of the cofactors and tend to exhibit a
predominant and substantial ruf distortion with additional sad and wav contributions.
Additionally, here the distinguishability of the special-pair cofactors arises because the
normal-mode composition of Dy is very different to that of Dy as the result of the
oppositely phased ruf distortion as well as the predominance in Dy of a large dom
distortion (4,,). Finally, whilst in both species the BPheos Hp and Hg are quite distinct
from the BChl cofactors, particularly in R. sphaeroides, neither species contains

completely differentiable second accessories in terms of which RC protein subunit they are
bound by.
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Figure 5-3: Initial AHC of R. sphaeroides data. Cluster dendrograms (top) showing the clusters that
predominantly contain D; (grey), Dy, (brown), B, (orange), Bg (blue), and the two clusters containing the
bacteriopheophytins, AC2 (pink; primary cluster of H, and Hg cofactors) and AC2* (green; second cluster of
H, and Hg) cofactors and their relationship; dissimilarity is given by Wards’ criterion. Cluster assignment by
cofactor (bottom right); the axis labels indicate the cluster as seen in the dendrogram and the coloured bars
enumerate how many cofactors of that functionality were present in the cluster. Mean minimum basis
distortions of the correctly classified cofactors (bottom left; i.e. of cofactors that were present in the cluster
pertaining to their functionality). n = 383, within class variance = 0.104 (37.04%) and between class variance
=0.177 (62.96%).

Another feature of note is that in R. sphaeroides, meaningful clusters are obtained with a
much higher total within cluster sum-of-squares error than compared to B. viridis, as may
be illustrated by comparing the heights of the ‘tree cutting’ lines that determines the final
cluster solution. This is of course largely due to the considerably greater sample size
afforded by the R. sphaeroides dataset but it is notable that in B. viridis a minimum of
~0.5 is necessary to achieve meaningful clusters whilst the corresponding value in

R. sphaeroides is ~2.

These results in general afford the conclusion that at some sites the protein scaffold does
impart distinct conformations upon the cofactors, as may be inferred from the overall
correspondence of the cluster memberships with the cofactor identity. However, a sceptical
position would require that the only definitive conclusion that may be drawn is that the
majority of the RC structures are consistent with this hypothesis. Closer inspection

revealed, for example, that the fewer crystal structures that indicate a relatively planar

" See chapter 3.3 for a detailed interpretation of the dissimilarity index in these dendrograms. Also note that
the dashed lines in the dendrograms of Figure 5-2 and Figure 5-3 indicate where the dendrograms were ‘cut’
to afford the cluster solution presented, the actual total within cluster sum-of-squares error of the solution is
the height of the first node beneath this line.
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macrocycle for Dy, a BChl that was significantly nonplanar in most others, reported planar
conformations for all of the cofactors. Thus, a minority of structures are actually consistent
with all of the cofactors having indistinguishable and planar conformations. Fortunately,
the possibility of such results was anticipated at the outset of the investigation owing to the
fact that the process of crystal structure determination is not simply a direct measurement
of atomic configurations. Specifically, chemical knowledge is also usually employed to
improve the parameter-observation ratio and provide detail that is difficult to obtain from
low resolution studies. With this in mind, the extent of any macrocycle planarity restraints,
or in the extreme case, the presence of any such constraints may affect these observations
of planar and/or indistinguishable macrocycles (e.g. the latter could arise from non-
crystallographic symmetry restraints). Alternatively, it may be that the crystallographer
decided that owing to the low resolution of the study it was inappropriate to suggest that
the detailed conformations of the cofactors could be accurately determined and so

accordingly solved this part of the structure using rigid-body refinement.

There was one other such systematic variation exhibited by a number of the R. sphaeroides
structures that became apparent during the initial AHCs. Notice in the dendrogram (Figure
5-3, top left) that there is a systematic pattern within each of the clusters, which indicates
that there is more order to the data than simply the distinct conformations of the sites.
Since the complete description of this variation via the more detailed AHCs that were
performed is inefficient, it suffices to say that by ‘cutting the tree’ at a lower level,
additional subsets were discovered that differed in the extent of their nonplanarity and
exhibited an unusual in-plane conformation and then to move on to the mode of analysis

which uncovered the patterns of experimental origin.
5.4 Systematic Error: Critical Evaluation of the Crystallographic Data

5.4.1 Justification of the Partitioning of the Crystal Structure Datasets

The significance of the following classification of RC crystal structures based on the
reported conformations of the tetrapyrrole cofactors rests on the premise that substantial
co-variation amongst the conformations of individual cofactors between experiments is
most likely an artefact resulting from different applications of stereochemical restraints.
This is a reasonable assumption so long as the possibility of physically ‘coupled’
conformations resulting from, for example, charge-separated states, perturbations induced

by point mutations or steric interaction of the special-pair, are also considered.
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Excluding the special-pair, the cofactors should be sufficiently far from one another that
any observed systematic differences between all of their conformations in two structures
arise because of systematic differences between the experiments and not because of
systematic differences between their conformations. To illustrate with an example it is
useful to consider two hypothetical crystal structures X and Y. If the four BChl cofactors
of X exhibit consistently and quantitatively precise increased nonplanarity over those of Y,
such that the relative difference between the conformations of the cofactors within each

structure is more or less maintained then two conclusions may be drawn:

1) The experiments are in agreement with respect to the relative differences of this
conformational parameter between the specific cofactors.
2) In the absence of any chemical or physical explanation, the effect must arise from a

systematic difference in the experiment.

With reference to potential physical explanations for such covariance amongst the
cofactors’ conformations there are a few possibilities. For instance, in the P'H, state the
altered conformations of the charged species relative to their neutral counterparts would be
represented by co-variation in the conformations of P and Hx and if resolved, would
manifest as a systematic difference between experiments conducted in the two states. Also,
point mutations close to any of the cofactors could affect a change in their conformation,
and were these perturbations are larger than the experimental error one would expect
systematic differences to be observed between structures that were correlated with
particular mutations. However, no such physically interpretable systematic differences
were found; it is likely that the combination of the slightness of such conformational
changes and the low resolution of the structural data renders such features presently
unobservable. On the other hand, it may not be appropriate here to assert categorically that
the inter-crystal structure set differences described below do not represent real
conformational differences, however unlikely. Of course, even if they do represent real
differences, the structure subsets should not be treated together; they are clearly not subject
to random error. It is for this reason that details of all the crystal structure subsets that were

uncovered have been provided.

5.4.2 Rhodobacter sphaeroides BChls

As described earlier, exploratory analysis indicated the presence of systematic differences
between sets of whole crystal structures in addition to the inter-site conformational
differences. These structure based differences are called “batch effects’ in statistical

parlance as they arise from differences between crystal structure determinations each of
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which delivers a ‘batch’ of six cofactor conformations. Knowledge of their precise identity,
character, structure composition (i.e., elements of each set) and origin were required to
ensure a sound analysis. The systematic process that led to the partitioning of the

R. sphaeroides crystal structures based on the bacteriochlorophyll conformations into these

structure sets, as well as the material required for their explanation, is now described.

Tied structures

In protein crystallography it is common to utilise the final model obtained from a previous
experiment upon a homologous structure, if one is available, in order to expedite analysis
of the diffraction data (i.e., molecular replacement). From the perspective of this study this
procedure could introduce bias into the reported cofactor conformations since, for
example, it is conceivable that a structure found in the PDB could provide BChl
conformations merely replicated from an earlier structure. A simple way to test the RC
crystal structures to find out if such artefacts are present is to check if the BChl NSD data
display appropriate experimental variation between each structure. This was achieved by
calculation of the Euclidean distance between the NSD coefficient vectors of equivalent
BChls from different structures as represented in the ‘structure-as-observation’ data matrix.
Thus, a single distance was calculated between each pair of RC structures to represent the
degree of dissimilarity of their BChl conformations; any zero distance indicates that the

NSDs of all four RC BChls are identical between those two structures.

The inter-structure Euclidean distance plot (Figure 5-4) shows a distinct group of outliers
with near zero dissimilarity that indicates the absence of any experimental variability.
These structures also clearly do not originate from the same statistical distribution as the
rest since they are separated by a sharp discontinuity in the sorted plot. Close inspection of
the sources of these outliers shows that they are themselves closely related in terms of their
experimental circumstances. Specifically, they were measured at the same time, by the
same researchers (Table 5-2; p. 85) and also share a common starting model. This
observation confirms the interpretation that this subset contains replicas that do not
represent independent measurements and therefore should not be considered suitable in
any attempt to reduce random experimental error by aggregation. The structures belonging
to this set will be identified as RBC1 (see Table 5-2). It is worthwhile to point out that the
conformations provided by these crystal structures remain consistent with the idea of
distinct cofactor conformations at relevant sites (Figure 5-5) and also provide a description
of their individual conformations that is qualitatively consistent with that provided by the

crystal structures that are deemed more reliable. Therefore, the exclusion of these
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structures does not alter the conclusion that the sites are conformationally distinct; it is
done so in concordance with the spirit of the approach to provide an unbiased, critical

appraisal of the data.
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Figure 5-4: Ordered plot of inter-structure Euclidean distances of min. basis NSDs from all R. sphaeroides
BChl cofactors obtained by constructing the Euclidean distance matrix from the ‘structure-as-observation’
data matrix. Each point represents the unique pairwise distance between two PDB structures, e.g.,
d(1AIG,1A1J) given by the distance between vectors constructed by concatenating the NSDs of the four ETC
BChls (i.e., each structure’s [B, NSD, Bg NSD, D; NSD, Dy NSD] vector).
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Figure 5-5: Average min. basis normal-coordinate displacements of each ETC cofactor in RBC1 (‘no error
set’). Out-of-plane (left) and in-plane (right). Y-axes in Angstroms; SE < 0.00023A; n =9.

Factor analysis: Identification of Crystal Structure Experimental Variations

In order to identify more complex features of the experimental dependence of the reported
BChl conformations in the dataset (i.e., PDB structure related systematic variation of the
BChl NSDs that are site independent) the high-dimensional ‘structure-as-observation’
BChl NSD data were analysed using principal components analysis (PCA; see Chapter
3.3.2, p. 75) or, when possible, the related exploratory factor analysis (EFA; ibid). An
optimal EFA was found to consist of two Varimax rotated factors, accounting for 44.1% of
the total variance (22.6 and 21.5% each, respectively), extracted from the ‘structure as
observation’ NSD min. basis data matrix. The factor loadings (Table 5-6) demonstrate that

Factor 1 (F1) is mostly related to the nonplanarity exhibited by the cofactors in the
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structure determination whilst with the additional consideration of the factor score plot
(Figure 5-6) Factor 2 (F2) is revealed to differentiate a set of structures with unique in-
plane conformations. With the factor loadings in mind, the apparent clusters observable in
the plot of the crystal structures’ factor scores (Figure 5-6) are readily identified. Structures
with large negative scores on F2 exhibit contracted macrocycles together with enhanced
nonplanarity, particularly along the higher energy normal-modes (illustrated by negative
0oop loading; Table 5-6) whilst those structures with large positive F1 values have resolved

near planar cofactors (reflected in the negative D,,, loading).

The average NSD for each of these groups (Figure 5-7 to Figure 5-10) provides further
clarity for these assertions. Thus, the average NSDs for the BChls in structures from the
top (RBC2a, Figure 5-7) and middle right clusters (RBC2b, Figure 5-8), which are
positioned in the planar range of F1, accordingly show definite planar and minimally
nonplanar conformations, respectively. Conversely, those clusters with centres around F1
~-0.7 (RBC3, Figure 5-9 and RBC4, Figure 5-10) are in possession of considerably
nonplanar macrocycles. These latter structures, clustered in the lower and upper left
quadrants of the factor score plot and labelled RBC3 and RBC4, respectively (Figure 5-6),
are of particular interest. Whilst both of these sets exhibit nonplanar BChl conformations
that are in qualitative agreement with one another with respect to the general
conformations of each BChl (Figure 5-9 and Figure 5-10; e.g. the ruf, sad, wav(x)
conformation of Bg) they display drastically different in-plane distortions. Indeed, the
largest normal-coordinate loading on F2, which provides the distinction between these two
sets, is the 4,, coefficient that ranges approximately 0.8 — 0.9 over the individual BChls
(Table 5-6) so that the location of the RBC3 group (range F2 = -1 — -2; Figure 5-6) reflects
their systematically contracted macrocycles (i.e., small 4,, coefficients; Figure 5-9). Also,
note that structures that fall significantly out with the level 25 regions of the KDE contours
will be treated as outliers and omitted from further consideration (OLs; see Table 5-2, p. 85

for identification).
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Table 5-6: Loadings of the original cofactor distortion variables onto the Varimax rotated factors obtained
from the exploratory factor analysis of the R. sphaeroides BChl ‘structure-as-observation’ dataset. Loadings
in the top 25% for each factor are marked in bold to indicate those variables that contribute most to the
specified factor. The table is read such that the row label denotes the factor that the loading concerns and the
major column headings identify the cofactor to which the indicated distortion in the inner table heading refers
e.g., the top left numeric entry indicates that the D,,, parameter of D has a correlation of -0.857 with F1.

Dy Dy Bg Ba Dy Dy Bg Ba

D, D,

F1 -0.857 -0.844 -0.823 -0.767 0301 0.082 -0.067 -0.011

F2 -0.406 -0.428 -0.411 -0.457 0290 0.522 0264 0.263
Soop i

FI -0435 -0.543 -0.419 -0.512  0.851 0.798 0.687 0.731

F2 -0.743 -0.752 -0.707 -0.733  -0210 -0.246 -0.013 -0.072

BZu BZg
FI  -0.697 -0.526 -0.712 -0.421 0.496 0.243 0.084 -0.115
F2 -0.319 -0.128 -0.273 0.066 -0.297 -0.410 -0.586 -0.382
Blu Blg

F1 0.837 -0.618 -0.797 -0.295 0.196° < 0:194. . "0:359" | 0.372
2. 0:341,0:225. -0:357" ;0:178 0:230: "10:262 70:299. 0378

Az, E.(x)

FI 0.389 0.784 -0.100 0.240 -0.382 -0.191 -0.338 -0.273

F2 0341 0419 -0.105 0.207 -0.100 -0.209 -0.286 -0.048
E, (%) E.(y)

F1 0.467 0343 0.745 0.735 0.443 0.167 0.551 -0.014
F2 0286 0.645 0.496 0.563 0:01<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>