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Introduction

Conformational control of cofactors in nature — The influence of
protein-induced macrocycle distortion on the biological function
of tetrapyrroles

Mathias O. Senge,a’b*Stuart A. MacGowan® and Jessica O’Brien®

Tetrapyrrole-containing proteins are one of the most fundamental classes of enzymes in nature and it remains an open
question to give a chemical rationale for the multitude of biological reactions that can be catalyzed by these pigment-
protein complexes. There are many fundamental processes where the same (i.e., chemically identical) porphyrin cofactor
is involved in chemically quite distinct reactions. For example, heme is the active cofactor for oxygen transport and storage
(hemoglobin, myoglobin) and for the incorporation of molecular oxygen in organic substrates (cytochrome Pjso). It is
involved in the terminal oxidation (cytochrome c oxidase) and the metabolism of H,0, (catalases and peroxidases) and
catalyzes various electron transfer reactions in cytochromes. Likewise, in photosynthesis the same chlorophyll cofactor
may function as a reaction center pigment (charge separation) or as an accessory pigment (exciton transfer) in light
harvesting complexes (e.g., chlorophyll a). Whilst differences in the apoprotein sequences alone cannot explain the often
drastic differences in physicochemical properties encountered for the same cofactor in diverse protein complexes, a
critical factor for all biological functions must be the close structural interplay between bound cofactors and the respective
apoprotein in addition to factors such as hydrogen bonding or electronic effects. Here, we explore how nature can use the
same chemical molecule as a cofactor for chemically distinct reactions using the concept of conformational flexibility of
tetrapyrroles. The multifaceted roles of tetrapyrroles are discussed in the context of the current knowledge on distorted
porphyrins. Contemporary analytical methods now allow a more quantitative look at cofactors in protein complexes and
the development of the field is illustrated by case studies on hemeproteins and photosynthetic complexes. Specific
tetrapyrrole conformations are now used to prepare bioengineered designer proteins with specific catalytic or
photochemical properties.

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 present one of the fundamental building blocks of life.
This is due to the potentially limitless scope afforded by their
modular and hierarchical structure 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. The chemical
structure of the cofactor grossly determines what role it may
play and thus, for example, redox active metal containing
compounds may be found in electron transfer proteins, ligand
transport or sensing systems. This additional level of structure
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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 structural principles of proteins and cofactors are
also relevant in this context in the limit of small perturbations
characterized for example by minor biosynthetic modification
or a few sequence substitutions. Additionally, in protein-
cofactor complexes 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.?

Proteins have attained such a central role in the processes of
life as a result of the diversity and complexity that emerges
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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.

In order to study the modulation of a cofactor by the
apoprotein in detail a reliable set of structures depicting the
cofactor-protein interactions is mandatory. Ideally, the
cofactor should be the same for different biochemical
functions and its chemistry well understood. Such a situation is
found for tetrapyrroles — notably the porphyrins. Here we use
these to illustrate how the interplay between apoproteins and
cofactors modulates the macrocycle conformation of the latter

and can be interpreted with the concept of conformational
control.

Tetrapyrrole cofactors

Tetrapyrroles, and most prominently porphyrins, are a unique
class of natural compounds that are ubiquitous in nature and
function in a wide variety of roles ranging from oxygen
transport, electron transfer and oxidation reactions to
photosynthesis (Fig. 1).3 They are amongst the most important
cofactors found in nature and are crucial regulatory effectors
in many biochemical processes. On a chemical basis, these
effects are related to their chemical properties, namely their
photochemical (energy and exciton transfer),* redox (electron
transfer, catalysis),5 coordination properties (metal and axial
ligand binding),6 and their conformational flexibility
(functional control).7 By virtue of these properties they are
also some of the most important fine chemicals in industry and
are involved in an ever expanding array of biochemical
processes and applications ranging from use as pigments and
oxidation catalysts, to emerging areas such as photodynamic
cancer therapy, artificial photosynthesis, sensors, optics and
nanomaterials.®?

Cm

Ca

Cp
1 porphyrin (H,P) 2 chlorin 3 bacteriochlorin
4 isobacteriochlorin 5 corrin 6 bilane

Fig. 1 The main chemical classes of biologically relevant tetrapyrroles.

The porphyrins as cyclic tetrapyrroles are complemented in
nature by linear tetrapyrroles (i.e. derivatives of bilane 6),
which are derived from the former via ring-opening reactions.
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Examples are the bile pigments, such as bilirubin and
biliverdin, the photosensory pigment phytochromobilin, the
phycobilins as accessory photoreceptors, and other porphyrin
or chlorophyll breakdown products.

Functional classes of tetrapyrroles

Tetrapyrrole-containing proteins are a particular class of
proteins that contain cofactors related to the porphyrin
nucleus. Aside from the ubiquitous hemes and chlorophylls,
which have been dubbed “The Pigments of Life”,10 this
includes proteins that contain as prosthetic groups the vitamin
Bq,-derivatives (cobalamins 11),11 cofactor Fu39 (10),12 or
siroheme, to name a few others (Fig. 2).13 Additionally, there
are many other proteins whose substrates are one or a group
of these cofactors, or else their immediate precursors such as
the heme degrading protein IsdI** or ferrochelatase,™ as
examples of each, respectively. Similarly, bilins as components
of phy(:obiliproteins,w'17 act as light-harvesting pigments in
cyanobacteria and red algae, and (bacterio)phytochromes
contain photoresponsive bilins functioning as the ‘visual
pigment’ of plants in photomorphogenesis
photoperiodism, as well as light-controlled kinases.®
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Fig. 2 Examples of cyclic tetrapyrrole cofactors illustrating structural diversity.
Chlorophyll a 7 is an accessory and reaction center pigment in the photosynthesis of
higher plants; bacteriochlorophyll a 8 is found in the reaction centers and light-
harvesting complexes of purple bacteria; heme b 9 is most well-known for its function
in hemeproteins; particular cobalamins (vitamin B, 11) are cofactors in methionine
synthase and methylmalonyl coenzyme A mutase; and cofactor F,3, 10 is essential for
methanogenisis by methyl coenzyme M reductase.
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The diversity of these proteins is impressive since they
encompass whole swathes of biochemistry including
respiration, photosynthesis, ligand-sensing and -transport,
metabolism, photomorphogenesis, metal-sequestration and
much more. Of significance is the fact that many of these
processes rely upon fundamentally different chemistries, and
thus properties ranging from ligand-binding constants, redox
potentials, absorption maxima, excited-state lifetimes, ion-
selectivity and chemical stability may need to be regulated.
This begs the question as to how nature has succeeded in
managing these 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 tetrapyrrole cofactors to provide them with
properties suitable for their intended task (Fig. 2). 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 such as electron transfer.” Higher-order
architectural organization is also critical in determining the
role of the protein through control of 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 article (vide infra).

Porphyrins have flexible macrocycles

Porphyrinoid-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 stabilize biologically useful metals. Focusing on the
former, the delocalization of electrons across the relatively
large surface area of the macrocycle is also present in the
charged species generated following electron transfer events
during photosynthesis, allowing the delocalization of charge
which minimizes the reorganization energies.22 The extended
conjugation also results in strong absorptions in the visible
region23 that, when combined with the substitution patterns
observed in the chlorophylls, are quite befitting for the
harvesting of light energy from the sun.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Schematic illustrations of some of the characteristic distortions and ‘molecular
exercises’ of the porphyrin macrocycle.

A superficial consideration of the aromatic conjugation of the
macrocycle in 1 would perhaps demand the conclusion that it
must remain planar. However, this is not necessarily the case,
and indeed appears to be the exception rather than the rule in
protein complexes (vide infra).”***>?®
molecule X-ray crystallographic analyses have identified
different types of macrocycle distortion (Fig. 3).27
Concurrently, a basic consideration of the effect of macrocycle
non-planarity 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
also perturbed by distortion. Perhaps
unsurprisingly then, many empirically observed correlations
between the extent of non-planarity and physicochemical
properties have been reported.25’26'28'29’30’31‘32‘33

Likewise, many small

macrocycle s

The concept of conformational flexibility
Hypothesis and concept

The observations outlined above allow speculation that
protein-induced macrocycle deformation of tetrapyrrole
cofactors could serve as a mechanism by which a protein may
modulate its biophysical or biochemical function. This concept
of the conformational flexibility of porphyrins was first
formulated over 25 years ago and is now based on an
expanding body of structural data for porphyrins and
hydroporphyrins as isolated molecules and in proteins, which
has illustrated the considerable flexibility of the molecules and
the significant distortions that can be imposed on tetrapyrrole
macrocycles by crystal packing, steric effects, or protein
constraints.>”?*33

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 “Induced Fit”>* (the
antecedent of Fischer’s>® “Lock-and-Key” theory) and Pauling’s

concept of the “Activated Complex”.37 In the former, binding
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of substrate to enzyme effects a mutual conformational
change that is necessary for catalytic function and specificity,35
while the latter deals with the stabilization of particular
transition states, evident in the tight binding-constants for
their analogues, and has been implicated as the origin of
enzymatic catalytic acceleration.”’ Similarly, the main goal of
this feature is to present new evidence in support of the idea
that the protein-induced deformation of cyclic and open-chain
tetrapyrroles is a mechanism exploited by proteins to impart
desired physicochemical properties (Fig. 4).

Electronic Effects Redox

Protein control /
cofactor
interaction

Physico-chemical
properties

Nonplanar
distortion

Distortive Interactions

Fig. 4 Schematic illustration of the proposed mechanism of ‘conformational control’.
The protein exerts a distortive influence upon the cofactor which induces a specific
non-planar conformation; this in turn modifies the cofactor’s physicochemical
properties, and thus impacts its biological function. Direct electronic influences are also
utilized 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.

Methods and approaches

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 the diversity of
tetrapyrrole functions. One is to design and synthesize model
compounds which exhibit different macrocycle conformations
and attempt to correlate these conformations with
measurements of relevant physicochemical properties.
Pioneered by Smith and Fajer,7 this was also our initial point of
entry into the field in 1990. While interested in the chemical
basis for the multiple functions of chlorophylls, at that time
only a ‘biomimetic’ appeared feasible.”’ The approach of using
‘highly substituted’ porphyrins as conformationally designed
systems was in fact instrumental in the development of the
concept,zz"z‘r”n’31 but 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 utilized to mitigate its
drawbacks, and publications from such approaches supported
many of the interpretations of conformational effects
discussed here.

A second option is the use of quantum chemical techniques,
and this method can overcome both of these problems as
within the limits of the computing facilities available any
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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. Another feature
that renders such studies imperfect is simply that for many
electron wave functions, all contemporary methods yield only
approximate solutions to the Schroédinger wave equation, so
that the calculated electronic structure is only accurate within
the context of the model and method employed.38
Fortunately, modern methods are often sufficiently accurate
for many purposes and more importantly, numerous
benchmarks and comprehensive comparisons to experiment
are available to assess relevance so that the issue is often
pragmatic in deciding how to balance
computational complexity against accuracy and available
resources.

The last and the most important method to be discussed is the
direct measurement of the cofactor conformations within
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. 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
achieved.?**%

Thus, reliance upon good chemical sense in the form of
refinement constraints and restraints is necessary.42 This leads
to difficulties in the aggregation of measurements via
averaging because differences in the implementation of these
artificial observations introduces significant bias into the final
recorded structure. The ensuing conundrum is how to select
the structures that will yield the best representation of the
actual cofactor conformations. Fortunately, as X-ray
crystallography ultimately provides a numerical description of
the structure (i.e., atomic coordinates), the results of many
studies are particularly amenable to statistical analysis.

In fact, the main difference between now and our first foray
into this 20 years ago is the availability of multiple protein
crystal structures for functionally similar biological systems.
While only individual protein-cofactor studies were available,
allowing at best the accumulation of anecdotal evidence, the
number of published porphyrin-protein crystal structures now
allows a statistically reliable analysis of data.

A statistical approach provides an unbiased logical rigor 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 the 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 method of establishing 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 tetrapyrrole in a protein.

nature when

not always
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Ultimately, these methods are combined with those from
molecular biology to alter the cofactor conformation through
specifically “designed” interactions with the protein scaffold,
e.g., via mutations, reconstitution with non-natural pigments
and other means of protein engineering to yield proteins with
novel functions.

Analytical methods

Simple conformational analysis of porphyrins

The structural characterization of non-planar porphyrins can
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 utilize the
internal angles and interatomic vectors ‘as is’, such as the C,-
Nopp-Nopp-Cy dihedral angles to quantify distortion types, 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 non-planar
conformations of porphyrins and are most suitable for
comparative analyses.

Two useful quantifiers of the degree of non-planar 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.
Alternatively, skeletal deviation plots43 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 (C,-C,) bisector, and reading from left to right
one ‘walks around’ the macrocycle (Fig. 5)44.

FEATURE

story and give a full measure of the key properties that have
been affected.

Normal structural decomposition method (NSD)

The observation that the commonly observed ruf, sad, dom
and wav conformers (vide infra, Fig. 6) 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 more detailed quantitative structural
analysis of tetrapyrroles based on a normal-coordinate
structural decomposition (NSD) by Shelnutt’ and coworkers.?
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.

0.5

-0.5

Fig. 5 lllustration of deriving a skeletal deviation plot to characterize macrocycle non-
planarity from the crystal structure of (5-tert-butylporphyrinato)copper(ll) (top
panel);“ the mean plane defined by the 24-macrocycle atoms (bottom left) from which
the individual skeletal deviations are derived (bottom right).

—— =

B2u (sad) B1lu (ruf)
A2u (dom) Alu (pro)
Eg(x) (wav) Eg(y) (wav)

Fig. 6 Idealizations of the six commonly observed out-of-plane macrocycle
conformations. In the sad conformations the pyrrole rings are alternately tilted up/
down along their C,-C, axes producing a saddle shape. In the ruf conformation, 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 all of the pyrrole
rings are tilted in the same direction with respect to their C,-C, axes resulting in the
characteristic dome shape.

Naturally, the coupling of the conformational data with
specific physicochemical properties (e.g., UV/Vis spectra,
Resonance Raman vibrational spectra, fluorescence lifetimes,
reduction potentials, etc.)45 is also required to complete the

This journal is © The Royal Society of Chemistry 20xx

It 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. Furthermore,
often a basis of only the lowest energy normal-mode of each
symmetry are necessary (minimum basis) to describe the
conformation accurately, affecting reduced dimension
compared to specifying the 24 Az; displacements and therefore
allowing the large scale analysis of porphyrinoid
crystallographic data. This development represented a turning-
point in the structural characterization of porphyrins both
from small molecule data and protein crystal structures.”>*

The normal-modes for the out-of-plane (OOP) distortions of
the minimum basis consist of the lowest energy vibration from
each symmetry and comprise the saddle (B,,), ruffle (Bi.),
domed (A,,), propellered (A;,) and the degenerate wave
modes [E4(x) and Eg(y)] (Fig. 6).29 The in-plane (IP) modes that
compose the minimum basis are the mesostretching (B,,), N-
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stretching (By,), pyr-translation [E,(x) and E,(y)], breathing
(A14) and pyr-rotation (A).

A typical NSD analysis is shown in Fig. 7 and is used to illustrate
the influence of the substituent regiochemistry on the
conformation. It compares two crystal forms of 5,15-
diphenylporphyrin 12* with 5,10-diphenylporphyrin 13.%% The
5,15-diphenylporphyrin is characterized by large B;, and B,
distortions and a significant contribution from A;,. This is
indicative of out-of-plane ruffling, and in-plane macrocycle m-
stretching, and breathing. B;, and A;, contributions are
present to a similar extent in the 5,10-regioisomer, while the
stretching contribution is much smaller. While only a minor
saddle (B,,) distortion is present in the 5,15 derivative, this is
noticeably more pronounced in compound 13. The main
conformational difference between the two regioisomers is
found in the contribution from E,(x). This is indicative of a
wave distortion and is only present in the 5,10-isomer. Thus,
this free base macrocycle ‘relaxes’ more through out-of-plane
than in-plane distortion.*
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Fig. 7 Normal-coordinate structural decomposition analysis of free base

diphenylporphyrins [ ®5,15A = 12, ®5,15B = 12'CH,Cl,, ®5,10 = 13].*

Computational methods

Statistical analysis. Through the vast wealth of tetrapyrrole X-ray
diffraction structural data available,50 both of
molecules and biologically embedded cofactors, as well as the
structural assessment afforded by the NSD method, it is now
possible to perform large scale quantitative comparative analyses

isolated small

and to extract the salient features of tetrapyrrole conformational
flexibility using multivariate statistical analyses. For example, cluster
analyses of subsets or even the entire body of structural data will
doubtless elucidate the general tetrapyrrole conformers (including

6 | Chem. Commun., 2015, 00, 1-3

those of mixed distortion pattern) as well as the chemical
substituents, protein environments or crystal packing effects that
cause them. Cluster analysis is a statistical technique that may be
used to reveal the relationships between observations in a
multivariate dataset (e.g., the NSD coefficients for protein-bound
cofactors).” An example for using agglomerative hierarchical
clustering (AHC) of NSD data to find groups of cofactors that
possessed similar conformations to test the idea that the individual
binding-sites imparted distinct conformations on the bound
cofactors is given in the section on bacterial photosynthetic
reactions centers (vide infra).

Other modes of analysis, such as the extraction of factors or
principle components and kernel density estimation of the
NSD data, can also assist the process and provide additional
insight into the conformational space that has been explored
so far and which may determine the true extent of
conformational flexibility in a way akin to Ramachandran plots
for protein residue conformations. If successful this aspect will
allow the prediction of tetrapyrrole conformation from
chemical structure and environment, and would also be
capable of providing lead structures (or mutant candidates for
cofactors) for any desired conformation.

Quantum molecular modeling. 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. The latter
consideration is particularly relevant to porphyrins and their
biological derivatives since the simplest compound (ie.,
unsubstituted porphyrin) contains 24 non-hydrogen atoms, whilst
full models of hemes and chlorophylls have around 43 (290
electrons) and 66 (418 electrons) non-hydrogen atoms,
respectively. Additionally, heme is a transition metal derivative and
so the presence of d-electrons necessitates further consideration.
Semi-empirical, ab-initio and DFT have all been applied to predict
and explain macrocycle conformations and to determine their
contribution to molecular properties.52

Calculation of spectroscopic properties of porphyrins using the
popular INDO/S method has a well-established precedent in
porphyrins and their metal complexes.32’34’53’54 INDO/S
correctly reproduces the non-planarity induced red-shifts of

sterically encumbered non-planar porphyrins, providing a
realistic geometry is provided (ie., either from a
32,34

crystallographic study or suitable in silico optimization).
Work using geometries obtained from MM optimizations (e.g.,
a porphyrin specific DRIEDING 1l) 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 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 center and

55,56,57
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light-harvesting complexes.>’ In general, exceptionally good
performance of the PM5//ZINDO/S scheme (ie., PM5
geometry optimization followed by a ZINDO/S single-point
energy calculation) is found for the Mg complexes of
unsubstituted porphyrin, chlorin and bacteriochlorin as well as
Chls and BChls.”® The PM5 optimized 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.”® Overall, 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* optimizations are impractical.

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 degeneracy of the 4s and 4p orbitals as well as
amongst the 3d orbitals.® Moreover, 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)59 and porphyrins also display significant electronic
correlation,60 as a result of the near degeneracies of the
frontier orbitals and the many electrons that are present in the
delocalized m-system.

For example, uncorrelated HF optimizations 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
optimization provided the correct D,, structure; notably, the
severity of the bond-length alternation in the HF converged
structure increased with larger basis sets.®® 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 localized torsion of the saturated
C,-Cy bond.®®

Since then, Density Functional Theory (DFT) has found
significant application in the modelling of biologically relevant
porphyrin and related compounds,61 and the efficient way in
which DFT explicitly incorporates electron correlation within
its theoretical formalism is certainly a major contributor to this
success.

Conformationally designed porphyrins

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(ll);

This journal is © The Royal Society of Chemistry 20xx

modification of the core by substituents on the pyrrole
nitrogen atoms (protonation or alkylation) and steric crowding
at the periphery.31 In the case of the so-called ‘highly
substituted porphyrins’ that are characterized by a high-
degree of peripheral substitution with sterically demanding
substituents,27'31 distortion occurs to alleviate the strain
imposed by the substituent interactions whereas in metal
complexes the 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.>"*?

The idea that macrocycle distortion is a mediator of biological
function is not new,7'24’25’34 and considering the associated
physicochemical effects of distortion summarized above, in
our 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,24 the first confirmation of
these ideas began with the large-scale NSD analysis of hemes
(vide infra),z‘r”29 which demonstrated the existence of
functionally conserved conformations.

Even so, whilst the last large-scale analysis of the phenomenon
was successful in obtaining recognition for the phenomenon in
heme proteins,zs’29 the time lapse between those 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 heme proteins (vide
infra) there has been very little equivalent consideration of the
effect in photosynthetic proteins, with the exception of the
contributions from our groups.

Classic structural studies

It all began 50 years ago with Fleischer’s crystal structure
determinations of (2,7,12,17-methyl-3,8,13,18-
ethylporphyrinato)nickel(ll) and (5,10,15,20-
tetraphenylporphyrinato)copper(ll) [16; Cu(ll)TPP], which
revealed that both macrocycles were considerably non-
pIanar.62 In a follow-up comparison of these and related
metalloporphyrins he concluded that differences in crystal
packing and chemical structure were responsible for the
dispositions of porphyrins to adopt planar or non-planar
conformations.®® This work is notable as it may be considered
the first comparative analysis of tetrapyrrole conformations in
general. Shortly after, Hoard and coworkers presented 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
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mark the beginning of the concept of conformational control.®
The ideas that were put forward in this work were seminal and
are worth summarizing as despite the intervening half century
the crux would appear to remain relevant today.

Ph
Ph
Ph
14 M(IITPP 19 H,TPPZ* 20 M =2H, H,0EP

15 M = 2H, HoTPP

16 M = Cu(ll), Cu(ll)TPP
17 M = zn(Il), Zn(ITPP
18 M = Ni(ll), Ni(ll)TPP

21 M = Ni(ll), Ni(ll)OEP
22 M =Zzn(ll), Zn(I)OEP

Until then Robertson and Woodward’s mid-1930s landmark
structure of phthalocyanine,65 indicating a planar macrocycle,
had been taken to indicate that the related porphyrins would
too be “naturally planar”.66 However, the crystal structure of
H,TPP 15 showed large displacements of the meso carbons
above and below the mean-plane (A24 = 0.19 A) (Fig. 8). These
did not disrupt the local planarity of several key regions,
indicating that the geometric requirements for local n-bonding
were retained, but that each pyrrole was not coplanar with the
Co-C-Cipso-Cy  dihedral, being identified as the “principal
circumstances adverse to ideal m-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 o-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 the meso carbons (as
these are not part of a ring), the observed angle of around
125° was said to be sufficiently removed from the ideal for sp2
o-bonding so that any small reduction would be energetically
significant.m’67

Subsequently, Silver and Tulinsky’s detailed structure of
triclinic H,TPP 15 revealed that the same compound could
exhibit different conformations, since their crystal form
possessed a considerably flatter core (A24 = 0.05 A) — albeit
still distorted.®® In this case, the pyrrole protons were located
on fixed and opposite rings and the deformation that
remained was attributed 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).69 This was complemented by Lauher and Ibers’
first B-substituted porphyrin structure, namely that of (planar)
2,3,7,8,12,13,17,18-octaethylporphyrin [20; H,OEP], which at
the time was useful to assess differences between meso- and
B-substitution, with the latter more relevant to natural
systems. Their analysis also found lengthened C-C bonds at the
substituted positions compared to unsubstituted porphyrin 1
and meso-substituted compounds such as H,TPP.”°
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Fig. 8 View of the skeletal deviations of the macrocycle atoms from the 4N-plane for
selected porphyrins.

An important discovery was the structural origin of the red-
shifted absorption spectra of porphyrin dications.”* Crystal
structures of some diacid species revealed severe non-planar
distortions of the macrocycle that were due to steric
interactions of the crowded core as well as electrostatic
repulsion of the partially positive pyrrole nitrogen atoms.”?
Moreover, the enhanced red-shifts observed in H4TPP2+ (19)
(which is green) compared to other dications (which can be
purple) were attributed to the rotation of the meso phenyl
rings into the macrocycle plane, allowed by the non-planarity
of the compounds (Fig. 9).”%"%"

Although M-N bond-lengths are the most variable bond-
lengths in metalloporphyrins (~1.95 — 2.10 A), it was noticed
early on that they are constrained relative to metal
preferences in monodentate complexes by the influence of the
macrocycle.71 Furthermore, despite this variability and the
associated (yet reduced) variation in the radius of the central
hole, other skeletal parameters were observed’ to be even
less flexible, such as the in-plane center to meso distance (Ct-
C.) and the C,-C,,-C, bond-angle. These observations, together
with structural data for high-spin Fe(lll) 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 observed,”
that low-spin Fe(lll) could be accommodated within the 4N-
plane. This proved also to be the case in proteins, emphasized
for example by the hemes in low-spin ferric
cyanomethemoglobin,76 whilst in contrast, the Fe(ll) atom in
high-spin deoxyhemoglobin’’ was displaced by ~0.75 A out of
the 4N-plane toward the axial HIS residue.”®
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Fig. 9 View of the molecular structure of the {[H,;TPP][HSO,),}, polymer in the crystal
illustrating the degree of distortion in the macrocycle, the rotation of the meso phenyl

rings and the intricate H-bonding network which is observed in such compounds.m’

advances in the synthesis and
many conformationally distorted
porphyrins, Scheidt and Lee® gave a systematic evaluation of
the contemporary state-of-the-art in 1987 that provided the
modern stereochemical classification of non-planarity used
today. Here, the terms ruffled (ruf) and saddled (sad)
conformations were formally defined, with ruf indicating a
twisted macrocycle with meso 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 (Fig.
6).
Another key idea developed by Scheidt”® related the 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_,2 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 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 heme proteins. 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 the
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 Ny,,-Nop, axis and trends in 5-
and 6-coordinate complexes were described and served as
models for the situation in vivo.

Following  further
characterization  of
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Model compounds and structural correlations

We have previously reviewed the numerous ways in which
conformationally distorted porphyrins are achieved via
synthetic design as well as the associated physicochemical
consequences.e’o’e’l’45 Throughout the following sections only
selected examples of the various approaches that have proved
successful will be highlighted in order to illustrate the
influence of non-planarity on physicochemical properties. An
outline of our own involvement in the field and how it

developed over the first two decades was given here in 2006.”

Conformational flexibility and multiple crystal forms. Numerous
investigations of Ni(ll) 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(ll) porphyrins are commonly found with substantially
distorted macrocycles.43’80’81'82’83 For instance, non-planar
tetragonal and planar triclinic A forms of Ni(ll)OEP 21 were known
in the 1970s (Fig. 8),80 the latter with longer Ni-N bonds, and in
contrast to the analogous H,TPP (vide supra) the tetragonal form
was suggested to represent the unconstrained structure. A third
planar form (triclinic B) was discovered later, distinguished by the
presence of significant m-it interactions that appeared to affect two
different sets of Ni-N distances, with the shorter pair in-line with
the stack.®

Ni(ll) hydroporphyrins provided an early illustration of the
increased flexibility of reduced macrocycles emphasized by
considerable deformation compared to the planar
porphyrin.gz'84 This characteristic was also present in Fe chlorin
derivatives and was suggested to be the result of intrinsically
greater the hydroporphyrins, therefore
encouraging ruffling to shorten M-N Iengths.85 Other studies of
conformationally distorted chlorins, including our own series
of increasingly B-ethyl substituted tetraphenylchlorin
derivatives,®® and compounds with both meso and -
substituents,87 are in agreement with this observation, as it
appears that chlorins have a tendency towards more ruf
distortion.?”®®

Many other reports of peripherally crowded Ni porphyrins
highlight their status as original models of macrocycle non-
planarity.':'4’89’90 However, the discovery via resonance Raman
(RR) spectroscopy by Shelnutt and coworkers that the
conformational flexibility of Ni(ll)JOEP 21 observed amongst
the various crystal forms (Fig. 8) was also present in solution
deserves special mention, in particular that the non-planar
form displayed red-shifted absorptions, which is a
characteristic marker of non-planarity.91 Variable temperature
NMR3*92 experiments and EXAFS**% measurements had also
shown that similar conformations can exist in both solution
and solid state, and many other examples31 are known.

core-size in

Highly substituted porphyrins as model compounds. Many of
these studies were based on the synthesis of model
compounds specifically designed to impart steric strain and
thus conformational distortion on the macrocycle. Often called
‘highly substituted porphyrins’,31 the most fundamental design
criterion was the presence of both meso and B-substituents to
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give rise to peri interactions. This is exemplified in
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin
[H,OETPP, 27], which can be envisaged as a chimera of the TPP
and OEP frameworks.”* Compounds such as this can exhibit
highly non-planar macrocycle conformations (primarily sad,
Fig. 10a),°>*®*% while porphyrins with bulky meso residues,
e.g., 32, or dodecaalkylporphyrins (33) are highly ruffled (Fig.
10b)-33a,91,9e

peri interactions
FTN N
Rl Ph R?
23 R'=Et, R?=R%=R*=H 'DETPP'
24 R1=R3=Et, R2Z=R4=H "tTETPP'
25 R1=R2=Et, R3=R*=H 'cTETPP'
Ph Ph 26 RI=R2=R3=Et, R! =H 'HETPP'
27 R'=R?=R*=R*=Et 'OETPP

R® R?

4 3
R R® 28 RI=R2=R®=R*=Br 'OBITPP
R4 Ph RS
FT N F N
(\ R r\' R
R R R R
R R
29 R=alkyl 'TAlylP' 33 R=alkyl 'OETAP'
30 R=Bu" 34 R=Bu" 'OETnBUP'
31 R=Pr'
32 R=Bu'

Bending the porphyrin macrocycle not only alters its
physicochemistry but also its chemical reactivity. The most
fundamental consequences of large sad distortions are an
increased basicity and faster metalation rates. In fact, some
non-planar porphyrins can be protonated by water, while
metalation rates can be several orders of magnitude faster.
Thus, some standard metalation reactions can be performed
by simply stirring the free base with metal salts for a few
temperature, a property that has
relevance for ferrochelatase (vide infra).
Formation of superstructured cavities above and below the

minutes at room

considerable

porphyrin core also prevents some reactions that are observed
for other porphyrins, e.g., n—m aggregation or the formation of
p-oxo dimers. Similarly, the smaller core size of non-planar
porphyrins aids the stabilization of small metal ions but results
. . . . 27,31
in lower stability for complexes with larger metal ions.
The more non-planar porphyrins yield increasingly unstable
chlorins. The steric strain imposed on the systems also gives
rise to novel, porphyrin atypical reactions - notably for
porphyrins with very large ruf distortions, and has led to
the porphodimethenes
97,98 .

In contrast, the more planar porphyrins,

routes for formation of
(“calixphyrins”).
or sad distorted porphyrins, undergo ‘‘standard” porphyrin
reactions. This increased reactivity is clearly a consequence of
the steric strain at the meso positions.97 The degree of non-
planarity can be further enhanced via core protonation or N-

. . 733,99
substitution.”>®
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Fig. 10 View of the molecular structure in the crystal and the skeletal deviations
of a) Ni(Il)OETPP* (top) and b) Ni(ll)OETnBuP*** (bottom).

Physicochemical correlations. One of the first direct
correlations between non-planarity with both red-shifted
absorption spectra and increasing ease of oxidation was made
in connection with photosynthetic pigments and immediately
associated with the biological function of such
chromophores.34 In particular, experimental observations and
INDO/S calculations upon (2,3,7,8,12,13,17,18-octaethyl-
5,10,15,20-tetraphenylporphyrinato)zinc(ll) [Zn(11)27;
Zn(I1)OETPP)], Zn(I))OEP 22 and Zn(Il)TPP 17 demonstrated that
non-planarity destabilizes the HOMO and causes the observed
differences in absorption 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 center’® and later the
pigments of the Fenna-Matthews-Olson (FMO) protein.53
Expansion of this with the synthesis and characterization of
the dodecasubstituted porphyrins just described
demonstrated that in these severely sad distorted
“peripherally crowded” porphyrins the distortion arose from
internal steric strain as opposed to crystal-packing effects
occurring in dimeric H,TPP m-cation radicals® and remained
present in solution.®*®

The metal’s influence upon macrocycle conformation was
investigated in detail, revealing that the non-planarity in
strained 2,3,7,8,12,13,17,18-octaalkyl-5,10,15,20-
tetraphenylporphyrins (e.g., 33, 34; 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.”® The macrocycle
distortive effects of peripheral steric strain could even be
‘prevented’ with sufficiently large metal ions. ™!

Oxidation potentials. The intriguing interplay between
structural and electronic effects in porphyrins was highlighted
in the trend in oxidation potentials of the sequentially
brominated M(Br,TPP) 28 series (ie., TPP with 1-8 f-
bromo).102 Systematic studies showed that in some cases the
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expected increase of the oxidation potentials with increasing
bromination due to inductive effects is superseded by the
effect of the increasing non-planarity of the macrocycle
resulting from the increasing peripheral strain. For example,
the Fe(lll)(Cl)(Br,TPP) series 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(lllI)(CI)TPP. Estimates of the precise conformational
effect were given as 50, 93, 118, 186, 256 and 309 mV for
Fe(llI)(Cl)(Brz.5TPP) and this corresponds to a linear
relationship itself, suggesting an average potential shift of ~53
mV per substituent for the conformational effect (R2 of
O.E)S).mza'b Also, the invariance of the metal-centered
reduction with respect to the level of distortion was taken to
support the earlier theoretical result® that distortion raised
the HOMO energy whilst having significantly less effect on that
of the LUMO (vide supra) and/or to indicate a decreased effect
of the conformation on metal-centered processes.

Ochsenbein et al. investigated the structures and
electrochemistry of 5,10,15,20-tetramesitylporphyins with CI
and Br substituents at the “antipodal positions” (i.e., opposite
pyrrole rings tetra-B-halogenated) and the B-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 B-octahalogenated derivatives were both easier to
oxidize than the corresponding B-tetrahalogenated
compounds was accounted for by the excessive distortion of
the former (sad with some ru]‘).103 Additionally, although not
severely distorted, the p-tetrabrominated compound
possesses the relatively less-common wav conformation,
where substituted pyrrole rings are bent above and below the
mean plane. More recent electrochemical studies focused on
the identification of metalloporphyrins with high oxidation
states. For example, both Ni(lll) and Cu(lll) porphyrin
dications'®*® and a Ni(lll) porphyrin radical cation'® have
now been characterized. Both redox reactions and
photoexcitation further modulate the conformational
landscape of porphyrins.'®” Likewise, the conformation of non-
planar porphyrins can be further fine-tuned via axial ligand
effects or weak interactions.’®

Photophysical correlations. A number of early studies showed
that photophysical properties are significantly affected by the
macrocycle conformation, too 10902 Thase have
revealed that non-planarity results in decreased S;-lifetimes
(ts1) and fluorescence quantum vyields (¢df) as a result of
enhanced non-radiative decay rates (ki, ksc and kcr) of the
Y(m,m*) excited state. Holten and coworkers assessed the
influence of sad and ruf distortion on free base porphyrins
using  dodecasubstituted porphyrins and 5,10,15,20-
tetraalkylporphyrins showing that both distortions affect
strongly “perturbed” properties but that the ruf mode leads to
more drastic consequences.m'112 These perturbations include
enhanced Stokes’ shifts of 850 — 975 cm ™", decreased ¢ and
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Ts; of 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 (d¢), 15 ns (Ts1), 74 ns (tc) and 22 ns (Tisc),
averages for planar compounds).111 For the ruf compounds,
smaller Stokes’ shifts of 478 — 486 cm ™" were observed yet only
negligible fluorescence was detected with ¢ = 1 —2 x 10™* and
s, of 8 — 46 ps.112

The relationships between the macrocycle conformation and
the observed effects were proposed to arise because of
greater conformational flexibility of the non-planar
compounds in the excited state.”*""2 This idea was formed on
the basis of the large Stokes’ shifts that could not be
accounted for classically as solvent reorganization 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 Iow—temperature.lw'113

Unique excited state perturbations were found in Ni(ll)TBu'P
(32) that differ considerably from the above owing to the fact
that the *(rm,m*) excited state immediately decays to a
(dy2,dy2-2) intermediate, a general feature of low-spin d°
nickel(ll) porphyrins.*®> In this case, the (d,d) lifetime of the
highly ruffled porphyrin (33 ns) was orders of magnitude larger
than that of planar complexes (100-300 ps). Furthermore, in
Ni(I1)TtBuP, 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.116 Additionally, the strong solvent
dependence was taken to indicate significant polarity of the
excited state non-planar conformation and this was suggested
to be another feature of some non-planar conformations in
general (e.g., dom).

Recently, Roder et al.” " utilized our series of conformationally
designed porphyrins exhibiting a graded degree of sad
distortion'*” to systematically assess the photophysical effects
(Fig. 11). This study departs from the “all-or-nothing” approach
by assessing the influence of gradually increased non-planarity
in a set of closely related compounds and additionally included
the effect of metalation by comparing the free-base and
zinc(ll) derivatives of the (Et),TPP (x = 2, 4, 6, 8, 23-27) 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(ll) derivatives. Furthermore, both series exhibited
gradually decreased S;-liftimes, ISC quantum yields and triplet
lifetimes, the latter resulting in dramatically reduced singlet
oxygen quantum yields.33|O Intriguingly, this hints at a potential
mechanism for photosynthetic proteins to impart photo-
protective abilities on chromophores through induced non-
planarity.

33b
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Fig. 11 View of the skeletal deviation plots (4N-plane) of the XETPP porphyrin series
(for H,TPP see Fig. 8)."***"

Summary of consequences of macrocycle distortion. Some
general trends with regard to the effects of porphyrin
macrocycle distortion on various parameters are compiled in
Table 1. These are meant to serve as general indicators only;
naturally, sometimes significant differences occur between
free bases and metal complexes, exact values depend on
solvents and experimental conditions and on the mix of
distortion modes present."’l'm'119 Additional effects are altered
axial ligand affinities in metal complexes and different orbital
interactions with coordinated metals.>’**® This simplified
picture also neglects the effects of in-plane distortion,**%°
which has not been studied to the same detail yet as out-of-
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shifted absorption maxima. This observation may also be
relevant to oxidation potentials as the red-shift has been
shown to occur due to greater destabilization of the
macrocycle HOMO compared to the perturbation of the LUMO
energy.121 Another clear cut example was the observation that
the perturbations to photophysical properties in non-planar
porphyrins were considerably amplified in ruffled compounds.

Biological aspects and diversity of tetrapyrroles in
nature

Porphyrins and their derivatives are an important class of
compounds in nature, performing a multitude of biological
functions acting as prosthetic groups in proteins. The best-
known examples are the hemes and chlorophylls. The hemes
are essential to the function of cytochromes, P4s50s, hemo- and
myoglobins and the peroxidases,lgz"lzz'123 in which they provide
the active-site where the chemistry takes place (Fig. 12).
Likewise, chlorophylls affect the fundamental processes in the

light-reactions of photosynthesis by acting as light-harvesting

chromophores and the primary agents of charge-
. 124,125
separation.
o. o
Hemoglobin - 2. - O, transportin blood,
Myoglobin @ @ 0, storage in muscle
hrome - —_— - electron transfer
RH ROH
Cytochrome| - v incorporation of
P450 @ — <. molecular oxygen
0,,2¢",2H* H,0

H,0, H0

metabolism of

Catalase and

plane distortions. Nevertheless, all affected parameters are |Peroxidase
. . . . . . . H,0, 2RH
crucial for the in vivo function of porphyrins, especially with Catalase Peroxidase
regard to electron and exciton transfer properties. 0,+2H" 2RH* — —
Table 1 Comparison of selected physicochemical parameters for planar and distorted
s a)
porphyrins. ) 2
Porphyrin distortion Cytochrome 2 Cu?", 2cu2* terminal oxidation
Parameter planar saddled ruffled Effect c oxidase o (O3 > Hy0)
0,,4€",4H 2H,0
Color red green green 2
Absorption Ama Q-band, nm ~636 ~710 ~696 A x
Emission An.x Q-band, nm ~640 ~760 ~720 A J
Stokes shift, cm™ 26-142 850-975  40-100 A _
E120x, V [e.g., Ni(ll)] 0.92-1.15 0.85 0.55 N = —
Metalation rate, relative 1 >10,000 n.d. A
o, fluorescence yield 0.11-0.16 3-9x10° 2x10™ N
&, triplet yield 0.7 <0.5 <0.2 N HOOC COOH
Ts; lifetime, ns 10-22 04-1 0.008-0.05 N
Taq lifetime, ns 128 121 160 4 Fig. 12 The functional flexibility of natural heme proteins.
Tisc lifetime, ns 22-31 0.8-1.7 <0.12 N
T lifetime, ns 77 — 155 0.8-1.5 <0.03 N

a)Approximate values and general trends for typical systems only.

Additionally, in 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 B;,(3) that are correlated with
the ruf conformation are particularly responsible for red-

some cases
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The employment of heme 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 heme-Fe central substituent. However, the utility of the
porphyrin ligand in heme 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
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efficiently. In reality, heme is like all coordination complexes
where ligands are crucial modulators of the properties of the
metal centers.

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 m-cations and -anions or the related fact
that the Mg2+ ion is redox inert (i.e., does not change oxidation
state during Chl redox reactions), but is especially emphasized
by the photosynthetic roles of the pheophytins — the free-base
derivatives of chlorophylls. Thus, photosynthesis is dependent
upon the intense t* <& 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.

Hemes

Structure of hemes. There is considerable diversity in the
structures of heme-cofactors but the most commonly
observed in natural systems are heme b 9, the Fe-chelate of
protoporphyrin IX from which all naturally occurring
porphyrin-type hemes are derived, and heme c 35, which
differs from heme 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 (Fig. 13).122 Heme b is found in the oxygen binding hemo-
and myoglobins, the catalases and peroxidases, b-type
cytochromes and all Pys5p enzymes,126 whilst heme c is most
prevalent in their namesake, the c-type cytochromes.127

B

HOOC COOH HOOC COOCH

9 Heme b 35 Hemec

COOH

COOH

HOOC

36 Heme d, 37 Siroheme

Fig. 13 Heme b, schematic illustration of protein-bound heme c¢ and two
isobacteriochlorin type hemes.

This journal is © The Royal Society of Chemistry 20xx

Bound hemes are always at least penta-coordinate and
commonly an additional residue provides an octahedral
environment for the heme-iron. There are examples of hemes
with relatively exotic axial ligands such as N-termini, proline or
cysteinate residues,122 but for heme 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 penta-coordinate HIS ligated hemes.
A detailed analysis of the axial ligand preferences of hemes b
and c revealed key differences including the greater
prevalence of exchangeable small-ligands in hemes b and
stereochemical constraints imposed on HIS orientation in
hemes c.'*®

Additionally, there is a range of naturally occurring reduced
“hemes” where two neighboring pyrrole rings are reduced at
the C,-C, bond. Formally that makes these compounds
isobacteriochlorins and the two main classes are heme d; 36"
and siroheme 37."%° Both are found as cofactors in various
sulfur and nitrogen reductases.

Heme-protein functions. Heme-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.122

Hemo- and myoglobin are perhaps the best-known examples
and function as the transport and storage vehicles
(respectively) for the supply of O,. The quaternary structure of
hemoglobin consists of four subunits, each of which contains a
single HIS-ligated heme that is capable of reversibly binding O,
at the heme-Fe. In an impressive achievement for structural
biology, the mechanism of heme co-operativity,”””*>* wherein
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 heme-Fe. This
results in the heme ‘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 deoxyhemes.

In eukaryotic bacteria and mitochondrial membranes the
respiratory electron transport chain (ETC) generates the
proton gradient  that drives metabolic oxidative
phosphorylation and produces adenosine triphosphate
(ATP).132 Four of the five protein complexes in the sequence
between the primary electron donors (NADH and FADH) and
the terminal acceptor (O,) utilize hemes as redox centers. In
Complex IlI, the role of the heme (when present) is not fully
understood and has been ascribed a structural function in
maintaining the fold of the protein.133 Mechanistic detail is
available for cyt bcl,134 which accepts electrons from a soluble
ubiquinol into heme-B, of the cyt b subunit directly whilst cyt
¢y is reduced via the 2Fe/2S-center simultaneously as electron
transfer occurs from heme-B, to heme-By. Subsequently,
heme-By reduces a bound ubiquinone, which is released after
a second reduction, and cyt c¢; reduces soluble cyt c. Cyt c
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oxidase (or complex IV), the terminal enzyme in the ETC,
accepts four electrons from four molecules of reduced cyt ¢
and uses them to reduce molecular O, to water.

Although the precise mechanism of O, reduction is not closed
to debate, it roughly proceeds as follows:*** When fully
reduced, cyt c oxidase binds O, at the heme a3 / Cu,
heterobinuclear site where a series of intra-protein electron
transfer events and the uptake of two protons results in loss of
H,0 and the production of an oxyferryl intermediate
(Fe(IV)=027); Subsequently, another electron and proton are
delivered to the heme a; — Cu, site producing a hydroxyferryl
species (Fe(ll)OH) which yields a second H,0 molecule after
receiving an additional proton. This leaves the az-Cu, site in
the fully oxidized state which can be re-reduced by cyt c via
Cu, and then heme a.

Modulation of properties. The modulation of heme reduction
potentials is of utmost importance for establishing the position
of cytochromes in inter-protein ETCs as well as the direction of
ET in multi-heme cytochromes. In general, heme-protein
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 defining 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 heme coordination, reported
a 200-220 mV lower potential for the bis-HIS ligated form.™®
This agrees with the isolated heme model compounds, which
show a 150 mV decrease resulting from bis-HIS coordination
relative to HIS—MET,139 which is itself remarkably close to the
160 mV, found to best describe the difference in a study of 96
heme-proteins containing 141 hemes,**’

There is also a significant influence of the peripheral
substituents on the porphyrin Iigand.123 For example, a 50 mV
decrease in the midpoint potential of bis-imidazole ligated
heme b is observed simply by reduction of the 3,8-vinyl
groups, which serves as a basic model for heme 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.m’140 Reconstitution experiments of native
hemeproteins™*' 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 hemoglobins with heme derivatives
bearing altered substituents at the 3,8 positions (vinyl in heme
b) found that O, affinity was inversely proportional to the
substituents inductive effects.'* There are many more
examples and this field has been recently reviewed by
Hayashi.141

In addition to the effects of the porphyrin and axial ligands
noted above, many other factors conspire to produce the large
potential range, 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 heme propionates, electrostatic
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effects of charged-residues in the binding-site and the inter-
heme redox coupling (i.e., the dependence of individual heme
potentials on the redox state of nearby hemes in multi-heme
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 heme properties in vivo.

Heme d, and siroheme

Isobacteriochlorin type hemes (d; 36 and siroheme 37) are
involved in the cycling of sulfur and nitrogen. For example, the
crystal structure of a sulfite reductase from E. coli revealed a
hexacoordinated siroheme, the Fe center bound to a CYS
thiolate and a phosphate anion. The siroheme-cofactor
exhibits a distinctive non-planar conformation which has been
traced to specific protein-cofactor interactions, and it was
rationalized that the saturated ring system and its flexibility
accounts for the specificity of sirohemes for sulfite
reduction. In a more recent structure of the dissimilatory
sulphite reductase for a hyperthermophilic archaeon, two
siroheme-cofactors are present, a functional and structural
one. Both have similar conformations but are less distorted
than the cofactor on the assimilatory sulphite reductase from
E. coli™®

Similarly, non-planar macrocycles have also been implied in
nitrite reductases. For example, the structure of oxidized cyt
cd; (nitrite reductase) from Thiosphaera pantotropha showed
a covalently bound, hexacoordinated (HIS, HIS) type c
cytochrome and a planar, hexacoordinated (TYR, HIS) heme
d1.146 The latter is in contrast to the distorted conformations of
most other isobacteriochlorin-cofactors. Since macrocycle
ring oxidation, this has been initially
interpreted by Filop and coworkers to indicate that the
catalytic cycle of sulfite reductase involves ring oxidation
whereas that of nitrite reductase does not. However, the
reduction of nitrite reductase triggers a conformational change
in d; making it non-planar,147 and this reduction is thought to
be responsible for the structural movements observed upon
reduction of the protein.148

distortion favors

Chlorophylls

Photosynthesis and 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. The main
photosynthetic cofactors are the chlorophylls found in
oxygenic PS plants (Chl a 7 and Chl b 38), and the
bacteriochlorophylls present in purple bacteria such as
Rhodobacter sphaeroides (BChl a; 8) and Blastochloris viridis
(BChl b; 39).1#%*°
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At the heart of the initial stages of photosynthesis are the
light-harvesting complexes (LHCs)™" and the reaction centers
(RCs),”™ both of which contain numerous Chls or BChls that
are crucial to their functions.”? In LHCs,153 light is captured by
these cofactors in m* < excitations and is ‘funneled’ via non-
radiative energy transfer,”*'®**? 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. We have recently given an
overview of the role of chlorophylls in photosynthesis and the
various protein complexes involved, which covers these
aspects in detail.’®
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PhytylO,C
38 Chlorophyll b (Chl b)

RO,C
39 Bacteriochlorophyll b (BChl b)
Over the years many crystal structures of chlorophyll
derivatives have been reported.88 In the context of the present
discussion the most significant result of these was the
observation of a wide range of conformations for chemically
closely related pheophorbides and rhodochlorins.3##7#88134 14
highlight only one study, 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 NA-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 E.

Chlorophyll-protein interactions. Aside from general
architectural considerations, a number of specific protein-Chl
interactions are known to influence their properties. Unlike
heme, 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.156 However,
the most exceptionally unique coordination yet observed
appears in photosystem | (PSl) where both second accessory
Chls are ligated by the sulfur atoms of MET residues, a feature
that has been suggested to allow these Chls to act as the low
potential electron acceptors in psl.*’

All Chls, and BChls in particular, possess carbonyl groups that
are capable of acting as H-bond donors. In Chls, this is most
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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 RC 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 stabilize the reduced form relative to the
oxidized form, whilst the converse is true for negatively
charged amino acids.*®**? 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.lgb'53 Likewise, the charged cofactors associated
with intermediate states of charge-separations in RCs have a
similar effect on neighboring cofactors.*® Additionally, the
energetic influence of dielectric relaxation of the protein
occurring due to Coulomb interactions with the charged
chromophores has been shown to stabilize the charge-
separation intermediates.'®*

Note, some bacteria, e.g., the green sulfur bacteria
(Chlorobiaceae), contain chlorosomes as LHCs. Here, self-
organized aggregates of the bacteriochlorophylls c-e (40-42)
are utilized as antenna pigments without a structural protein

matrix.”?>*®® These pigments often exist as complex mixtures
of homologues and can exhibit different macrocycle
34,88

conformations. As they are not directly bound to protein
they are less important for our discussion here. Nevertheless,
conformational differences between, e.g., the BChl c 40 and e
42 versus d 41 series and different degrees of alkylation have

been discussed in the context of light adaptation.l‘r"'e'163'164
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Coenzyme B,,

Cobalamins are ubiquitous natural compounds and their most
prominent representative is coenzyme B, 11. Chemically they
belong to the class of corrins, i.e. lack one methine bridge and
are highly reduced, nonaromatic tetrapyrroles. They typically
contain a central cobalt ion which can form reactive Co-C

bonds and are biosynthesized only in microorganisms.

Chem. Commun., 2015, 00, 1-3 | 15



Coenzyme By, is found in various isomerases,
165

methyltransferases, and dehalogenases.

Isolated corrins show a variety of often non-planar

conformations and, due to the high degree of saturation in
corrins, the basic framework is quite flexible.*® Indeed, Geno
and Halpern showed that this flexibility is a necessary
requirement for the enzymatic reaction of vitamin Bj,-
dependent enzymes.166 Additionally, the nucleotide base has
been shown to contribute to the conformational distortion of
the corrin ring in CoB—cyanoimidazolylcobamide.167

By now, a number of crystal structures of protein-bound
cobalamins are available.®” These include a methylmalonyl-
CoA and a glutamate mutase,168 dehydrases, lysases and
aminomutases,169 a ribonucleotide reductase,170 a bacterial
shell protein bound to a cobalamin-cofactor and a human
intrinsic factor with vitamin 812.171’172 All structures show very
tight binding of the cofactor and steric effects are clearly
involved in the cleavage of the Co-C bond. However, while
protein-induced macrocycle distortions have often been
discussed, clear cut evidence from protein crystals structures is
still lacking in this case. For a full discussion of the various
complexes see Gruber et al™

Factor F,3¢

Other highly reduced tetrapyrroles such as F,30 show a very
significant degree of conformational flexibility, too. F430 10 is
the active cofactor of methyl coenzyme M reductase involved
in methanogenesis and is the most highly reduced natural
12,13,173

Here, the

central metal is a nickel species and a Ni(l) state functions

tetrapyrrole involved in enzymatic reactions.

prominently in the catalytic cycle.

Initial molecular mechanics calculations indicated that Fj3q,
due to the presence of two saturated meso carbon atoms, can
easily accommodate both high- and low-spin Ni(ll) and Ni(l)
ions.””* EXAFS studies of low- and high-spin F,3, derivatives
showed a span of Ni-N bond lengths in the range of 1.9-2.1 A,
indicating conformations ranging from planar to severely
distorted.”” The macrocycle conformation of the isolated
cofactor F,30 is highly non-planar (Fig. 14) and the importance
of the nickel ion in regulating the conformation of F,35, and
vice versa, has been recognized early on.'’®

In contrast to the sad and ruf distorted conformations in the
isolated F,3p complex,lza crystal structures of intact methyl-
coenzyme M reductase show a very tightly bound cofactor
with a relatively planar macrocycle conformation (Fig.
14).12"’177’178’179’180 Here we have a situation where a non-
planar macrocycle is made more planar by the apoprotein,
with F,3, being sterically constrained against out-of-plane
181 This interplay between
protein constraints, macrocycle flexibility, core geometry and

distortions in the native complex.

its effect on the chemical reactivity of the central metal ion
was investigated in detail with NSD
physicochemical methods by Zimmer and coworkers.*®
Recently, Cedervall et al. reported the structure of a
chemically generated Ni(lll) F43, protein complex.178 For
comparison we have analyzed all available F,3y structures via
NSD (Fig. 14). All protein-bound cofactor structures exhibit

various
2

and
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relatively similar out-of-plane distortions while the isolated
compound exhibits significantly larger B, B;, and Ay
distortions.
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Linear tetrapyrroles

Similar to porphyrins, a whole cornucopia of linear
tetrapyrroles occurs in nature. All of them are derived from
cyclic tetrapyrroles via ring-opening reactions of either
porphyrins or chlorins. In many cases the raison d'etre is as a
breakdown product of the cyclic precursor compounds to
prevent photosensitizing reactions in vivo and for excretion
from the body. Classic examples are the formation of bilirubin
43 and biliverdin 44 as heme catabolites’® and related
reactions in the degradation of chlorophylls.186 However,
except potentially for transport and linkage with serum
proteins, these compounds are not protein bound.
Nevertheless, conformational aspects do play a role. Bilirubin
is a classic example of a flexible molecule where the simple 2D
representation of the molecular structure 43 is misleading and
does not correlate with the in vivo situation. Only a specifically
folded ridge-tile conformation with intramolecular hydrogen
bonds 45 can explain its low solubility and the need for
subsequent glucuronidation as part of the detoxification
process. 8”188

On the other hand, photosynthetic organisms contain
functional linear tetrapyrrole protein complexes. Firstly, the
photosensory phytochromes contain a phytochromobilin 46.
These are photoswitchable photosensors and regulate
photomorphogenesis.m'189 Similar to the visual process in
animals, a cis/trans isomerization changes the shape of the
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molecule and gives rise to conformational changes in the
protein, which is the first step in the various signaling
cascades.”

43 Bilirubin

45 Bilirubin (ridge-tile conformation of M and P
enantiomers with H-bonds)

More recently, the bacteriophytochromes have been
discovered as photochromic kinases in non-photosynthetic
bacteria. They utilize biliverdin 44 as a photoreceptor in two-
component sensor histidine kinases.” The emerging picture
on their structures,192 mechanisms and photoresponses
reveals in detail the structural changes that follow
photoisomerization and include nm scale movements of the
bilins, significant changes in protein structure and folding, and
their ultimate impact on the signal output domains.*®

Secondly, linear tetrapyrroles function as accessory light-
harvesting pigments in photosynthesis. They are parts of the
phycobilisomes, highly organized pigment-protein complexes

which act as antenna systems for photosystem Il in
cyanobacteria and red algae, amongst others.”® More
specifically, the phycobilins (e.g., phycocyanobilin 47,

phycoerythrobilin 48, and others) are part of the pigment
protein allophycocyanins, phycocyanins,
phycoerythrins or phycoerythrocyanins, which are then
assembled into phycobilisomes.194 Individual phycobiliproteins
have specific absorption maxima and their number, type and
arrangement in the phycobilisomes allows for absorption and
unidirectional energy transfer to Chl a in PSII. In this way the
organisms can utilize light in the 500-650 nm range which is
not possible directly with Chls.

The biosynthesis of the phycobilins involves ring-opening of
heme b by heme oxygenase to yield biliverdin IX a 44, which is
then enzymatically converted into the various phycobilin
pigments.’® They have photophysical and stereochemical
properties which are highly susceptible to the protein
environment.'®® For example, their highly efficient chromatic

complexes
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adaptation197 appears to be modulated in part via pigment-
protein interactions (vide infra).

46 Phytochromobilin 47 Phycocyanobilin 48 Phycoerythrobilin

Case studies on tetrapyrrole non-planarity in
biology

A complete analysis of all porphyrin-protein interactions in the
various functional complexes is outside the scope of this
article. Thus, in the following we illustrate the current state of
the art by focusing on selected cases where the interplay
between protein backbone and cofactor conformation has
been studied using the methodological approaches outlined
above.

Shelnutt’s systematic assessment of heme conformations

In 1995 Hobbs and Shelnutt demonstrated that the hemes 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 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,198 they
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 heme-Fe could be communicated
through the heme’s conformation via its protein-contacts, to
potentially mediate the protein’s interaction with its redox-
partners.

In a series of landmark publications, this study was
expanded extensively by considering the heme conformations
from a diverse set of crystal structures encompassing dozens
of proteins and hundreds of crystal structures (including
significant redundancy, albeit using case by case analyses).
These advances were greatly assisted by the introduction of
the normal-coordinate structural decomposition procedure for
the analysis of porphyrin macrocycle conformations described
above.”®*® Structures of globins, cytochromes c, cytochromes
P4s0 and peroxidases, amongst many others, were included,
and both species conservation of heme conformations in
related proteins as well as new heme-specific structural
differences within multi-heme proteins were revealed.?>?*?

25,28,29
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For example, subtle differences were uncovered between the
a- and B-hemes in human deoxyhemoglobin, 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
cytochromes c3 lent further credence to the notion that the
segment between covalently linked CYS residues was crucial
for determining heme conformation since only changes in this
region were accompanied by cross-species conformational
differences between equivalent hemes.” Notably, no
systematic differences between reduced and oxidized
cytochromes could be detected. Another result was that the
non-covalently bound hemes b in peroxidases were all very
strongly distorted with mostly sad conformations plus
additional ruf contributions.”>?*°

A general result for nearly all proteins was that the heme
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 perturbation from the binding-site as
opposed to specific localized 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 in the resolved structures.”

Chelatases

Chelatases are enzymes which insert either Ni, Co, Fe or Mg
ions into biosynthetic precursors of native porphyrins (Fig. 15).
The best understood systems
magnesium chelatase which incorporate iron and magnesium
into protoporphyrin X, respectively. These enzymes are
located at crucial crossroads in the biosynthesis of
tetrapyrroles leading to committed intermediates and function
as focal points for signaling pathways.199

are ferrochelatase and

H HN

M
NH HN
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Fig. 15 Illustration of the metal chelatase enzyme reaction.
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The gradual unravelling of the distortion mediated mechanism
of metalation exploited by chelatase enzymes represents a
widely accepted example of conformational control.1?200/201,202
Aside from the fundamental nature of this research, it is also
biomedically relevant as mutations in ferrochelatase can lead
to erythropoietic protoporphyria.203 The idea that macrocycle
deformation was a key step in the mechanism of metal

insertion in general was originally based on the observation
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that N-alkylporphyrins, which have a distorted macrocycle,204
underwent metalation 3-5 orders of magnitude faster than
non-methylated derivatives.”®>?% Soon after it was discovered
that such compounds are potent inhibitors of ferrochelatase®”’
and it was suggested that the sterically imposed non-planar
conformation was similar to a reaction intermediate. This idea
was subsequently supported by the generation of an efficient
antibody metalation catalyst that had been raised against N-
methyl mesoporphyrin IX (N-MeMP, 49).208

HO,C COH
49 N-Methyl mesoporphyrin IX N-MeMP

The structure of the active-site of ferrochelatase was first
identified by Lecerof et al?® who obtained the crystal
structures of the protein bound with both an N-MeMP
substrate as well as the metallated product Cu(ll)N-MeMP. 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 mix of 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-MeMPs.
Additionally, the structural similarity of ferro- and cobalt
chelatases was cited as indicating a ubiquitous mechanism of
chelation for all variants (Fig. 16)210.

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
the macrocycle distortion of H,P (1) and a series of
metalloporphyrins and found that not only were such
distortions energetically feasible but that the distortions also
provided a release mechanism for the product. They also
confirmed that ring A of N-MeMP was distorted further by the
protein rather than as a result of the steric crowding caused by
the methyl protruding into the core. They also revealed that
the dianionic deprotonated form of porphyrin was even easier
to distort, implying that this intermediate would be
energetically stabilized 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 catalyze 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
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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. Optimization of protoporphyrin IX (i.e., the free-base of
heme 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-MeMP structure and that rings B-
D were also (slightly) tilted to form a sad conformation.
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Fig. 16 Comparison of the protoporphyrin IX and N-MeMP binding modes for human
and B. subtilis ferrochelatase, respectively.210 (A) Structural alignment of the E343K
human ferrochelatase model containing protoporphyrin IX (blue) with the B. subtilis
ferrochelatase model containing N-MeMP (green; PDB ID code 1C1H). (B) Stereoview
showing the relative positions of protoporphyrin IX, N-MeMP, and the side chains of
strictly conserved amino acids within the active sites. Reproduced from reference
210, © by the National Academy of Sciences.

The proposed mechanism received definitive validation when
a Raman mode sensitive to the extent of non-planarity was
shown to be directly correlated with catalytic affinity.212 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.

Chlorophylls in photosynthesis

Tetrapyrroles play many critical roles in photosynthetic
pigment-protein complexes. They are the primary donors and
acceptors in initial photosynthetic charge-separation,u'152 the
chromophores of the light-harvesting complexes,l‘r’l’lsg'b'213 and
the redox-cofactors responsible for the re-reduction of the
primary donor’™?™ once their energetic excess has driven
subsequent stages of the photosynthetic machinery. The
simplicity of this description belies the beautifully intricate and
complicated processes involved, and the many efforts to utilize
this for biomimetic solar energy conversion.”?”® However, at
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this point it suffices to say that these individual events demand
drastically different behaviors from the cofactors, and
although both hemes 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.

From the onset of our involvement in this area we were
interested in  studying  conformational control in
photosynthesis in more detail.* However, in the early 1990s
only a few crystal structures of photosynthetic protein
complexes were available. This situation has changed
significantly since, and we have thus come back to our initial
idea to study the role of chlorophyll macrocycle conformations
in photosynthesis using a combination of conformational
analysis, statistical methods and computational techniques.

Functional tetrapyrrole conformations in bacterial
photosynthetic reaction centers. The largest body of
structural  information related to chlorophyll-protein

complexes in photosynthesis is now available for the reaction
center electron transfer chains (RC-ETC) from two species of
purple photosynthetic bacteria, Rhodobacter sphaeroides and
Blastochloris viridis. At the time of our initial analysis (2011)216
92 such protein crystal structures were accessible, and these
served as the starting point for a statistically reliable analysis
of the interrelationship between the biological function and
macrocycle conformation of (bacterio)chlorophylls in
photosynthesis.?*®

The bacteriochlorin-cofactors of the ETC are bound by one of
two reaction center proteins (branches are denoted by 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 C,-symmetry (Fig. 17).°%****® Once P (primary
donor) 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.1%%19 This takes place through a scarcely detectable P*B.~
intermediate that is formed rapidly after photo-excitation.
Subsequent reduction of Q, by H, is followed by electron
transfer from Q, to Qg (Q denotes quinones). 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 QBZf At this point, the
fully reduced and protonated QH, dissociates from its binding-
site in the RC and is replaced by another oxidized quinone
from the cytoplasmic pooI.220 A crucial feature of the RC is that
electron transfer occurs only along the L-branch despite the
apparent C,-symmetry.??!

There are two striking differences between the RCs from R.
sphaeroides and B. viridis. Specifically, the RC from B. viridis
utilizes BChl b and is in possession of a bound tetraheme
cytochrome, whilst that from R. sphaeroides contains BChl a
and does not have a bound cyt.152 Other differences include
the identity of the carotenoid close to the ET inactive
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accessory BChl (Bg) and of the quinones (1,2-
dihydroneurosporene, menaquinone-9 (Q,) and ubiquinone-9
(Qg) in B. viridis and sphereoidene 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.lsz’219

D, - site of most hole | i
density in P'Qy state

L-branch /
ET active

o s " M-beanch /
ET inactive

Fig. 17 The prosthetic groups of the ETC of R. sphaeroides. Top left (pink; circled) Dy,
top right (red) Dy, middle left (purple) B, middle right (dark red) Bg, bottom middle left
(blue) Ha, bottom middle right (indigo) Hg, bottom left (yellow) Qa, 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.?®

In our analysis of the RC pigments we determined the NSD for
every BChl and BPheo from crystal structures of the RCs from
R. sphaeroides and B. viridis obtained from the Protein Data
Bank (PDB). The data was then analyzed via a methodical
statistical route which included the investigation of the nature
and reliability of each structure with respect to their
description of the BChl and BPheo conformations.?*®?%?

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, there were both cross-species
conservation of the conformations at particular sites as well as
distinct differences at others, and many of the implied
conformational differences represented a departure from the
apparent C,-symmetry of the ETC (Fig. 18).

Finally, we investigated whether 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. This 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.”*®
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Fig. 18 Mean out-of-plane minimum basis NSD of each ETC bacteriochlorin-cofactor in
R. sphaeroides derived from crystal structures (left; subset RBC4, n = 32) and B. viridis
(right; subset BBC1, n = 13). Y-axes in A; error bars indicate two standard errors.

The conformations, together with the current understanding
of the effects of non-planarity, tie in with the observed
physical properties of ET in photosynthetic systems such as the
species variant extent of the bathochromic shift of the special-
pair, the preference for L-branch ET or the photo-protective
action of Bg in R. sphaeroides, amongst others, and therefore
provide a new chemical rationale for understanding these
processes.223 An initial assessment of the energetic
consideration of the indicates that the
conformational effects are likely on a par with both H-bonding
and electrostatic effects. The concept of conformational
control of tetrapyrrole-cofactors can clearly be used to address
questions of functional significance in the bacterial
photosynthetic RC in a statistically reliable manner. This
indicates the general validity of this concept and shows that it
can be extended to hemes, among other systems, and serve as
a model for structural cofactor modulation in general.

distortions

Photosystems | and Il. As there have been only a few reported
crystal structures of PSI, a large-scale statistical analysis
analogous to that performed for the bacterial RCs is not
possible at present. Except for the structure of PSI from the
cyanobacteria Synechococcus e/ongatus,157 most of these are
of such low resolution as to preclude a discussion of the
chlorophyll conformations.?** In contrast, more structures are
available for PSII. However, these structures again are of low
resolution, with many in the range 3 — 7 A*3 Amongst the
remaining ones, there are two particularly interesting
candidates, namely structures 3ARC and 4IL6 at 1.9 and 2.1 A
resolution, respectively.zzs’227

The NSDs of the cofactors from the highest-resolution crystal
structure of PSI™®” (PDB ID: 1JB0), taking into account the error
estimates for this structure, indicate that there are almost no
significant conformational differences between C,-related
pairs of cofactors aside from the greater sad deformation of Py
compared to P, (Fig. 19a).”?® In general contrast to the
bacterial RCs (and also PSII, described later), the cofactors with
the largest degree of non-planarity in the PSI ETC are the first
accessories, Chly; and Chlg;. Quite uniquely, both cofactors
possess a very large sad distortion, which is one of the largest
single-mode deformations of all the ETC BChls and approached
only by the ~1 A ruf of the B. viridis Dy. This is complemented
with a comparatively minor ruf component that is identical to
that of the special-pair Chls and is also comparable to Bg, D, or
Dy from R. sphaeroides (i.e. 0.4, 0.2 or -0.4 A), within the
margin of error. These Chls also exhibit a small, yet likely
significant degree of the dom mode in the direction of their
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HIS ligands, whilst in terms of their in-plane conformations
they have a larger N-str (B;,) than the other PSI ETC Chls.
Additionally, Chlg; exhibits a moderate core contraction
relative to the rest, as indicated by the decreased bre
deformation (A;,) and, although technically not significant with
respect to the estimated error for the IP normal-deformations
(0.23 A), is worth mentioning because of the relative
consistency of the other Chls’ bre distortions as well as this
modes usual association with increased non-planarity.
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Fig. 19 a) Out-of-plane min. basis NSDs (left) of the ETC cofactors in PSI (PDB ID:
1JB0);"™ error bars show + one half of the Luzzati error; &,,, = 0.0203, 0.0247, 0.0422,
0.0389, 0.0120 and 0.0149 (left-to-right). In-plane minimum basis NSDs (right); error
bars are not shown as the required +m/4 times Luzzati error (0.23 A) overwhelms the
plot; 6, = 0.0484, 0.0443, 0.0548, 0.0571, 0.0492 and 0.0513 (left-to-right). b) Mean
out-of- (left) and in-plane (right) minimum basis NSDs of the ETC cofactors in PSIl (PDB
ID: 3ARC);226 error bars show ts.d. between the two corresponding cofactors in the
asymmetric unit. Mean 8,,, = 0.0410, 0.0300, 0.0364, 0.0332, 0.0294 and 0.0354 (left-
to-right); mean 6;, = 0.0648, 0.0644, 0.0637, 0.0670, 0.0679 and 0.0698 (left-to-right);
e.5.u. based on Reee = 0.090 A. c) Mean out-of- (left) and in-plane (right) minimum basis
NSDs of the ETC cofactors in PSII (PDB ID: 4IL6);”*’ error bars show #s.d. between the
two corresponding cofactors in the asymmetric unit. Mean 6., = 0.0409, 0.0308,
0.0328, 0.0439, 0.0249 and 0.0341 (left-to-right); mean &, = 0.0653, 0.0685, 0.0677,
0.0677, 0.0700 and 0.0738 (left-to-right); e.s.u. based on Re.e = 0.154 A%

The conformational asymmetry of P, and Pg of the special-pair
heterodimer, in the form of a dominant sad conformation for
Pg., is somewhat reminiscent of the situation in both the RCs
where the M-branch BChl was generally more non-planar than
the other. Aside from this feature, both Chls are characterized
by the same ruf distortion as the first accessories. Finally, the
second accessory Chls may possess a slightly greater ruf
conformation and very nearly display significant differences
across the C,-axis, with Chlg, exhibiting larger ruf and sad
deformations. Taken together, the analysis suggests that two
PsaB Chls may be only slightly more distorted than their PsaA
counterparts, if at all, which is in stark contrast to the purple
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bacterial RCs where the M-branch BChls were consistently
more non-planar. However, this result could be significant, re-
calling that in PSI both branches participate in ET.?*° It can also
be noted that the greater distortion of the accessory
chlorophylls of this RC compared to both RCs and PSII in light
of the fact that these Chls have been implicated as the primary
donors.”*

The normal-deformations for the cofactors obtained from the
two highest resolution structures of PSIl are rather similar (Fig.
19b and c). However, there are small differences between the
resolved conformations from each which indicates that atomic
configurations in structure 4IL6 were allowed to deviate from
the starting model 3ARC. In contrast to PSI, the high resolution
structure of PSII**® indicates considerable asymmetry of the
cofactor conformations across the C,-axis. Pp, possesses the
most distortion with a well-defined sad conformation. A
striking feature is that Py, displays a similar degree of the dom
distortion compared to D, of the R. sphaeroides RC, although
Py, has a greater contribution from the ruf mode than this
BChl. The C,-asymmetry continues with Chlp, displaying a ruf
conformation quite dissimilar to Chlp,’s mixed sad and wav
deformations. The pheophytins are also suggested to be
distinguishable with PheoD1 possessing substantial sad and
some ruf contributions to its conformations, whilst PheoD2 has
about half the degree of sad, and also similar contributions
from dom and wav. In common with the bacterial RCs, PSII
displays considerable branch-asymmetry with respect to ET. It
is perhaps significant that the active branch cofactors exhibit
greater ruf distortion than their counterparts.

Saito et al. have already 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.231 They found that the dominant dom conformation
of the Pp; cofactor (conserved from certain RCs) could stabilize
the oxidation of HIS-ligated Chls generally, but not in the RC
specifically. Also, whereas doming was induced by axial ligands
alone in Pp, and Chlspypy, 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 ET asymmetry in the RC. However,
whilst all these points were noted to be correspondent with
the charge-distribution in Ppip,” ° 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 the electrostatic
influences of the protein. This was based on an earlier study
regarding the determinants of the hole distribution of Ppy/p,"
in PSIl where they had found only slight charge asymmetry
(favoring Pp;” ) when calculated without the protein
environment, which was attributed in part to differing phytol
conformations.?*

Quantifying conformational control - Conformational
modulation of heme redox potentials in the B. viridis reaction
center cytochrome subunit. If the examples presented so far
are taken to indicate the validity of the concept of
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conformational control then the question arises to what extent
changes in the conformation contribute to the overall
modulation of a cofactor’s properties as opposed to other
‘forces’ such as H-bonding, changes in dielectric constant, etc.?
Our analysis of the bacterial photosynthetic reaction centers?*®
allowed the development of a systematic method for an
unbiased critical analysis of the reliability of entire RC crystal
structures, and sets thereof, with respect to their
appropriateness for the detailed comparison of the cofactor
conformations displayed at different sites. Next, we attempted
to take this further by quantitatively assessing the role of
conformational control in modulating the reduction potentials
of the hemes in the RC tetraheme cytochrome subunit (RC-cyt)
of Blastochloris viridis.”*

This subunit is tethered to the RC in the periplasmic space
above the membrane and serves the purpose of re-reducing
the oxidized special-pair of the electron transfer chain.”* The
four hemes are grouped into pairs of low- and high-potential
cofactors and these pairs are arranged such that a chain of
alternating low/high redox potentials is created through to the
special-pair (i.e., low, high, low, high, SP; Fig. 20).234

Chemical Communications

was validated using larger basis sets up to and including the
triple-Z, doubly polarized and augmented 6-311+g** basis.”*

FMO protein and other light-harvesting complexes. The
success in quantifying structure-function relationships in RC
and heme complexes prompted us to return to the more light-
harvesting complexes. For initial studies in this area we chose
the Fenna-Matthews-Olson protein (Fig. 21). Historically, this is
the first crystal structure of a chlorophyll-containing protein
and remains the most widely investigated protein-Chl
complex.m'237 It functions as the excitation energy transfer
(EET) intermediate between the chlorosome baseplate and the
RCs of the photosynthetic green sulphur bacteria and contains
seven BChl a pigment.<,.125’213'237'238

H3
H4 J e

% potential

. potential

Fig. 20 lllustration of the tetraheme cytochrome subunit in the reaction center of B.
viridis; image adapted from the coordinates of PDB ID: 1PRC.2®

Fig. 21 Illustration of the FMO protein monomeric asymmetric unit. From bottom left
to center 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: 4BcL*® using PyMol.

Again, our investigation required a statistical analysis of the
heme conformations afforded by the available crystal
structure data, although in this case, the effect on reduction
potentials was not inferred; instead it was explicitly calculated
using an experimentally calibrated computational
procedure.235 This method utilized heme-Fe partial atomic
charges and proved wuseful with the computationally
inexpensive B3LYP/3-21g method calculated for simplified
heme models extracted from the PDB,'® incorporating only
the effects of varying macrocycle conformations and thereby
delineating their physicochemical effects. The method was
successfully calibrated using the atomic coordinates and
published midpoint potentials from the heme-cofactors in
wild-type and mutant heme-NO and -O, binding domains
which confirmed the sole conformational modulation of the
redox potentials in these complexes. This procedure was then
applied to the RC-cyt indicating that ‘conformational control’
may account for up to 70% (54 mv) of the observed differences
in the reduction potentials of the four hemes. This approach
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The available structural data for the FMO protein indicate that
the BChis display a significant degree of conformational
heterogeneity of both their peripheral substituents and the
non-planar skeletal deformations of their tetrapyrrole
macrocycles. While modulation of the site-energies239 of
specific pigments and thus of the EET dynamics is fairly well
characterized for the dihedral angle of BChl a’s C3-acetyl
substituent, the situation is not so clear when considering the
effects of the protein-induced non-planarity of the
tetrapyrrole macrocycle. Initial results indicate that this is
partly the result of an inability of the molecular models usually
employed to delineate framework and substituent effects (i.e.,
sequential truncation studies) to account for interactions
between the macrocycle conformation and the effects of the
substituents. We are currently developing an alternative
approach that can account for this phenomenon and will use it
to assess the conformational effects upon site-energy
distribution amongst the BChls in the FMO complex.z‘w'241

Zucchelli et al. have attempted to use NSD directly to
determine the intrinsic site-energy distributions®*® of Chl
pigments in light-harvesting complexes.242 In this approach,
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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
symmetry. In this scheme then, both E; (wav) distortions affect
blue-shifts whilst the A,, (dom) and A;, (propellering) modes
affect red-shifts; it produces site-energy distributions in
remarkable agreement with other methods.?*?

H-NOX, cytochromes and other hemeproteins

Bioengineering of hemeproteins: H-NOX, a prototype for
rational protein design? The heme 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,243 its potential as a tunable model system
for biomimetic applicationsz‘m'245 and in particular, for the
highly non-planar conformation imposed by the protein on its
single heme-cofactor,24®247,248:249,25025L252 Thic i gne of the
most distorted heme-cofactors to be observed in natural
systems,247 and this feature has been linked to its uncommonly
high midpoint potential248 and is likely crucial to its biological
function.

H-NOX proteins are proving to be particularly fruitful model
systems that are being well explored. Aside from the physical
characteristics that render them attractive for potential uses
(e.g., exceptionally high thermal stability), their biomedical
importance with respect to the crucial role of the NO—sGC—
cGMP signaling pathway in humans, and thus related
pathologies,253 gives research in this area an additional
impetus.

The crystal structure of the H-NOX domain isolated from the
obligate anaerobe Thermoanaerobacter tengcongensis (Fig.
22) revealed an exceptionally distorted heme, whose degree of
distortion was shown to be related to global structural changes
on the surface of the protein, providing a potential link to
heme 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
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heme binding-site with significant sequence homology to the
soluble guanylyl cyclase heme domain in vertebrates.”*’

Fig. 22 View of the H-NOX domain structure from Thermoanaerobacter tengcongensis
(PDB ID: 1U56; image created using PyMoI).247

Recently, Marletta’s group at UC Berkeley showed that
mutation of the conserved PRO115 residue present in very
close proximity to the heme (van der Waals contact) to the less
sterically demanding ALA residue affected heme relaxation to
a more planar conformation in both the solid state via
crystallography248 and in solution using resonance Raman
spectroscopy.249 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
macrocycle distortion demonstrated that the redox potential
was systematically modulated by the heme conformation (Fig.
23).246 Other important developments include recent
conformation of the connection between heme 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 heme’s oxygen
binding ability for the creation of a NO sensor.”*
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Fig. 23 The heme conformations in the wiId-type247 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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Clearly, H-NOX provides an excellent system for understanding
how and why nature exploits conformational control but it is
also becoming a prototype complex for the artificial
exploitation of the effect to fine-tune physicochemical
properties and to go beyond. Marletta has begun to apply
another major design principle, that of substitution of the
native heme-cofactor with other porphyrin molecules.””*
Cofactor reconstitution experiments involve substitution of the
native cofactor by either a stepwise approach first employing
the removal of the native ligand or in a concerted approach
relying on stoichiometric saturation with the desired
replacement compound. A more modern method is to express
the protein in a system that has access only to the exogenous
ligand.?* the original motivations for the
procedure in general were analytical and indeed some
noteworthy results have been obtained from reconstitution
experiments involving photosynthetic RCs.”*®

The first example of such a heme-substituted H-NOX unit was
reported recently and involved the incorporation of
(CO)(mesoporphyrinato IX)ruthenium(ll) into the heme site
using the expression methodology with the goal being the
creation of a useful molecular oxygen sensor based on
phosphorescence quenching.244 The results indicated a clear
success as emphasized by the complexes steady-state
absorption/emission spectra in the presence and absence of
0, and, moreover, exited-state dynamics that yielded an O,
detection precision comparable to that of commercial sensors.
The same communication reported an analogous complex
formed using myoglobin (Mb) as the protein scaffold and a
comparison of its photophysical parameters to those of the H-
NOX Ru mesoporphyrin complex indicated wholly different
pigment conformations and/or chemical environments. The
authors concluded with a forward-thinking, yet in practice
likely reachable, statement regarding potential further
tailoring of photophysical properties using other porphyrins or
protein modification; biological targeting using genetically
encoded tags and enhancing biocompatibility via additional
derivatization.

The latest application of heme-substituted H-NOX proteins is
as a contrast agent for the burgeoning and broadly impacting
method of magnetic resonance imaging (MRI).?*> Here, Winter
et al. first noted that the H-NOX complex containing its native
high-spin  Fe(lll) heme possessed significantly higher
longitudinal and transverse proton relaxivities than Mb. To
further enhance this property, they then generated a series of
reconstituted H-NOX complexes using Mn(ll) and Mn(lll)
complexes of protoporphyrin IX and a Gd(lIl) mesoporphyrin IX
complex, since these paramagnetic metals are known to be
highly effective in this regard. Although modest in their report,
their results for the Gd complex are truly astounding as
emphasized by relaxivities approximately 10 times greater
than those of the current commercially available Gd(lll)
chelate based contrast agents. The Mn(lll) substituted H-NOX
also showed improved values compared to a commercial
equivalent (approximately 4 times greater for the longitudinal
relaxivity), whilst the reduced Mn(ll) form was only marginally
better.

In any case,
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Although not an example of an H-NOX application, a related
study by Jasanoff and coworkers reporting a Mn-substituted
cytochrome serves to show the potential benefits of further
protein design.257 Here the choice of protein scaffold was the
heme domain found in cytochrome P45 BM3 (BM3h) and they
inserted Mn-PPIX by co-expression of the scaffold with the
heme transporter ChuA. Crucially, they also generated their
complex with a series of mutated forms of the cytochrome and
demonstrated that each possessed distinctly different proton
relaxivities and changes therein upon substrate binding.

Contemporary studies on other hemeproteins. Bren and
coworkers have performed a number of studies on the effects
of non-planarity in cytochromes.z‘r’s’zsg’260 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 heme on a per atom basis.”*® This multi-
faceted and impressively thorough study combined site-
specific mutations®®* to vary the extent of heme ruffling and to
control the heme 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 heme-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 heme’s C,, and C, positions 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 cytochrome compared to other ruf distorted model
compounds containing strong m-acceptor ligands where
configurations change from (dxy)z(d,(z,dyz)3 to (dxz,dyz)4(dxy)l. This
highlights the complicated relationship between the effects of
distortion in concert with other environmental aspects.

In a follow-up focused upon delineating the influence of ruf
distortion vs. Fe(lll)-HIS bond strength on the EPR spectra of H.
thermophiles cyt css, and Pseudomonas aeruginosa cyt css,, it
was again suggested that heme ruffling was correlated with
decreased reduction potentials.260 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(lll)-
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 heme ruffling.

The observation that the heme degrading proteins Isdl and
IsdG (iron-regulated surface determinant) produce oxidation
products that are very different to those from the typical heme
oxygenase enzymes (HOs)*®? has been attributed to the
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extremely large ruffling induced in the protein bound
substrate heme.”®*%% Takayama et al. found that IsdIFe3+(CN)
possessed exceptionally small average methyl proton chemical
shifts and large paramagnetic shifts of the meso hydrogens.263
This indicated greater delocalization of the heme-Fe’s unpaired
electron onto the meso carbons compared to the B-pyrrole
carbons and was suggested to result from the dominance of
the (dxy,dyz)“(dxy)1 configuration over the (dxy)z(d,(z,dyz)3 state.
This was rationalized as a result of the ruffling allowed overlap
of the macrocycle 2a,,(mn) 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,dyz)‘l(d,(y)1 configuration may facilitate  oxidative
susceptibility of the heme meso positions.

Additionally, the structural consequence of the excessive
ruffling appeared to present the heme 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 heme ruffling and substantially diminished activity.264
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
heme. The TRP66 residue is noted to be conserved in both
IsdG and Isdl and is in direct contact with the heme’s B-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 (in which the
range was up to ~1 A) and supposed to be enough to alter the
electronic configuration. Importantly, the TRP66 residue was
shown not to be required for substrate binding, although
heme degradation activity was dependent on AAs with large
side-chains being present in this position. The electronic
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 heme. 'H NMR
indicated a significantly smaller contribution of the
(d,(y,dyz)‘l(d,(y)1 electronic state in W66Y. W66F was neither
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crystallized 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 non-planar 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.265 This effect is not surprising since core
contraction is itself correlated with increased ruf, vyet
interestingly compression (or expansion) along a single Ngpp-
Nopp axis also decreases the O, affinity. A similar non-planarity
/ 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 Il
homolog), where its high E,, has been attributed partially to
the substantial sad deformation of the heme b cofactor.?®®
Additionally, it was speculated that the heme conformation
may play a regulatory role by exhibiting sensitivity to the redox
state of the quinone pool.

Linear tetrapyrroles — Phycobilins

Some conformational aspects of linear tetrapyrroles were
outlined above in the brief discussion of natural bilins. The
rapidly increasing number of crystal structures of components
of the phycobilisome now allows taking an initial look at the
native conformation of linear tetrapyrroles as photosynthetic
pigments, especially in comparison to our studies related to
chlorophylls.

Taking the light-harvesting

phycobiliproteins into account as well, a general picture is
193

(bacterio)phytochromes and
emerging.””~ On one hand we have the classic photochemical
cis/trans with subsequent
changes in the protein acting as a signal output for the various
signaling cascades. The majority of
(bacterio)phytochromes, including the one from
Aradinopsis,267 shows the bilin in a ZZZssa configuration in the
dark.”®***® Herein, the A—C rings are relatively coplanar and

isomerization conformational

known

the D-ring is rotated out of the mean plane. The classic
mechanistic proposal then involves a photochemical Z > E
isomerization of the C15=C16 double bond (to yield the bilin in
ZZEssa configuration),269 which results in a flipping of ring D
with associated bilin-protein interactions,
movement of the chromophore and protein conformational
changes.270

Most intriguing is the wide range of absorption which can be
covered by the totality of the bilin chromophores (Fig. 24).271
Depending on bilin type and the mode of protein attachment,

changes in

almost the whole visible spectrum and the near UV region are
covered. Attachment to the protein and protein-chromophore
interactions can shift the absorption maxima up to 100
nm.*”?’2 For example, phycocyanobilin linked to 3-155 in C-

phycocyanin has an absorption maximum at 590 nm, while the
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same bilin dye absorbs at 670 nm in the terminal emitters of
the phycobilisomes.17 The structural rational for this was
recently traced by Peng et al. to the degree of co-planarity of
the four pyrrole rings, which correlates with the absorption
maximum.?’® Other effects may contribute to this, e.g.,
conformational differences in the A/B system. In any case, the
degree of coplanarity in the tetrapyrrole unit is adjusted by the
apoprotein to yield photoactive complexes with absorption
and emission properties specifically tailored to the
environment and “need” of the organism (for example,
adaptation to different light conditions).

COOr

COO" COO

51 Phycoerythrobilin oy

COOr

COOr

52 Phycoviolobilin
Fig. 24 Protein-bound biliverdin 50, PEB 51, and PVR 52.

Chemical Communications

Non-tetrapyrrole cofactors

The concept of conformational control is not 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
generalize 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 our context by contrasting, for example, heme
cooperativity in hemoglobin with the maintenance of a high
midpoint potential by excessive distortion in the wild-type H-
NOX complex.

A classic example is the visual sensing protein rhodopsin,
wherein the photo-isomerization of an 11-cis-retinal to the all-
trans form initiates the visual photo-transduction cascade (Fig.
25).275
apoprotein affects substantially increased yields of the active
agonist,275 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.”’®
deleterious mutations in the binding-site known to cause

However, whilst it has long been known that the

Moreover, recent reports have indicated that

Retinitis pigmentosa, a condition associated with blindness,
result in substantial changes in the C11-C12 dihedral angle and
significant spectral-shifts of the chromophore.277

Similar to the discussion given above for H-NOX, this field is
rapidly moving bioengineered photoresponsive
proteins with novel properties. The wide range of available
mutant structures and those reconstituted with different
chromophores offers significant potential to develop new cell
17,193 An

example for the former is the use of small phytochrome

towards

biological reporter molecules and in optogenetics.

fragments with mutations which result in highly fluorescent
274 Together with the ability to tune the specific
absorption and emission wavelength, this leads to new

molecules.

fluorescent tag molecules with more scope for use than the
commonly used green fluorescent proteins.193 Recent reviews
by Scheer et al” and Burgie and Vierstra™®® further illuminate
this use of biliproteins as bioimaging agents and the path to

designer photoresponsive proteins.
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enzymes

Fig. 25 cis-trans Isomerization of protein-bound retinal.

In another twist, ubiquinone redox potentials have been
attributed to the orientation of their methoxy substituents.””®
It was revealed that the reason only ubiquinones with
methoxy substituents may function as both Q) and Qg in
photosynthetic RCs (ie., 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. This result is particularly interesting in our context
as it extends the notion of conformational control to other
cofactors in RCs.
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Outlook

To summarize, aspects of conformational control are now
established for almost any class of tetrapyrrole-containing
proteins. These range from the initial observations on oxygen
binding in hemoglobin, the identification of conformational
changes associated with the heme-cofactors of cytochromes
by Shelnutt, to the more recent studies on cytochromes in the
bacterial photosynthetic reaction center, H-NOX and Isdl. An in
depth look at chlorophylls in RC complexes has added
significant detail to the analysis of photosynthetic systems and
identified key aspects of the involvement of conformation
control in EET.

Many avenues remain for further work along these lines. For
heme, an in depth analysis of cyt P50 might help with
development of new catalysts or drug candidates and to
deepen our understanding of the reaction mechanisms of
peroxidases and other enzymes involving high-valent
metalloporphyrin intermediates. In photosynthesis the
increasing number of high resolution structures for the RCs
from higher organisms and for large LHC puts a statistical

analysis of hydroporphyrin conformations within reach.
Likewise, new computational methods, together with
emerging structural data on phycobiliproteins and

(bacterio)phytochromes, should advance our understanding of
the photochemical and signaling processes involving bilins.
Potential also exists for a revisit of non-planar porphyrins in
terms of small molecule chemistry. While they have been used
for the development of, e.g., oxidation catalysts279 and for
chiral recognition,280 detailed studies on their use as molecular
receptors, optical materials, or organocatalysts are Iacking.281
The progress made in synthetic methods to prepare
unsymmetrically (highly) substituted porphyrins now makes it
possible to utilize specific macrocycle conformations as a
design principle for chromophores or receptors with tailor
made properties. This will involve fine-tuning the optical
properties of chromophores in intelligent photochromic and
electro-optical materials, for use as NLO materials and novel
sensors.

example, applications
specialized PDT treatment, as
supramolecular chemistry and nanomaterials,®® or as
biomimetic solar energy convertors via readily photo-
oxidizable molecules with fine-tuned absorbance maxima®®*
are now under scrutiny. The development of compounds with
improved performance in such applications is, in essence, a
problem of multiple optimizations where desired and
unwanted properties are both linked to structure. This is the
challenge: how does one optimize a few properties
simultaneously whilst ameliorating unwanted effects when the
methods used in their control are usually closely entangled
with both? Here, ‘conformational control’ adds to the canon of
methods for fine-tuning porphyrin properties.

However, rather than such step-wise advances, a view is
emerging that the underlying concept can be used for wider,
more far-reaching goals and two examples may serve to
highlight this in the final section.

For of non-planar porphyrins for

282 building blocks in
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The data-driven critique of the tetrapyrrole conformations in
bacterial photosynthetic RC afforded by particular crystal
structures could serve as a prototype for the validation of
small-molecule structures found in the PDB. The use of
crystallographic co-ordinates in modern theoretical studies of
protein function is increasing and should one wish to assess
the electronic structure of a molecule in its experimental
conformation (i.e., without quantum mechanical optimization)
structure selection is a key consideration. A common approach
is to choose the highest resolution, most recent, or in some
cases the most well-known structure. However, these criteria
are not necessarily relevant to the intended use of the
structure — especially in cases when the purpose of the original
crystallographic study was different from that which the
theoretical study intends to address. Likewise, small-changes
in bond-lengths and angles can have a disproportionate impact
on the outcome of a theoretical calculation. It is important
therefore to give adequate thought to the relevance of the
structure to the study in hand, and if possible to perform an
unbiased (quantitative) critique and comparison of structures
to ensure that this source of error is minimized.

Lastly, contemporary molecular biology allows the rational
design or modification of proteins with new or tailor-made
properties, perhaps in a more facile fashion than synthetic
organic chemistry approaches. We have highlighted conclusive
reports of the successful modification of protein-bound
porphyrin-cofactor conformations to affect altered properties
above: The redox modulation of the H-NOX complex via site-
specific mutations chosen to allow the heme to relax into a
less non-planar conformation,246 the retardation of the heme
degrading activity of Isdl by a mutation that decreased ruf,264
and the directed evolution of ferrochelatase Ni-variants to
show further specificity for Ni that was associated with
decreased sad distortion.”®*

Especially the first two examples involving heme proteins
indicate that, in a controlled experimental situation,
modification of the conformation of a protein-bound
porphyrin effects substantially altered properties. It is
considered that with further development, the advances
described here will contribute to the provision of a framework
in which the effects of conformational control could be
efficiently exploited in protein engineering, for example in the
development of designer enzymes. One can almost intuit a
general approach based on the recent works with H-NOX (Fig.
26) and the suggestions made by Scheer et al.*” with regard to
the design of photoresponsive proteins.
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Fig. 26 This is only the beginning... Fundamental research on the H-NOX domain
has culminated in the development of protein-porphyrin complexes destined to
represent prototypes for next generation MRI contrast agents and small-
molecule sensors and also illustrates the path to designer photoresponsive
proteins.

The first step will involve the recognition of a highly distorted
cofactor, perhaps as well conservation of the conformation in
related complexes, or else at least the discovery of interesting
conformational features. The next step is to try to understand
the role or consequences of this observation in a biological
context. The final step is to harness the mechanism as a design
principle and if successfully achieved, marks the transition
from fundamental to applied research. One may envisage then
that the ubiquity, versatility, diversity and specificity of
tetrapyrrole-protein complexes in nature may also one day be
mirrored in our own uses of them.
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of the main driving forces of this field.
John was an author on many of the

seminal contributions described
herein and his contributions are
ground breaking, fundamental and

substantial. Not only did he develop
many of the spectroscopic and
computational methods and applied them to answer crucial
questions, he was also a constant supportive and inquisitive
colleague and friend to all of us in the field.
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