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ARTICLE INFO ABSTRACT

Article history:

The photosynthetic reaction centre (RC) is central to the conversion of solar energy into chemical energy and is a
model for bio-mimetic engineering approaches to this end. We describe bio-engineering of a Photosystem II
(PSII) RC inspired peptide model, building on our earlier studies. A non-photosynthetic haem containing
bacterioferritin (BFR) from Escherichia coli that expresses as a homodimer was used as a protein scaffold, incor-
porating redox-active cofactors mimicking those of PSII. Desirable properties include: a di-nuclear metal binding
site which provides ligands for bivalent metals, a hydrophobic pocket at the dimer interface which can bind a
photosensitive porphyrin and presence of tyrosine residues proximal to the bound cofactors, which can be
utilised as efficient electron-tunnelling intermediates.

Light-induced electron transfer from proximal tyrosine residues to the photo-oxidised ZnCeg", in the modified
BFR reconstituted with both ZnCeg and Mn", is presented. Three site-specific tyrosine variants (Y25F, Y58F and
Y45F) were made to localise the redox-active tyrosine in the engineered system. The results indicate that: pres-
ence of bound Mn"'is necessary to observe tyrosine oxidation in all BFR variants; Y45 the most important tyrosine
as an immediate electron donor to the oxidised ZnCes" and that Y25 and Y58 are both redox-active in this system,
but appear to function interchangebaly. High-resolution (2.1 A) crystal structures of the tyrosine variants show
that there are no mutation-induced effects on the overall 3-D structure of the protein. Small effects are
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observed in the Y45F variant. Here, the BFR-RC represents a protein model for artificial photosynthesis.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

Photosynthetic organisms (plants, algae and cyanobacteria) are
nature's own sophisticated solar panels and carbon sequestering sys-
tems. Oxygenic photosynthesis, a process that converts solar energy
into chemical energy today sustains a broad variety of complex higher
life forms on this planet, through oxygen evolution and carbon fixation.
The component regarded as the ‘engine-room’ of this process is the
Photosystem II (PSII) reaction centre (RC). The RC chemically drives
unfavourable reactions, by extracting energy from photons [1,2]. All
natural reaction centres function in essentially the same way, with
only minor variations in their cofactors. Minimally, a reaction centre

* This paper is dedicated to the memory of Warwick Hillier, who saw this work to com-
pletion, however tragically passed away after protracted illness, just prior to the submis-
sion of this paper. He was a dear friend and colleague to us all, who will miss him
dearly, as will we feel the broader science community.
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holds a photoactive pigment (P) and an acceptor molecule (A). Upon
illumination, the excited state P* can interact with a nearby acceptor
and undergo electron transfer to form a charge-separated state (P*/A")
[1]. The molecular organisation of a reaction centre is essentially a series
of transmembrane protein regions that localise the P*/A™ pair to span
the membrane. The core structure of all reaction centres is C; symmetric
and in some systems the symmetry leads to bifurcated electron transfer
pathways [1].

To assemble artificial reaction centres on protein scaffolds, the two
minimal requirements are (i) selection and incorporation of pigments/
chromophores for light capture, that initiate photochemistry and (ii)
the choice and placement of redox-active intermediates for electron
transfer. Electron donors and acceptors perform primary charge separa-
tion and their properties underpin the efficiency of the system. Detailed
principles determining design and engineering of light capture and elec-
tron transfer processes between electron donor and acceptor molecules
through redox-active intermediates in both natural and de novo protein
scaffolds have been discussed previously; see [3-5].

We have used Escherichia coli bacterioferritin (BFR) as a protein
scaffold to introduce key redox active intermediates in a PSII reaction
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centre inspired in vitro model system [4,6]. BFR is a soluble non-toxic
iron storage and detoxification protein [7,8] that assembles into a
dodecamer (24-subunit) with a hollow sphere of ~8 nm internal diam-
eter (Fig. 1a). The BFR monomeric subunit is a four helix bundle
(~18.5 kDa), where the four helices align anti-parallel to each other
with a small fifth helix at the C-terminus, which aligns almost perpen-
dicular to the rest of the bundle (Fig. 1b) [9,10]. Each of the four-helix
bundles contains a di-nuclear metal binding site that binds two Fe!
atoms with histidine (H54 and H130) and glutamate (E51, E18, E127
and E94) residues as capping ligands. The two atoms are connected by
the two bridging carboxylate groups (E51 and E127) (Fig. 2a). Single
methionine residues, one from each monomer, provide a pair of axial li-
gands to the metal centre of iron-protoporphyrin IX (haem group) in
the assembled BFR homodimer (Fig. 2b).This haem binding site at the
dimer interface of the two four helix bundles is hydrophobic [9].

The BFR homodimer was used to reverse engineer PSII RC reactions,
providing a novel way to explore the complex pathways of light-driven
electron transfer in an artificial PSII analogue system. Extending from
our earlier work [6,11], we here demonstrate (i) binding of Mn""!" at
the di-nuclear metal binding site, (ii) binding of a photoactive pigment
(ZnCeg) at the hydrophobic pocket of the protein, by replacing the
intrinsic haem group [12] and (iii) photo-oxidation and localisation of
tyrosine residue (s) in the engineered BFR system.

In previous work, light-induced experiments in the modified BFR
suggested that, upon photo-activation of the bound ZnCeg, the weakly
coupled Mni" at the di-nuclear site is oxidised and a ~ 25 G wide EPR
spectrum centred at g = 2.0058 is observed [6]. This ~25 G wide spec-
trum was assigned to a tyrosine radical because of its line shape and the
absence of quinone electron acceptors as possible contributing radicals
[13,14]. The source of this spectrum was not established.

There are seven tyrosine residues per BFR monomer and therefore
fourteen possible tyrosine residues per homodimer that might be
redox-active. The three BFR tyrosine residues Y25, Y58 and Y45, which
are within electron tunnelling distance from both the photoactive pig-
ment and the metal centre, were sequentially mutated to phenylalanine
(Fig. 3). Tyrosine 25 which is 4.3 A from the nearest metal is highly con-
served amongst other ferritins and bacterioferritins [15]. It is also
hydrogen bonded to Glu 94, which is one of the metal ligands. Tyrosine
58 is unique to E. coli BFR in its position and is commonly replaced by a
leucine or a phenylalanine residue in other ferritins. Tyrosine 45

provides van der Waals contact to the haem within the hydrophobic
pocket at a distance of 3.1 A [9].

Site-directed mutagenesis of tyrosine to phenylalanine has previ-
ously been used to identify the tyrosine radicals Yp and Yz in PSII
[13,16-18]. Here, we have constructed three tyrosine variants of the
engineered BFR, resolved their crystal structures (~2.1 A) and present
a highly probable photo-oxidation electron transfer pathway within
the fully assembled (all cofactors bound) BFR reaction centre.

2. Materials and methods
2.1. Molecular methods

In this study BFR! was used as the control. BER' is a double mutant of
the wild type E. coli BFR with two external histidine residues replaced by
arginine residues (H46R and H112R) [6,11]. This is because, in other
studies, spontaneous ligation of ZnCeg to histidine residues in both de
novo peptides and to cytochrome b562 has been reported [19,20]. The
three tyrosine variants (Y25F, Y45F and Y58F) were generated using
the bfi! gene (cloned in pET30 Xa/LIC vector) as the template. This
was done using the Quick Change Site Directed Mutagenesis Kit
(Strategene). All genes were sub-cloned in frame with a N-terminal
6 x histidine tagged ubiquitin sequence (Hg -Ub), in a fusion E. coli ex-
pression system pHUE vector for protein expression [21,22]. The sub-
cloning of the relevant genes was a two-step process. First, all genes
were PCR amplified to introduce a 5’- Sacll and a 3’- HindlIII cloning
site and cloned into pGEM®-Teasy cloning vector (Promega) by TA
cloning. The PCR primers used were Sacll 5'-TCCGCGGTGGAGATATGAA
AGGTGATACTAAAG-3’ and HindIll 5'-AGATCCGCGAAGAAGGTTAAGCTT-
3’. Correctly transformed plasmids were identified by blue-white
selection. Second, sequenced mutant bfr' genes were cloned into the
Sacll-HindIll cut pHUE using standard ligation protocols.

2.2. Protein expression and purification

BFR' and the tyrosine variants were over-expressed in E. coli BL21
(DE3) cell line, where protein expression was induced using 1 mM
isopropyl-p-D thiogalactopyranoside (IPTG). The recombinant his-
tagged protein (He-Ub-BFR) was purified using Immobilised Metal
Affinity Chromatography (IMAC)-nickel-sepharose chromatography

(b)

Fig. 1. Cartoon diagram of E. coli bacterioferritin (BFR). (a) Spherical, dodecameric (24-subunit) form of BFR; (b) monomeric subunit (four-helix bundle) of BFR (PDB file: 1BCF).

Figure taken from Hingorani and Hillier 2012 [4].
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Fig. 2. Cartoon of cofactor binding sites in E.coli BFR. (a) Di-nuclear metal centre; metal (Mn

shown as sphere(yellow) in its ligand environment, residues (colour coded by atom type)

that provide direct ligands shown as a dotted line (black); (b) haem-binding site at the hydrophobic interface shown as a bi-axial ligation at equivalent M52 (blue) in each subunit (PDB

file: 1BCF). Figure adapted from Hingorani and Hillier 2012 [4].

column (AKTA prime, GE Healthcare). The his-tag (Hg-Ub) at the
N-terminus of the purified protein was cleaved using a ubiquitin specific
protease (Hg-Usp-2) as described in [22]. IMAC- nickel affinity was re-
peated to remove the contaminating Hg-Usp-2 and Hg-Ub peptides,
where the non-binding BFR variant protein(s) were eluted. The purified
protein was of single band purity on SDS-gel electrophoresis and was
stored in TBS storage buffer (25 mM Tricine, 137 mM Nacl, 2.7 mM
KCl; pH 7.5; 20% (v/v) glycerol). The protein samples were prepared in
TBS buffer (-glycerol) for all analytical experiments unless otherwise
stated.

2.3. Chemical methods

The haem bound to the genetically modified BFR! protein and the
tyrosine variants was removed using a method adopted from [12].
Non-haem iron bound to the protein was removed by exhaustive dialy-
sis in the presence of DTT and EDTA [23]. The total Fe" content of
the DTT/EDTA treated protein samples was determined using analytical
inductively-coupled-plasma mass spectrometry (ICP-MS).! The ICP-MS
results established that for all samples, there was less than 0.04 moles of
Fe" per mole of apo-BFR present before cofactor assembly. Protein con-
centrations for the apo-protein were determined using an €280 nm
value of 20,340 M~ ' cm~! (ExPASy, online bioinformatics resource
portal). A 2 mM stock of ZnCeg was prepared by adding 1:1 molar equiv-
alents of ZnAcetate and Ceg both made in glycine buffered saline [19,24].
Immediately after mixing, the reaction was degassed under vacuum for
15 min. All ZnCeg solutions were made in vacuum seal glass vials in the
dark and stored at 4 °C (dark). The incorporation of Zn into the Ceg por-
phyrin was determined by monitoring the shift in the Soret and Q,
bands of the absorption spectra of the metalloporphyrin ZnCeg using
UV-visible spectroscopy. The Soret band of ZnCeg compared to that of
Ceg shows about a 10 nm red-shift (401 — 412 nm) in the visible spec-
trum and about a 20 nm blue-shift (654 — 633 nm) in the Q, region.
The ZnCeg was added to the apo-BFR in stoichiometric amounts. Suc-
cessful binding of ZnCeg to BFR variants was also determined by moni-
toring the shifts in the Soret and Qy region of the visible spectra [19,
24]. UV-Vis spectroscopy was carried out on a Cary 300 Spectrometer
(Varian, USA).

2.4. X-ray crystallography

Crystal structures of apo-BFR! and variants were determined. Sam-
ples were concentrated to around 10 mg/ml and were screened for
crystallisation against the JCSG + screen [25], using sitting-drop vapour
diffusion, with plates prepared using a Mosquito® robot (ttplabtech,

! The data was collected by the Water Resources Group-Analytical Services; ALS Envi-
ronmental Facility, Canberra, Australia.

USA). Crystals appeared in numerous screen conditions and in several
crystal forms and were mounted for structure determination. Each crys-
tal was cryoprotected for a few minutes in the mother liquor solution
with 30% (v/v) glycerol added, and then mounted in a loop and flash-
cooled in liquid nitrogen for transport to the synchrotron. Diffraction
data were collected on beamline 104 at Diamond Light Source. Data
were integrated and scaled using XDS [26] and programmes of the
CCP4 [CCP41994] suite, used through the xia2 pipeline [27]. The struc-
tures were then solved by molecular replacement with PHASER [28]
using the E. coli bacterioferritin structure (PDB: 2VXI) as a model. The
structures were rebuilt in COOT [29], with cycles of refinement in
REFMACS5 [30]. Holobacterioferritin (BFR with cofactors bound) forms
a spherical shell, but the apo-bacterioferritin with no heme group
forms crystallographic dimers in the crystal lattice, with one monomer
in the asymmetric unit. Detailed parameters and diffraction data are
available within the supplementary information (Supplementary
Table 1). Structure coordinates and structure factors have been deposit-
ed in the PDB (4CVP, 4CVR, 4CVS and 4CVT).

2.5. Isothermal calorimetry (ITC)

A VP-ITC Calorimeter (MicroCal™) was used to study manganese
binding to apo-BFR protein variants. The samples were degassed using
arotary vane vacuum pump at 23 °C before loading into the instrument.
Titrations were performed as 11 pl aliquots of 900 uM MnCl, into a
30 uM solution of BFR! [6]. The raw data generated from ITC was fitted
to either a least squares model or a two-site model with the Microcal
™ VPViewer 2000 ITC data analysis fitting software (Version 1.30) on
Origin 7.0.

2.6. EPR measurements

EPR experiments were undertaken using a Bruker Elexys E500 Spec-
trometer (Bruker BioSpin, GmbH) with a super X-band microwave
bridge running in perpendicular mode at 9.44 GHz. Low temperature
measurements were performed using a helium cooled Oxford ES-900
cryostat and an Oxford ITC-4 temperature controller. All spectra were
recorded using the Bruker X-EPR software system. Data subtractions,
manipulations and analysis were done using either the Bruker X-EPR
software or Bruker WinEPR. The samples were prepared in the dark or
under very low green light at room temperature to a final concentration
of 300 uM with TBS + 20% glycerol (cryoprotectant). The metal (Mn) or
pigment (ZnCeg) co-factors under study were added in stoichiometric
amounts. The samples were degassed using a rotary vane vacuum
pump and maintained under anaerobic conditions with either gaseous
argon or nitrogen. All samples were frozen initially in a dry-ice/EtOH
bath followed by liquid nitrogen, before loading into the cavity. All spec-
tra were taken within 48 h after sample preparation. Samples were
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ZnCe; | Metal

Distance in A from cofactor

Y10 21 18

Y25 14.5 4.3

Y45 3.1 15.8

Y58 12.6 6.4

Y107 23.9 22.4

Y114 28 24.7

Y149 21.4 16.4

Fig. 3. Three tyrosine residues; Y25, Y58 and Y45 (blue sticks), bound metal Mn'" " (yellow spheres), metal ligand residues (grey sticks), heme binding site with methionine residues as
ligands (grey sticks colour coded by atom type) in E. coli BFR. These were mutated to phenylalanine to remove the redox active -OH group. Table to show respective distances of the - OH
group of the seven Tyr residues per E. coli BFR monomer from the photoactive pigment ZnCeg and the nearest metal ion. The three Tyr residues within the electron tunnelling distance are

highlighted (black box).

illuminated using continuous white light (200 W Sony slide projector
lamp) for 5 s, for light-dependent EPR measurements, unless otherwise
stated.

2.7. Cyclic voltammetry

Cyclic voltammetry was performed using a PAR 263A potentiostat
equipped with a conventional three electrode cell containing, glassy
carbon working electrode (3 mm diameter), Ag/AgCl reference elec-
trode (saturated KCI) and platinum wire counter electrode; scan rate
was 100 mV/s. The potential quoted here are against normal hydrogen
electrode (NHE). ZnCeg redox potential measurements were performed
in glycine buffer saline (25 mM glycine, pH 10, 25 mM NaCl) and 100
mM KCI was added as supporting electrolyte. The sample was kept
under N, purge at all times. Light driven oxidation was minimised by
conducting the measurement under safe green light.

3. Results
3.1. Structure of bacterioferritin tyrosine variants

It was first necessary to structurally characterise each of the three
bacterioferritin homodimer tyrosine variants which were investigated
here. This was done by using X-ray crystallography to probe for any
structural changes induced by mutagenesis. All structures were re-
solved to 2.1 A or better. The maximum pairwise Coe RMSD between
the structures is 0.5 A, and the minimum is 0.1 A. The di-metal site dif-
fered between these depending on the preparation and crystallisation
conditions. The BFR! form had iron (see PDB), Y45F cadmium, and the
Y25F and Y58F had Zn. Fig. 4a shows the crystal structures of the mono-
meric subunit (four-helix bundle) of each of the BFR tyrosine variants,
overlayed. A comprehensive 3-D analysis of these protein variants

Table 1
Absorbance maxima at Soret and Qy wavelengths (nm) for BFR-homodimer variants
bound to ZnCes.

Peak-position (nm)

Protein Soret Q

ZnCeg-no protein 412 633
BFR! 419 638
Y25F 421 637
Y58F 414 637
Y45F 413 637

indicated that these changes are conservative and quite subtle for BFR
variants Y25F (red) and Y58F (green). However, for BFR variant Y45F
(blue) the structural changes are slightly more pronounced (Fig. 4a).
The crystal structure shows that mutating tyrosine 45 to phenylalanine
slightly perturbs the orientation of the phenyl ring facing towards the
hydrophobic pocket at the dimer interface, and has an allosteric effect
on the position of Y25 (Fig. 4a). All variants reveal correct folding into
an alpha helix bundle and also show binding of the metal (Fe, Zn or
Cd) at the di-nuclear metal site. A super-position of the metal binding
sites of each BFR tyrosine variants is shown in Fig. 4b. This confirms
that at the 3-D structure level, upon Y25F or Y58F mutation, the ligand
environment of the metal binding remains essentially unaltered with
the same patterns of binding; whereas the Y45F mutation (blue) slight-
ly affects the position of the Y25 side chain which is rotated so that the
terminal O atoms moves by 2.3 A but is still hydrogen bonded to E94, a
direct ligand to the metal [15].

3.2. Cofactor assembly

3.2.1. ZnCeg binding to BFR! and tyrosine variants

Binding of ZnCeg to the BFR variants was monitored using UV-visible
spectroscopy. Adventitious binding of the pigment to the protein was
inhibited by using the BFR! variant (methods). The optical spectra
of ZnCeg bound to BFR are shown in Fig. 5, as shifts in the Soret, Qy
and Q, bands relative to ZnCeg in aqueous solution. All BFR variants
produced comparable optical spectra. ZnCeg bound to each BFR!-
homodimer variant showed about 5 nm red-shit in the Q, region
(633 nm — 638 nm) and a similar (5-8 nm) red-shift in the Soret
absorbance (412 nm — 421 nm) (Table 1).

3.2.2. Manganese binding to BFR! and tyrosine variant (ITC and EPR
measurements)

The data from ITC measurements of Mn" binding to each of the
apo-BFR variants, observed by titration of fixed aliquots of Mn" into a
solution of the peptide, are presented in Fig. 6. In each case, the figure
shows the time resolved injection heat for metal ion binding to the pro-
tein (top panel) and the integrated heat of reaction for each injection
(bottom panel). The raw data obtained for each variant were
fitted using the best fit of a standard least squares model for two-
independent binding sites to obtain a binding profile for each variant.
The fitting was performed over several statistical iterations, and the
derived thermodynamic and binding constants, presented here are con-
sidered reliable within ~25% reported values. All engineered apo-BFR
variants showed binding of at least two metal ions per protein
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(b)
Y25

Y45

Y58

Fig. 4. Super-position of the crystal structures of the three BFR tyrosine variants at 2.1 A resolution. (a) Y25F (red), Y58F (green) and Y45F (blue) presented as a super-position of the mo-
nomeric subunit. The bound metal (sphere) is also shown; Y25F (cadmium) and Y58F and Y45F (zinc); (b) model of the super-imposed metal binding site for each variant.

monomer with varying binding affinities. Titration data of Mn" binding
to these variants also indicated that each binding site has a distinct ther-
modynamic component associated with metal ion ligation to that site
(Table 2).

In BFR, the first metal binding is an exothermic process with a
higher binding affinity (Ka; ~ 0.7 x 10” M~ ') compared to the second
ion binding which is a weakly endothermic process with a lower bind-
ing affinity (K, ~ 2 x 10° M~ ). The binding stoichiometry derived
was an average of 2.2 moles of Mn" ions per mole of BFR!. The tyrosine
variant Y25F showed Mn" binding averaging at 2.7 moles of Mn" per
mole of protein, where the second ion binding indicated to be weakly
exothermic (Fig. 6 and Table 2).

Ligation of Mn" ions to the Y58F variant was thermodynamically dis-
tinct from the other BFR variants (Fig. 6). Whilst the calorimetric data
was fit to a two binding site model, it was found to also fit well to the
sequential binding model of three sites with different binding constants
(data shown here is based on the two-site binding model). The binding
constants derived from data-fitting show two distinct binding constants
(~107 M~' and ~10° M~'), however with significantly large

Absorbance

v . x .

400 500 600 700
Alnm

Fig. 5. Spectroscopic determination of ZnCeg binding to the modified BFR. UV-visible spec-

tra of ZnCeg free in solution (dotted line) and ligated with BFR! (solid line). Experimental:
all samples were in TBS buffer (pH 7.5).

uncertainties (~90%), making it difficult to interpret the precise affini-
ties of the two sites relative to other BFR variants, even though they
are within the same orders of magnitude. Nevertheless, the binding
stoichiometry obtained was an average of 2.9 moles of Mn" per mole
of Y58F. It is apparent from Fig. 6 (and from the three site fitting) that
most of the ‘two Mn loading’ appears to occur with no obvious separa-
tion of the individual steps and is net endothermic in nature. This might
indicate quasi-concerted or effectively ‘independent’ binding (see dis-
cussion Section 4.2). The third site binding is the weakest, also with en-
dothermic character and the crystal structures do not reveal it for the
Fe' bound protein case (Fig. 4). It may be superficially located. In the
case of Y45F, the ITC data shows that the variant also binds an average
of 2.9 moles of Mn" per mole of protein. Within a two site model, this
variant was also found to have different binding constants for the two
sites (Ku1 ~ 0.09 x 107 M~ ! and K, ~ 0.08 x 10° M~ 1), but relatively
weak (Table 2).

EPR spectroscopy was used to investigate the paramagnetic proper-
ties of Mn" bound at the di-nuclear site of the engineered BFR scaffold
(4ZnCeg) and the associated coupling environment. The EPR spectra
were recorded at three temperatures (15 K, 25 K and 55 K) for each
BFR variant to which stoichiometric amounts of Mn' per mol of
BFR were added. The spectrum of bound coupled Mn" for each of the
BFR variants was obtained by performing scaled subtractions of the
unbound and bound uncoupled monomeric Mn! ‘six-line’ spectrum.
Estimates of the stoichiometry for the protein bound Mn" were also
made by this scaled subtraction for each BFR variant (Table 3). The over-
all spectra of Mn" ligated to the protein revealed a broad line shape
(peak to peak width ~680-700 G) centred at ~g = 2 for each variant
(Fig. 7). These are very similar to those seen by Khangulov et al. [31]
and arise principally from the S = 1 state of a weakly anti-
ferromagnetically coupled Mn"-Mn" dimer, where the ground state
has spin 0, and the excited states are S = 1, 2...[31,32]. The curie tem-
perature dependence of the spectra for all variants (Supplementary
Fig. A.1), analysed as in [31], suggests that the exchange coupling, ],
magnitudes for the BFR and Y58F variants are ~5-6 cm™ !, whilst
those for the Y25F and Y45F variants are ~3-4 cm™ '. These are typical
of known Mn"-Mn" dimer systems [31], with Mn-Mn separations in
the range ~3.3-3.8 A. The crystal structures obtained here contained
Zn or Cd in the di-nuclear metal sites (no ZnCeg bound at dimer inter-
face), but the range of metal-metal separations seen, 3.6-4.1 A are gen-
erally consistent with the EPR data. We did not attempt to analyse
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Table 2

Thermodynamic and binding constants for calorimetric titration of Mn' into the modified apo-BFR. Parameters derived by best-fit of the data points to a two-independent binding site

model. n.d.*—binding constants for Y58F not determined due to statistically significant errors.

Mn ! titrated into apo-BFR mutants

n Ka (x107 M~ 1) A H;y (kcal mol™1) AS; (calmol~' K1) n, Kaz (x10° M~ 1) A H, (kcal mol~1) AS, (cal mol~' K1)
BFR! 1.05 0.66 —8576 2.45 1.20 1.99 2530 32.7
Y25F 1.00 1.53 —8758 3.50 1.70 1.05 —1527 17.8
Y58F 0.2 n.d.” —8175 9.97 2.75 n.d.* 973 35.7
Y45F 1.00 0.09 —1510 13.6 1.95 0.08 —1248 22.1

Table 3
Table to show percentage (%) Mn" bound (coupled) to each BFR variant relative to
uncoupled Mn" in buffered solution.

BFR mutant (%) Mn" bound and magnetically coupled
BFR! 55
Y25F 50
Y58F 25
Y45F 20

further or simulate the spectral shapes in Fig. 7, as these typically also
contain contributions from quintet (S = 2) or even higher states and
require definition of the relevant fine structure terms [31]. The latter
require identification of the quintet resonances in the g ~ 4 region, at
least, for reliable estimation and that was not performed here. However,
the ~40 G low field and up field hyperfine spacing (i.e. half the ~90 G
hyperfine spacing of isolated Mn") is consistent with our identification
of the g ~ 2 region resonances coming principally from the S = 1 state
of a Mn¥ " dimer.

The addition of the ZnCeg pigment to the protein with bound man-
ganese (BFR! + Mn) revealed spectra that had similar overall spectral
features to samples measured in the absence of bound ZnCeg for all var-
iants investigated (Fig. 8). The spectrum shown here is of Y25F, where
the width of the total spectrum is between 580 and 630 G for each tem-
perature (15 K, 25 K and 55 K), centred at ~g = 2 (other BFR variants
displayed similar spectral features, not shown). Although, the experi-
mental conditions were optimised to prevent light-exposure to the
samples, a photo-oxidised ZnCeg species was observed due to a small
amount of inadvertent light exposure during sample preparation. Inte-
gration of this narrow radical signal indicated that in dark typically
<15% of ZnCeg radical is formed. The temperature dependence of the
broad Mn signal is nominally Curie and appears to indicate that the
(weak) Mn-Mn coupling changes from anti-ferromagnetic to near
zero (probably still anti-ferromagnetic, Supplementary Fig. A.2) in the
presence of ZnCeg bound to the protein. This presumably is due to slight
structural changes within the protein, altering the bridging between the
two Mn ions. This is known to be somewhat variable in ferritins [33],
with an oxy species, likely a water molecule, variable present between
the metal ions.

3.3. Light-induced electron transfer—EPR spectroscopy

3.3.1. BFR'-ZnCeg and tyrosine oxidation

Light induced oxidation of protein bound ZnCeg was readily ob-
served by EPR spectroscopy under non-saturating microwave power
and optimum temperature of sample illumination, 0.8 pW and 250 K
respectively. The oxidised ZnCeg" EPR spectrum observed upon illumi-
nation of the BFR'-Z complex (+Mn bound) is centred at g = 2.0023
and has a peak-to-peak (p-p) width of ~6.8 G (Fig. 9a). Double integra-
tion of the signal revealed that 100 (4 15)% of ZnCeg added to the BFR
sample is oxidised upon illumination, measured by spin count using a

Cu?* (CuSO,) standard at the same molar concentration, with the
same EPR parameters.

With the Mn" dimer bound at the di-nuclear binding site of BFR
(~55% centres), i.e., in the BFR'-Z (+Mn) complex, a mixed paramag-
netic signal was observed (Fig. 9b). This combined spectrum was re-
solved to be a narrow ZnCe§" radical and a broader ~24 G spectrum,
centred at g = 2.0048 (Fig. 10). The wider spectrum was assigned to
oxidised tyrosine radical (Y) species owing to (i) spectral similarities
(line-width and g-value) to oxidised tyrosine species observed in
other natural and modified proteins [13,14] and (ii) the proximity of
tyrosine residues to the photoactive pigment in the BFR protein able
to act as effective electron donors to the oxidised ZnCeg". The possibility
of a contribution from a reduced quinone electron acceptor species was
eliminated as the samples were prepared in the absence of a quinone
molecule. There were no other identified active paramagnetic centres
in this system that could be readily assigned to radicals (particularly
with this shape) in the EPR spectrum. In the BFR protein sequence
there are only two tryptophan residues and there are no cysteine (sul-
phur centres) residues. The possibility of a paramagnetic tryptophan de-
rived species cannot be completely eliminated without further
investigation. However, it is noted that tryptophans oxidise at potentials
100-150 V above tyrosine and would be expected to be less favoured
than tyrosine to undergo oxidation [34].

A spin count comparison by evaluating the double integral of the
ZnCeg' radical (+Mn) and the Y radical (the latter formed only in the
presence of Mn), suggested that the reaction centres that contain the
ZnCeg" radical in the absence of Mn, are replaced by almost 90%
oxidised Y" in the presence of bound Mn¥", with all other variables
kept constant (Table 4). To further investigate the effects of the bound
Mn' as an active paramagnetic centre in the engineered BFR reaction
centre, power saturation behaviour of both the ZnCeg"and Y" species
generated from the BFR'-Z (+Mn) complex post-illumination was ex-
plored. This study showed that the P!/ for the ZnCe'radical increased
to 15.4 (4+2.2) UW compared to 1.839 (40.1) UW in the absence of
bound Mn'" dimer. Saturating powers for the Y' radical were not reached
up to 32 uW (Supplementary Fig. B).

3.3.2. BFR!/tyrosine variants—ZnCeg and tyrosine oxidation

The site-specific variants (Y25F, Y58F and Y45F) of the BFR! protein-
scaffold were designed to elucidate the photochemical pathways of
tyrosine oxidation in this engineered ‘reaction centre’. Upon illumina-
tion, the ZnCeg bound at the fully assembled BFR dimer interface, was
photo-oxidised forming a cation radical species ZnCeg" (p-p ~ 6.8 G
and ~g = 2.0023) in all three tyrosine variants. However, an EPR spec-
trum 20-24 G wide was also resolved in each of the variant after
subtracting the ZnCeg" radical. The measured g centre values (with a
g-uncertainty of 4-0.0002) for these are given in Table 5. The spectral
features, notably line width and the g-value, as well as the apparent
effect of tyrosine mutations on the total spin-count of the observed
spectrum, was used to assign these to oxidised tyrosine species in all
BFR-tyrosine variants (Fig. 11 and Table 5). Like BFR', the tyrosine

Fig. 6. Calorimetric titration of MnCl, into a solution of apo-BFR (and variants). For each BFR variant; raw ITC output (top panel), integrated raw data (bottom panel, scattered points) and
best-fit to a least squares model for two independent sites (bottom panel, solid line) are shown. Experimental: 7 pl injections of 900 M MnCl, were titrated into a 30 UM solution of protein.
Both the titrant and the macromolecule were prepared in TBS buffer, pH 7.5. A heat of dilution blank (MnCl, titrated into TBS buffer) has been subtracted from each plot shown.
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Fig. 7. EPR spectra of MnY! bound to BFR variants (—ZnCeg). All spectra are drawn as magnetic field (abscissa) versus signal amplitude (ordinate) for three temperatures; 15 K
(black), 25 K (red) and 55 K (blue). Experimental: microwave frequency 9.44 GHz, microwave power 500 uW, and modulation amplitude 10 G. See Supplementary Fig. C for EPR

Spectra of Mn'' in buffered solution (i.e., unbound to the protein).

variants were illuminated in the absence of a quinone electron acceptor,
which removes the possibility of the reduced quinone contribution to
the observed spectrum. A quantitative analysis of the photo-oxidised
porphyrin and the ~20-24 G wide species in all BFR/tyrosine variants-
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Fig. 8. Temperature dependence of Mn3" bound to BFR (+ZnCes). EPR spectrum of BFR/
Y25F with bound cofactors (+Mn, +ZnCeg) at three temperatures; 15 K (black), 25 K
(red) and 55 K (blue) plotted as magnetic field (abscissa) and signal amplitude (ordinate).
Similar EPR spectra were seen for other BFR variants. Experimental: minimal light, micro-
wave frequency 9.44 GHz, microwave power 500 pW, and modulation amplitude 10 G.

Z (+Mn) showed that the spin populations of the two differ remarkably
between variants (Table 6).

The integrated intensity of the presumed Y" species is reduced
to about ~54% in the Y45F compared to ~85% for both Y25F and Y58F
variants on a per BFR dimer basis (Table 6).

Finally, preliminary simulations of these Y" radical spectra using
EasySpin Hamiltonian formalism indicated that although there are
spectral similarities to tyrosine radicals, this signal cannot be assigned
to a single oxidised tyrosine species using conventional tyrosine hyper-
fine couplings for the ring protons and methylene group.

Redox potential of ZnCeg in solution, pH 10 (not bound to the BFR-
RC in the absence of Mn), was also measured directly. Cyclic voltamm-
etry of a solution of ZnCeg reveals an oxidation wave with peak potential
at 0.583 V (vs. NHE) and a corresponding reduction wave at 0.496 V
(Supplementary Fig. D). The observed oxidation/reduction couple is
quasi-reversible with E;, = 0.540 V. At higher potentials, the voltam-
mogram become ill defined with presence of multiple oxidation waves.

4. Discussion
4.1. Crystal structures

High-resolution crystal structures of BFR variants Y25F, Y58F and
Y45F were successfully obtained in the presence of metals bound to

the di-nuclear metal binding site. The overall 3-D structure observed
for all variants is conserved (Fig. 4) and compares well with other
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Fig. 9. EPR spectra of the light-induced BFR- Z (+ Mn) complex. (a) Spectra show a narrow ZnCeg " radical with p-p width ~6.8 G, centred at g = 2.0023 and (b) Spectra show the
ZnCeg' radical combined with a Y’ radical; which has been resolved in Fig. 10. Experimental: microwave frequency 9.44 GHz, microwave power 0.8 uW, modulation amplitude 2 G, and
cavity temperature 25 K. Both samples were continuously illuminated (5 s) with white light at 250 K and 295 K for samples (a) and (b) respectively. Relevant dark spectrum has been
subtracted from each, example shown in the inset, where dark spectrum (dotted) is subtracted from the illuminated sample (black) to generate the net spectrum (red).

resolved E. coli BFR crystal structures [9,10]. The monomeric subunit
shows folding into a four a-helix bundle capped by a short fifth helix
at the C-terminal end (Fig. 4a).

Detailed amino acid sequence alignment analysis of E. coli BFR and
other ferritins shows that Tyr25 is a conserved residue at that position
[10,15]. The residue is near the di-metal site and a crystal structure com-
parison of E. coli BFR with the BFR from Azotobacter vinelandii in the

ZnCeg™*

Y

T T T T T T T T
3280 3300 3320 3340 3360 3380 3400 3420
Magnetic Field (G)

Fig. 10. EPR spectra for the BFR'- Z (+Mn) complex resolved to show the oxidised ZnCeg
(black) and the oxidised tyrosine species (red). The resolved Y™ is ~24 G wide and is
centred at g = 2.0048.

absence of a bound metal, indicates about 70° rotation differences of
Tyr25 between the two cases [35]. Tyr58 is unique to E. coli BFR and is
replaced by Ile or Leu in other BFRs [10]. Tyr45, which is within van
der Waals contact of the hydrophobic pocket for haem binding in
E. coli BFR, is not conserved at this position amongst other ferritins
and is commonly replaced by either a Glu or an Arg residue [10].

In the crystal structures provided here, it is clear that substituting
Y25 and Y58 with a phenylalanine residue has negligible effect on the
overall 3-D structure of the protein and the metal binding site. However,
substituting Y45 with a phenylalanine slightly perturbs that residues’
orientation towards the haem pocket, as well as induces an allosteric
effect on the orientation of the Y25 phenol ring (Fig. 4). These small con-
formational changes can be attributed to minor changes in the protein
hydrogen bonding network.

Although Tyr25 has an altered position in the Y45F variant, its
hydroxyl group (-OH), remains virtually the same distance (4.4 A)
from the nearest metal. The distance of the -OH group of Y25 from
the porphyrin binding site also remains unchanged in the Y45F form.
It is then reasonable to assume that the light-induced electron transfer

Table 4
Comparing contributions of ZnCe6'* and Y" oxidised species in illuminated BFR!-Z
(£Mn). DI: double integral (machine units) for each signal as measured using WINEPR.

ZnCeg"(DI) Y" (DI) Approx. % ZnCeg" Approx. %Y
BFR'-Z (-Mu) 235¢° nd. 100 0
BFR'-Z (+Mn) 2908 2.31e° 1 89
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Table 5

Table comparing spectral features of the total tyrosine radical observed in the three tyro-
sine variants. The g-values for these spectra can be estimated to be better than ~0.5 G in
3500 G. g-uncertainty to be +0.0002.

BFR-tyrosine mutant (Y") g-factor p-p distance (G)
Y25F 2.0042 24.2

Y58F 2.0044 245

Y45F 2.0038 20

analysis of Y45F is independent of the ‘small’ alterations in the electron-
tunnelling distance between the redox active tyrosine residue and
bound cofactors.

4.2. Cofactor assembly

In BFR, the haem binds with a non-covalent axial ligation to the
methionine residues through the Fe! centre. In this work, the haem
was replaced by ZnCeg and its binding to the protein was monitored
by spectral shifts in the pigment absorption bands (Soret band, 412
— 419 nm and Q, band, 633 — 638 nm) for all BFR variants. This red-
shift in the ZnCeg spectra upon protein binding is consistent with previ-
ous work on BFR and also for ZnCeg binding to other peptides [19,24].
These shifts are attributed to the change in the ligand environment of
ZnCeg (aquo to thiol ether). It is known that the Q bands of the porphy-
rins are more sensitive to the changes in the microenvironment and the
protonation state of the pyrrole ring than the Soret bands [36].

Reconstitution of the apo-BFR protein scaffold with Mn" at the
di-nuclear metal binding site was investigated using ITC and EPR spec-
troscopy. It is known that, the absence of haem does not significantly
affect the stoichiometry of binding of class Il metals to the E. coli BFR

(a) Y25F
(b) YSSF
(c) YA4sF

T T u T T T T T
3260 3280 3300 3320 3340 3360 3380 3400 3420 3440
Magnetic Field (G)

Fig. 11. EPR spectra of the resolved tyrosine radical signals in three BFR tyrosine variants,
upon illumination. (a) Y25F, (b) Y58F and (c) Y45F. The g-values and p-p distance for each
is given in Table 5.

Table 6

Table comparing contribution of ZnCeg"and Y" oxidised species in illuminated BFR-Z
(+Mn) for the three tyrosine variants. DI: double integral for each signal as measured
on WINEPR (machine units). The integrals are accurate to ~1%, i.e., 4= 1% from baseline
estimation.

Tyrosine mutant ~ ZnCeg™ (DI)  Y" (DI) Approx. % ZnCeg™  Approx. %Y
Y25F 8.099¢® 4.336e° 16 84
Y58F 3.562e° 2.061e° 15 85
Y45F 1.580e° 1.885¢° 46 54

[37,38]. The ITC measurements were conducted on apo-BFR (-ZnCeg),
whilst EPR spectroscopy was used to investigate BFR (4ZnCeg) forms.

Thermal calorimetry data for Mn" binding to the BFR! form has pre-
viously been reported in [6]. However, the ITC data for Mn" ligation at
the metal binding sites of BFR tyrosine variants (Y25F, Y58F and Y45F)
is presented here for the first time. The stoichiometry of Mn" binding
to BFR! derived from the ITC data was an average of 2.25 mol of Mn"
ions/mol of protein. This compares well with the previously reported
average of 2.5 (40.12) mole of Mn" to one mole of BFR! [6]. It is
known that there are low-affinity, non-specific binding sites for metal
ions on the BFR surface which can account for the small amount of
metal binding above the stoichiometry of 2:1 (metal:BFR). It is also
known that metal binding to these low-affinity sites is secondary to
binding at the di-nuclear binding site [39].

Note that, previous structural studies of wild-type BFR from various
species indicate that the two metal sites in the protein do not bind Fe'
homogenously; generally only one metal site shows full occupancy
[35]. This is consistent with the present findings of calorimetric titra-
tions of Mn' for the two sites, where one site typically shows substan-
tially stronger metal affinity than the other for all three BFR variants.

When compared to the previously reported binding constant for the
BFR'-Mn" interaction using ITC [6], the binding constants reported here
are only somewhat different. These differences can be attributed to the
variations in buffer conditions and ITC parameters used for the experi-
ments, as well as the fitting of the curves, which can affect precise values
of the numerical data generated by this technique [40]. In the case of
BFR, we know that the binding of cofactors induces formation of
multimers of the protein, which can also contribute significantly to the
heat changes observed in the ITC measurements, depending on the
experimental conditions used.

The observed heat changes upon metal-BFR interaction arise from
changes in the ligand nature/network of each metal ion binding [39].
The formal ligand environments of the two assembled metals in the
BFR protein variants are very similar, with carboxylate-histidine ligation
from the peptide (and possibly bridging oxy species [33]). The high
affinity and exothermic heat change seen for the first metal binding -
contrasting with the much lower apparent affinity and weak exo/
endo - thermic change of the second, reflects anti-co-operative binding.
This is presumably electrostatic in origin, since both ions have + 2 for-
mal charge. For the Y58F variant, although a minority of centre (~20%)
behave like the above, most metal loading occurs in what is likely a
co-operative manner, with weak net endothermic change. Y58 is close
enough to this di-metal site that loss of H-bonding interaction following
mutation may be responsible for this effect (Fig. 3).

The average disassociation constant (Ky) for metal binding is; K4 =
1/K,. The BFR variants displayed different binding affinities for Mn" for
the two sites, with general order, BFR! > Y25F > Y45F. The association
constant for Y58F could not be derived due to statistically significant er-
rors associated with the best-fit parameters. In E. coli BFR Y25 is hydro-
gen bonded to E94; a direct ligand to one of the metal ions [10].
However the Y25 mutation appears to be much less perturbing in this
regard than the Y58F mutation, which is also close, but on the opposite
side of the di-nuclear site (Fig. 4).

In the BFR' form, the first Mn" binds at the di-nuclear site with an
average Ky of ~1.5 x 10~7 M. It is known that in BFR, the binding affinity
order is Cu' < Co" < Zn" with reported Kq values of ~2 x 107> M, 1 x 10>
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M and 2 x 10~7 M respectively [38,39,41]. Since the K4 values for Zn"
and Mn" binding at the site are similar, manganese was added to the
apo-BFR! and tyrosine variants before the addition of ZnCeg, to prevent
any non-specific binding of Zn" to the metal binding site.

In order to investigate Mn" binding, oxidation states and the mag-
netic coupling interaction in the BFR' and BFR!/Y variants (Y25F, Y58F
and Y45F), EPR spectroscopy was used. EPR signals from the coupled
di-nuclear Mn sites (Fig. 7) are very distinct from those of free (in frozen
solvent), or uncoupled (e.g. singly bound in protein) Mn" centres. The
latter have a well-known ‘six-line” hyperfine splitting, centred at g ~ 2
(Supplementary Fig. C) [42,43]. By subtracting scaled amounts of all
free and bound uncoupled monomeric Mn" ‘six-line’ contribution
from the total Mn spectra, estimations of binding stoichiometry of di-
nuclear manganese were made. This indicated that in BFR! and Y25F
variant forms, 55% and 50% centres contain the paramagnetic Mn5™!
pairs respectively. In Y58F and Y45F this is almost halved to 25% and
207% respectively under the given experimental conditions (Table 3).

The EPR spectral features and temperature dependence curves of the
signals in the BFR-variants (+ZnCeg) indicated that Mn" binds at the
di-nuclear binding site, as either an anti-ferromagnetically coupled
(in —ZnCeg) or as a near un-coupled pair (+ZnCeg), in all variants
(Figs. 7 and 8). A qualitative estimation of the coupling strength be-
tween the two bound metal-ions in (—ZnCeg) indicated that in BFR!
and Y58F, the exchange coupling is equally strong and is ~35-40%
more than in Y25F and Y45F variants. Such coupling reveals that the
two metal ions are bound at the site such that bond-mediated orbital
overlap is permitted [42]. In the native E. coli BFR crystal structure
with Mn" bound at the di-nuclear centre, the two metal ions are ~4 A
apart [9].

In comparison, in PSII, assembly of the tetra-nuclear manganese
cluster at the water-oxidising complex (WOC) is a light-dependent
process, called photo-activation. It is best described using the “two-
quantum model” [44], according to which a single Mn" ion binds to a
high affinity site at the apo-PSII complex and is subsequently photo-
oxidised to Mn'"", releasing a proton. This is followed by light- indepen-
dent incorporation of a Ca" ion which induces conformational changes
to the complex, making it more stable and to which a second Mn"
binds. This Mn"-Mn"-0-Ca" intermediate cluster has been proposed
to be stabilised by a p-oxo bridge until the assembly of the tetra-
nuclear Mny4OsCa cluster [45,46].

4.3. Light induced electron transfer in the modified BFR

Photo-active behaviour of the engineered apo-BFR protein scaffold
reconstituted with ZnCeg was investigated using EPR spectroscopy.
Upon illumination at 250 K and observing under non-saturating micro-
wave power conditions, a narrow ~6.5 G wide radical cation EPR spec-
trum centred at ~g = 2.0023 was observed, which was assigned to
the oxidised ZnCes" species (Fig. 9a). The line-shape of this spectrum
is consistent with that of light-activated ZnCeg bound to other peptide
complexes, reported elsewhere [19,20].

The photo-oxidation of ZnCeg to a cationic species was observed in
the absence of added electron acceptors. This poses an intriguing ques-
tion about the location of the ‘lost’ electron during ZnCeg" formation.
Under the EPR experimental conditions used here, the location of
this electron remains unresolved. However, it may be proposed that
the ZnCeg" species loses the electron to non-specific sites in the buffer
(solvated) or within the protein matrix, which either results in loss of
the paramagnetic nature of the free electron or the EPR spectrum is
too broad to be readily detected above baseline.

Modified BFR assembled with Mn" at the di-nuclear binding site and
ZnCeg at the dimer interface, when illuminated at 295 K yields signifi-
cantly reduced levels of oxidised ZnCeg" species and reveals a ~24 G
wide EPR spectrum centred at ~g = 2.0048 that forms 90% of the total
observed radical intensity (Fig. 10). This spectrum was assigned to
oxidised tyrosine species where the radical most likely originates from

Y45

Fig. 12. Placement of the metal centre, proximal tyrosine residues and ZnCeg in BFR. The
three tyrosine residues that are within electron tunnelling distance ~ (<16 A) of ZnCeg
and nearest metal ion (blue), direct ligands to the metal ions (yellow), edge-to-edge
distance (~10 A) between the bound metal ion and ZnCeg (black dashes). The bonding
network at the metal centre, including the hydrogen bond between Y25 and E94 (orange
dashes) is shown.

43--

a neutral deprotonated tyrosyl form owing to high ~g-value [47]. Simi-
lar spectral features have been observed for oxidised tyrosine species in
engineered bacterial reaction centres [48]. The line-shape observed
here is somewhat comparable to the Y, and the Y7 radical EPR spectra
of light-activated PSII, which are centred at ~g = 2.0046 [49,50].

The MnY" bound at the di-nuclear site, which is ~10 A (edge-to-
edge) distant from the bound ZnCeg, has significant paramagnetic ef-
fects on the saturation behaviour of the oxidised ZnCeg" radical species
(Fig. 12). The P!/ value of the latter increases from 1.8 (£0.1) uW, in
the absence of Mn", to 15 (42.2) uW in the presence of Mn". This
change is likely due to the close proximity of the Mn" paramagnetic
centre which acts as a relaxation enhancer [51,52]. The half saturation
powers of the photo-oxidised Y species could not be resolved as this
radical did not show saturation within the power interval tested for
the illuminated BFR'-Z (+Mn) complex. The Yp radical in the Mn-
depleted photo-activated PSII samples has been shown to have a P!/
value of ~40-50 uW at 25 K [53]. This close qualitative consistency of
the spin-relaxation behaviour adds confidence in assigning the ~24 G
signal observed in the illuminated BFR-Z (4+Mn) complex, to oxidised
tyrosine species.

Tyrosine photo-oxidation observed in the BFR'-Z (+Mn) complex
in the presence of bound Mn" can be explained by a ‘hole-propagation’
mechanism from the oxidised ZnCeg" to proximal tyrosine residue(s),
generating Y" radical species. This proposition is supported by the ob-
served EPR spectrum of the illuminated BFR!-Z (+Mn) complex,
where the spectrum is composed of ~90% oxidised Y species and the
ZnCeg" radical is significantly reduced (Fig. 10 and Table 4).

As has been indicated earlier, in order to examine possible electron
transfer pathways by which the ZnCeg" is reduced in the engineered
BFR, three proximal tyrosine residues (Y25, Y58 and Y45) were mutated
to phenylalanine residues. Fig. 12 shows the placement of each with re-
spect to the metal-centre and the photoactive ZnCeg. It was expected
that site-specific inactivation of the tyrosine residues will give a direct
insight into the photochemical pathways of tyrosine oxidation in BFR
through EPR spectroscopy. All three tyrosine variants generated EPR
spectra with varying line-widths and spectral features, suggesting that
the mutations have some (light-induced) effect on the total paramag-
netic nature of the fully assembled engineered BFR, particularly when
compared to the BFR! complex which was used as the negative control
(Fig. 11).
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In all cases the radical region spectra revealed a ~20-24 G wide un-
derlying component, after subtraction of scaled amounts of oxidised
ZnCeg" species (Table 5). This broader component has been assigned
to arise from oxidised tyrosine species, due to the line-width and centre
g-values, found to be 2.0042, 2.0044 and 2.0038 for Y25F, Y58F and Y45F
variants respectively. The observed differences in the estimated g-
values for each of the tyrosine variant likely arise from the small differ-
ences associated with estimating the centre field (zero crossing point).
The tyrosine radical EPR spectrum obtained for each of the three BFR ty-
rosine variants could not be readily simulated with single sets of proton
hyperfine parameters, as is the case for the highly resolved and well-
characterised tyrosine radicals Yp and Yz in PSII, or tyrosine radicals
from other redox-active systems [47,50,54]. These preliminary EPR sim-
ulations were inconsistent with a single isolated tyrosine radical species
being present in each case. We thus propose that the ~20-24 G wide
radical signal observed in the tyrosine variants upon illumination is pos-
sibly a mixed species of more than one oxidised tyrosine radical. Alter-
natively (or additionally), significant mosaic spread in the tyrosyl
methylene carbon/phenyl ring dihedral angle could be present. This
would lead to similar effects as the above because the methylene dihe-
dral is important in determining the proton hyperfine structure of the
radical signal [55].

Elucidation of the light-induced electron-transfer pathway in the
tyrosine variants is further complicated by the varying metal binding af-
finity and stoichiometry of coupled Mn estimated for each BFR variant
using ITC and EPR (Table 7). Tyrosine form Y45F reduced the total
yield of the putative Y" radical species by about 36% relative to BFR!
(in which all tyrosine residues were active). In contrast, the measured
spin counts in Y25F and Y58F were only reduced by about 5-6% relative
to BFR! (Table 7). This result implies that Y45 is a direct donor to the
ZnCeg' species; and this inference agrees well with the estimated num-
ber of reaction centres that are occupied with the coupled di-nuclear
metal. In Y45F, the total centres with Mn3" bound to the di-nuclear
site are 35% less than in BFR!, presenting a near-direct correlation be-
tween the ‘amount’ of MnJ" bound to the ‘amount’ of observed oxidised
Y" species. The same correlation was found in the BFR Y25F form, where
the estimated centres with bound Mn3" was 5% less than BFR! and yield
of Y" was reduced by 6% (Table 7). However, this correlation was not ob-
served in the Y58F variant, where it was noted that there are 30% less
centres with occupied Mn#"', but the total yield of the tyrosine radical
is reduced only by 5% compared to BFR!. These results, firstly confirm
that no tyrosine oxidation is seen (dark or illuminated) in the absence
of Mn". Secondly, that in the presence of Mn'" most (>85 %) tyrosine
species is oxidised, even though no more than 50% of centres show
coupled Mn" (signals from uncoupled monomeric Mn and free Mn

Table 7

A summary table to deduce the light-induced electron path in BFR variants, where BFR" is
opted as a —ve control. The electron acceptor is unresolved (see Section 4.3). The metal
binding is defined strong or weak relative to the BFR! form.

BFR mutant active metal centre active tyrosine ZnCey e- acceptor
BFR'-Z none bound none —
BFR! Mn" - Mn* Y25
(- control) Y58
Y45
ITC: strong binding
EPR: 55% bound Y =90%
Y25F Mn¥ - Mnf! Y58
Y45
ITC strong binding —> ZnCe,t —> 7
LPR: 50% bound Y =84%
YS8F Mnt - Ml Y25
Y45
ITC: binding affinity n.d.
EPR: 25% bound Y-=85%
Y45F Mnfl - Mnt! Y25
Y58
ITC: weak binding
EPR: 20% bound Y=5% _

were subtracted in Figs. 7 and 8). It is quite possible that Mn sites,
such as those here, can show apparently ‘isolated’ Mn" spectra (i.e. the
six hyperfine line species as in Supplementary Fig. C) even if the two
Mn'" are present, within ~4 A of each other. This is because the exchange
coupling, which is always small, is quite sensitive to the inter-nuclear
separation and may be zero or slightly positive even (within the above
geometric constraints) with appropriate local structural perturbation
[31].

Assuming that the ZnCe§" is not reduced by long-range electron
transfer from any of the five other tyrosine residues in this system
that are ~16-28 A away from the metal centre, these findings indicate
that Y45 is singly the most important residue in the engineered
photo-catalytic BFR system. Mutation of Y45 affects both metal binding
and forward electron transfer to the oxidised ZnCeg". This is supported
by the X- ray crystal structure of the Y45F form (Fig. 4). The structure re-
veals that the conformational change induced is predominantly on the
orientation of Y25, which in native E. coli BFR is hydrogen bonded to a
glutamate residue (E94) that provides a direct ligand for metal binding.

In Y45F, 54% of the Y" is still observed, likely coming from the other
two tyrosine residues (Y25 and Y58) (Table 7). The exact mechanism
is unclear, however it can be suggested that inactivation of either Y25
or Y58 is compensated by the presence of the other, where the electrons
choose the next best option for propagation to the ZnCeg", most likely
via Tyr45. In the Y58F form, only 25% of the Mn present are coupled,
with little effect on the total Y" yield. This suggests that whilst tyrosine
is not oxidised in the absence of bound Mn'", the bound metal does
not have to be coupled, it may be monomeric uncoupled.

The observation that Y25 and Y58 are redox-active in the BFR reac-
tion centre is an important finding with regards to tyrosine residues
as redox-active cofactors in engineered photo-catalytic proteins. Partic-
ularly, when compared to the PSII core, where two tyrosine residues
(Yz, Yp) are photo-oxidised by Pgso but only Y is essential for oxygen
evolution (reviewed in [47,55]).

Here, we propose that around half (~54%) of the oxidised Y™ species
is a combination of Y25 and Y58, where mutation of one is compensated
by the presence of the other. However, Y45, which is in van der Waals
contact with the photoactive ZnCeg (Fig. 12), is singly most important
for light-induced electron propagation, functioning in sequence with ei-
ther Y25 and Y58 both, or one of the two depending on availability. In
the BFR! system, where all three tyrosine residues are present, the ques-
tion remains as to which of Y25 or Y58 is the preferred electron donor
upon illumination. Further investigation will be needed to answer this.
From comparisons of the spin-counts and spectral shapes of the
oxidised Y in the Y25F and Y58F variants, it can be suggested that
both are equally redox-active.

4.4, Electron transfer in BFR reaction centre

There was no direct evidence in this research for an alternative path-
way involving the photo-oxidation sequence—that is, the Mn ions are
directly oxidised by the chlorin, and in turn the tyrosine is oxidised by
the Mn ions. This pathway might be explored if the oxidation potentials
were better understood in the system. This is very challenging partly be-
cause there are a number of tyrosine residues and the oxidation poten-
tials of tyrosine are not readily accessed with redox titration directly
[34].

Here we report the oxidation potential of ZnCeg in aqueous buffer,
pH 10 (unbound to the BFR- RC in the absence of Mn ions) to be
at 0.583 V, as measured using cyclic voltammetry (Supplementary
Fig. D). The oxidation of ZnCeg appears to be quasi-reversible with a cor-
responding reduction wave at 0.496 V. The observed oxidation potential
of ZnCeg is slightly lower than tyrosine residues which typically oxidises
at potentials above 0.6 V within redox proteins [34,56]. It is notable that
the light-induced electron hole migration within the BFR matrix seen
here is not observed in the absence of Mn ions. Evidently these do not
have to be coupled (but might be singly located) at the di-nuclear
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metal centre. Ligation of Mn" to BFR could either; (a) alter the redox po-
tential of ZnCeg, making it more oxidising, (b) alter the redox potential
of the tyrosine residues or (c) the redox potential of both the ZnCeg and
the redox-active tyrosine residue(s) are varied to different degrees. The
fact that Mn" bound ‘uncoupled’ (at the di-nuclear site or elsewhere)
appears to be the minimal requirement for (any) tyrosine oxidation,
suggests that option (a) is the most likely and has the virtue of a simple
electrostatic explanation.

One study has estimated the redox potential of ZnCeg in the BFR-RC
to be 0.54 V using DFT calculations, where E, of ZnCeg in DMSO has
been used a reference [57]. We do not find the experimental evidence
provided in [57] convincing mainly due to the unexplained peaks in
the cyclic voltammetry data, the lack of references to support the two
electron oxidation argument, as well as significant differences in the
methods and solvents used for sample preparation. We recommend
further investigation.

5. Concluding remarks

In this paper, a rationally designed E. coli BFR homodimer was shown
to readily bind a photoactive porphyrin ZnCeg within the intrinsically
hydrophobic pocket at the dimer interface, together with a magnetically
coupled MnJ'"" pair at the di-nuclear metal binding site. Light-induced
experiments of the BFR-complex in the absence of bound Mn" revealed
photo-oxidation of the ZnCeg to a cationic ZnCeg' radical species, which
was reduced via tyrosine oxidation in the presence of bound Mn'. Three
site-specific tyrosine variants (Y25F, Y58F and Y45F) were investigated
to discern the location and paramagnetic characteristics of the oxidised
Y species in this engineered system. Thorough analysis of the available
experimental evidence suggested that the ZnCeg' is unlikely to be re-
duced by a single isolated tyrosine residue in the photo-catalytic BFR.
It is proposed that the proximal Y45 (~3.1 A) is especially important
for generating the photo-oxidised tyrosine species in this system, as
well as for binding of the exchange coupled Mn"-Mn" at the di-
nuclear site. The electron-hole propagation pathway has been shown
to also involve Y25 and Y58, where the absence of one can be compen-
sated by the presence of the other. In all cases however, it is clear that
tyrosine oxidation by the pigment is dependent on Mn' ligation (either
singly or doubly bound) at the metal binding sites of BFR.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.07.019.
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