Biochimica et Biophysica Acta 1837 (2014) 1362-1375

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

Evidence that histidine forms a coordination bond to the Ags and Agg
chlorophylls and a second H-bond to the A4 and A,z phylloquinones in
M688Hps.a and M668Hps,p variants of Synechocystis sp. PCC 6803

Junlei Sun !, Sijie Hao *!, Matthew Radle ?, Wu Xu ®, Ivan Shelaev €, Victor Nadtochenko €, Vladimir Shuvalov ¢,
Alexey Semenov ¢, Heather Gordon ¢, Art van der Est *, John H. Golbeck *#**

@ CrossMark

@ Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, PA 16802, USA

b Department of Chemistry, University of Louisiana at Lafayette, Lafayette, LA 70504, USA

€ Department of Molecular and Chemical Physics, Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region 141700, Russian Federation
4 AN. Belozersky Institute of Physical-Chemical Biology, Moscow State University, Moscow 119991, Russia

¢ Department of Chemistry, Brock University, St. Catharines, ON, Canada L2S 3A1

f Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 November 2013
Received in revised form 2 April 2014
Accepted 4 April 2014

Available online 16 April 2014

The axial ligands of the acceptor chlorophylls, Aga and Agg, in Photosystem I are the Met sulfur atoms of M688psaa
and M668ps,. To determine the role of the Met, His variants were generated in Synechocystis sp. PCC 6803.
Molecular dynamics simulations on M688Hps,4 sShow that there exist low energy conformations with the His coor-
dinated to Aga and possibly H-bonded to A 4. Transient EPR studies on M688Hps.4 indicate a more symmetrical elec-
tron spin distribution in the A;4 phyllosemiquinone ring consistent with the presence of an H-bond to the C1
carbonyl. Ultrafast optical studies on the variants show that the 150 fs charge separation between P7oo and Ay

Iéﬁﬁgﬁf}‘,ﬂ a remains unaffected. Studies on the ns timescale show that 57% of the electrons are transferred from Aga to Aqa in
Photosynthesis M688Hpsaa and 48% from Agg to A;g in M668Hps,p; the remainder recombine with PFy, with 1/e times of 25 ns
Photosystem [ and 37 ns, respectively. Those electrons that reach A;4 and A in the branch carrying the mutation are not trans-
Ao ferred to F, but recombine with P5oo with 1/ times of ~15 ps and ~5 ps, respectively. Hence, the His is coordinated
Ay to A in all populations, but in a second population, the His may be additionally H-bonded to A;. Electron transfer

Phylloguinone from Ag to A; occurs only in the latter, but the higher redox potentials of Ag and A; as a result of the stronger coor-

dination bond to Ap and the proposed second H-bond to A; preclude electron transfer to the Fe/S clusters.
© 2014 Elsevier B.V. All rights reserved.

two phylloquinones (PhQ), and four lipids. The membrane-spanning
polypeptides, PsaA and PsaB, form a near C,-symmetric heterodimeric
core that incorporates the majority of the cofactors [2] (Fig. 1). The elec-
tron transfer chain begins at a special pair of Chl a/a’ molecules [3]
(Chl a’ is the C-10 epimer of Chl a) termed P, after which it diverges
into A- and B-branches. The branches contain a Chl a in the intermediate

1. Introduction

Photosynthetic reaction centers (RCs) exist in two varieties depend-
ing on the identity of the terminal electron acceptor. Type Il RCs, which
include the purple bacterial RC and Photosystem II (PS II), incorporate a
mobile quinone as the terminal acceptor. In contrast, in type I RCs,

which include the homodimeric RCs in Chlorobium, Heliobacteriaceae
and Chloracidobacterium and the heterodimeric RC, Photosystem I
(PS 1), in plants and cyanobacteria, the terminal acceptor is a bound
iron-sulfur (FeS) cluster [1]. Cyanobacterial PS I is composed of 12 poly-
peptides, 96 chlorophylls (Chl), 22 carotenoids, three [4Fe-4S] clusters,

Abbreviations: PS I, Photosystem [; Chl, chlorophyll; RC, reaction center; PhQ,
phylloquinone; flv, flavodoxin; DCPIP, 2,6-dichlorophenolindophenol; EPR, electron para-
magnetic resonance

* Corresponding author. Tel.: +1 905 688 5550.

** Correspondence to: J.H. Golbeck, Department of Biochemistry and Molecular Biology,
The Pennsylvania State University, University Park, PA 16802, USA. Tel.: +1 814 865 1163.
E-mail addresses: avde@brocku.ca (A. van der Est), jhg5@psu.edu (J.H. Golbeck).

! Junlei Sun and Sijie Hao should be considered co-first authors.

http://dx.doi.org/10.1016/j.bbabio.2014.04.004
0005-2728/© 2014 Elsevier B.V. All rights reserved.

Aacca and A, g sites, as well as in the acceptor Aga and Agg sites, and a
phylloquinone in the A4 and A sites. The A- and B- branches converge
at the interpolypeptide [4Fe-4S] cluster, Fx, which bridges the PsaA and
PsaB heterodimer. A third polypeptide, PsaC, is located on the stromal
side of PS I, and contains two additional [4Fe-4S] clusters named Fp
and Fy (reviewed in Ref. [4]).

It was recently shown that upon preferential excitation of P;og the
formation of the P7yoAg charge-separated state is complete within
100 fs [5]. The lifetime of the P5g0Aoa or PooAog radical pair is short,
and within 13 to 26 ps the electron is passed to A; 4 or A;g [5,6]. Forward
electron transfer from Aja or Ajg to Fx occurs with lifetimes of ~200 ns
and ~20 ns, respectively [7-9]. The electron is passed serially through
the Fy, Fa and Fg clusters, after which it is donated to soluble ferredoxin
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Fig. 1. The organization of the electron transfer cofactors in cyanobacterial
Photosystem I. The figure has been constructed using the atomic coordinates in PDB ID:
1JBO [2]. The names refer to the nomenclature in the spectroscopic literature; the names
in parenthesis refer to the nomenclature in the crystallographic database.

or flavodoxin. P7go in turn is reduced by plastocyanin or soluble
cytochrome cg, at which point all bound cofactors have returned to
their ground states. When no soluble electron acceptors or donors
are present, the charge separated state between PFoo and [Fa/Fg]~
recombines within ~50 ms [10,11].

The most unusual feature of the acceptor Chls in the Aga and Agg sites
is that the central Mg2 T is axially ligated to the sulfur atoms of M688ps,a
and M668ps,g [2]. Based on the concept of Lewis acids and bases, it is
typical to have strong interactions between ligands and metal centers
as hard acids and hard bases. The central Mg * ion of the Chl a molecule
is arelatively hard acid while oxygen and nitrogen atoms are hard bases.
This partially explains the overwhelming preference of Chl a for nitro-
gen and oxygen atoms in both PS I and PS II. In contrast, sulfur has a
relatively large radius and a high polarizability, and is a soft Lewis
base. Therefore, the interaction between the S atom of the Met side
chain and the Mg?™ ion of Chl a is expected to be weak. Nonetheless,
the Met ligand to the Chls in the Ags and Agg sites is conserved in PS I
from all known species probably because it is instrumental in achieving
the low reduction potential required of this acceptor. Accordingly, a
change in the identity of the axial ligand from a Met to a His could be
expected to raise its reduction potential, and hence alter the kinetics
of electron transfer from Aga to A;a and from Agg to Aqg.

A number of studies have already been carried out on Chlamydomonas
reinhardtii [12-17] and Synechocystis sp. PCC 6803 [18-22] in which
the methionines that coordinate to Aga and Agg have been altered.
In C. reinhardtii these residues are M684ps;a and M663ps,p and in
Synechocystis sp. PCC 6803 they are M684ps,4 and M659ps,5. Here, we
will use the residue numbering for Thermosynechococcus elongatus
M688ps.a and M668ps,s throughout for both organisms to facilitate
comparison with the X-ray crystal structure. Different variants have
been generated, and different techniques have been employed, in the
study of the variant PS I in these two organisms. In C. reinhardtii,
M688psan and M668ps,z have been replaced with Leu, Ser and His
[12-17], and in Synechocystis sp. PCC 6803 with Leu, Asn and His
[18-22]. In C. reinhardtii the His variants have been studied the most
extensively. In an ultrafast optical study in the red, long-lived difference
spectra observed in the M688Hps,a and M668Hpg,z variants were

assigned to (Aga—Aoa) and (Ags—Aog), respectively and were interpreted
to indicate that forward electron transfer beyond Ag was either blocked
or slowed in the branch carrying the mutation [13]. The amplitudes of
the (Aga—Aoa) and (Agg-Agg) difference spectra were nearly identical in
the two variants, suggesting roughly equal use of both branches. A subse-
quent study at 390 nm showed that formation of phyllosemiquinone in
both variants decreased to about one-half of that in the wild type, a result
implying that electron transfer is blocked between Ap and A; in the
affected branch [16]. An EPR study of the M688Hpsa4 variant at 265 K
showed the absence of an electron spin polarized (ESP) signal, suggesting
that the P7op Aja radical pair cannot be formed and that B-branch transfer,
if present, does not produce an ESP signal [12]. In a more recent study in
deuterated whole cells of the M688Hps.a variant, a spin-polarized spec-
trum was detected at 100 K and assigned to the radical pair P7oo Ajp
[17]. Pulse EPR studies revealed that in the presence of reduced Fy, the
decay of the out-of-phase spin polarized signal in the wild type was
biphasic but that it was monophasic in the M688Hps,a and M668Hps,p
variants, with lifetimes of ~3 ps and ~17 ps, respectively [12,14]. The
echo modulation frequencies were different in the two variants and
were explained as a result of the difference in the spin-spin coupling in
Po0 Aia and P4go Ajg. The wild type echo decays and modulation curves
could be reconstructed as a linear combination of the signals of the two
radical pairs. These data are consistent with a blockage of electron trans-
fer from Ag to A; in Met to His variants of C. reinhardtii.

In Synechocystis sp. PCC 6803, the Leu and Asn variants have been
the most extensively studied. Ultrafast optical investigations of the
A-side variants, M688Lps,a and M688Nps.a, indicated that even though
forward electron transfer from Ay was slowed by a factor of 3 to 10
[19], the PjypA1 radical pair was nevertheless formed [18]. In the
B-side variants, M668Lps,5 and M668Nps.g, the kinetics of forward elec-
tron transfer from Ay were relatively unaffected. A transient EPR study
of the M688Lps,a Variant indicated a change in the polarization patterns
of both P§y0A1a and PooFx . These changes were attributed to an in-
creased lifetime of Ay, which allows a greater degree of singlet-triplet
mixing during the lifetime of the P5y0Aga radical pair. The increased life-
time of Ag also led to an increased amount of the triplet state of Pq,
which is formed as a result of P750Aga recombination [18]. A 95 GHz
(W-band) time-resolved EPR study of the M688Nps,a and M668Nps.p
variants showed that at 100 K, the EPR observables of the M668Nps,p
variant were similar to those of the wild type, while the data from the
M688Npsap variant were distinctly different [20]. An analysis of the
out-of-phase echo modulations in the wild type and M668Nps,g variant
gave a single population of radical pairs assigned to P7g0A1a, while in the
M688Npsaa Variant gave two populations assigned to PFpoAja and
P7o0Alg in a ratio of 0.7:0.3. A time-resolved EPR study of the same var-
iants at X-band showed that at 295 K, the lifetime of electron transfer
from A7 to Fx in the M688Nps,4 variant was shorter (160 ns) than in
the wild type and the M668Nps,p variant (260 ns) [21]. The fits to the
data indicated that the fraction of A7 to Fx electron transfer was ~95%
in the M668Npg,p variant, ~60% in the M688Nps,a variant, and ~85% in
the wild type. Thus, the data are consistent with electron transfer past
Ao to A; in the Met to Leu and Asn variants of Synechocystis sp. PCC
6803. A recent low temperature EPR study performed on Met to His var-
iants of Synechocystis sp. PCC 6803 [22] indicates that the situation may
be more complicated. Whereas the decay of the electron spin echo from
the P5y0A7 radical pair is biphasic at 100 K in wild-type PS 1, in the pres-
ence of reduced Fx only the 20 ps kinetic phase was present in the
M668Hps,p variant and only the 3 ps kinetic phase was present in the
M688Hps,4 Variant. Hence, in agreement with the studies performed
on Met to His variants in C. reinhardtii, electron transfer from Aq to A,
appeared to be blocked in Met to His variants of Synechocystis sp. PCC
6803.

Given this discrepancy, as well as the relative lack of information on
electron transfer beyond A4 and A in the His variant in Synechocystis
sp. PCC 6803, we decided that a more thorough study was warranted.
We were particularly motivated by the location of the Met residues,
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which are positioned midway between Ay and A;. When judged
visually, the His imidazole nitrogens appear able to provide a ligand to
either or both cofactors. Thus, it is possible that the substitution of His
for Met could influence the properties of either or both Ag and A;.
Here we report time-resolved EPR and optical data on electron
transfer through Ag and A; in M688Nps,a and M668Nps,p variants of
Synechocystis sp. PCC 6803. Most of the studies were carried out at
room temperature without prior reduction of Fa, Fg and Fy in order to
avoid the possibility that electron transfer at low temperature may
differ from that at room temperature as well as the possibility that
the pathway may be influenced by the presence of reduced Fa, Fp
and Fx. A comparison of the M668Hps,g and M668Hps,p variants in
C. reinhardtii and Synechocystis sp. PCC 6803 and a discussion the
temperature dependence of the electron transfer will be presented in
a forthcoming paper.

2. Materials and methods
2.1. Molecular dynamics simulations

The details of the molecular dynamics simulations are described in
the supporting information. Briefly, the M688Hps,4 point mutation
was introduced into the X-ray structure of T. elongatus PS I [2] using
PyMOL with the His residue mono-protonated on the &-nitrogen
(Fig. 2). The structural model was heated from 0 K to 300 K allowing
all atoms to move and then heated further to 500 K with the backbone
atoms of the protein fixed but with all amino acid side chains, ions,
water and cofactors unconstrained. The model was then equilibrated
at 500 K and 100 conformers of the equilibrated system were chosen
at random. These conformers were each energy-optimized and then
analyzed to give histograms of interatomic distances.

»

A

2.2. Generation of the point mutants and isolation of PS I complexes

The point mutants M688Hps,4 and M668Hps,s Were generated as de-
scribed [23]. The QuickChange site directed mutagenesis kit (Stratagene
Inc.) was used to introduce the desired point mutations into the pIBC and
pBC+ plasmids. The mutated pIBC plasmid was used to transform the
pWX3 recipient strain to generate the M688Hps,4 variant, and the mu-
tated pBC + plasmid was used to transform the pCRTAB recipient strain
to generate the M668Hps,p variant. Transformants were selected and
segregated under low light intensities with increasing chloramphenicol
concentration from 5 pg/mL to 50 pg/mL. DNA fragments containing
the mutation sites were amplified by PCR from genomic DNA of the var-
iant cells and were sequenced to confirm full segregation and the desired
nucleotide change. Preparation of thylakoid membranes and isolation of
PS I trimers were performed using a nonionic detergent n-dodecyl-3-p-
maltoside according to previously published procedures [24].

2.3. Physiological and biochemical characterization

The Synechocystis sp. PCC 6803 wild type and variant strains were
cultured in B-HEPES medium (with 10 pg/mL chloramphenicol for the
variants) bubbled with 3% CO, in a 30 °C water bath illuminated by
fluorescence light tubes at different intensities. Growth rates of the
liquid cultures were monitored by the absorbance at 730 nm using a
Cary-14 spectrophotometer (Bogart, GA) as described in Ref. [24].
Cultures grown to 0.5 OD730nm under low light were harvested by
centrifugation. The content of Chl and carotenoids were determined
according to Refs. [25-27]. The 77 K fluorescence emission spectra
were measured as described in Ref. [28]. The electron throughput of
PS I was measured by the rates of light-driven flavodoxin reduction as
described in Ref. [29]. PS I complexes were suspended at 5 pg Chl/mL

PhQa(A1a) > -

<
b,

Chlecaa(Aon)

L706rsa8

HE668psan

Chlocss(Aoe)

Fig. 2. The A4 and A, binding sites in both branches of PSI and the tentative conformation of the M688Hp;,, and M668Hp.,g variants. Only a small portion of the secondary structure
and important residues are shown. The amino acid residues and cofactors are colored coded. Tentative hydrogen bonds are denoted as dashed lines.
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in 50 mM Tris/HCl, pH 8.3, containing 50 mM Mg,Cl, 6 uM phenazine
methosulfate (PMS), 15 pM flavodoxin, 6 mM sodium ascorbate and
0.05% n-dodecyl-p-p-maltoside. The absorbance change at 467 nm
was monitored using a commercial LED pump-probe spectrometer
JTS-10 (Bio-Logic, France). Actinic illumination was provided by a
high-power red LED (680 + 50 nm); probe pulses were generated by
a high-power white LED filtered through a 467 nm interference filter
(Edmund Optics, Inc.). The phylloquinone content of PS I trimers from
the wild-type, M688Hpsaa and M668Hps,p variants was measured
according to the protocol described in Ref. [24].

2.4. Electron paramagnetic resonance spectroscopy

Room temperature X-band transient EPR experiments were carried
out using a modified Bruker E200 series bridge equipped with a rectan-
gular resonator and a flat cell. The loaded Q-value for the resonator was
about Q = 3000, equivalent to a rise time 7, = Q/(21 X V) = 50 ns.
The samples were illuminated at 532 nm using the second harmonic
of a Q-switched Continuum Surelite Nd:YAG laser operating at 5 Hz.
Low temperature X-band transient EPR experiments were carried out
using a modified Bruker ESP-300E series bridge equipped with a Bruker
model 4118 dielectric ring resonator and a Bruker model ER4118CF low
temperature cryostat. The Chl concentration of all samples was 1 to
2 mg Chl/ml and sodium L-ascorbate and PMS were added to final
concentrations of 50 mM and 5 pM, respectively.

2.5. Time-resolved optical spectroscopy on the ns to s timescale

Flash-induced absorbance changes at room temperature were
measured at 480 nm and 820 nm using laboratory-built spectropho-
tometers, which are described in detail in the supporting information.
The PS I samples were at a concentration of 100 ug Chl mL™! in 50 mM
Tris/HCI buffer at pH 8.3 and contained 5 mM sodium L-ascorbate,
10 uM 2,6-dichlorophenolindophenol (DCPIP), 0.05% n-dodecyl-(3-D-
maltoside. Measurements at 480 nm were made on a timescale from
2 nsto 200 ps in a 1 cm x 1 cm quartz cuvette. At a delay time of
~200 ps, the actinic effect of the 480 nm light decreased the amount of
photooxidizable P,y by 5%, hence measurements at 480 nm were ter-
minated at 200 ps. Measurements at 820 nm were made on a timescale
from 2 ns to 2 s in a cuvette with a path length of 1 cm, and a width of
0.4 cm. For both detection wavelengths, the sample was excited by a
frequency-doubled (A = 532 nm), Q-switched Nd:YAG laser (DCR-11;
Spectra Physics, Mountain View, CA) operated in the short pulse mode
(~3 ns). The time between flashes was 3 s for measurements at
480 nm and 820 nm. The output was measured to be 30 mJ/pulse, and
was attenuated to 5% by neutral density filters (Edmund Optics,
Barrington, NJ).

The data were analyzed by fitting with a multi-exponential function
plus a constant using the Marquardt least-squares algorithm programed
in Igor Pro v.6.3 (Wavemetrics, Portland, OR).

2.6. Time-resolved optical spectroscopy on the fs and ns timescale

Transient absorption spectra were measured at sub-ns timescales
using a femtosecond pump-supercontinuum probe setup. The
output of a Ti:sapphire oscillator (800 nm, 80 MHz, 40 fs, Tsunami,
Spectra-Physics) was amplified by a regenerative amplifier system
(Spitfire, Spectra-Physics) up to 1 mJ/pulse at a repetition rate of
1 kHz. The amplified pulses were split into two beams. One half of the
energy was directed to a non-collinearly phase-matched optical para-
metric amplifier. The output, which was centered at 720 nm with a
bandwidth of 40 nm (fwhm), was subsequently compressed by a pair
of quartz prisms. The resulting Gaussian-shaped pulse had a width of
20 fs and was used as the pump pulse. The other half of the energy
was focused into a quartz cell with H,0 to generate supercontinuum
probe pulses. The pump and probe pulses were time delayed with

respect to each other by means of a computer-controlled delay stage.
They were attenuated, recombined, and focused into the sample cell
with an optical length to the spot of 100 um. The pump pulse had a
diameter of 300 um, and was attenuated to an energy of 20 n] at a rep-
etition rate of 15 Hz. The relative polarizations of pump and probe
beams were adjusted to 54.7° (magic angle), alternatively the polariza-
tion of pump and probe beams was parallel and perpendicular. In the
latter case, the polarization of the probe signal could be detected.
After exiting the sample, the supercontinuum was dispersed by a
polychromator (Acton SP-300) and detected using a CCD camera
(Roper Scientific SPEC-10). Absorption difference spectra AA(t, \),
where AA is the change in optical absorbance, were recorded over a
range of 400 nm to 740 nm. The measured spectra were corrected for
group delay dispersion of the supercontinuum using a procedure
described previously [30]. The experimental data were analyzed using
laboratory-written software for MatLab®. Experiments were carried
out at 6 °C in a 0.2 mm path length flow optical cell with optical
windows of 0.1 mm thickness. The circulation rate in the flow cell was
sufficiently fast to avoid multiple excitation of the same sample volume.

3. Results
3.1. Molecular dynamics simulations of the M688Hpsq4 variant

Fig. 2 depicts the region surrounding the Ao, A, and Fx cofactors in
wild type PS I in the 2.5 A resolution X-ray crystal structure of
T. elongatus (1JB0) [2]. The structures of the M688Hps,4 and M668Hps,5
variants were generated using PyMOL without any energy minimization.
On the PsaA-side (left) and PsaB-side (right), the sulfur atoms of
M688ps.a and M668ps,p are at a favorable distance to act as (weak)
ligands to the Mg?™ of the Aga and Agg Chls, respectively. The backbone
nitrogens of L722ps,4 and L706ps,p participate in H-bonds to the corre-
sponding C4 carbonyl groups of the A;4 and A;g phylloquinones. When
Met is replaced by His and no other changes are made to the structure
of the protein backbone, the e-nitrogen of the imidazole ring appears
to be positioned so that it can act as a ligand to the Mg?™ of Chl in
the Ay sites while the 6-nitrogen is located in a favorable position for
H-bonding to the C1 carbonyl group of phylloquinone in the A; sites.

Based on these initial observations, we turned to modeling to
explore possible structures for the M688Hps,a variant. The simulations
produce families of conformers that correspond to local energy minima.
The protonation state of the imidazole ring is unknown. However,
since hydrogen bonding to the C1 carbonyl oxygen requires protonation
of the 6-nitrogen and coordination to Mg?* requires deprotonation
of the e-nitrogen, we used a starting model with H688ps,o mono-
protonated on the &-nitrogen. The tautomeric form with the e-nitrogen
protonated and the &-nitrogen deprotonated was not considered. The
distribution of calculated distances from the H688ps,4 €-nitrogen to the
Mg?™* ion of the Chl @ molecule are summarized in Fig. 3A. The distribu-
tion is very narrow with the most probable distance being 2.3 A.
The sum of the covalent radii of Mg?* and N is 2.12 A. Hence, the
e-nitrogen of His688ps,4 can be considered to be coordinated to the Aga
Chl in all of the calculated conformers.

The distance from the 6-nitrogen of H688ps,a to the C1 carbonyl ox-
ygen is displayed in Fig. 3B. In this case, a broader distribution is found.
The most likely distance is 3.4 A; the range of the distances is between
3.0 A and 3.9 A. If the cut-off distance of a hydrogen bond is set to
2.8 + 0.3 A (10%), a hydrogen bond from the §-nitrogen to the C1
carbonyl oxygen of the phylloquinone is found in 6 out of the 100
conformers. The C4 carbonyl oxygen of the PhQ forms a hydrogen
bond to the backbone nitrogen of Leu722ps,4 (Fig. 2). The distance of
this hydrogen bond is 2.7 A in wild type PS 1. The distance from the back-
bone N of L722ps,4 to the C4 carbonyl oxygen in the M688Hps,4 variant is
presented in Fig. 3C. The most likely distance is 3.1 A; the range of the
distances is between 2.9 A and 3.3 A. The distance from the majority of
the 100 conformers fall in the range of 2.8 & 0.3 A, thereby qualifying
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Fig. 3. Predicted protein-cofactor interaction distances for A;x and Ag, in the
M688Hps,a variant. The bars in the histograms show the number of conformers in
which a given distance is obtained from the molecular dynamics simulations. Distances
are plotted on the same scale for easy comparison. A. Distance from the e-nitrogen of
His688psaa to the Mg?* of Ay Chl. B. Distance from the -nitrogen of His688ps,x to the C1
carbonyl oxygen of the A;4 PhQ. C. Distance from the backbone nitrogen of Leu722ps,4
to the C4 carbonyl oxygen of the A;5 PhQ.

as a hydrogen bond according to the distance criterion. The fact that this
H-bond is retained in the calculations serves to validate the molecular
dynamics simulation procedure.

Together, the histograms in Fig. 3 indicate that in the calculated con-
formers, the His coordinates to the Ag chlorophyll and in most cases
phylloquinone remains H-bonded to L722ps,4. H-bonding between A,
and the 6-nitrogen of H688ps,4 is seen in some of the conformers but
there is a relatively wide distribution of possible distances. Here it is
important to emphasize that the conformational space that is accessible
in the folded protein is highly restricted compared to the conformation-
al space sampled in the molecular dynamics simulations. Thus, the
simulations only predict possible low energy conformations but not
into which of these conformers the protein folds. Nonetheless, the pres-
ence of a fairly broad distribution of distances between the 5-nitrogen
of H688psaa and the C1 carbonyl oxygen of the phylloquinone is an
indication that the mutation may cause disorder in the structure.

3.2. Physiological characterization of the wild type and the variant strains

The M688Hps;a and M668Hps,p variants were constructed in
Synechocystis sp. PCC 6803 to verify the predictions of the molecular dy-
namics simulations, i.e. whether His is coordinated to the Ag Chl and
whether there is an H-bond from the His to the C1 carbonyl group of
the A; phylloquinone. The physiological properties of the two variants
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were studied first. The doubling time of the wild type and variant
strains were compared at two light intensities under photoautotrophic
growth conditions (Fig. 4A). Under a low-light regime of 50 pEm 25~ !,
both the wild type and the M668Hps,p variant grew with a doubling
time of 12 hr, while the M688Hps,4 variant grew slower, with a doubling
time of 15 hr. Under a high light regime of 200 LE m~2 s !, the growth
rates of the wild type and M668Hps,g variant began to diverge, showing
doubling times of 8 and 9 hr, respectively, while the M688Hps,4 variant
was light-sensitive and failed to grow.

The decreased growth rates of the cyanobacterial variants could be a
consequence of an altered pigment content, a lower PS I/PS Il ratio, or a
decrease in the efficiency of electron transfer through PS I. The amount
of Chl and carotenoid was determined on a per cell basis in Synechocystis
sp. PCC 6803 cells grown to early log phase under a low light regime
(Fig. 4B). Although small variations were detected, the M688Hps,4 and
M668Hps,p variant strains contained approximately the same amount
of Chl and carotenoids as the wild type. The PS I/PS Il ratio was estimat-
ed by measuring the low-temperature (77 K) fluorescence emission of
whole cells when excited at 440 nm. PS II and its accessory pigments
show emission maxima at 685 and 695 nm, and PS I shows a emission
maximum at 721 nm [31]. The emission spectra of the wild type and
the variants were normalized to the PS Il peaks at 695 nm, and the am-
plitudes at 721 nm were compared to approximate the relative amount
of PS I. Both variant strains (Fig. 4C) showed a lower PS I/PS Il ratio than
to the wild type, but the decline was more pronounced in the
M688Hps,a variant. Electron throughput was measured in isolated PS
complexes with phenazine methosulfate as the electron donor
and flavodoxin (Flv) as the electron acceptor. The normalized rates
were 325 umol Flv mg Chl~! hr~! in the wild type, 147 umol Flv mg
Chl™ ! hr™ " in the M688Hps,4 variant and 269 pumol Flv mg Chl~! hr~!
in the M668Hp..5 variant (Fig. 4D). Given that there are ~100 Chl P7o},
in cyanobacterial PS I, these rates corresponded to 9 e~ PSI~!s™! 4 e~
PSI='s~'and 7 e~ PSI~!s™!, respectively. The lower rates of electron
throughput in the M688Hps.4 and M668Hps,p variants imply that electron
transfer is wholly or partially blocked in the A- and B-branches respec-
tively. The slower growth of the M688Hps,a and M668Hps,p variant
strains therefore appears to be a combination of a lower amount of PS I
per cell as well as a lower electron transport throughput within each
individual PS I complex.

3.3. Occupancy of the phylloquinone binding sites

The lower throughput of electrons in the variants could be due to
either altered electron transfer kinetics or loss of phylloquinone from
the binding site. Thus, we assayed the phylloquinone content of the PS
[ trimers. Our analysis showed that the M688Hps,4 and M668Hps,5
contained 94% and 103% of the phyloquinone content of the wild
type when normalized to chlorophyll concentration. Both of these
values are within the limits of error, indicating that the A;5 and A
sites in the M688Hps,a and M668Hps,p variants are fully occupied by
phylloquinone.

3.4. Spin-polarized transient EPR spectroscopy at X-band

The room temperature spin-polarized transient EPR spectra of PS
I complexes isolated from the wild type and the M688Hps,4 and
M668Hps, variants are shown in Fig. 5. The spectra shown on the
left have been extracted from time/field data sets at 220 ns, 360 ns
and 1 ps after the laser flash. The right side of Fig. 5 shows transients
taken at the field positions indicated by the corresponding arrows
under the spectra. For wild type PS I, the E/A/E (E for emission and
A for absorption) spin polarization pattern observed at 220 ns is de-
rived primarily from the P5ooAja radical pair. The pattern evolves
into the predominantly emissive spectrum at 1 ps, which is the Poo con-
tribution to the spectrum of P5oo (FeS) ™ [32]. This spectrum then decays
as a result of the loss of the spin polarization. Because the contribution
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Fig. 4. Doubling time (A) and pigment content (B), whole cell 77 K fluorescence spectra (C) and flavodoxin photoreduction rates (D). Growth rates were measured for cultures grown
under two light conditions, 50 uE/m?/s (low light) and 200 pE/m?/s (high light). The M688Hps,a strain showed no detectable growth under high light (*). The pigment content and 77 K
fluorescence spectra were determined in cells grown under low light to 0.5 OD730nm. Each data set was averaged from six biological duplicates. The flavodoxin photoreduction rates are
depicted in units of umols of flavodoxin reduced per mg of Chl a per hr. Each data set was averaged from five duplicates.

from the FeS cluster is not observed in the spectrum, we use the no-
tation FeS to stand for any one of the Fx, F5 or Fg clusters. The fits of
the transients from the wild type (Fig. 5, top right) yield a lifetime
of 220 ns for electron transfer from Aja to the FeS clusters and
1.4 ps for the decay of the polarization in agreement with previous
EPR and optical studies [33-35]. Electron transfer from Ajp to Fx
cannot be observed directly by EPR because it occurs within the
rise time of the instrument. However, the fraction of B-branch electron
transfer can be roughly estimated by the magnitude of the P#o(FeS)™
contribution present at early time. For wild-type PS I, this fraction
is ~15-20% [35].

An important feature of the spectrum of P5yy Aja is the prominent
shoulder on the central absorptive peak. This shoulder arises from the
y-component of the hyperfine splitting of the C3 methyl group protons
and is sensitive to the spin density distribution on the semiquinone ring.
In wild type PS I, the single H-bond to the C4 carbonyl group leads to
asymmetry in the distribution such that the spin density is high on the
ring carbon adjacent to the methyl group [36,37]. As a result, the
y-component of the methyl hyperfine coupling is large and a shoulder
is observed in the spectrum.

The corresponding transient EPR data of PS [ from the M688Hpsaa
variant (Fig. 5, middle panels) are significantly different from those of
the wild type (Fig. 5, top panels). First, the E/A/E pattern observed at
early time does not evolve into the emissive P7o(FeS)™ spectrum but
decays with a lifetime of 1 ps. A study of the microwave power depen-
dence of the decay (data not shown) indicates that it is due to the loss
of spin polarization and not to electron transfer. Second, the amplitude
of the spectrum is considerably lower than that of the wild type as can
be inferred by the lower signal-to-noise ratio. Third, the spectrum

lacks the prominent shoulder on the central absorptive peak. From
these results we can conclude that in the M688Hps,4 Variant, the elec-
tron resides on A1, for a time greater than a few pis, indicating that for-
ward electron transfer occurs from Aga to A4 but electron transfer
beyond A7, to Fy is either slowed or blocked. The lower signal-to-
noise ratio implies that the quantum yield of the P7oq Aja radical pair
is reduced compared to the wild type. Further, the lack of the prominent
shoulder on the central absorptive peak indicates a change in the spin
density distribution on the quinone such that it is more symmetric.
Such a change would be expected if the side chain of H688ps.4 Were to
form an H-bond with the C1 carbonyl group of the phylloquinone as
predicted by the MD simulations. The lack of a P75y FeS™ contribution
suggests that the yield of B-branch electron transfer is small and/or it
generates weak spin polarization. The loss of electron transfer to the
iron-sulfur clusters cannot be a result of photo-reduction of the iron-
sulfur clusters because if this were occurring, it would also be observed
in the wild type.

In contrast, the transient EPR spectra of PS I from the M668Hps,p var-
iant (Fig. 5, bottom panels) are similar to those of the wild type. Howev-
er, if the transients of the M668Hps,p variant and the wild type are
normalized to the same amplitude at field a, the absorptive part of the
signal at field b is slightly larger in the M668Hps,5 variant relative to
the wild type. Such a difference would be expected if the contribution
from Ppo(FeS) ™ at early time was smaller in the M668Hp, variant
due to a decreased quantum yield of P5yo(FeS) ~from B branch electron
transfer. Indeed, much more pronounced differences of this type have
been observed previously in subunit deletion mutants in which the
ratio of the fast and slow components of electron transfer from A; to
Fy is strongly altered [35,38].
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3.5. Time-resolved optical spectroscopy in the ns to s time range

We used time-resolved optical spectroscopy to determine the
lifetimes of the A7p and A;p radicals and the relative use of the two
branches more precisely. The measurements were carried out at
480 nm, a wavelength at which the electrochromic bandshift of the
carotenoids located near A;, and A;g results in an absorbance increase
when either of the two phylloquinones is reduced [39,40]. The
electrochromic bandshift serves as a proxy that mirrors the transient
redox changes of the phylloquinones. In wild type PS I the absorbance
of phyllosemiquinone can be observed directly at 380 nm. However,
measurement of the electrochromic bandshift at 480 nm eliminates
complications due to spectral shifts of the phyllosemiquinone absorbance
that might arise from alterations in the surroundings of the chromophore,
including the presence of an additional hydrogen bond. Measurements at
480 nm differ from those at 380 nm in two ways. First, P4y has a small
absorption at this wavelength, hence, we complement these data with

measurements at 820 nm, a wavelength that measures only absorbance
changes due to P7g0. Second, 480 nm light is actinic at the intensities
used in this study, hence, we only fit data from 2 ns to 200 ps, a period
of time in which the actinic effect has only a small influence (~5%) on
the yield of charge separation (see Materials and methods and supporting
information).

Figs. 6 and 7 show flashed-induced absorbance changes at 480 nm
and 820 nm, respectively, in PS I from the wild type and the M688Hpsia
and M668Hps,p variants. The data are presented on a logarithmic scale
from 2 ns to 100 ps at 480 nm and from 2 ns to 2 s at 820 nm. The kinetics
were decomposed using a stretched multiexponential fit, which reveals
the lifetimes and amplitudes of the absorbance changes. The results of
the data analysis described below are tabulated in Table 1.

In wild type PS |, three kinetic phases with lifetimes of 17.1 ns (0.62
mOD), 207 ns (1.18 mOD), and >10 ps (0.17 mOD) can be resolved
at 480 nm (Fig. 6A). The residual (0.48 mOD) represents long-lived
P7o0 that does not decay on this timescale. The 17.1 ns and 207 ns
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Fig. 6. Kinetics of flash-induced time-resolved absorbance changes at 480 nm for the
wild-type (A), M688Hps,4 variant (B) and M668Hps,p variant (C). The data sets from
two different time resolutions were combined to resolve multiple kinetic phases. The
absorbance values are plotted against the log-scaled time after the laser flash, and were
stretched-fitted into a multi-exponential decay. The computer-generated fit is shown as
a solid line. Each kinetic phase is presented with the lifetime and amplitude. The difference
between experimental and fit values is plotted as a residual in the upper panel. The data
sets were from 16 averages. The relative contributions of each kinetic phase can be judged
by the intersection of the fit line with the abscissa.

components are assigned to electron transfer from Ajp to Fx and from
ATla to Fx, respectively by virtue of their lifetimes and in comparison
with previous studies [7-9,41]. The ratio of ~1:2 for the absorbance
change of the two kinetic phases is typical for B- and A-side electron
transfer in PS I from Synechocystis sp. PCC 6803. The total absorbance
change at 820 nm at the onset of the flash is 7.41 mOD (Fig. 7A),
which is equivalent to 0.925 uM in P;qo (80 pg Chl mL™"), given an
extinction coefficient of 8,000 M~ cm™ " for P7oo/P70o at 820 nm. This
corresponds to 97.2 Chl P37, which is in good agreement with the 96
Chl PS I~ ! found in the X-ray crystal structure of PS I from T. elongatus.

Four kinetic phases with lifetimes of 7.9 us (0.86 mOD), 557 pis (0.35
mOD), 53.1 ms (3.4 mOD) and 822 ms (2.8 mOD) can be resolved at
820 nm (Fig. 7A). The 7.9 pus component has a lifetime similar to the
~10 ps component observed at 480 nm. This signal arises from the
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Fig. 7. Kinetics of flash-induced time-resolved absorbance changes at 820 nm for the
wild-type (A), M688Hps,a4 variant (B) and M668Hps,g variant (C). The data sets from
three different time resolutions were combined to resolve multiple kinetic phases. The
absorbance values are plotted against the log-scaled time after the laser flash, and were
stretched-fitted into a multi-exponential decay. The computer-generated fit is shown as
a solid line. Each kinetic phase is presented with the lifetime and amplitude. The difference
between experimental and fit values is plotted as a residual in the upper panel. The data
sets were from 64 averages. The relative contributions of each kinetic phase can be judged
by the intersection of the fit line with the abscissa.

recombination between Aja or Ajg and P37y in a fraction of PS I in
which forward electron transfer beyond phylloquinone is impaired.
The 557 ps component is characteristic of charge recombination be-
tween P70 and Fx and arises from a fraction of PS I with damaged or re-
duced Fg and F, clusters. The large 53.1 ms component is assigned to the
well-characterized Py [Fa/Fg]~ charge recombination and the 822 ms
component to P7yo reduction by DCPIP in those reaction centers in
which the electron on [Fa/Fg] ™ has been lost to dioxygen. At 480 nm
(Fig. 6A), an absorption change of 1.8 mOD is contributed by the sum
of the 17.1 ns and 207 ns components from Ajs and Ajg. The 0.48
mOD residual is contributed by P7go. Using these two values, we calcu-
late that 79% of the absorbance change at 480 nm is due to A7, and
Ajs, and 21% is due to P7go. Because this ratio also applies to the
~10 ps kinetic phase, the total initial absorbance change of 2.45 mOD
at 480 nm can be shown to be comprised of a sum total of 1.93 mOD
from Aja and Ajg, and 0.52 mOD from P3p. These values will be needed
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Table 1
Compilation of data derived from the ns/us/ms measurements.

480 nm 820 nm

Lifetime mOD Assignment Lifetime mOD Assignment

Wild type

17.1 ns 0.62 A — Fx 79 ps 0.86 Ar — P

207 ns 1.18 Aip — Fx 557 s 035 Fx — Pioo

~10 ps 0.17 Al — Pioo 53.1 ms 340 [Fa/Fs]™ — Pdoo

>100 ps 0.48 P00 822 ms 2.80 DCPIP — P3oo

Total 245 Total 741

MG688Hpsa4

183 ns 0.68 A — Fx 24.8 ns 2.1 Aoa — Pioo

14.3 ps 0.85 Aia — Pioo 15.5 ps 22 Aia — Pioo

>100 ps 0.17 PFoo 1.05 ms 22 [Fa/Fs]™ — PJoo

Total 173 705 ms 0.48 DCPIP — P3oo
Total 6.98

MG668Hpsqp

218 ns 1.15 Ala — Fx 373 ns 1.19 Ads — Pioo

5.84 ps 0.38 Als — Pioo 5.34 ps 143 Az — Pioo

>100 ps 1.48 PFo0 44.8 ms 4.0 [Fa/Fg]™ — PJoo

Total 2.01 497 ms 0.71 DCPIP — P3oo
Total 733

later to calculate quantum yields in the M688Hpsia and M668Hps,p
variants.

In the M688Hps,4 Variant, two kinetic phases with lifetimes of 18.3 ns
(0.68 mOD) and 14.3 pss (0.85 mOD) can be resolved at 480 nm (Fig. 6B).
The residual (0.17 mOD) represents long-lived P57y, that does not decay
on this timescale. Because the lifetime and amplitude of the 18.3 ns com-
ponent are similar to that of the 17.1 ns component in wild type PS I
(Fig. 6A), this kinetic phase is assigned to electron transfer from A to
Fx. The ~200 ns component characteristic of A-side electron transfer
from Ata to Fy is completely missing.

Four kinetic phases with lifetimes of 24.8 ns (2.1 mOD), 15.5 s (2.2
mOD), 1.05 ms (2.2 mOD) and 705 ms (0.48 mOD) can be resolved at
820 nm (Fig. 7B), The 15.5 ps component is equivalent to the 14.1 ps
component observed at 480 nm. Therefore, this kinetic phase arises
from charge recombination of either Ajx or Ajg with P7o. Because
forward electron transfer from Ajg to Fyx is fully accounted for by the
18.3 ns component at 480 nm (Fig. 6B), the 15.5 ps event can be
assigned to charge recombination between Ajx and Pg. Thus, electron
transfer from A7, to Fy is blocked in the M688Hps,4 variant. Electron
transfer along the unaltered B-branch to the FeS clusters is evident in
the data at 480 nm, and the long-lived 705 ms kinetic phase, which is
due to the reduction of P5yo by DCPIP, is present. It should be noted
that the ~50 ms event characteristic of charge recombination between
P00 and [Fa/Fg] ™ is missing, and is replaced by a 1.05 ms event. This in-
dicates that the backreaction from [Fa/Fg]~ has been altered as a result of
the mutation. The ~15 ps kinetic phase is due to charge recombination
between A and P7oo; using the percentages extracted from the wild-
type data at 480 nm, we calculate that of the 0.85 mOD, 0.67 mOD is
from Aja and 0.18 mOD is from P7go. In the wild type 1.18 mOD is from
A1, hence, the quantum yield of forward electron transfer from Aga to
Aqa is 0.57. Thus, a little more than one-half of the electrons in the A-
branch are transferred forward from Aga to A;4 in the M688Hps,4 Variant.

The partial loss of forward electron transfer in the A-branch is
reflected at 480 nm in the lower total amplitude of the absorption
change at the onset of the flash (Fig. 6B) compared to the wild type
(Fig. 6A). This could be due to either a failure to undergo charge separa-
tion or to charge separation followed by rapid recombination between
P7o0 and Aga. Fig. 7B shows the presence of a 24.8 ns kinetic phase at
820 nm in the M688Hps,4 variant, which is characteristic of the recom-
bination between Py and Ay [42]. At 820 nm, the total absorbance at
the onset of the flash is 7.0 mOD compared to 7.4 mOD in the wild
type. This indicates that the quantum yield of charge separation
between P;qg and A, is virtually unaffected by the mutation.

In the M668Hps,p variant, two kinetic phases with lifetimes of 218 ns
(1.15mO0D) and 5.84 pis (0.38 mOD) can be resolved at 480 nm (Fig. 6C).
The residual (1.48 mOD) represents long-lived P7y, that does not decay
on this timescale. Because the lifetime and amplitude of the 218 ns com-
ponent is similar to the 207 ns component in wild type PSI (Fig. 6A), this
kinetic phase is assigned to electron transfer from A, to Fx. The ~20 ns
component characteristic of B-side electron transfer from Ajg to Fx is
completely missing.

Four kinetic phases are resolved with lifetimes of 37.3 ns (1.19),
5.34 ps (1.43 mOD), 44.8 ms (4.0 mOD) and 497 ms (0.71 mOD) at
820 nm (Fig. 7C). The 5.34 pus component is equivalent to the 5.84 ps
component seen at 480 nm. Therefore, this kinetic phase is assigned to
charge recombination between either A or A7z and P7go. Because for-
ward electron transfer from Aja to Fx is fully accounted for by the 218 ns
component at 480 nm (Fig. 6C), the ~5 ps event can be assigned to
charge recombination between Az and PHgo. Thus, electron transfer
from Ajp to Fx is blocked in the M668Hp,.z variant. The 44.8 ms
(4.0 mOD) and the 497 ms (0.71 mOD) kinetic phases are characteristic
of charge recombination between P7oo and [Fa/Fg]~ and reduction of
P00 by DCPIP, respectively. In contrast to the corresponding A-branch
mutation M688Hps,a, which changes the lifetime of the P5yg [Fa/Fs]™
backreaction, the B-branch mutation M688Hps,a does not influence
the kinetics of the recombination from the terminal iron sulfur clusters.
With the ~5 ps kinetic phase assigned to charge recombination
between Ajg and P75, and using the relative absorbance changes for Ay
and Py extracted from the wild-type data at 480 nm, we calculate that
of the 0.38 mOD associated with the ~5 ps phase, 0.30 mOD is due to
Ajg and 0.08 mOD is due to P7go. In the wild type, 0.62 mOD is due to
Aig, hence, the quantum yield of forward electron transfer A;p is 0.48.
Thus, a little less than one-half of the electrons in the B-branch are trans-
ferred forward from Agg to A;g in the M668Hps,p variant.

The partial loss of forward electron transfer to A, in the B-branch is
reflected at 480 nm in the lower total amplitude at the onset of the flash
(Fig. 6C) compared to the wild type (Fig. 6A). This could be due to either
a failure to undergo charge separation or to charge separation followed
by rapid recombination between P and Agg. Fig. 7C shows the
presence of a 37.3 ns (1.19 mOD) kinetic phase at 820 nm in the
M668Hps,5 variant, which is characteristic of the recombination be-
tween Py and Ay [42]. At 820 nm, the total absorbance at the onset
of the flash is 7.0 mOD compared to 7.4 mOD in the wild type, indicating
that the quantum yield of charge separation between Pqg and Agg is
virtually unaffected by the mutation.

3.6. Spin-polarized P triplet from radical pair recombination

In PS 1, triplet states can be generated as a result of two processes: in-
tersystem crossing and charge recombination. The former occurs when
energy transfer from the antenna Chls to the trapping center is ineffi-
cient and results in a population of Chl and carotenoid triplet states.
Charge recombination populates the triplet state of P;oo (*P700) when
electron transfer past Aq is blocked. In transient EPR experiments,
3P0 is easily distinguished from other types of triplets by its zero-
field splitting parameters and characteristic AEEAAE polarization
[43-45]. Fig. 8 shows spin polarized EPR spectra of the wild type and
the M688Hps,4 and M668Hps,p variants at 80 K in the field region
where triplet states contribute. The strong truncated peaks in the
center of the spectra around 345 mT in all three samples represent the
P7o0A;7 radical pair. The dashed spectra are simulations. The wild-type
spectrum shows only a very weak, broad E/A pattern that can be simu-
lated as a chlorophyll triplet populated by intersystem crossing. In
contrast, the M688Hps,4 and M668Hps,p variants show clearly defined
spectra, which are simulated well with the characteristic AEEAAE pat-
tern of P70 formed by recombination of P7ooAg . Thus, these spectra
confirm blockage of electron transfer past Ag in the two variants. The
amplitude of the 3P5o spectrum in the M688Hps,4 variant is 3.5 times
larger than in the M668Hps,p variant. This agrees qualitatively with



J. Sun et al. / Biochimica et Biophysica Acta 1837 (2014) 1362-1375 1371

Wild Type

T T I T I T T T I T
300 320 340 360 380

Magnetic Field (mT)

Fig. 8. Spin polarized transient EPR spectra of the excited triplet state of P;go. The solid
curves are the experimental data and the dashed curves are simulations. The off-scale
peaks in the center of the spectrum arise from the radical pair PjpoA; . The zero-field splitting
parameters used in the simulation are [D] = 250 x 10~%cm ™' and |E| = 32 x 10~*cm ™.
For the wild type intersystem crossing was assumed to populate the triplet sublevels accord-
ing to their z-character. For the two variants the triplet was assumed to be formed by charge
recombination so that only the Ty, triplet sublevel is populated.

the relative amplitudes of the 30 ns phase in the room temperature
optical data, supporting the assignment of this phase to charge recombi-
nation between P7oo and Ag. When the PS I samples were incubated
with a 100-fold excess of phylloquinone only minor changes in the
amplitude of the 3P700 were observed (data not shown) confirming
that the binding sites are fully occupied and that the charge recombina-
tion between P7y and Ay is not the result of loss of phylloquinone.

3.7. Ultrafast studies of the formation of the primary and secondary
radical pairs

Fig. 9 shows ultrafast transient spectra for PS I complexes from the
wild type and the M688Hps,4 and M668Hps,5 Variants obtained at a
5 ps and 500 ps delay following a 20 fs exciting pulse centered at
720 nm. The most prominent feature in all of the spectra is the bleaching
of the Chl Soret band and Qy-band around 450 and 700 nm, respectively.
At 5 ps, the spectra of wild type (Fig. 9A), the M688Hps,a Variant
(Fig. 9C) and the M668Hps,p variant (Fig. 9E) are similar and show an
isosbestic point (zero crossing) in the Soret region around 460 nm,
absorption increase maxima at approximately 480, 510, 620 and
660 nm, and absorption decrease troughs at 690 and 705 nm. Recently,
it was shown that the primary charge separation process P;9p*A¢ —
Po0Ag is extremely fast and occurs within 100 fs [5]. Thus, the similar-
ity of the spectra of the wild type and M688Hps,a and M668Hps,p
variants at 5 ps implies that the P;go*Ag — PJo0Ag transition is also
very fast in the two variants.

In contrast, at 500 ps, the spectra of the wild type (Fig. 9B), the
M688Hps,a variant (Fig. 9D), and the M668Hps,p variant (Fig. 9F) differ
from one another. In the wild type, a sharp trough at 465 to 470 nm,
an isosbestic point around 575 nm, a broad negative band between
575 and 660 nm, and an asymmetric, negative-positive-negative
feature in the Qy-region are observed. In the M688Hps,a variant, the

corresponding spectrum does not exhibit the sharp trough around
460 nm, the isosbestic point is shifted from 590 to 600 nm, and the
broad negative band is shifted between 600 and 650 and the local max-
imum at 694 nm are less pronounced than in the wild type. In the
M668Hps,p variant, the dip around 460 nm is present, and the positions
and intensities of the isosbestic point, the broad negative band between
600 and 650, and the local maximum at 694 nm lie between those of the
wild-type and the M688Hps,4 variant, but are markedly closer to that of
the wild-type. Previous studies have shown that under similar experi-
mental conditions, the lifetime of antenna excited states is ~5 ps [5].
Thus, the changes in the absorbance difference spectra between 5 ps
and 500 ps are primarily the result of electron transfer from Ag to A;.
For wild type PS I, the spectrum at 5 ps is mostly due to PfpAg while
the spectrum at 500 ps can be assigned to P7ooA7 . It appears that in
the M688Hp,.4 and M668Hps,g variants some of the P7og Ay spectrum
is still present at 500 ps, but that the amount of this contribution is larg-
er in the M688Hps,4 variant. This agrees with the ns measurements
shown in Fig. 7B and C.

The lifetime and yield of electron transfer past Ay can be estimated
from the time and wavelength-dependent absorbance change data
AA(N,t) provided the following assumptions are made. (i) Changes to
the transient spectrum of P5po A7 as a result of the mutations in the
M688Hps.a and M668Hps,p variants are negligible; accordingly, the
spectrum of the wild type taken at 500 ps after the pump flash can be
used in the kinetic decompositions for the two variants. (ii) Contribu-
tions to the time dependence of the spectra due to energy transfer
are negligible; accordingly, in wild type PS 1, the spectrum at 5 ps should
evolve into the spectrum at 500 ps with a single time constant
associated with electron transfer from Ag to A;, Spectra at intermediate
time points should therefore be a linear combination of the 5 ps and
500 ps spectra. We have fit the data for each sample with the following
expression:

AAVVI'.MGSSHOI‘MGGSH ()\ [) =q (t) . AA]WT‘MGSSHUFMSGSH()\) + Cz(t) . AA2W1'(}\>7

where AA;(N\), AAz(N\) represent the normalized spectra at 5 ps and
500 ps delays and ¢(t), c(t) represent the populations of the corre-
sponding states. The spectra were normalized relative to the same
concentration of excited PS I. For the wild type and the two variants
the shapes of spectra at 5 ps delay are similar and AA;(\) represents
the spectrum of P§0Ag . However, at 500 ps, the spectra of the three
samples differ. The difference is explained by different concentrations
of the states P750Ag (€;1) and P7o0A7 (c2) at 500 ps delay. In the case
of the wild type, we assume that this spectrum represents P7poA7 .
Thus, the kinetics of the P7o0A; — P7o0A71 electron transfer were deter-
mined by using the AAy(\,t = 500 ps) of WT and AA,WT- AMH or BMH
(Nt = 5 ps) (spectra from data sets of wild type, M688Hps,a and
M668Hps,, respectively).

The coefficients ¢;(t) and ¢ (t) are shown in Fig. 10 as a function of
time. In the wild type (Fig. 10A), the coefficient of the early spectrum
decays from one to zero, and the coefficient of the late spectrum rises
from zero to one. Both curves are well described by a single exponential
with a time constant of ~26 ps, consistent with previously reported life-
times for electron transfer from Ag to A; [46]. In the M688Hps,4 Variant
(Fig. 10B), the kinetics of Ag — A, electron transfer are clearly
biexponential but the lifetime of the major component is the same as
in the wild type. At late time ¢; = 0.29, reflecting the lack of Ag — A,
electron transfer in ~30% of the PS I complexes. The total normalized
amplitude at 500 ps, A = ¢1(t = 500 ps) + c(t = 500 ps) < 1.

This suggests that the yield of charge recombination within the first
500 ps may be higher in M688Hps,4 variant than in the wild type or
M668Hps,5 variant. The difference of the A, values between the wild
type and M668Hps,p variant is negligible in the subnanosecond time
range. Qualitatively this observation corresponds to the results of
time-resolved optical spectroscopy in the ns to s time range (Fig. 6
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Fig. 9. Transient absorption spectra of the PS I complexes from the wild-type (A), M688Hp, variant (B), and M668Hps,5 variant (C) at 5 ps and 500 ps delay times. A description of

the methodology is provided in the Materials and Methods section.

and 7), where the yield of radical states in the M688Hps,4 variant is
lower.

In the M668Hps,p variant (Fig. 10C), the same lifetime is obtained but
the transition is not complete. At late times ¢; =~ 0.09, suggesting that
forward electron transfer past Ag is blocked in ~10% of the PS I com-
plexes. The values of c; at late time in the variants are in reasonable
agreement with the findings of the ns study (Table 1), which shows
that the A; — P#oo charge recombination represents 30% of the total
absorbance change in the M688Hps,4 variant, whereas it represents
16% of the total absorbance change in the M668Hps,p variant.

The data derived from fs/ps measurements are compiled in Table 2.
The kinetics in the wild-type sample can be approximated by a single
exponential with T7; = 26 ps. Since the ns data clearly show kinetic
phases corresponding to electron transfer in the two branches, the
monophasic fs/ps kinetics indicate that the rates of electron transfer
from Aga to Aja and from Agg to A;g must be similar in the wild type,
in agreement with previous ultrafast results [16]. In this case, the similar
kinetic phase (T; = 25 ps, A; = 86%) observed in the M668Hps,p variant
can be attributed to electron transfer in the non-mutated A-branch. The
slower kinetic component with 7, = 250 ps (Yo = 7%) can be attributed
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Fig. 10. Decomposition of the absorption difference spectra into contributions from
P00 Ao~ and P, A; . The traces are the amplitudes ¢;(t) and c,(t) obtained by fitting
the time/wavelength data with S(t\) = c1(t) A1(N) + cx(t) Ax(N), where A;(N\) and Ax(A)
are the normalized absorption difference spectra of P7poAg and P7g0A7, respectively. Trace
1 shows the disappearance of P7p0Ag ; trace 2 shows formation of P7poA7 . A) Wild type PS
I, a monoexponential fit to the amplitudes gives T¢; = 26 ps, Tz = 31 ps; B) M688Hpsaa a
biexponential fit gives T, = 25 ps (a; = 44%), T, = 145 ps (a, = 29%) and a long-lived
component (Yo = 27%), C) M668Hps,5, @ monoexponential fit gives Ty = 26 ps,
Tez = 29 ps.

Table 2

Compilation of data derived from the fs/ps measurements.
Species Yo, % T1, PS A% T2, PS A%
Wild type 0 26 100 - -
BMH 7 25 86 250 + 50 7
AMH 27 26 44 150 + 25 29

to electron transfer in the impaired B-branch, while the long-lived
component represented by Yo (7%) likely results from the fraction
of complexes in which the electron transfer from Agg to A;g in the
impaired B branch is blocked. Similarly, in the M688Hps,4 variant,
the fast kinetic component (T; = 26 ps, A; = 44%) can be attributed
to electron transfer in the non-mutated B-branch. The slower compo-
nent (T, = 150 ps, A, = 29%) can be attributed to electron transfer in
the impaired A-branch, while the long-lived component represented by
Yo (Yo = 27%) can be assigned to the fraction of PS I complexes in
which the electron transfer from Aga to A;4 along the impaired A branch
is blocked.

4. Discussion

When a His is substituted for M688ps,a/M668ps,g in PS I, the imidaz-
ole nitrogen atoms appear to be in a position to provide a bond to
Aoa/Aos and to Aja/Aqg. Indeed, all of the low energy conformations
found in the modeling studies have the g-nitrogen of His688ps,4 coordi-
nated to Aga. In contrast, a wide distribution of possible distances
between the 5-nitrogen and the C1 carbonyl oxygen is found. The exper-
imental results are consistent with this picture and reveal that the
substitution of His for Met in Synechocystis sp. PCC 6803 results in two
populations of PS I. In the M688Hps,4 Variant, about one half of the elec-
trons taking the A-branch recombine with P7go from Aga and the other
half recombine from A7a. The remaining absorption change at 820 nm
(2.68 mOD) is due to unaltered B-side electron transfer. The latter rep-
resents 38% of the total absorption change at 800 nm, a value that agrees
well with 34% of the absorption change at 480 nm attributed to B-side
electron transfer (Table 1). In the M668Hps,p variant, about one half of
the electrons taking the B-branch recombine with P7go from Agg and
the other half recombine from A7g. The remaining absorption change
at 820 nm (4.71 mOD) is due to unaltered A-side electron transfer.
This represents 62% of the total absorption change at 820 nm, a value
that agrees well with the 66% absorption change at 480 nm attributed
to A-side electron transfer (Table 1).

Thus, in one population, the electron on Ag does not proceed for-
ward to A; in the affected branch, but instead recombines with PFo.
Based on the results of His variants in C. reinhardtii (as well as the pre-
vious study of Synechocystis sp. PCC 6803 [22]), this observation can
be attributed to the presence of a coordination bond between the imid-
azole nitrogen and Ay. One reason for the lack of forward electron trans-
fer in the His variants may be that the midpoint potential of the Ag /Ag
couple has become higher than the A7 /A; couple. The bond between
His and Ag would withdraw electron density from the ring, thereby
stabilizing the Chl radical anion relative to the ground state and raising
its midpoint potential. Because of their low values, the midpoint poten-
tials of Ag and A; are not known with certainty. For the purpose of this
discussion, we employ the values determined using semi-continuum
electrostatic methods [47]. The difference between the midpoint poten-
tials of Apa (-1.271 V) and A4 (-0.671 V) and between Agg (-1.314 V)
and A;g (-0.844 V) would mean that the substitution of Met for His
would result in an increase of at least 600 mV and 470 mV in the mid-
point potentials of Ags and Agg, respectively (assuming no effect on
Aqa or Ajg). Recent theoretical studies on Met to Asn variants of PS |
indicates that an increase in reduction potential of as much as 300 mV
is possible when the Asn N is the ligand to Aq [48]. Either the midpoint
potential has changed by a large amount by virtue of the altered coordi-
nation bond or additional factors such as a change in the electronic
coupling are present that contribute to the loss of forward electron
transfer between Ag and A;.

In the second population, the electron on Ag is transferred to A; in
the affected branch, but not further to the Fe/S clusters. In this popula-
tion, the electron on Aja and Ajz recombines with PFgo with lifetimes
of 15 ps and 5 s, respectively. The transient EPR study shows that in
this population the spin density distribution on the phyllosemiquinone
is more symmetric than in wild type PS I, and this difference is most
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probably the result of an H-bond between the imidazole 6-nitrogen and
the C1 carbonyl oxygen. The presence of this H-bond would stabilize the
semiquinone anion radical relative to the ground state, thereby raising
its midpoint potential beyond that of Fy. It is not straightforward to es-
timate the change in quinone potential that would prevent forward
electron transfer to Fx. However, the kinetics observed in the menB
variant provide a useful reference in this regard. In this variant
plastoquinone-9 is incorporated into the A;x and A;p sites [24,49].
Forward electron transfer from A;a and Az to Fx occurs with 1/e
times of ~20 pis and ~200 ps, respectively, and the backreaction between
P00 and [Fa/Fg]~ occurs with a 1/e time of 3 ms [50]. In DMF solution,
the reduction midpoint potential of plastoquinone is ~100 mV more
positive than that of phylloquinone [51,52]. Although the midpoint
potential of plastoquinone-9 in the A4 and A binding sites is not
known, we can nonetheless surmise that raising the quinone potential
by ~100 mV would slow forward electron transfer lifetime into the
tens to hundreds of microseconds range. In the M688Hps,a and
M688Hps,p variants the forward electron transfer lifetime must be
greater than the 15 ps and 5 ps backreaction lifetimes. Hence, we can
conclude that in the absence of any other changes, the H-bond to His
would need to stabilize the quinone by more than ~100 mV. A recent
comparison of the midpoint potentials of several quinones in protic
and aprotic solvents shows that the stabilization due to H-bonding in
a protic environment is in the range of 200 to 300 mV [53]. Thus, the
shift in potential needed to block forward electron transfer past A; in
PS I is within the expected range for the contribution of an H-bond to
the stabilization of a semiquinone radical. It should be noted that in
this population of PS I, the molecular mechanics calculations indicate
that His would also be coordinated to Ag. While this would otherwise
lead to a recombination between P and Ag, the added presence of
the H-bond bond between the His and the phylloquinone would raise
the midpoint potential of A;. The data show that this is sufficient to per-
mit forward electron transfer from Ay to A; At the same time, the in-
crease in the midpoint potential of A; would prevent electron transfer
to Fx. No electron transfer to the Fe/S clusters would occur either in
the population of reaction centers in which His is only coordinated to
Ap or in the population of reaction centers in which His is additionally
H-bonded to A;.

The ultrafast data are consistent with unequal A- and B-branch elec-
tron transfer. If we consider only the contribution from the fast 26 ps
phase, then the ratio between A and B-branch electron transfer would
be 86%/44% = 1.95. If we consider the sum of the relative contributions
of the slow and long-lived components, which according to our assess-
ment represent the impaired branch contribution, then the ratio would
be (29% + 27%)/(7% + 7%) = 4. Thus our data support previous assess-
ments that at room temperature electron transfer in PS I from
Synechocystis sp. PCC 6803 is asymmetric [19], with 66% to 80% contrib-
uted by the A-branch and 20% to 34% contributed by the B-branch. This
conclusion is mirrored in the flavodoxin reduction studies, which show
a significantly greater loss of electron transfer throughput in the
M688Hps,a variant than in the M668Hps,p variant. This makes it possible
for both variants to grow under low light conditions despite the fact that
electron transfer to the FeS clusters is blocked in the branch carrying the
mutation. A similar phenotype was shown in Met to His variants of PS I
from C. reinhardtii [12]. However, the corresponding M688Hps,4 and
M668H5ps,p variants accumulated to wild type levels under low-light
conditions and were light sensitive, and opposite to its cyanobacterial
counterpart, the M668Hps,p strain rather than the M688Hps,4 strain
failed to grow under a high light regime.

There is no significant loss of quantum yield of primary charge
separation in either variant. The amplitude of the 200 ns kinetic phase
was unaltered in the M668Hps,g variant, and the amplitude of the
20 ns kinetic phase was unaltered in the M688Hps,4 variant, but the
yield of electron transfer to the FeS clusters was reduced as a result of
these changes. Thus, in the M688Hps,a and M668Hps,p variants in
Synechocystis sp. PCC 6803 the presence of a second branch does not

allow wild type levels of electron throughput to be maintained, i.e. the
electrons are not re-routed through the alternative branch, but it does
permit sufficient throughput to allow the organisms to grow under
low light conditions.

Another interesting finding is that the charge recombination
kinetics between [Fa/Fg] ~ to Py has been altered in the M688Hps,a var-
iant (1/e = 1.05 ms), but not in the M66Hps,p variant (1/e = 44.8 ms)
relative to the wild-type (1/e = 53.1 ms). These data imply that the
charge recombination pathway in PS I occurs along the A- rather than
B-branch of cofactors. This pathway makes sense energetically: the elec-
tron should favor the Fx — A4 route, which is thermodynamically
downhill, rather than the Fx — A;g route, which is thermodynamically
uphill.

We note that ENDOR and/or ESEEM experiments in which the
hyperfine coupling to the H-bonded proton can be directly observed
will be important to confirm the formation of an H-bond between His
and A and to A;g and to give a clearer picture of the strength and
the disorder of the H-bonding. We also note that the behavior we
observe here for Synechocystis sp. PCC 6803 has not been reported for
the corresponding PS I variants of C. reinhardtii. In a forthcoming article
we will present a direct comparison of the behavior of the variants of
the two species will show that a clear difference exists between them.
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