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ABSTRACT: Aspartate 170 of the D1 polypeptide provides part of the high-affinity binding site for the
first Mn(II) ion that is photooxidized during the light-driven assembly of the (Mn)4 cluster in photosystem
II [Campbell, K. A., Force, D. A., Nixon, P. J., Dole, F., Diner, B. A., and Britt, R. D. (2000)J. Am.
Chem. Soc. 122, 3754-3761]. However, despite a wealth of data on D1-Asp170 mutants accumulated
over the past decade, there is no consensus about whether this residue ligates the assembled (Mn)4 cluster.
To address this issue, we have conducted an EPR and ESEEM (electron spin-echo envelope modulation)
study of D1-D170H PSII particles purified from the cyanobacteriumSynechocystissp. PCC 6803. The
line shapes of the S1 and S2 state multiline EPR signals of D1-D170H PSII particles are unchanged from
those of wild-type PSII particles, and the signal amplitudes correlate approximately with the lower O2

evolving activity of the mutant PSII particles (40-60% compared to that of the wild type). These data
provide further evidence that the assembled (Mn)4 clusters in D1-D170H cells function normally, even
though the assembly of the (Mn)4 cluster is inefficient in this mutant. In the two-pulse frequency do-
main ESEEM spectrum of the 9.2 GHz S2 state multiline EPR signal of D1-D170H PSII particles, the
histidyl nitrogen modulation observed at 4-5 MHz is unchanged from that of wild-type PSII particles
and no significant new modulation is observed. Three scenarios are presented to explain this result. (1)
D1-Asp170 ligates the assembled (Mn)4 cluster, but the hyperfine couplings to the ligating histidyl nitrogen
of D1-His170 are too large or anisotropic to be detected by ESEEM analyses conducted at 9.2 GHz. (2)
D1-Asp170 ligates the assembled (Mn)4 cluster, but D1-His170 does not. (3) D1-Asp170 does not ligate
the assembled (Mn)4 cluster.

The catalytic site of water oxidation in photosystem II
(PSII)1 contains a cluster of four Mn ions and the redox-
active tyrosine residue known as YZ (for reviews, see refs
1-9). One Ca ion and one Cl ion are required for catalytic

activity and appear to be located in the vicinity of the (Mn)4

cluster. The (Mn)4 cluster accumulates oxidizing equivalents
in response to light-induced electron transfer reactions within
PSII, thereby providing the interface between one-electron
photochemistry and the four-electron process of water
oxidation. Tyrosine YZ serves as the immediate oxidant of
the (Mn)4 cluster, transferring an electron from the (Mn)4

cluster to P680
+• in response to the light-induced formation

of the latter. During each catalytic cycle, the (Mn)4 cluster
cycles through five oxidation states termed Sn, where n
denotes the number of oxidizing equivalents stored. The S1

state predominates in dark-adapted samples. Most interpreta-
tions of XANES data have concluded that the S1 state
consists of two Mn(III) and two Mn(IV) ions and that the
S2 state consists of one Mn(III) and three Mn(IV) ions (2,
3, 10-12), but an alternative view exists (13, 14). The
additional oxidizing equivalent of the S3 state may be
localized on an Mn ligand (refs12 and15, but see ref11).
The S4 state is a transient intermediate (possibly correspond-
ing to the YZ

•S3 state) that reverts to the S0 state with the
concomitant release of O2.

The electron density of the Mn cluster is visible in the
recent 3.6-3.8 Å structures of PSII (16-18), but the exact
arrangement of the Mn ions is unknown. The resolutions of
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the current X-ray structures are not sufficient to provide this
information. Nevertheless, EXAFS studies have detected the
presence of two to three Mn-Mn interactions with distances
of ∼2.7 Å and at least one Mn-Mn and/or Mn-Ca
interaction with a distance of∼3.3 Å (2, 3, 10-12). These
distances, along with recent simulations of EPR and ENDOR
data of samples poised in the S2 state, have provided fam-
ilies of possible arrangements for the (Mn)4 cluster, pre-
dicting it to be a strongly exchange-coupled trimer that is
weakly exchange-coupled to a fourth Mn ion (19, 20). These
arrangements are compatible with the recent 3.6-3.8 Å X-ray
structures.

On the basis of numerous mutational and biochemical
studies, most or all of the amino acid residues that ligate the
(Mn)4 cluster are expected to be contributed by the D1
protein (for reviews, see refs4, 21, and22). While the recent
3.6-3.8 Å structures are consistent with this expectation
(16-18), the resolutions of these structures are insufficient
for identifying the individual protein ligands. Many muta-
tional studies have targeted D1-Asp170 as a possible ligand
of the (Mn)4 cluster, and at least 18 mutations have been
constructed at this position: D170E, D170Q, D170N,
D170H, D170C, D170M, D170S, D170T, D170A, D170G,
D170V, D170L, D170I, D170R, D170Y, D170F, D170W,
and D170P (23-28). The D170E mutant is photoautotrophic
and evolves O2 at ∼60% of the rate of wild-type cells. The
D170H and D170V mutants are weakly photoautotrophic and
evolve O2 at ∼50 and∼40% of the rate of wild-type cells,
respectively. Photoautotrophic growth is abolished in all other
mutants. Among the non-photoautotrophic mutants, O2

evolution is abolished in D170S, D170T, D170A, D170G,
D170Y, and D170P cells, nearly abolished in D170N and
D170W cells, and diminished substantially in all others. In
those mutants that evolve O2, the assembled (Mn)4 clusters
appear to behave normally, exhibiting O2 flash yields with
normal period 4 oscillations and exhibiting normal or
slightly decreased S2/S1 midpoint potentials (23-28). In the
O2-evolving mutants, significant fractions of PSII reaction
centers lack (Mn)4 clustersin ViVo: this fraction is 20-25%
in the D170E mutant,∼50% in the D170H and D170V
mutants, and∼60% in the D170L, D170I, and D170R
mutants (26, 28). In these mutants, the (Mn)4 cluster has been
proposed to be unstable or to be assembled inefficiently
(23-28).

The high-affinity Mn(II) binding site on the apoprotein is
abolished in at least the D170N, D170A, and D170S mutants
(23, 24). When Mn-depleted wild-type PSII particles are
illuminated in the presence of Mn(II) ions, YZ

• oxidizes
Mn(II) to Mn(III) and a parallel polarization EPR signal of
the Mn(III) ion is observed (29). In Mn-depleted D170E and
D170H PSII particles, YZ• is also capable of oxidizing
Mn(II) ions (23, 24, 29). However, a different Mn(III) EPR
signal is observed in D170H PSII particles, and no Mn(III)
EPR signal is observed in D170E PSII particles (29). Instead,
the illuminated D170E PSII particles exhibit a perpendicular
polarization EPR signal suggestive of Mn(IV) (29). These
results show that D1-Asp170 forms part of the binding site
for the first Mn(II) ion that is photooxidized during the light-
driven assembly (photoactivation) of the Mn cluster and that
the residue that is present at this position influences the
coordination environment and redox properties of the pho-
tooxidized Mn(II) ion.

If D1-Asp170 ligates the first Mn(II) ion that is photo-
oxidized during photoactivation of the Mn cluster, it would
seem logical that this residue would also ligate the assembled
(Mn)4 cluster. Indeed, most studies of D1-Asp170 mutants
have suggested this possibility (23-28). In one such study,
conducted with D1-D170H PSII particles purified from
the unicellular cyanobacteriumSynechocystissp. PCC 6803,
low-frequency FTIR difference spectroscopy was employed
to show that D1-Asp170 is structurally coupled to an
Mn-O-Mn unit having a vibrational mode that shifts from
∼625 to∼606 cm-1 during the S1 f S2 transition (30). This
coupling implies that D1-Asp170 either ligates the (Mn)4

cluster directly or participates in one or more hydrogen bonds
to the (Mn)4 cluster (30). However, no study has provided
definitive proof that D1-Asp170 ligates the assembled (Mn)4

cluster. Indeed, one could argue that D1-Asp170 is unlikely
to ligate the assembled (Mn)4 cluster because D1-D170V
cells are weakly photoautotrophic and D1-D170L and
D1-D170I cells evolve O2 at∼20% of the rate of wild-type*
cells (28); neither Val, Leu, nor Ile would be expected to
ligate Mn.

In this study, we present a 9 GHz EPR and ESEEM
analysis ofSynechocystisD1-D170H PSII particles to further
characterize the nature of the (Mn)4 clusters in this mutant
and to further address whether D1-Asp170 ligates the
assembled (Mn)4 cluster. The pulsed EPR method of ESEEM
spectroscopy is a powerful tool for detecting weak hyperfine
couplings in paramagnetic systems (31-35). We recently
showed that D1-His332 almost certainly ligates the (Mn)4

cluster in PSII on the basis of a 9.2 GHz ESEEM study of
SynechocystisD1-H332E PSII particles (36). In D1-H332E
PSII particles, the 4-5 MHz histidyl nitrogen feature that is
observed in the two-pulse frequency domain ESEEM spec-
trum of the 9.2 GHz S2 state multiline EPR signal in wild-
type* PSII particles was sharply diminished, consistent with
direct ligation of the (Mn)4 cluster by D1-His332. Therefore,
if D1-Asp170 ligates the (Mn)4 cluster and the ligating
carboxylate oxygen is replaced with a histidyl nitrogen in
the D1-D170H mutant, the hyperfine coupling between the
ligating nitrogen atom of His170 and the unpaired electron
spin on the ligated Mn ion should be able to be detected by
ESEEM spectroscopy, provided that the hyperfine coupling
is sufficiently weak and is not extremely anisotropic. If these
conditions are satisfied, the additional nitrogen coupling
should be manifested either as an increase in the amplitude
of the 4-5 MHz histidyl nitrogen feature in the two-pulse
frequency domain ESEEM spectrum of the 9.2 GHz S2 state
multiline EPR signal, as a broadening of this feature, or as
additional nitrogen modulation at a different frequency.

MATERIALS AND METHODS

Construction of the Site-Directed Mutant.The construc-
tions of the D1-D170H mutant and wild-type* control strains
of cyanobacteriumSynechocystissp. strain PCC 6803 were
described previously (30). Briefly, the D1-D170H mutation
was constructed in thepsbA-2gene (26), and the mutation-
bearing plasmid was transformed into a host strain of
Synechocystisthat lacks all threepsbA genes (37) and
contains a His tag on the carboxy terminus of CP47 (36).
Single colonies were selected for their ability to grow on
solid media containing 5µg/mL kanamycin monosulfate (37).
The control wild-type* strain (30) was constructed in an
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identical fashion except that the transforming plasmid carried
no site-directed mutation. The designation wild type* dif-
ferentiates this strain from the native wild-type strain that
contains all threepsbA genes and is sensitive to antibiotics.

Propagation of Cultures.The wild-type* and D1-D170H
cells were maintained on solid BG-11 medium (38) contain-
ing 5 mM TES-NaOH (pH 8.0), 0.3% (w/v) sodium
thiosulfate, 5 mM glucose, 10µM DCMU, and 5 µg/mL
kanamycin monosulfate, as described previously (26). The
DCMU, kanamycin monosulfate, and sodium thiosulfate
were omitted from liquid cultures. For the isolation of PSII
particles, cells were grown in modified 250 mL Erlenmeyer
flasks as described previously (26) until they reached an
optical density of 0.9-1.2 at 730 nm. Cells were then
transferred to two 20 L carboys, each containing 15 L of
growth medium, and grown as described previously (39) until
their optical densities reached 0.9-1.2 at 730 nm (typically
4 days for wild-type* and 4-5 days for D1-D170H cultures).
Optical densities were measured with a modified CARY 14
spectrophotometer (OLIS, Inc., Bogart, GA).

Purification of PSII Particles. For the experiments whose
results are depicted in Figure 1, PSII particles were purified
under dim green light with Ni-NTA superflow affinity resin
(Qiagen) as described previously (30, 36). For all other
experiments, this purification procedure was modified as
follows: the n-dodecyl â-D-maltoside-extracted thylakoid
membranes were centrifuged for 10 min at 24000g (we thank
G. W. Brudvig and co-workers for this suggestion), the
supernatant was diluted with an equal volume of column
buffer [50 mM MES-NaOH (pH 6.0), 20 mM CaCl2, 5 mM
MgCl2, 0.03% (w/v) n-dodecyl â-D-maltoside, and 25%
(w/v) glycerol] to decrease the concentration ofn-dodecyl
â-D-maltoside approximately 2-fold, and the diluted super-
natant was pumped directly onto the 40 mL, 5 cm diameter,
Ni-NTA superflow affinity resin column at 3 mL/min. The

purified PSII particles were eluted in 7-8 column volumes
with column buffer containing 50 mML-histidine. The eluent
was brought to 1 mM EDTA, concentrated by ultrafiltration
(Amicon models 2000 and 8400 fitted with YM-100
membranes) to a volume of 5-10 mL, brought to 6 mM
EDTA, passed through a G-25 column to remove histidine,
EDTA, and EDTA-complexed metal ions, then concentrated
to 1-2 mg of Chl/mL (Amicon models 8050 and 8010 fitted
with YM-100 membranes), frozen in liquid N2, and stored
at-80 °C. Shortly before the EPR and ESEEM experiments,
the PSII particles were further concentrated to 4-7 mg of
Chl/mL with Centricon-100 concentrators (Millipore Corp.,
Bedford, MA). The concentrated samples were then mixed
with DCMU dissolved in DMSO [to 1 mM DCMU and 1%
(v/v) DMSO], loaded into 3.8 mm (outside diameter)
precision quartz EPR tubes, dark-adapted on ice for 20 min,
and then frozen in liquid N2 [the DCMU was added to permit
formation of the S2 state by illumination at elevated tem-
peratures if needed (36, 40), although ultimately all sam-
ples were illuminated at 195 K only]. The light-saturated
rates of evolution of O2 from the purified wild-type* and
D1-D170H PSII particles were 3.1-3.2 and 1.2-1.9 mmol
of O2 (mg of Chl)-1 h-1, respectively.

EPR, ESE, and ESEEM Measurements. Continuous-wave
EPR spectra were recorded with a Bruker ECS106 X-band
CW-EPR spectrometer equipped with an ER-4116DM dual-
mode cavity. Cryogenic temperatures were obtained with an
Oxford ESR900 liquid helium cryostat. The temperature was
controlled with an Oxford ITC503 temperature and gas flow
controller that was equipped with a gold-iron chromel
thermocouple. Signal amplitudes were estimated from the
integrated areas of selected peaks (marked with asterisks in
Figures 1 and 2) after baseline subtraction between the points

FIGURE 1: Parallel polarization S1 state multiline EPR signal of
dark-adaptedSynechocystiswild-type* (top trace) and D1-D170H
(bottom trace) PSII particles. Samples contained approximately 7
mg of Chl/mL in 25% (v/v) glycerol, 50 mM MES-NaOH (pH
6.0), 20 mM CaCl2, 5 mM MgCl2, 0.03% (w/v)n-dodecylâ-D-
maltoside, 1 mM DCMU, and 1% (v/v) DMSO. Samples were
deaerated prior to measurement to remove dissolved O2. Experi-
mental conditions were as follows: dual-mode cavity, microwave
frequency of 9.43 GHz, microwave power of 50 mW, modulation
amplitude of 8 G, modulation frequency of 100 kHz, time constant
of 164 ms, conversion time of 164 ms, and temperature of 2.7 K.
Each spectrum represents the accumulation of 30 scans.

FIGURE 2: Light-minus-dark perpendicular polarization S2 state
multiline EPR signal ofSynechocystiswild-type* (top trace) and
D1-D170H (bottom trace) PSII particles. Both spectra have had
the largeg ) 2 signal of YD

• excised for clarity. Samples were
illuminated for 5 min at 195 K before being flash-frozen in liquid
N2. Samples contained approximately 4 mg of Chl/mL in 25%
(v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl2, 5 mM
MgCl2, 0.03% (w/v)n-dodecylâ-D-maltoside, 1 mM DCMU, and
1% (v/v) DMSO. Experimental conditions were as follows: dual-
mode cavity, microwave frequency of 9.69 GHz, microwave power
of 5 mW, modulation amplitude of 10 G, modulation frequency of
100 kHz, time constant of 41 ms, conversion time of 82 ms, and
temperature of 7 K. The wild-type* and D1-D170H spectra
represent the accumulations of 50 and 60 scans, respectively.
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delimiting each peak. Field-swept two-pulse ESE spectra and
two-pulse ESEEM spectra were recorded with a laboratory-
built pulsed 8-18 GHz EPR spectrometer (41). For the
parallel mode EPR studies, condensed air was purged from
the EPR tubes by warming the tubes to 198 K (in dry ice
and methanol) and directing a stream of Ar gas over the
sample for 2 min followed by rapid refreezing in liquid N2.
This treatment was found to minimize the large background
signals that are often observed in parallel mode spectra of
PSII (e.g., refs42-44). For the perpendicular mode EPR
and ESEEM studies, the S2 state was generated by illuminat-
ing samples for 5 min in a nonsilvered dewar at 198 K (dry
ice and methanol) with a focused 300 W IR-filtered Radiac
light source and a Schott 150 W IR-filtered fiber optic lamp.
The samples were then immediately frozen in liquid nitrogen.
For each sample, both the background field-swept two-pulse
ESE spectrum and the background two-pulse time domain
ESEEM patterns were obtained before the sample was
illuminated. To isolate the ESEEM patterns of the S2 state
multiline EPR signal, the ESEEM patterns obtained prior to
illumination were subtracted from the ESEEM patterns
obtained after illumination. The light-minus-dark ESEEM
patterns were normalized to their first maxima so that the
calculated frequency domain ESEEM spectra would cor-
respond to normalized multiline signal intensities. Frequency
domain ESEEM spectra were obtained by calculating the
cosine Fourier transforms of the normalized light-minus-dark
two-pulse time domain data after reconstruction of the
instrumental dead times with the Fourier backfill method
described by Mims (45). The frequencies used for Fourier
backfilling are included in the legend of Figure 5. The same
relative amplitudes were used for each class of backfilled
frequency components to allow for a nonbiased quantitative
comparison of the final Fourier transforms.

Other Procedures. Chlorophyll concentrations and light-
saturated rates of O2 evolution were measured as described
previously (26, 39).

RESULTS

Continuous-WaVe EPR Spectra.A parallel polarization,
integer spin multiline EPR signal was observed in dark-
adaptedSynechocystisD1-D170H PSII particles (Figure 1,
bottom trace). In terms of peak positions and splittings, this
signal resembles the S1 state multiline EPR signal that is
observed inSynechocystiswild-type* PSII particles (Figure
1, top trace) (42-44), and we assign it to the S1 state in
D1-D170H PSII particles. The integrated area of the eight
indicated peaks in the D1-D170H spectrum was approxi-
mately 66% of the integrated area of the eight corresponding
peaks in the wild-type* spectrum. The lower signal amplitude
in the D1-D170H PSII particles correlated approximately
with the lower O2 evolving activity of the D1-D170H
preparations (40-60% compared to that of wild type*).

A perpendicular polarization multiline EPR signal was
observed in D1-D170H PSII particles after illumination at
195 K (Figure 2, bottom trace). In terms of peak positions
and splittings, this signal resembles the S2 state multiline
EPR signal observed in wild-type* PSII particles illuminated
under the same conditions (Figure 2, top trace), and we assign
it to the S2 state in D1-D170H PSII particles. After we had
corrected for the different numbers of scans that accum-

ulated, the integrated area of the eight indicated peaks in
the D1-D170H spectrum was approximately 52% of the
integrated area of the eight corresponding peaks in the wild-
type* spectrum. The lower signal amplitude also corre-
lated approximately with the lower O2 evolving activity of
the D1-D170H PSII preparations. A normal S2 state multiline
EPR signal was also observed in D1-D170H PSII particles
purified with conventional DEAE chromatography (as in ref
46) (not shown).

ESE Field-Swept EPR Spectra. The ESE field-swept EPR
spectra ofSynechocystiswild-type* and D1-170H PSII
particles are compared in Figure 3. The spectra resemble
each other and are similar to ESE field-swept EPR spectra
of Synechocystiswild-type PSII particles reported previously

FIGURE 3: ESE field-swept EPR spectra of (A) wild-type* and (B)
D1-D170H PSII particles. Each panel shows the ESE field-swept
EPR spectrum of the sample prior to illumination (middle traces,
red lines), the ESE field-swept EPR spectrum of the sample after
illumination (top traces, thin black lines), and the light-minus-dark
difference spectrum (bottom traces, bold black lines). The largeg
) 2 signals of YD

• have been excised, and the light-minus-dark
difference spectrum of the wild type* has been offset for clarity.
Samples were illuminated for 5 min at 195 K before being flash-
frozen in liquid N2. Samples contained approximately 6 mg of
Chl/mL in 25% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0),
20 mM CaCl2, 5 mM MgCl2, 0.03% (w/v)n-dodecylâ-D-malto-
side, 1 mM DCMU, and 1% (v/v) DMSO. Experimental conditions
were as follows: microwave frequency of 9.229 GHz, microwave
pulse peak power of 25 W,π/2 pulse width of 15 ns,π pulse width
of 25 ns,τ of 210 ns, repetition time of 5 ms, and temperature of
4.2 K.

EPR and ESEEM Study of Mn Ligation by D1-Asp170 in PSII Biochemistry, Vol. 42, No. 36, 200310603



(36, 47). On a chlorophyll basis, the background signal is
larger in dark-adapted wild-type* PSII particles than in dark-
adapted D1-D170H PSII particles (the reason for the larger
background signal in wild type* is not known), but the peak
near 2300 G has a similar amplitude in both samples. This
peak corresponds to thegz turning point of the oxidized form
of cytochromeb559. Illumination of some D1-D170H PSII
preparations caused a significant increase in the amplitude
of this peak, evidence of an apparent photooxidation of this
cytochrome. The EPR signal of the oxidized form of
cytochromeb559 underlies much of the S2 state multiline EPR
signal [gz ≈ 3.0,gy ≈ 2.2, andgx ≈ 1.5 for cytochromeb559

in Synechocystissp. strain PCC 6803 (48)]. Therefore, any
photooxidation of cytochromeb559 could contaminate the S2

state ESEEM spectra with subtraction artifacts from the
cytochrome heme and histidyl ligand nitrogens. Conse-
quently, samples were screened, and only those exhibiting
negligible cytochromeb559 photooxidation (three samples of
five that were examined) were included in our analysis of
histidyl ligation in the D1-D170H mutant. We have noted
previously that variable fractions of mutant PSII preparations
from Synechocystissp. PCC 6803 exhibit light-induced
cytochromeb559 redox changes (36).

The light-minus-dark ESE field-swept EPR spectra of the
S2 state multiline signal in wild-type* and D1-D170H PSII
particles closely resembled each other in terms of width and
overall line shape (Figure 3). The integrated areas of the
signals in the mutant PSII preparations that exhibited
negligible cytochromeb559 photooxidation were 40-50% of
those in the wild-type* preparations on a chlorophyll basis,
again correlating approximately with the lower O2 evolving
activity of the D1-D170H PSII preparations.

ESEEM Spectra. Two-pulse time domain ESEEM pat-
terns recorded at the magnetic field position (3417 G)
where the light-minus-dark ESE field-swept EPR spectra
were near maximal are shown in Figure 4 for wild-type*
and D1-D170H PSII particles. To eliminate all modulations
other than those arising from magnetic nuclei coupled to the
S2 state of the Mn cluster, the background ESEEM patterns
were subtracted from the light-induced ESEEM patterns to
yield the light-minus-dark ESEEM patterns shown with thick
black lines. Frequency domain ESEEM spectra were calcu-
lated from the normalized light-minus-dark time domain
patterns after reconstruction of the instrumental dead times
(Figure 5). In Figure 5, the frequency domain ESEEM spectra
of three separate D1-D170H PSII preparations (#1-#3, black
lines) are shown overlaid with the spectrum of wild-type*
PSII particles (red lines). To facilitate comparison of
D1-D170H and wild-type* spectra, the bottom traces of
Figure 5 show the average of the three separate D1-D170H
frequency domain spectra overlaid with the wild-type*
spectrum after renormalization of the spectra to the transform
amplitudes at 14.5 MHz.

In the frequency domain ESEEM spectrum of wild-type*
PSII particles, the peak at 4-5 MHz corresponds to nitrogen
modulation from one or more Mn histidyl ligands (36, 47,
49). The broad feature at 8-9 MHz cannot be reproduced
in all wild-type* spectra (not shown) and may be an artifact.
The peak at 14-15 MHz corresponds to protons that are
weakly coupled to the electron spin of the Mn cluster and
that are resonating at or near the proton Larmor frequency
(50). These protons also give rise to the negative “sum” peak

that is centered near 29 MHz, at approximately twice the
proton Larmor frequency.2

In all D1-D170H PSII preparations exhibiting negligible
photooxidation of cytochromeb559, the amplitude of the
nitrogen modulation at 4-5 MHz was similar to that in wild-
type* PSII preparations and no significant new modulation
was evident. The slight shifts toward lower frequency of the
feature at 8-9 MHz and of the histidyl nitrogen modulation
at 4-5 MHz may be caused by a slight alteration of the
coupling between the electron spin of the (Mn)4 cluster and
the native histidyl ligand(s) (e.g., D1-His332) that is caused
by subtle structural rearrangements associated with changing
D1-Asp170 to His. The coupling energies are so small (e1

2 Density matrix analysis shows that, in addition to the fundamental
nuclear spin transition frequencies, the sum and difference of these
frequencies also appear in two-pulse ESEEM spectra; their nega-
tive phases result in inverted peaks in the cosine Fourier transform
(51-53).

FIGURE 4: Two-pulse time domain ESEEM patterns of (A) wild-
type* and (B) D1-D170H PSII particles. Shown are the ESEEM
patterns of the samples prior to illumination (red lines), the ESEEM
patterns after illumination (thin black lines), and their difference
(thick black lines), corresponding to the ESEEM patterns of the
light-induced S2 state of the Mn cluster. The samples were those
used in Figure 3. Experimental conditions were as follows:
magnetic field of 3417 G, microwave frequency of 9.229 GHz,
microwave pulse peak power of 25 W,π/2 pulse width of 15 ns,
π pulse width of 25 ns, repetition time of 5 ms, and temperature of
4.2 K. The interval,τ, between pulses in the two-pulse sequence
was increased from 170 to 3670 ns in 10 ns increments.
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MHz) that they would not be detected by conventional
cw-EPR spectroscopy (Figures 1 and 2). Alternatively, these
slight shifts might be caused by residual cytochromeb559

photooxidation in the D170H samples [note the very small
light-induced increase in thegz peak of oxidized cytochrome
b559 at ∼2300 G in Figure 3B; cytochromeb559 exhibits
ESEEM peaks near 4, 7.2, and 11.4 MHz (54, 55)].

DISCUSSION

The light-saturated O2 evolution rates of the D1-D170H
PSII particles examined in this study were 40-60% of those
of wild-type* PSII particles, in agreement with a previous
study (30). These relative rates were similar to those of
D1-D170H and wild-type cells (23, 26, 27), implying that
the (Mn)4 clusters found in D1-D170H cells are stable. The
apparent correlation between the O2 evolving activity of
D1-D170H PSII particles and the integrated areas of the S1

and S2 state multiline EPR signals (shown in Figures 1 and

2, the latter also detected as an ESE field-swept spectrum,
as shown in Figure 3) supports the conclusion of earlier
studies (23, 26, 27) that significant fractions of D1-D170H
PSII reaction centers lack (Mn)4 clusters in ViVo. The
apparent stability of the assembled (Mn)4 clusters in
D1-D170H PSII particles implies that inefficient assembly
of the (Mn)4 cluster, not instability, is the reason that fewer
(Mn)4 clusters are assembled in D1-D170H cells. This
explanation was originally proposed by P. J. Nixon and B.
A. Diner (23, 24).

We have shown that the S1 state multiline EPR signal,
the S2 state multiline EPR signal, and the two-pulse frequency
domain ESEEM spectrum of the S2 state multiline EPR sig-
nal of D1-D170H PSII particles all resemble those of wild-
type* PSII particles. These similarities support the conclu-
sion of earlier studies (23, 26, 27) that those (Mn)4 clusters
that are assembled in D1-D170H cells function normally.
These similarities also provide additional evidence that the
D1-D170H mutation has not introduced unintended, second-
ary structural changes into the protein (30).

The presence of an additional histidyl nitrogen ligand in
D1-D70H PSII particles would be difficult to detect with
conventional EPR spectroscopy; even an additional histidyl
nitrogen ligand having a strong hyperfine coupling ofA ≈
10 MHz (see below) would produce splittings of only∼3
G. However, the presence of an additional nitrogen ligand
should be detected with ESEEM spectroscopy if the hyper-
fine coupling is sufficiently weak and is not extremely
anisotropic. To explain the similarity of the ESEEM spectra
of the D1-D170H and wild-type* PSII preparations, we
consider three possible scenarios.

Scenario 1. Both D1-Asp170 and D1-His170 Ligate the
(Mn)4 Cluster. This scenario requires that the additional
hyperfine coupling between the ligating D1-His170 nitrogen
atom and the (Mn)4 cluster in D1-D170H PSII particles not
be detected with ESEEM spectroscopy conducted at 9.2 GHz.
There is ample precedent for a ligating nitrogen escaping
detection by ESEEM spectroscopy; the hyperfine coupling
need only be too strong or too anisotropic. For example, in
Cu(II)-imidazole model compounds and in Cu(II) enzymes
containing histidine bound equatorially to Cu(II), the hy-
perfine coupling to the directly coordinated nitrogen is
approximately∼40 MHz (56-58), easily observed with
ENDOR spectroscopy (56-58) but too large to produce
envelope modulation. In these Cu(II)-imidazole/histidine
systems, only the hyperfine coupling to the remote nitrogen
[1.5-1.8 MHz (59-61)] can be observed with ESEEM
analyses3 (59-63).

Additional examples of directly coordinated nitrogen atoms
escaping detection by ESEEM spectroscopy are provided by
model compounds and catalase enzymes containing di-µ2-
oxo-bridged Mn(III)Mn(IV) structures. These structures are
components of several current models for the arrangement
of the four Mn ions in PSII (14, 19, 20, 67). In the Mn(III)-
Mn(IV) model compounds, nitrogen atoms bound axially to

3 In Mn(II)-imidazole model compounds and in Mn(II) enzymes
containing histidine ligands, the hyperfine couplings are much weaker
than in corresponding Cu(II) compounds and Cu(II) enzymes because
the covalency of the metal-ligand interaction is lower. In Mn(II)
enzymes, directly coordinated histidyl nitrogens have been detected
with ESEEM spectroscopy, but remote histidyl nitrogens have not (64-
66).

FIGURE 5: Cosine Fourier transforms of normalized two-pulse time
domain light-minus-dark ESEEM patterns of three independent
preparations of D1-D170H PSII particles (preparations #1-#3,
black lines) and one wild-type* preparation (red line in each set)
calculated after reconstruction of the instrumental dead times
(0-170 ns). Preparation D170H #1 corresponds to the sample
shown in Figures 3 and 4. The spectra havenotbeen renormalized.
The bottom pair of transforms shows the average of all three D170H
cosine Fourier transforms (black line) compared to the wild-type*
transform (red line) after renormalization of the transform ampli-
tudes at 14.5 MHz. Experimental conditions were the same as those
given in the legend of Figure 4. Relative amplitudes of frequency
components (0.3 MHz width each) used in Fourier backfilling to
reconstruct the instrumental dead times: 3 (nitrogen peak at 4.4
MHz), 20 (proton peak at 14.5 MHz), and 10 (proton “sum peak”
at 29.4 MHz).
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the Mn(III) ion have strong hyperfine couplings of 10-12
MHz (68-70). These couplings have been detected with
ENDOR spectroscopy (68-70) but not with ESEEM spec-
troscopy [conducted at 11 GHz (70)]. The large couplings
of the axially bound nitrogens arise because these nitrogens
overlap the unpaired electron spin density that is concentrated
by the Jahn-Teller effect in the dz2 orbital of the Mn(III)
ion. Nitrogen atoms bound equatorially to the Mn(III) ion
can also be difficult to detect (even with ENDOR spectros-
copy) because the hyperfine interaction can be extremely
anisotropic, spreading the spectral intensity over a large fre-
quency range (70). On the other hand, nitrogen atoms bound
to the Mn(IV) ion in these Mn(III)Mn(IV) model com-
pounds can be detected easily with ESEEM spectroscopy
(70-72).

The X-ray structures of the dimanganese catalases from
Thermus thermophilis[at 1 Å (73)] and Lactobacillus
plantarum[at 1.8 Å (74)] show that the di-µ2-oxo-bridged
Mn dimer is ligated by two histidine residues, with one
histidine ligating each Mn ion. However, ESEEM analyses
of the Mn(III)Mn(IV) enzyme conducted at 9-13 GHz
detected only one histidyl nitrogen (75-77). On the basis
of the model compound data discussed above, this nitro-
gen was assigned to the histidine residue that ligates the
Mn(IV) ion (77). The inability to detect the directly
coordinated histidyl nitrogen of the second histidine residue
was attributed to either strong or extremely anisotropic
hyperfine coupling between this nitrogen and the unpaired
electron spin of the Mn(III) ion (77), as in the model
compounds discussed above.

On the basis of the above considerations, we conclude that,
if D1-His170 ligates the (Mn)4 cluster in PSII, detecting the
additional nitrogen hyperfine coupling may require either an
ESEEM analysis conducted at higher magnetic fields (e.g.,
31 GHz) or a pulsed ENDOR analysis. Furthermore, if the
additional coupling were to be extremely anisotropic, it
would be difficult to detect with either ESEEM or ENDOR.
If D1-Asp170 and D1-His170 are eventually shown to ligate
the (Mn)4 cluster, analyses of accurate tetrameric exchange
coupling models or relevant tetrameric Mn model compounds
will be required to determine if the inability to detect the
additional nitrogen couplings with an ESEEM analysis
conducted at 9.2 GHz provides a clue about the valence of
the ligated Mn ion.

One difficulty with proposing that D1-Asp170 ligates the
assembled (Mn)4 cluster is the weakly photoautotrophic
nature of the D1-D170V mutant and the ability of the
D1-D170L and D1-D170I mutants to evolve O2 (28). Neither
Val, Leu, nor Ile would be expected to ligate Mn. However,
it has been proposed that these residues, being bulky and
hydrophobic, cause structural perturbations that permit the
D1-Asp170 carboxylate moiety to be replaced with another
residue, a peptide carbonyl oxygen, or a water molecule (28).
As pointed out previously (28), compensatory, mutation-
induced structural rearrangements have been observed in
other systems. In ferredoxin I ofAzotobacterVinelandii,
replacing Cys20 with Ala causes a structural rearrangement
that permits the free Cys24 to replace Cys20 as a ligand to
the [4Fe-4S] cluster (78). In ricin A, replacing active site
residue Glu177 with Ala results in the rotation of Glu208
into the active site with partial restoration of catalytic activity
(79). In human alcohol dehydrogenase, replacing the pyro-

phosphate-binding residue, Arg47, with Gly results in
structural alterations that move Lys228 into the pyrophos-
phate site with partial restoration of activity (80).

Scenario 2. D1-Asp170 Ligates the (Mn)4 Cluster, but
D1-His170 Does Not. In this scenario, perhaps for steric
reasons, neither nitrogen of the D1-His170 imidazole moiety
occupies the same spatial position as the Mn-ligating oxygen
of D1-Asp170. Consequently, the Mn-ligating carboxylate
oxygen of D1-Asp170 is replaced in the D1-D170H mutant
with an oxygen atom from a water molecule or another
group. Replacing a coordinating carboxylate oxygen with
an oxygen from another moiety would not be expected to
change the two-pulse time domain ESEEM spectrum of the
S2 state multiline EPR signal. However, a difficulty with this
scenario is that it is difficult to understand why the high-
affinity Mn(II) binding site would be retained in the
D1-D170H mutant (23, 29), but not in the D1-D170N,
D1-D170A, and D1-D170S mutants (23, 24), where the
ligating D1-Asp170 carboxylate oxygen could also be
replaced with an oxygen atom from a water molecule or other
group. One might postulate that D1-His170 separates from
the (Mn)4 cluster after the first Mn(II) ion becomes oxidized.
The reason might be that Mn(III) and Mn(IV) ions prefer
harder Lewis bases as ligands. However, this reasoning does
not seem to be compelling because the crystallized diman-
ganese catalase enzymes discussed above each contain two
Mn(III) ions at the active site (73, 74). In these structures,
each Mn(III) ion is directly coordinated by a histidyl nitrogen.

Scenario 3. D1-Asp170 Does Not Ligate the Assembled
(Mn)4 Cluster. Because D1-Asp170 forms part of the high-
affinity binding site of the first Mn(II) ion that is photooxi-
dized during the light-driven assembly of the (Mn)4 cluster
(23, 24, 29), this scenario requires that a structural rear-
rangement separate D1-Asp170 from the photooxidized
Mn(III) ion as the (Mn)4 cluster is formed. We know of no
precedent for such a rearrangement in any metalloen-
zyme except ferritin, where the oxidation of two Fe(II) ions
at the binuclear ferroxidase center is followed by transfer
of a µ-oxo-bridged Fe(III) dimer to the ferrihydrite core
(81-83). However, in ferritin, the change in the Fe ligation
environment is intimately associated with ferritin’s function
as an iron storage protein. In PSII, there is no apparent need
for separating D1-Asp170 from Mn during the assembly of
the (Mn)4 cluster.

An additional difficulty with this scenario is explaining
why replacing D1-Asp170 with the isosteric residue Asn is
far more deleterious to the (Mn)4 cluster’s assembly and O2
evolving activity (23, 25-27) than replacing it with the bulky
and hydrophobic residues Val, Leu, and Ile (28). Whereas
D1-D170N cells assemble almost no stable (Mn)4 clusters
in ViVo (23, 26, 27), D1-D170V cells are weakly photoau-
totrophic and both D1-D170L and D1-D170I cells evolve
O2 at ∼20% of the rate of wild-type* cells (28). One must
postulate that Val, Leu, and Ile introduce the same type of
structural perturbations that were postulated above for
scenario 1. Because D1-Asp170 ligates the first Mn(II) ion
that is photooxidized during the light-driven assembly of the
(Mn)4 cluster, these structural perturbations must restore the
high-affinity Mn(II) binding site sufficiently in D1-D170V,
D1-D170L, and D1-D170I cells to permit some (Mn)4 cluster
assembly.
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A final difficulty is that, if D1-Asp170 merely participates
in a hydrogen bond network to the assembled (Mn)4 cluster,
one might expect this network to be maintained by Asn. As
a precedent, in dihydrofolate reductase, a hydrogen bond
network involving Asp27 is retained in the D27N mutant
because an O-HN hydrogen bond is simply replaced with
an NH-N hydrogen bond (84).

CONCLUDING REMARKS

The similarity of the S1 and S2 state multiline EPR signals
of D1-D170H and wild-type* PSII particles provides further
evidence that the assembled (Mn)4 clusters in D1-D170H
cells function normally, even though the assembly of the
(Mn)4 cluster is inefficient. The similarity of the two-pulse
frequency domain ESEEM spectra of the 9.2 GHz S2 state
multiline EPR signals of D1-D170H and wild-type* PSII
particles prevents us from concluding definitively whether
D1-Asp170 ligates the assembled (Mn)4 cluster. However,
if D1-Asp170 ligates the (Mn)4 cluster and the directly coor-
dinating oxygen is replaced with nitrogen in the D1-D170H
mutant, the hyperfine coupling between this nitrogen and
the unpaired electron spin on the ligated Mn ion must be
too strong or anisotropic to be detected in a 9.2 GHz ESEEM
analysis. If the coupling is too strong, detecting it will require
an ESEEM analysis conducted at a higher magnetic field
(e.g., 31 GHz) or require a pulsed ENDOR analysis. If the
coupling is extremely anisotropic, it will be difficult to detect
with either ESEEM or ENDOR spectroscopy. If D1-Asp 170
is eventually shown to ligate the assembled (Mn)4 cluster,
analyses of accurate tetrameric exchange coupling models
or relevant tetrameric Mn model compounds may reveal
whether our inability to detect additional nitrogen coup-
lings in this study provides a clue about the valence of the
ligated Mn ion. Although we favor scenarios involving direct
ligation of the (Mn)4 cluster by D1-Asp170, we cannot
exclude the possibility that D1-Asp170 ligates only the first
Mn(II) ion that is photooxidized during the light-driven
assembly of the (Mn)4 cluster, but not the final, assembled
(Mn)4 cluster.
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