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ABSTRACT. The tetranuclear manganese cluster in photosystem Il is ligated by one or more histidine residues,
as shown by an electron spin echo envelope modulation (ESEEM) study conducteéPMjiiisfidine-
labeled photosystem Il particles isolated from the cyanobacte8ynmechocystisp. strain PCC 6803
[Tang, X.-S., Diner, B. A, Larsen, B. S., Gilchrist, M. L., Jr., Lorigan, G. A., and Britt, R. D. (1994)
Proc. Natl. Acad. Sci. U.S.A. 9704-708]. One of these residues may be His332 of the D1 polypeptide.
Photosystem |l particles isolated from tBgnechocystismutant D1-H332E exhibit an altered State
multiline EPR signal that has more hyperfine lines and narrower splittings than the corresponding signal
in wild-type PSII particles [Debus, R. J., Campbell, K. A., Peloquin, J. M., Pham, D. P., and Britt, R. D.
(2000) Biochemistry 39470-478]. These D1-H332E PSII particles are also unable to advance beyond
an altered &Y z* state, and the quantum yield for forming thg sate is very low, corresponding to an
8000-fold slowing of the rate of Mn oxidation byz¥ These observations are consistent with His332
being close to the Mn cluster and modulating the redox properties of both the Mn cluster and tyrosine Y
To determine if D1-His332 ligates the Mn cluster, we have conducted an ESEEM study of D1-H332E
PSII particles. The histidyl nitrogen modulation observed near 5 MHz in ESEEM spectra of state&
multiline EPR signal of wild-type PSII particles is substantially diminished in D1-H332E PSII particles.
This result is consistent with ligation of the Mn cluster by D1-His332. However, alternate explanations
are possible. These are presented and discussed.

The catalytic site for water oxidation in photosystem Il as a magnetically coupled tetramer probably consisting of a
(PSII) contains four Mn ions plus the redox active tyrosine, strongly exchange-coupled trinuclear core that is weakly
Y [for review, see {—9)]. One C&" ion and one Cl ion exchange-coupled with a fourth Mn iof(, 11) [reviewed
are required for catalytic activity and appear to be located in (12, 13)]. The exact arrangement of the Mn ions is
in the vicinity of the Mn cluster. Recent simulations of EPR unknown, even with the recent 3.8 A structure of P3H)(
and ENDOR data show that the four Mn ions are arranged However, EXAFS studies detect the presence of two to three

Mn—Mn distances of-2.7 A and one Ma-Mn or Mn—Ca
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The immediate oxidant of the Mn cluster is,YTyr-161 forming the $ state is approximately 100 K higher than in
of the D1 polypeptide. Simulations of EPR and ENDOR data wild-type PSII preparations. These results are consistent with
obtained with samples trapped in thgrg state show that  His332 being close to the Mn cluster and modulating the
the point-dipole distance betweenzYand the Mn cluster  redox properties of both the Mn cluster ang ¥ the present
is 7-9 A (17-23), in agreement with the electron densities work, we have conducted an ESEEM study of D1-H332E
assigned to ¥ and the Mn cluster in the recent 3.8 A PSII particles to determine if D1-His332 ligates the Mn
structure 14). This distance is compatible with structural cluster. We find that the histidine nitrogen modulation
models showing either direct hydrogen bonding betwegn Y observed near 5 MHz in ESEEM spectra of thestte
and a water-derived Mn ligand,(8, 24—27) or indirect multiline EPR signal of wild-type PSII particles is substan-
hydrogen bonding, such as via an intervening water moleculetially diminished in D1-H332E PSII particles, consistent with
(9, 11—-13). Hydrogen bonding betweenzYand the Mn ligation of the Mn cluster by D1-His332. However, alternate
cluster, whether direct or indirect, would be consistent with explanations are possible.
recent proposals for the mechanism of water oxidation that
invoke proton-coupled electron transfer from Mn-bound MATERIALS AND METHODS
water molecules or water-derived Mn ligands to°Y ) ) )

[reviewed in @, 8, 9, 24—27)]. Construction of Site-Directed Mutant$he D1-H332E

: - ; tation was constructed in thpsbA-2gene of the cyano-
Several lines of evidence suggest that the D1 polypeptldernu ) : .
contributes most or all of the amino acid residues that Pacterium Synechocystisp. strain PCC 68035¢). The

coordinate the Mn and Ca ions in PSII [for review, see plas_mid bearing this _mutation was transformed into a host
(6, 28, 29)]. The Mn ions are coordinated primarily by strain ofSy_nechocysUlhat _Iapks all thrgqasbAgenes %9
oxygen atoms30—33), such as provided hy-oxo bridges, and contains a hexahistidine-tag (His-tag) .fused to the
carboxylate residues, peptide carbonyl groups, and water—c'termlnus of CP47_(see next pafagr?ph)- S!ngle co!o_nles
derived ligands. Coordination by both carboxylate and Were selected for ability to grow on solid media containing
histidine residues has been proposed on the basis of chemica? ug’{mL I_<anamycm monosu_lfa_tése)._ The co_ntrol wild-
modification studies34—42). Coordination by at least one ~ YPE" strain was constructed in identical fashion as the D1-
histidine residue has been demonstrated by an ESEEM stud))"332.E mytant except that the transfqrmlng p""}sm'd carrfd
conducted with PSII preparations labeled witiN]histidine no sﬁe-dlrecteq mutation. The de§|gna}t|0n W|Id—type
(33). This work extended earlier ESEEMBG, 32) and d|ffer¢nt|ates this strain from the r_1at|ve vyl'ld—type st.ra'ln'that
ENDOR (1) studies that provided evidence of Mn ligation contains all thre@sbAgenes and is sensitive to antibiotics.
by at least one nitrogen atom. Subsequent ESEEM studies Construction of Synechocystis Host Strain Containing a
suggest that the ligating histidine residue(s) coordinate(s) Mn His-tag on the C-Terminus of CP4&X 1034 bp fragment of
with their €2 (z) nitrogen(s) 43). Additional evidence for ~ Synechocystigenomic DNA containing 341 bp qisbBplus
coordination by histidine was provided by a recent FTIR downstream flanking DNA was obtained from a plasmid
study conducted with'fN]histidine @4). Coordination by a ~ bearing a 5.7 kiBanHl/BanHI fragment containing most
carboxylate residue that forms a bridge to a Ca ion has beenof the psbBgene €0) (a kind gift from W. F. J. Vermaas,
proposed on the basis of an FTIR Study of intact and Ca- Arizona State University). The 1034 bp fragment was cloned
depleted samplest§), although the bridging aspect of this into pUC119 61) to generate the plasmid pCP47. A
assignment has been questionetb, (47). Site-directed hexahistidine-tag construct containing six histidine codons
mutagenesis studies have identified D1-Asp148-(52), inserted before the TAG stop codonsbB (CACCAT),-
D1-His190 62—55), D1-His332 63, 55, 56), D1-Glu333 (CAC),TAG (62), was obtained by overlap extension PCR
(53, 55, 56), D1-His337 63, 55, 56), D1-Asp342 3, 55, (63—65) of pCP47. The 86 bBsEIl/BsEIl fragment of
56), and theC-terminus of Ala344%7) as potential ligands ~ PCP47, containing the TAG stop codon, was then replaced
of the Mn cluster [for review, sees(28, 29)]. The residue by the 104 bBsEII/BsEll fragment of the PCR-amplified
D1-His337 has also been proposed to ligate the Mn clusterconstruct containing the hexahistidine-tag. Finally, a 1.9 kb
on the basis of chemical modification and protease digestionfragment of the plasmid pRZ1108€), conferring resistance
studies B7, 42). to gentamycin (G), was inserted into thklfel site located
The ESEEM 83, 43) and FTIR @4) studies showing that 319 bp downstream of the TAG stop codon and 52 bp
at least one histidine residue coordinates the Mn cluster in Upstream of the unidentified open region frame, sIrO%Ty. (
PSII have focused attention on D1-His190, D1-His332, and The final plasmid, pCP47His-tagGmvas transformed into
D1-His337. We previously presented a characterization of Cells of theSynechocystiBost strain lacking all threpsbA
PSIl particles isolated from theSynechocystismutant  9enes §9), and single colonies were selected for ability to
D1-H332E 68). This mutant is of particular interest because 9row on solid media containing 2@g/mL gentamycin
it appears to assemble Mn clusters in nearly all reaction Sulfate. After segregation, homozygous Gnansformants
centers in ViVO, but evolves noz@G) In the previous Study, Containing the HiS-tag construct were identified by the loss
we showed that D1-H332E PSII particles exhibit an altered Of theAurll site located at the TAG codon in digests of PCR-
S, state multiline EPR signal that has more hyperfine lines @mplified genomic DNA and by DNA sequence analysis of
and narrower splittings than the corresponding signal in wild- PCR-amplified genomic DNA.
type PSII particles. We also showed that D1-H332E PSII  Propagation of Cultureswild-type* and D1-H332E cells
particles are unable to advance beyond an altey¥g" State, were maintained on solid BG-11 medi&8| containing 5
that the quantum yield for forming the, State is very low, mM TES—NaOH (pH 8.0), 0.3% (w/v) sodium thiosulfate,
corresponding to an 8000-fold slowing of the rate of Mn 5 mM glucose, 1M DCMU, and 5ug/mL kanamycin
oxidation by Yz*, and that the temperature threshold for monosulfate, as described previoushO) The DCMU,
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kanamycin monosulfate, and sodium thiosulfate were omitted mode cavity. Cryogenic temperatures were obtained with an
from liquid cultures. For isolation of PSII particles, cells were Oxford ESR900 liquid helium cryostat. The temperature was
grown in modified 250 mL Erlenmeyer flasks as described controlled with an Oxford ITC503 temperature and gas flow

previously 60) until they reached an optical density of 8.9  controller that was equipped with a geldon chromel

1.2 at 730 nm. Cells were then transferred to two 20 L thermocouple. Field-swept two-pulse ESE spectra and two-
carboys, each containing 15 L of growth medium, and grown pulse ESEEM spectra were recorded with a laboratory-built

as described previously69) until their optical densities
reached 0.91.2 at 730 nm (typically 4 days for wild-type*
and 6 days for D1-H332E cells). Optical densities were
measured with a CARY 219 spectrophotometer.

Isolation of Synechocystis PSII Particled] operations
following cell harvesting were conducted under dim green
light. Thylakoid membranes were isolated {4000 mg of
Chl from 30 L of cells) and extracted with-dodecylS-p-

pulsed EPR spectrometers). 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,Sstate multiline EPR signal, the
ESEEM patterns obtained prior to illumination were sub-
tracted from the ESEEM patterns obtained after illumination.
The lightminusdark ESEEM patterns were normalized to

maltoside (Anatrace Inc., Maumee, OH) as described by their first maximum so that the calculated frequency domain

Tang and Diner {0) with minor modification 69). The
solublen-dodecyls-b-maltoside extract was mixed with 40
mL of Ni—NTA superflow affinity resin (Qiagen Inc.,
Valencia, CA) that had been equilibrated with sample buffer
[25% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM
CaCl, 5 mM MgCl, 0.03% (w/v)n-dodecyls-p-maltoside]

ESEEM spectra would correspond to normalized multiline
signal intensities. Frequency domain ESEEM spectra were
obtained by calculating the cosine Fourier transforms of the
normalized lightminusdark two-pulse time domain data after
reconstruction of the instrumental dead times with the Fourier
backfill method described by Mim¥6). Frequencies used

in a 5 cmdiameter chromatography column. The column for Fourier backfilling were adjusted to the measured

was stoppered and placed on a nutatory platform for 30 min frequencies of each Fourier transform and are included in
of gentle agitation in darkness [longer times (e.g., 1 h) proved the legend to Figure 5. The same relative amplitudes were
deleterious]. The column was then allowed to pack by used for each class of backfilled frequency components to

gravity, and the resin was washed with-120 volumes of

allow for a quantitative comparison of the final Fourier

sample buffer to remove PSI and other contaminants. Purifiedtransforms. Nitrogen modulation at 4:4.8 MHz was

PSII particles were eluted in—710 column volumes with
sample buffer containing 25 mM histidine [elution with high
concentrations of imidazole (e.g., 250 mM) proved deleteri-
ous]. The eluent was brought to 1 mM EDTA, concentrated
by ultrafiltration (Amicon models 2000 and 8400 fitted with
YM-100 membranes) to a volume of30 mL, brought to
6 mM EDTA, passed through a G-25 column to remove
histidine, EDTA, and EDTA-complexed metal ions, then
concentrated to-22 mg of Chl/mL (Amicon models 8050
and 8010 fitted with YM-100 membranes), frozen in liquid
N, and stored at-80 °C. For EPR and ESEEM experiments,
PSII particles were further concentrated te8mg of Chl/
mL with Centricon-100 concentrators (Millipore Corp.,
Bedford, MA), mixed with DCMU dissolved in DMSO [to
1 mM DCMU and 1% (v/v) DMSQO], loaded into 3.8 mm
0.d. precision quartz EPR tubes, dark-adaptedZDmin
on ice, and then frozen in liquidINThe G evolution activity
of the wild-type* PSII particles was 2-:84.0 mmol of Q
(mg of Chl)'* h™1. Data obtained with four separate D1-
H332E PSII particle preparations (##4) are reported.
Isolation of Spinach PSIl Membranes and Core Particles.

included in all backfills to avoid any possible bias against,
and to obtain an upper limit for, nitrogen modulation in the
D1-H332E samples. To generate thestate inSynechocystis
preparations, samples (containing DCMU) were illuminated
in a non-silvered dewar at 273 K (ice/water) for 1 min with
a focused 300 W IR-filtered Radiac light source and a Schott
150 W IR-filtered fiber optic lamp. The samples were
immediately frozen in an isopentane/liquid slurry [~113

K (77)], equilibrated in this bath for 30 s, and then transferred
to liquid N,. These conditions were chosen because of the
approximately 100 K higher threshold for forming the S
state in D1-H332E PSII particles than in wild-type PSII
preparations §8). To generate the ;Sstate in spinach
preparations, samples were either illuminated as described
for Synechocystigreparations (after the addition of DCMU)
or illuminated in a non-silvered dewar at 195 K (methanol/
dry ice) for 5 min with the Radiac light source and then
transferred to liquid M The illumination method employed
for each spinach sample is noted in the text and figure
legends.

Other ProceduresChlorophyll concentrations and light-

All operations were conduct_e_d under dim green light. Spinach gatyrated rates of oxygen evolution were measured as
PSIl membranes were purified as described by Berthold et yescribed previously faBynechocystigs0, 69) and spinach

al. (71) and Ford and Evansr®), with the modifications
described previously7@). Spinach PSII core particles were
isolated from PSIl membranes by solubilization with 1-octyl
pB-D-glucopyranoside as described by Ghanotakis e7d), (
with the modifications described previously3j. Spinach

(73) PSII preparations.

RESULTS

We have long sought to employ ESEEM spectroscopy to

samples were concentrated by centrifugation. The pelletsdetermine if D1-His332 ligates the Mn cluster in PSII.

(11—-20 mg of Chl/mL) were loaded into 3.8 mm o. d.

Unfortunately, D1-H332E PSII particles purified by con-

precision quartz EPR tubes and were frozen immediately in ventional methods incorporating ion-exchange chromatog-

liquid Na.
EPR, ESE, and ESEEM Measuremeftsntinuous-wave

raphy 68) proved unsuitable for these studies because the
Mn cluster appeared to be insufficiently stable: Wions

EPR spectra were recorded with a Bruker ECS106 X-band released during sample preparation frustrated all attempts to
CW-EPR spectrometer equipped with an ER-4116DM dual acquire reliable ESEEM data. Attempts to stabilize the Mn
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Ficure 1: Light-minusdark EPR spectrum of wild-type* (upper
trace) and D1-H332E (lower trace) PSII particles. Both spectra have
the large signal of ¥* atg = 2 excised for clarity. To facilitate
comparison of spectra, the amplitude of the D1-H332E spectrum
has been multiplied by a factor of 3. The samples were illuminated
for 1 min at 273 K before being flash-frozen in an isopentane/
liquid N bath (~113 K). The wild-type* and D1-H332E samples
contained 7.3 and 7.2 mg of Chl/mL, respectively, in 25% (v/v)
glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaG) 5 mM
MgCl,, 0.03% (w/v)n-dodecyl$-p-maltoside, 1 mM DCMU, 1%
(v/v) DMSO. Experimental conditions: microwave frequency, 9.67
GHz; microwave power, 5 mW; modulation amplitude, 10 G;
modulation frequency, 100 kHz; time constant, 41 ms; conversion
time, 82 ms; temperature, 7 K. The wild-type* and D1-H332E
spectra represent the averages of 32 and 48 scans, respectively.

—
2500

cluster during isolation of D1-H332E PSII particles or to
remove released Mn ions were not successful. However,
after the successful fusion of a hexahistidine-tag to the
C-terminus of CP47 in wild-type cells @&ynechocystisp.
strain PCC 6803 by Brudvig, Diner, and co-worke62)(
and by Bricker and co-workerg®), we set out to fuse a
hexahistidine-tag to th€-terminus of CP47 in ouSyn-
echocystishost strain that lacks all thrgesbAgenes %9).
The His-tag permits PSII particles to be purified with metal
affinity chromatography. Utilization of metal affinity chro-
matography permits purification to be carried out at sub-
stantially lower ionic strengths than are required in conven-
tional purification schemes employing ion exchange chroma-

Biochemistry, Vol. 40, No. 12, 20013693

observed in both His-tagged wild-type* and D1-H332E PSII
particles (Figure 1) are the same as those observed in PSII
particles purified by conventional methods8(83), confirm-

ing that the presence of the His-tag on CP47 does not alter
the properties of the Mn cluster Bynechocystisp. strain
PCC 680362, 78, 84, 85). Similarly, the presence of a His-
tag on theC-terminus of CP43 does not alter the properties
of the Mn cluster inSynechococcus elongat(86, 87).

ESE Field-Swept EPR Spectithe ESE field-swept EPR
spectra ofSynechocystisvild-type* and D1-H332E PSII
particles are compared to those of spinach PSII membranes
and core particles in Figure 2. The spectrum of spinach PSII
core particles (Figure 2B) resembles that of spinach PSII
membranes (Figure 2A), except that the latter has a larger
background signal in dark-adapted samples (approximately
3-fold larger on a reaction center basis), and both are similar
to ESE field-swept EPR spectra of spinach PSIl membranes
that have been published previouslyl( 30, 32, 88). The
spectra ofSynechocystisvild-type* and D1-H332E PSII
particles (Figures 2C and 2D, respectively) resemble each
other and are similar to the ESE field-swept EPR spectrum
of Synechocystisvild-type* PSII particles reported previ-
ously @3). The background signals in dark-adapt®gn-
echocystipreparations resemble those of spinach PSII core
particles. The lightminusdark S state spectra of the
Synechocystipreparations resemble those of spinach PSII
membranes and core particles. Illlumination of so&y-
echocystiPSIl preparations (primarily those agitated for 1
h with Ni—=NTA resin or eluted with 250 mM imidazole)
caused a significant decrease of the peak near 2300 G (not
shown). This peak corresponds to theurning point of the
oxidized form of cytochrom&-559. The peak’s decrease is
evidence of an apparent photoreduction of this cytochrome.
The EPR signal of the oxidized form of cytochroré59
underlies much of the Sstate multiline EPR signalg} ~
3.0, gy ® 2.2, andgy = 1.5 for cytochromeb-559 in
Synechocystisp. strain PCC 68030)]. Furthermore, the
frequency domain ESEEM spectrum of cytochrog59
exhibits peaks near 4, 7.2, and 11.4 MH0)( Therefore,
any photoreduction of cytochronie559 could contaminate
the S state ESEEM spectra with subtraction artifacts from
the cytochrome heme and histidyl ligand nitrogens. Conse-
guently, data fronSynechocystiwild-type* and D1-H332E
samples in which substantial photoreduction of cytochrome

tography. The lower ionic strengths presumably preserve theb-559 was observed were not included in our analysis of

intactness of the Mn cluster by avoiding dissociation of the
extrinsic proteins that stabilize the cluster. In addition to
providing PSII particles with more stable Mn clusters, the
His-tag method provides PSII particles that are considerably
purer and provides them in greater yields-@fold) than
previously possible.

Continuous-Wae EPR SpectraAs reported previously
(58), the S state multiline EPR signal of D1-H332E PSII
particles, obtained after illumination at 273 K in the presence
of DCMU, has more hyperfine lines and narrower splittings
than the % state multiline EPR signal of wild-type* PSII
particles (Figure 1). The signal of D1-H332E PSII particles
superficially resembles the signals of native spinach and
cyanobacterial PSII preparations treated with ammoffie (

81) or having Ca replaced with SBY{, 82). The S state
multiline EPR signal observed in His-tagged wild-type* PSII
particles (not shown) and the State multiline EPR signals

histidyl ligation in the D1-H332E mutant. That the photore-
duced cytochrome is cytochrorheb59 and not cytochrome
¢-550, an extrinsic subunit of PSII in cyanobacte6aq1),

is suggested by our observation of apparent cytochrome
photoreduction in some preparations of spinach PSII core
particles (e.g., Figure 2B). The reduction of cytochrome
b-559 by Q°~ (92) or by Pheo™ [either directly ©3—96) or
indirectly (97)] has been proposed, but the mechanism of
photoreduction is unknown.

The light-induced $state multiline signals observed in
Synechocystiwild-type* and D1-H332E PSII particles are
significantly smaller than those observed in spinach PSII
preparations on a reaction center basis, whether measured
with ESE spectroscopy (Figure 2) or with continuous-wave
EPR spectroscopy (not shown). Assuming 250 Chl/PSII in
spinach PSII membraneg1), 70 Chl/PSIl in spinach PSII
core preparationsé, 98), and 38 Chl/PSlI irSynechocystis
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Ficure 2: ESE field-swept EPR spectra of (A) spinach PSII
membranes, (B) spinach PSII core particles,¥echocystiwild-
type* PSilI particles, and (D$ynechocysti®1-H332E PSII particles
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Ficure 3: Normalized lightminusdark ESE field-swept EPR
spectra of spinach PSII membranes, spinach PSIlI core particles,
Synechocystisvild-type* PSII particles, andSynechocysti®1-
H332E PSII particles (from preparation #1). Data and parameters
from Figure 2.

multiline amplitude needs to be further investigated. Perhaps
a larger fraction oSynechocystiS, state PSII particles are
partitioned into conformations not giving rise to thestate
multiline EPR signal, such as the spin5/2 state conforma-
tion that shows EPR signals gt> 5 (99, 100). This spin
state conformation has been shown to be more stable in
Synechococcus elongatihsin in spinachi00). Nevertheless,
when normalized to their maximum amplitudes, the light-
minusdark ESE field-swept EPR spectra of the Sate
multiline signal in wild-type* and D1-H332Bynechocystis
PSII particles closely resemble those obtained with spinach
PSIl membranes and core particles in terms of width and
overall line shape (Figure 3).

ESEEM Spectralrwo-pulse time domain ESEEM patterns
recorded at a consistent magnetic field position (3415 G)
where the lightminusdark ESE field-swept EPR spectra
were near-maximal in all samples are shown in Figure 4 for
spinach PSII membranes, spinach PSII core partiSgs;
echocystisvild-type* PSII particles, an&ynechocystiB1-
H332E PSIl particles. To isolate the modulations from

(from preparation #1). Each panel shows the ESE field-swept EPR coupled magnetic nuclei to only the, State of the Mn

spectrum of the sample prior to illumination (middle traces), the
ESE field-swept EPR spectrum of the sample after illumination
(upper traces), and the lightinusdark difference spectrum (lower
traces). In panels AC, the lightminusdark difference spectra have
been offset for clarity. All spectra have the large signal gf at

g = 2 excised for clarity. The spinach samples were illuminated
for 5 min at 200 K (methanol/dry ice). TH&ynechocystisamples
were illuminated for 1 min at 273 K (ice water) before being flash-
frozen in an isopentane/liquid JNoath (~113 K). The samples
contained 18, 11, 6.5, and 4.2 mg of Chl/mL, respectively. The
spinach PSIlI membranes were in 0.4 M sucrose, 50 mM MES
NaOH (pH 6.0), 15 mM NaCl, 5 mM MgGJ 5 mM CaC}, and 1
mM EDTA. The spinach PSlII core particles were in 0.4 M sucrose,
50 mM MES-NaOH (pH 6.0), 10 mM NaCl, and 5 mM Cafl
The Synechocystiwild-type* and D1-H332E PSII particles were
in 25% (v/v) glycerol, 50 mM MESNaOH (pH 6.0), 20 mM
CaCl, 5 mM MgCl,, 0.03% (w/v)n-dodecylB-p-maltoside, 1 mM
DCMU, 1% (v/v) DMSO. Experimental conditions: microwave
frequency, 9.221 GHz; microwave pulse peak power, 227/¥;
pulse width, 15 nsz pulse width, 25 nst, 210 ns; repetition time,

5 ms; temperature, 4.2 K.

PSII particles 70), the amplitudes of the lightinusdark

cluster, the background ESEEM patterns were subtracted
from the light-induced ESEEM patterns to yield the light-
minusdark ESEEM patterns shown in boldface. Frequency
domain ESEEM spectra were calculated from the normalized
light-minusdark time domain patterns after reconstruction
of the instrumental dead times (Figure 5). These Fourier
transform spectra are shown evenly shifted in a cascade plot
having a constant amplitude scale so that peak amplitudes
can be compared directly. To avoid any possible bias against
nitrogen modulation in the frequency domain ESEEM spectra
of the D1-H332E samples, nitrogen modulation at-#448

MHz was included in the backfills aill samples (the exact
parameters used for each sample are listed in the legend to
Figure 5). As a comparison, backfills were also calculated
for all samplesvithoutthese nitrogen modulation parameters.
The effect of omitting the nitrogen modulation parameters
increased the amplitude of the proton peaks &6 MHz by

1.4 + 0.3% and decreased the amplitude of the nitrogen
peaks by 17+ 2% in all samples (not shown). Our

S, state ESE field-swept EPR spectra were approximately conclusions are the same with either backfilling method.

4-fold smaller inSynechocystiwild-type* PSII particles than
in spinach PSII membranes. The origin of this smaller

Therefore, we have chosen to display the frequency domain
ESEEM spectra obtained by including nitrogen modulation
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FicurRe 5: Cosine Fourier transforms of normalized two-pulse time
Synechocystis domain lightminusdark ESEEM patterns of spinach PSII mem-
%‘ gl—H332E #1 D branes, spinach PSII core particl&ynechocystiwild-type* PSII
8 particles, and four independent preparationSwfhechocystiD1-
= dark H332E PSII particles (preparations##4) calculated after recon-
2 o ght struction of the instrumental dead times—(070 ns). Spectra are
h —— light minus dark shown evenly shifted in a cascade plot having a constant amplitude
£ 2 scale, so that peak amplitudes can be compared directly. For the
a g s spinach andSynechocystisvild-type* transforms, the solid lines
correspond to the samples shown in Figuregt2For the spinach

e 10 1c a0 ae A PSII membranes, the solid and dashed lines correspond to inde-
00 05 10 I'St (“i')o 25 30 35 pendent preparations that were illuminated at 195 and 273 K,
respectively. For the spinach PSII core aBgnechocystisvild-
FicURE 4. Two-pulse time-domain ESEEM patterns of (A) spinach type* PSII particles, the solid and dashed lines correspond to
PSII membranes, (B) spinach PSII core particles, S@)echocystis independent sample preparations. Both of the spinach PSII core
wild-type* PSII particles, and (Dpynechocysti®1-H332E PSII preparations were illuminated at 195 K. All of ti&ynechocystis
particles (from preparation #1). Shown are the ESEEM patterns of wild-type* and D1-H332E PSII preparations were illuminated for
the samples prior to illumination (dotted lines), the ESEEM patterns 1 min at 273 K. For D1-H332E PSII preparation #3, the dashed
after illumination (sold lines), and their difference (boldface lines), line corresponds to an independent aliquot of the same sample.
corresponding to the ESEEM patterns of the light-inducgst&e Sample concentrations: 18 and 20 mg of Chl/mL for spinach PSlII
of the Mn cluster. The samples are those used in Figures 2 and 3.membranes (solid and dashed lines, respectively); 11 and 20 mg
Experimental conditions: magnetic field, 3415 G; microwave of Chl/mL for spinach PSII core particles (solid and dashed lines,
frequency, 9.221 GHzy/2 pulse width, 15 nsyr pulse width, 25 respectively); 6.5 and 4.7 mg of Chl/mL f&@ynechocystisild-
ns; repetition time, 5 ms; microwave pulse peak power, 22 W; type* PSIl particles (solid and dashed lines, respectively); 4.2, 5.9,
temperature, 4.2 K. The intervat, between pulses in the two- 5.9, and 8.2 mg of Chl/mL foiSynechocysti®1-H332E PSI|
pulse sequence was increased from 170 to 3670 ns in 10 nsparticle preparations #1, #2, #3, and #4, respectively. Experimental
increments. conditions: same as Figure 4 except for three samples (the
Synechocystiwild-type* preparation shown with a dashed line and
; ] i . ; D1-H332E preparations #2 and #3) for which the magnetic field
in all b.aCkﬁ"S fo obtain an upper limit for nitrogen was 3420 G and the microwave frequency was 9.235 GHz. Relative
modulation in the D1-H332E samples. amplitudes of frequency components (0.4 MHz width each) used
Frequency domain ESEEM spectra of spinach PSII in Fourier backfilling to reconstruct the instrumental dead times:
membranes are shown at the top of Figure 5. The solid line 3 (4.4-4.8 MHz), 20 (14.5-14.7 MHz), and 10 (29:329.5 MHz).

corresponds to the sample shown in Figures 2A and 4A. This [S)Fl’?ﬁg'ngéegzerffshﬂu:ﬂ n'nDble_‘ﬂgg';:E f% r("stg‘l)ig‘;nh‘g“M'\'A_:;Zir']“

sponds to a different preparation of PSIl membranes that D1-H332E #1, D1-H332E #2, and D1-H332E #3 (dashed), 4.7 MHz
contained DCMU and was illuminated for 1 min at 273 K. in spinach PSIl membranes (dashed), spinach PSII core particles
These data show that the two illumination conditions are (S0lid and dashed), and 4.8 MHz Bynechocystisvild-type*

. . . . (dashed); for protons, 14.7 MHz in D1-H332E #2 and #4, 14.5
essentially equivalent for spinach PSII preparations. The \447 in all other samples; for proton “sum peak,” 29.3 MHz in all

frequency domain ESEEM spectra of two different prepara- p1-H332E samples, 29.5 MHz Bynechocystisild-type* (dashed),
tions of spinach PSII core particles are also shown near theand 29.4 MHz in all other samples.
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top of Figure 5. Both samples were illuminated at 195 K. However, there is significant variance in the actual ESEEM
The solid line corresponds to the sample shown in Figuresline shapes in the nitrogen region of the D1-H332E prepara-
2B and 4B. The dashed line corresponds to an independentions.
preparation and shows the reproducibility of spectra from
different preparations of spinach PSII core particles. DISCUSSION

The frequency domain ESEEM spectra of two different
preparations oSynechocystiwild-type* PSIl particles are
also shown in Figure 5 (afbynechocystiBSII preparations
were illuminated for 1 min at 273 K). The solid line
corresponds to the sample shown in Figures 2C and 4C. Th
dashed line corresponds to an independent preparation an
shows the reproducibility of spectra from different prepara-
tions of Synechocystisvild-type* PSII particles. Three
additionalSynechocystiwild-type* PSII preparations yielded
similar spectra (not shown). It has been suggested that th
ligand environment of the Mn cluster in cyanobacteria differs

None of the 10 reported mutations constructed at D1-
His332 (GIn, Ser, Asn, Asp, Glu, Lys, Arg, Leu, Tyr, and
Gly) support photoautotrophic growtb, 56). Only the D1-
H332Q and D1-H332S mutants evolve, ®ut at only 16~

5% the rate of wild-type cell$g, 56). In all mutants except

1-H332D and D1-H332E, substantial fractions of PSII
complexes lack photooxidizable Mn ions in vivé6],
showing that His332 influences the assembly or stability of
the Mn cluster. Because GIn and Glu functionally replace
®His as a ligand to Fe in cytochromeperoxidase 104—
. . . . 106), and because Asp and Ser are potential ligands to Mn,
from tha§ in spinach because the smn5_/2 state Is more i\ as proposed that D1-His332 may ligate the Mn cluster
rhombic inSynechococcus elongattian in spinach100). (56). The additional hyperfine lines and narrower splittings

Howizver,ft?ﬁ: sim.ilaritr)]/ of the frﬁquent(.:y'lc(ijotmairl ESSﬁEM of the S state multiline EPR signal of intact D1-H332E PSII
spectra of the spinach arynechocystisvild-type particles, and the inability of these PSII particles to advance

preparation_s (Figure 5) Sh.OWS that the env_ironment of the beyond an altered,$;* state 68), are consistent with D1-
Mn cluster inSynechocystisasembles that in spinach, at His332 being close to the Mn cluster and modulating the
least in terms of histidyl ligation. Similarity of the coordina- redox properties of both the Mn cluster and (58)

tion environments of the Mn clusters Bynechocystiand - . .
spinach has also been noted in a recent comparison of mid- Our results show that the histidyl nitrogen modulation

and low-frequency SminusS,; FTIR difference spectra36). ?nbuslglri\ézd Igsgr Si I\r/1|z|;||z il]n v%iISdI%FMefgerﬁgghg]; tgfg;gtﬁ
The frequency domain ESEEM spectra of four separate D1- . 19 ype® synechocyst

H332E PSII preparations (#%#4) are also shown in Figure parthles a_md spinach PSlI preparations is diminished S!Jb'
5. The data shown in Figures 2D and 4D were obtained with stantially in D1-H332E PSII particles. However, there is
p.reparation #1. Two aliquots of D1-H332E preparation #3 sigr)ificant variance in the ESEEM line shape.s in.the nitroge.n
are shown in Figure 5 as overlays. To avoid potential artifacts reg]on.c.)f the mutant PSII par.t|cles, as seenin F'We 5 This
associated with subtracting large background signals only\/""r""‘b'm.y may represent r¢S|duaI'heme nltrqgen Ilgatlon or
those Synechocystiswild-type* and D1-H332E sampI’es subtraction artifacts associated with calculating ligtitus

o L o dark time domain data despite our inclusion of only D1-
exhibiting the largest light-induced, State multiline EPR : . o
signals were included in our analysis (the five wild-type* H332E PSII particles showing both the largest light-induced

. S, state multiline EPR signals and negligible photoreduction
PSII preparations noted above and the four D1-H332E PSII
preparations shown in Figure 5). Similarly, to avoid the of cytochromeb-559. That the ESEEM spectrum of one

possibility of difference ESEEM spectral contamination from aliquot of D1-H332E preparation #3 (solid line) resembles

cytochrome heme and histidyl nitrogen ligands, only samples more closely the spectrum of preparation #2 than the
e¥<hibiting negligible photorgductiogn of gcytochrort?>/t=559 P spectrum of the second aliquot of preparation #3 (dashed

were included in our analysis (the same five wild-type* PSII line) suggests that subtraction artifacts at least partly explain

: i ; the variability. Nevertheless, the significantly different line
ﬁ,]reé)ig[ﬁgog)s and the four D1-H332E PSII preparations Shownshapes of the four D1-H332E preparations in the nitrogen

In the frequency domain ESEEM spectra of the spinach region suggest that a preparation-dependent heterogeneity

and Synechocystisvild-type* preparations (Figure 5), the may also contribute to the variation. Whatever the origin of
peak centered near 5 MHz is similar to that reborted this variation, the nitrogen modulation observed near 5 MHz
previously in spinachd2, 88) and cyanobacterialB0, 33 in spinach andSynechocystisvild-type* preparations is

. . . _diminished substantially in all four D1-H332E preparations,
43) PSII preparations and corresponds to nitrogen modulatlonaS seen in the four individual spectra presented in Fiqure 5
from one or more Mn histidyl ligands38, 43). The broad P P 9 '

feature near 9 MHz is not reproducible in all wild-type W? sge tvxf/ohexpkl_)arl\l/la:lionhs: f(.)(; tlhe.significantlél ?iminis.hed
spectra (not shown) and may be an artifact. The peakarnp ltude of the~ Z histidyl nitrogen modulation In

centered near 15 MHz corresponds to protons that are weakl))fD 1'H3§2E FS” 'par"uclﬁs.t g?eHglrggzlelfst and rrlno:/lt st:alght—
coupled to the electron spin of the Mn cluster and that are 'orWard explanation is that D1-His332 ligates the Mn cluster.

resonating at or near the proton Larmor frequer@g). (These The diminished modulation amplitude would then represent
protons also give rise to the negative “sum” peak that is either the loss of the. Ilggtlng D1-His332 (1) hitrogen,
centered near 29 MHz, at approximately twice the proton decreasing the coordination number .Of one Mn ion from 6
Larmor frequency. In all D1-H332E PSIl preparations to 52 or the replacement of the ligating nitrogen with an
exhibiting large light-induced Sstate multiline EPR signals
and negligible photoreduction of cytochrone559, the 2 Density matrix analysis shows that, in addition to the fundamental
amplitude of the nitrogen modulation at5 MHz is nuclear spin transition frequencies, the sum and difference of these

. Lo - . frequencies also appear in the two-pulse ESEEM spectra,; their negative
substantially diminished compared to that in native PSIl ppases result in inverted peaks in the cosine Fourier transft-(
preparations fromSynechocystiand spinach (Figure 5).  103.
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oxygen from glutamate or with an oxygen from another tion. One specific possibility is that D1-His332, rather than
residue, peptide group, or water molecule (or with some other ligating the Mn cluster, serves in a network of hydrogen
atom that gives rise to no modulation at 5 MHz). Loss of bonds that optimizes the configuration of the (MnYz
modulation amplitude at specific frequencies has previously complex for rapid electron/proton transfer from the Mn
been taken as evidence for the ligation of metal ions by cluster to Y;*. This possibility has been suggested previously
specific histidine residues in the H138S and H143S mutants (56, 58). The altered EPR and electron-transfer characteristics
of phenylalanine hydroxylasel@7), the H85A mutant of (58) and the diminished histidyl nitrogen modulation in the
rusticyanin (08), and the H117G mutant of azurin (with ESEEM spectra of D1-H332E PSlII particles (Figure 5) might
[**N]imidazole added as an external ligandp9, 110) [for reflect an alteration of this hydrogen bond network caused
a review of ESEEM studies of metalloproteins, sgé&1j]. by replacing the imidazole moiety of D1-His332 with the
The residual nitrogen modulation in the D1-H332E PSII carboxylate moiety of Glu, resulting in loss/alteration of
particles could reflect the presence of a second histidyl ligand magnetic couplings from native histidyl ligand(shn this

in the native protein, with the varying intensity of the residual scenario, D1-His332 would serve as a crucial hydrogen bond
modulation reflecting preparation-dependent heterogeneitiesdonor that can be partly replaced by GIn and by Ser (the
that influence the magnitude of this residue’s magnetic latter via an immobilized water molecule). In several systems,
coupling near 5 MHz. Alternatively, structural perturbations GlIn functionally replaces His as a hydrogen bond donor. In
caused by the replacement of D1-His332'’s ligata®y(r) nitrogenase, the nitrogen modulation that is abolished by the

nitrogen could cause ligation of the Mn cluster by a
previously nonligating nitrogen-containing residue in a
preparation-dependent manner.

A second possibility is that D1-His332 does NOT ligate
the Mn cluster, but that minor structural perturbations

o-H195N mutation is not abolished by the-H195Q
mutation (15). In sperm whale myoglobin, His64 provides
a crucial hydrogen bond toQhat is retained in the H64Q
and H64G mutants (the latter via an immobilized water
molecule) (16). In ribulose-1,5-bisphosphate carboxylase/

associated with the D1-H332E mutation abolish magnetic ©Xygenase fromAnacystis nidulansHis324 provides a
couplings between the Mn cluster and the actual histidyl hydrogen bond to substrate that is retained in the H324Q
ligand(s), or alter these couplings in such a manner that theyMutant @17. Nevertheless, if the diminished histidyl
are not detectable by ESEEM spectroscopy. Such structurainitrogen modulatlon. in Dl—H332E PSII.partches reflgcts only
perturbations could be preparation-dependent and invoNestructural_ perturbations as:_;o_mated Wlth the mutation, these
either the loss/alteration of magnetic couplings from the Perturbations must be sufficiently minor to permit the Mn
native histidyl ligands or the replacement of the native Cluster tobe assembled and to form arstate. Furthermore,
histidyl ligands with previously nonligating residues or (h€ magnetic properties of this State are not perturbed to

peptide groups. An example with some relevance is provided & 9réater extent than those of theskates in wild-type PSlI
by thea-H195N mutation in nitrogenase frodwotobacter ~ Preparations that have been treated with ammorser§1)

vinelandii The ESEEM spectrum of nitrogenase shows deep ©' that contain Sr in place of C81, 82).

nitrogen modulation that arises from magnetic coupling The analysis of additional D1-His332 mutants by ESEEM
betweena-Arg359 and the FéMo cofactor (14). This spectroscopy should help determine whether the D1-H332E
residue forms a hydrogen bond to a sulfide that bridges Mutation eliminates/replaces a ligating D1-His3&2 (r)
between Fe and Mo. Several other residues, including nitrogen or merely introduces minor structural perturbations
a-His195, form single hydrogen bonds to sulfides that bridge that diminish or abolish the magnetic couplings between
between pairs of Fe ions. TheH195N mutation eliminates ~ a@nother histidyl ligand and the electron spin of the Mn
the hydrogen bond betweem-His195 and one of these cluster. One such mutant is D1-H332Q. Because D1-H332Q
sulfide bridges 114, 115). The loss of this hydrogen bond ~Cells evolve G, whereas D1-H332E cells do nob6),
causes the Fbo cofactor to reorient sufficiently to weaken ~ Perturbations associated with the D1-H332Q mutation may
the hydrogen bond betweerArg359 and its sulfide, thereby be fevyer than those possibly a;ssouated with the D1-H332E
abolishing the magnetic coupling betweeirg359 and the ~ Mutation. In cytochrome peroxidase, GlIn replaces His175
Fe;Mo cofactor (14, 115.

Therefore, we cannot exclude the possibility that the 4 Note that we are not suggesting that the histidyl nitrogen modulation

. _ in wild-type PSII preparations corresponds to D1-His332 coupled to
altered properties of the D1-H332E mutant only reflect the Mn cluster through a hydrogen bond. The strength of this modulation

structural perturbations associated with the D1-H332E muta- js more consistent with direct coordination of Mn by histidy! nitrogens
(33, 43). Multifrequency ESEEM simulation€) suggest that th&N
histidine hyperfine couplings for the, State are as least as strong as
31t is intriguing to speculate that the altered line shape of the S those observed for a variety of directly coordinatiily ligands over
state multiline EPR signal of D1-H332E PSII particles correlates with a range of Mn(lll)Mn(1V) dinuclear complexed18 119. We do not
a decrease in the coordination number of a Mn(lll) ion. Converting a have comparable data on tetranuclear Mn model compounds which
six-coordinate Mn(lIl) ion from a conventional tetragonally elongated might serve as better spectral models for thestdte multiline signal.
octahedral geometry to a five-coordinate trigonal bipyramidal geometry However, our recerf®Min ENDOR study {1) shows that the quantum
[such as found for the Mn(lll) ion in Mn superoxide dismuta&Z)] mechanical projection factors determining the hyperfine interactions
would reverse the sign of the dipolar component of the hyperfine tensor of the four Mn ions of the Sstate PSII cluster are roughly equivalent
(11, 113. Interestingly, such a reversal in sign emerged from a recent to those of the Mn(IV) ion of such Mn(lll)Mn(IV) dinuclear clusters,
EPR/ENDOR spectral simulation of the alteredsgte multiline EPR and only approximately half that of the Mn(lll) ion. Given this
signal in ammonia-treated PSI| preparatiobt)(The altered line shape  observation, one would expect comparable, or perhaps weaker, hyper-
of the ammonia-modified signalf9—81) superficially resembles the fine interactions with ligands of the,State Mn cluster in PSII. Because
line shape of the signal in D1-H332E PSII particles. Perhaps a reduction the current spectra simulations use comparably stf@Nghyperfine
of coordination number in the D1-His332 mutant leads to a dipolar couplings for the Sstate histidine(s) as for the ligated nitrogens of the
coupling sign reversal in a fashion directly analogous to what was dinuclear models, we favor direct histidine coordination to the Mn
modeled for the ammonia-altered signal. cluster in PSII.
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as a ligand to heme and is believed to ligate the Fe with its 23. Dorlet, P., Boussac, A., Rutherford, A. W., and Un, S. (1999)

oxygen atom 104).
CONCLUDING REMARKS

The histidyl nitrogen modulation observed near 5 MHz
in ESEEM spectra of the,Sstate multiline EPR signal in
native PSII preparations is substantially diminished in D1-
H332E PSII particles. This result is consistent with ligation
of the Mn cluster by D1-His332, but could also be caused
by a structural perturbation induced by the D1-H332E

mutation. Distinguishing between these and other possibilities

will require ESEEM studies of additional D1-His332 mu-
tants.
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