
Identification of Histidine 118 in the D1 Polypeptide of Photosystem II as the Axial
Ligand to Chlorophyll Z†

David H. Stewart,‡ Agnes Cua,§ Dexter A. Chisholm,| Bruce A. Diner,| David F. Bocian,§ and Gary W. Brudvig*,‡

Department of Chemistry, Yale UniVersity, New HaVen, Connecticut 06520-8107, Department of Chemistry, UniVersity of
California, RiVerside, California 92521-0403, and Central Research and DeVelopment Department, Experimental Station,

E. I. DuPont de Nemours and Company, Wilmington, Delaware 19880

ReceiVed March 23, 1998; ReVised Manuscript ReceiVed May 13, 1998

ABSTRACT: Chlorophyll Z (ChlZ) is a redox-active chlorophyll (Chl) which is photooxidized by low-
temperature (<100 K) illumination of photosystem II (PSII) to form a cation radical, ChlZ

+. This cofactor
has been proposed to be an “accessory” Chl in the PSII reaction center and is expected to be buried in the
transmembrane region of the PSII complex, but the location of ChlZ is unknown. A series of single-
replacement site-directed mutants of PSII were made in which each of two potentially Chl-ligating histidines,
D1-H118 or D2-H117, was substituted with amino acids which varied in their ability to coordinate Chl.
Assays of the wild-type and mutant strains showed parallel phenotypes for the D1-118 and D2-117
mutants: noncoordinating or poorly coordinating residues at either position decreased photosynthetic
competence and impaired assembly of PSII complexes. Only the mutants substituted with glutamine
(D1-H118Q and D2-H117Q) had phenotypes comparable to the wild-type strain. The ChlZ

+ cation was
characterized by low-temperature electron paramagnetic resonance (EPR), near-infrared (IR) absorbance,
and resonance Raman (RR) spectroscopies in wild-type, H118Q, and H117Q PSII core complexes. The
quantum yield of ChlZ+ formation is the same (∼2.5% per saturating flash at 77 K) for wild-type, H118Q,
and H117Q, indicating that its efficiency of photooxidation is unchanged by the mutations. Similarly,
the EPR and near-IR absorbance spectra of ChlZ

+ are insensitive to the mutations made at D1-118 and
D2-117. In contrast, the RR signature of ChlZ

+ in H118Q PSII, obtained by selective near-IR excitation
into the ChlZ+ cation absorbance band, is significantly altered relative to wild-type PSII while the RR
spectrum of ChlZ+ in the H117Q mutant remains identical to wild-type. Shifts in the RR spectrum of
ChlZ+ in H118Q reflect a change in the structure of the Chl ring, most likely due to a perturbation of the
core size and/or extent of doming caused by a change in the axial ligand to Mg(II). Thus, we conclude
that the axial ligand to ChlZ is H118 of the D1 polypeptide. Furthermore, we propose that H117 of the
D2 polypeptide is the ligand to a homologous redox-inactive accessory Chl which we term ChlD. The
Chl Z and D terminology reflects the 2-fold structural symmetry of PSII which is apparent in the redox-
active tyrosines, YZ and YD, and the active/inactive branch homology of the D1/D2 polypeptides with the
L/M polypeptides of the bacterial reaction center.

Photosystem II (PSII)1 is a membrane-bound protein
complex which is responsible for photochemically catalyzing
the oxidation of water to dioxygen. The assembly of
polypeptides which comprise PSII contains a large array of
chlorophyll (Chl) molecules that are used to collect light
energy, transfer energy to the reaction center, and initiate
photochemistry by inducing electron-transfer reactions. Most
of the Chls found in PSII are bound to light-harvesting

proteins and the Chl-binding proteins (CP43, CP47). The
reaction center core contains only 5-7 Chls, which are
isolated with the D1 and D2 polypeptides (1-6). By analogy
to the bacterial photosynthetic reaction center (BRC), two
of these Chls are thought to make up a “special-pair”-like
dimer while two others are expected to be nearby monomeric
“voyeur” Chls. The location of the remaining Chls is
unknown, and analogy to the BRC is exhausted because the
BRC contains only four bacteriochlorophylls (BChls). How-
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ever, there are two histidines present in the D1/D2 sequence
(D1-H118 and D2-H117) which do not have homologues in
the L/M subunits of the BRC (7). Interestingly, these are
the only two histidines in the transmembrane region of PSII
that are not assigned as ligands to known cofactors. Because
histidine is a common axial ligand to Chl, these are likely
ligands for two of the reaction center Chls.

It has been speculated by a number of groups that the
histidines at positions D1-118 and D2-117 are ligands to
“accessory” Chls (8-12), and site-directed mutations at D1-
H118 inChlamydomonas reinhardtiiare consistent with this
assignment (13). Fluorescence energy-transfer measurements
give a distance between P680 and an accessory Chl of 30
Å; this distance is similar to that measured between the
special pair and the residue which corresponds to H118 in
the BRC, L-C92 (9). These residues have also been
suggested as possible ligands to the redox-active Chl known
as chlorophyll Z (ChlZ) based on the measured distance
between ChlZ+ and the non-heme Fe(II) in PSII (39.5( 2.5
Å) and the calculated distance between the non-heme Fe(II)
and the H118/H117 homologues in the BRC, L-C92 (∼36
Å) and M-F119 (∼39 Å) (12). The location and identity of
ChlZ are of particular interest because ChlZ is an intermediate
in the electron-transfer pathway between cytochromeb559

(cyt b559) and P680+ (14). ChlZ is expected to be in close
proximity to the heme of cytb559 because the oxidation of
cyt b559 by ChlZ is very efficient, even at cryogenic
temperatures (14, 15). Although the rates and yields of
photooxidation of cytb559 and ChlZ are low relative to the
primary electron donors (YZ and the oxygen-evolving
complex), these “alternate” electron donors can mediate
cyclic electron transfer and may have a role in protection of
PSII from photoinactivation (14, 16-20). Consistent with
this idea, it has been shown that the ChlZ

+ cation is a potent
quencher of fluorescence in PSII (21).

A recent advance in the application of resonance Raman
(RR) spectroscopy has led to a technique, shifted-excitation
Raman difference spectroscopy (SERDS) (22, 23), which
effectively eliminates fluorescence interference from Raman
scattering so that RR spectra can be collected for highly
fluorescent proteins such as photosystem II. SERDS has
been utilized to obtain detailed structural, vibrational, and
electronic information about BChls and bacteriopheophytins
in the BRC (24-27). So far, SERDS has not been used to
study specific Chls in the PSII complex because of the
spectral overlap of the Chl QY absorbance bands. The near-
infrared (IR) absorbance bands associated with Chl cations
(∼800-850 nm) provide a way to circumvent this limitation.
The Chl cation absorbance bands, which are isolated from
the absorbance bands of the neutral Chls, can be excited
selectively by near-IR irradiation to generate RR spectra of
the cations, isolated from the large background of neutral
Chls (28).

We have exploited these characteristics to study ChlZ
+,

which can be trapped quantitatively by low-temperature
illumination of PSII. Until now, ChlZ has been a phenom-
enological entity with a characteristic electron paramagnetic
resonance (EPR) signal and known conditions required to
generate this signal, but an uncertain identity. In this paper,
we provide direct experimental evidence that D1-H118 is
the axial ligand to an accessory Chl and that this accessory
Chl is the redox-active chlorophyll, ChlZ. Furthermore, we

show that D2-H117 is a likely ligand to an accessory Chl, a
redox-inactive Chl which we term ChlD.

MATERIALS AND METHODS

Strains and Construction of Mutants. Mutations were
introduced into a glucose-tolerant strain ofSynechocystis
PCC 6803 (29). Mutagenesis of the psbD1 gene (encoding
the D2 protein) was performed as described in Tang et al.
(30). Mutagenesis of the psbA3 gene (encoding the D1
protein) was performed as described in Nixon et al. (31). In
both cases, the Stratagene QuickChange system was used
to generate mutant constructs. Mutations were confirmed
by sequencing PCR products amplified from fully segregated
Synechocystismutants.

In this work, wild-typeSynechocystisrefers to a strain
containing all three copies of the psbA gene and both copies
of the psbD gene. PSII isolated fromSynechocystisstrains
containing wild-type copies of only psbA3 (TC31) or psbD1
would be the true controls for the D1 and D2 mutants,
respectively. However, TC31 displays identical absorbance
properties and electron-transfer kinetics compared to wild-
type Synechocystis(31, B. A. Diner, unpublished results),
and we find that the properties of ChlZ in the wild-type and
psbD1-only strains are identical (see below). Therefore, we
used PSII isolated from wild-typeSynechocystisas the
control for the site-directed mutants.

Preparation of PSII Core Complexes.Cells ofSynecho-
cystiswere grown photoheterotrophically at 30°C in 18 L
carboys containing BG-11 medium (32) supplemented with
5 mM glucose and bubbled with 5% CO2 in air. O2-evolving
PSII core complexes were isolated from these cells using
the procedure of Tang and Diner (33). Both O2-evolution
assays and sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis indicated low levels (<10%) of photosystem I
(PSI) contamination. To simplify the PSII complexes, they
were depleted of the Mn4 cluster by treatment with 5 mM
NH2OH and 5 mM EDTA in Chenaie’s buffer A (50 mM
MES, pH 6.5, 15 mM NaCl, 1 mM CaCl2, 0.4 M sucrose)
plus 0.03%n-dodecyl â-D-maltoside (DM) followed by
washing with 5 mM EDTA in buffer A to remove unbound
Mn(II) (34). The PSII core complexes were stored in 50
mM MES, pH 6.0, 20 mM CaCl2, 10 mM NaCl, 20% (v/v)
glycerol, and 0.03% DM at 77 K in the dark until further
use. Determinations of Chl concentration were made by
extraction into methanol and usingε665 ) 79.24 mL (mg of
Chl)-1 cm-1 for Chl a in methanol (35).

Quantitation of PSII in Whole Cells.The PSII content
was quantitated relative to wild-type for mutantSynechocystis
cells by monitoring the magnitude of the variable fluores-
cence arising from the photoreduction of QA in a series of
20 xenon flashes at room temperature. Cells suspended in
BG-11 medium plus glucose (OD730 ) 0.9), supplemented
with 50 mM HEPES, pH 7.5, were made 0.3 mM in 1,4-
benzoquinone and 0.3 mM in K3Fe(CN)6 and incubated for
at least 10 min in the dark. The suspension was made 40
µM in DCMU, and the variable fluorescence was measured
within 30 s of the addition of 20 mM NH2OH.

EPR Spectroscopy.Cryogenic EPR spectra were collected
on a Varian E-line EPR spectrometer equipped with an
Oxford Instruments ESR 900 liquid helium cryostat. The
spectrometer conditions were the following: microwave
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frequency, 9.28 GHz; microwave power, 0.05 mW; magnetic
field modulation amplitude, 4 G; temperature, 30 K. These
are nonsaturating conditions for the ChlZ

+ EPR signal. The
quantum yield of photooxidation of ChlZ

+ at 77 K was
measured by EPR after single, saturating laser flashes
delivered by a flash-lamp pumped Candela SLL-66A dye
laser containing rhodamine chloride 590 in a 50:50 methanol/
water solution. The flashes were focused onto the sample
in the EPR tube with a cylindrical planoconvex lens while
the EPR tube was immersed in a quartz finger Dewar
containing liquid nitrogen. Because the ChlZ

+ signal decays
about 10% in 10 min at 77 K, it was important to return the
sample to the EPR cavity (at 30 K) immediately after each
flash was performed. ChlZ

+ decays less than 4% over 10
min at 30 K. After 10 or more flashes, the full yield of
photooxidized ChlZ+ was generated by continuous illumina-
tion of the sample at 77 K for 10 min with a 100 W quartz/
halogen lamp. The PSII samples were at a concentration of
0.43 mg of Chl/mL in 50 mM MES, pH 6.0, 20 mM CaCl2,
10 mM NaCl, 40% (v/v) glycerol and were treated with 40-
75 µM K3Fe(CN)6 to oxidize cytb559. Prior to illumination,
the samples were dark-adapted for 2-3 h at 0°C to allow
oxidized YD to decay completely.

Optical Spectroscopy. Optical spectra of the near-IR
cation absorbance band of ChlZ

+ were collected using a
Perkin-Elmer Lambda 6 UV/Vis spectrophotometer. The
measurements were made at 77 K by using a home-built
Plexiglas flat cell (path length∼1/32 in.) immersed in liquid
nitrogen in a quartz finger Dewar. Condensation buildup
on the quartz surface was prevented by a flow of dry N2

gas. Interference due to bubbling of the liquid nitrogen was
eliminated by careful cleaning of the quartz surface with a
basic ethanol solution (0.125 g of KOH/mL). The optical
samples were frozen as uncracked glasses by slow immersion
into a liquid nitrogen bath. Both nonilluminated and
illuminated spectra were collected; illumination consisted of
15 min of continuous white light at 77 K as described above.
The PSII samples were at a concentration of∼3 mg of Chl/
mL in 50 mM MES, pH 6.0, 20 mM CaCl2, 10 mM NaCl,
40% (v/v) glycerol and were treated with 1 mM K2IrCl6 and
0.1 mM K3Fe(CN)6 to oxidize cytb559.

RR Spectroscopy.The RR measurements were made at
cryogenic temperatures (30-50 K) on highly concentrated,
glassy samples contained in 1 mm i.d. capillary tubes. The
sampling accessories, spectrometer, and laser systems have
been previously described (36, 37). Each RR data set was
obtained with 2 h of signal averaging. Cosmic spikes in
the individual scans were removed prior to coaddition of the
scans. The spectral resolution was∼2 cm-1. The laser
power was∼5 mW. The spectral data were calibrated using
the known frequencies of fenchone. Both nonilluminated
and illuminated spectra were collected; illumination consisted
of 15 min of continuous white light from a focused 200 W
quartz/halogen lamp at low temperature (30-50 K). The
PSII samples were at a concentration of 6-12 mg of Chl/
mL in 50 mM MES, pH 6.0, 20 mM CaCl2, 10 mM NaCl,
40% (v/v) glycerol and were treated with 250µM K3Fe-
(CN)6 to oxidize cytb559.

All of the RR spectra were acquired using the SERDS
technique in order to reduce the level of interference from
fluorescence (22, 23). The application of the SERDS method
to photosynthetic proteins has been previously described in

detail (22-27). Briefly, each data set is acquired at two
excitation wavelengths that differ by a small wavenumber
increment (typically 10 cm-1). [The 2 h data acquisition
time indicated above is for each of the two data sets required
to construct a SERDS trace.] These data sets are subtracted
to yield a background-free RR difference (SERDS) spectrum.
The RR data presented herein were obtained by subtracting
the initial spectrum from the shifted spectrum. The spectral
window is defined by the initial spectrum and corresponds
to the wavenumber axis in the figures. The normal RR
spectrum is then reconstructed from the SERDS data by
fitting the latter to a series of derivative-shaped functions
(in this case, difference bands generated from Gaussian
functions) of arbitrary frequency, amplitude, and width. The
frequencies marked in the figures correspond to the positions
of the bands used in the fits and thus do not necessarily
correspond to the peak maxima for overlapping bands. In
addition, certain bands are marked that are not clearly
resolved in the spectra. These bands are indicated because
their inclusion noticeably improved the quality of the fits to
the SERDS data based on the residuals (observed spectra
minus fits).

RESULTS AND DISCUSSION

Site-Directed Mutants and Cell Growth Properties.To
probe the proposed accessory Chl/ChlZ binding sites, a series
of single-replacement substitutions were made at the D1-
H118 and D2-H117 positions. The site-directed mutants
made are summarized in Table 1 along with a rating of their
photosynthetic competence and the extent to which they
assembled PSII. The amino acids substituted for histidine
vary in their expected ability to coordinate Chl, ranging from
likely axial ligands (glutamine) to noncoordinating residues
(glycine). A comparison of the phenotypes shows that both
photosynthetic competence and the ability to assemble PSII
complexes closely correspond to the ability of the substituted
residue to serve as a ligand to Chl. In the case of
noncoordinating amino acids, the mutant strains are non-
photosynthetic and assemblee20% of the wild-type level
of PSII complexes. Substitutions of possibly coordinating
residues such as lysine, glutamate, and aspartate are signifi-
cantly impaired in their ability to do photosynthesis and only
produce about 10% of the level of PSII centers per cell when
grown photoheterotrophically. The glutamine mutants,
which are expected to coordinate Chl, are unimpaired relative
to wild-type. An important observation from these com-
parisons is the parallel behavior of the D1-118 and D2-117

Table 1: Summary of D1-H118 and D2-H117 Mutants Made, Their
Photosynthetic Competence, and the Level of PSII Assembly
Relative to Wild-Type

photosynthetic
growth

PSII level (%)
relative to WT

residue
introduced H118 (D1) H117 (D2) H118 (D1) H117 (D2)

glutamine (Q) +++ +++ 100 100
lysine (K) + + 10 12
glutamate (E) - - e10 10
aspartate (D) - NDa 15 ND
alanine (A) - ND 15-20 ND
glycine (G) - ND low ND
leucine (L) - ND low ND

a ND ) not determined.
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mutants across the range of amino acid substitutions. The
strong dependence of photosynthetic prowess and PSII levels
on the coordinating ability of the histidine substitute at both
the D1-118 and D2-117 sites suggests that D1-H118 and D2-
H117 are both ligands to accessory Chls. It is expected that
impairment of Chl binding in the PSII reaction center will
have a direct effect on the development of the photosynthetic
apparati in growing cells. This phenomenon has been
observed previously inSynechocystis(38). Replacement of
histidine with glutamine has been shown to be a conservative
mutation that maintains function and that potentially provides
a spectroscopic signature for its replacement (B. A. Diner,
in preparation). Because of the photosynthetic competence
of the D1-H118Q and D2-H117Q strains and levels of PSII
centers comparable to wild-type, we chose to focus on these
mutants for spectroscopic studies to determine whether D1-
H118 and/or D2-H117 is a ligand to ChlZ

+.
Quantum Yield of ChlZ

+ Formation. Initially it was
important to show that ChlZ

+ is generated by low-temperature
photooxidation in the mutants, as is known to occur in wild-
type PSII. The formation of ChlZ

+ was characterized by
monitoring the yield of the ChlZ

+ EPR signal after saturating
laser flashes at 77 K. The quantum yield is fairly constant
over the first five flashes and has the same value within error
(2.5% ( 0.3%) for wild-type, H117Q, and H118Q PSII
(Figure 1A). The yield of ChlZ

+ following each flash was
normalized to the full yield of ChlZ

+ produced by 10 min of
continuous illumination at 77 K. A comparison of the ChlZ

+

EPR signals for wild-type, H117Q, and H118Q PSII is
presented in Figure 1B. It is clear from the two panels of
Figure 1 that H117Q and H118Q are very similar to wild-
type in both the efficiency with which ChlZ is photooxidized
and the EPR properties of ChlZ

+. The latter observation is

expected because Chl cation EPR signals are typically
isotropic and featureless, owing to delocalization of the
unpaired electron over the tetrapyrrole macrocycle. Thus,
the two glutamine mutants provide ideal systems for studying
the effect on ChlZ of changing the accessory Chl ligands at
D1-118 and D2-117.

Optical and RR Characterization of ChlZ
+. The near-IR

absorbance band which is found at∼800-850 nm for Chl
cations provides a selective spectroscopic handle for studying
ChlZ+ in the absence of interfering background absorbance
from the excess of neutral Chls (∼40) found in PSII core
complexes. Figure 2 shows the absorbance spectra for ChlZ

+

in wild-type, H117Q, and H118Q PSII. The cation band
represents a weak electronic transition; as a result, fairly high
sample concentrations are required to resolve the signal. In
addition, the absorbance is very broad, making it difficult
to determine a preciseλmax for each of the three samples.
However, the ChlZ

+ absorbance band for wild-type, H117Q,
and H118Q appears to maximize in the 815-825 nm range.
These signals represent an electronic transition that can be
excited directly to generate RR spectra of ChlZ

+ as we have
previously shown in preliminary studies of the wild-type PSII
core complex (28).

Near-IR excitation RR spectra of the PSII core complex
are shown in Figures 3-6. Figure 3 compares the high-
frequency raw (unsmoothed) SERDS traces obtained for
illuminated versus nonilluminated samples of wild-type (top),
H117Q (middle), and H118Q (bottom). The data acquisition
conditions were as follows: wild-type,λex ) 820 nm and

FIGURE 1: (A) The quantum yield of ChlZ
+ photooxidation

measured by EPR after single, saturating laser flashes at 77 K. The
full yield of ChlZ+ was obtained by continuous illumination for 10
min at 77 K. (B) Illuminated minus nonilluminated EPR spectra
of ChlZ+ in wild-type, H117Q, and H118Q PSII core complexes.
The spectra are vertically shifted for clarity. FIGURE 2: Illuminated, nonilluminated, and illuminated minus

nonilluminated (ChlZ+) near-IR absorbance spectra of wild-type
(top), H117Q (middle), and H118Q (bottom) PSII core complexes
collected at 77 K. The excitation wavelengths used for the RR
experiments are indicated with arrows.
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30 K; H117Q,λex ) 820 nm and 50 K; H118Q,λex ) 823
nm and 50 K. Data were also acquired at other excitation
wavelengths and temperatures (not shown); however, these
data did not reveal any additional features.2 Figure 4 shows
the SERDS data analysis for wild-type. The three panels

show the raw (unsmoothed) SERDS data, the fits of the
SERDS data, and the SERDS residuals (observed minus fit)
for nonilluminated (top panel), illuminated (middle panel),
and illuminated minus nonilluminated (bottom panel) PSII.
Figure 5 shows the salient difference SERDS data sets for
H117Q (left panel) and H118Q (right panel). The top traces
are the raw (unsmoothed) difference SERDS data (il-
luminated minus nonilluminated). The middle trace in each
panel is the fit of the difference SERDS data, and the bottom

FIGURE 3: High-frequency near-IR-excitation SERDS data obtained
for illuminated versus nonilluminated samples of wild-type (top),
H117Q (middle), and H118Q (bottom) PSII core complexes. The
data acquisition conditions were as follows: wild-type,λex ) 820
nm and 30 K; H117Q,λex ) 820 nm and 50 K; H118Q,λex ) 823
nm and 50 K.

FIGURE 4: High-frequency near-IR-excitation SERDS data and fits
for wild-type PSII core complexes. The three panels show the raw
(unsmoothed) SERDS data, the fits of the SERDS data, and the
SERDS residuals (observed minus fit) for nonilluminated (top
panel), illuminated (middle panel), and illuminated minus non-
illuminated (bottom panel) PSII core complexes. The data acquisi-
tion conditions were as in Figure 3.

FIGURE 5: Near-IR-excitation SERDS spectra of ChlZ
+ (illuminated

minus nonilluminated difference spectra) in H117Q (left panel) and
H118Q (right panel) PSII core complexes. In each panel, the top
trace is the raw difference SERDS data, the middle trace is the fit
of the difference SERDS data, and the bottom trace is the SERDS
residual (observed minus fit). The data acquisition conditions were
as in Figure 3.

FIGURE 6: Comparison of the near-IR-excitation RR spectra of
ChlZ+ reconstructed from the SERDS data from wild-type (top),
H117Q (middle), and H118Q (bottom) PSII core complexes. The
data acquisition conditions were as in Figure 3.
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trace is the SERDS residual (observed minus fit). The
relatively small residuals compared with the SERDS intensi-
ties in both Figures 4 and 5 are indicative of the excellent
fidelity of the fits for all three PSII samples. To facilitate
comparison, Figure 6 shows the RR spectra of ChlZ

+

reconstructed from the difference SERDS data (illuminated
minus nonilluminated) from wild-type PSII and the two
mutants.

Inspection of Figure 3 reveals that the illumination-induced
spectral changes observed for the two mutants are qualita-
tively similar to one another and similar to those observed
for wild-type PSII. These changes include the appearance
of a number of new signals that gain intensity (relative to
the features present prior to illumination) as the excitation
wavelength is tuned from the blue side of the near-IR
absorbance band of ChlZ

+, maximize with excitation in the
820-825 nm region, and lose intensity with excitation on
the red side of the cation band (see also28). However, closer
inspection of illumination-induced spectral features reveals
the following important differences between the character-
istics of H118Q and H117Q. First, the positions of certain
spectral features of the former mutant are shifted relative to
those of wild-type, whereas the spectrum of the latter mutant
is to within experimental error the same as that of wild-
type. This effect is apparent even in the unprocessed SERDS
data (Figure 3), but is more readily seen in the reconstructed
spectra (Figure 6). For example, ChlZ

+ in both H117Q and
wild-type exhibits a group of strong RR bands at∼1541,
∼1531, and∼1523 cm-1. The analogous bands of H118Q
are downshifted to∼1536, ∼1526, and ∼1517 cm-1.
Second, the maximum intensities for the RR bands of ChlZ

+

in both H117Q and wild-type are observed withλex ∼820
nm. The maximum RR intensities for H118Q are observed
with excitation slightly to the red withλex ∼823 nm.
Collectively, the RR scattering characteristics observed for
ChlZ+ in the wild-type and the two mutant PSII complexes
are most consistent with the view that the cation radical is
formed only on the Chl cofactor in the D1 polypeptide and
that residue D1-H118 (or D1-Q118) serves as the axial ligand
to the Mg(II) ion of this cofactor.

The vibrational frequencies of the ring-skeletal modes of
Chl are sensitive to changes in the conformation of the
macrocycle and the number and nature of the axial ligands
(39). The salient observation of the present study is that
the frequencies of certain ring-skeletal modes of ChlZ

+ in
H118Q PSII are clearly shifted relative to the analogous
modes of wild-type, whereas these shifts are not observed
for ChlZ+ in H117Q PSII.3 The shifts in the ring-skeletal
modes are consistent with a change in the core size and/or
extent of doming of the Chl macrocycle. These shifts most
likely reflect a perturbation of the ChlZ conformation caused
by a change in the axial ligand of ChlZ from histidine to
glutamine. On the other hand, it is also plausible that

conformational changes could be induced in ChlZ by
nonspecific interactions with the D1-118 residue if this
residue is in close proximity to the cofactor, but does not
serve as an axial ligand. We do not favor this interpretation
for two reasons (40). First, the modes that exhibit shifts are
known to be sensitive to changes in axial ligation. Second,
the magnitude of the shifts (∼5 cm-1) is consistent with that
expected for a change in the type of axial ligand while
maintaining the coordination number the same (pentacoor-
dinate). Therefore, we conclude that H118 of the D1
polypeptide is the axial ligand to the redox-active accessory
Chl, ChlZ. In addition, we suggest that D2-H117 is the axial
ligand to a redox-inactive Chl which is the homologue of
ChlZ on the D2 polypeptide. We propose that this redox-
inactive accessory Chl be called ChlD.

CONCLUSIONS

In this paper, we have identified D1-H118 and D2-H117
as ligands to accessory Chls in the reaction center of PSII.
We have utilized RR with near-IR excitation of the ChlZ

+

cation band to probe selectively the structure of ChlZ
+. D1-

H118 has been identified as the axial ligand to the redox-
active ChlZ, and D2-H117 is proposed to be the axial ligand
to a redox-inactive accessory Chl which we call ChlD. The
Chl Z and D terminology reflects the 2-fold structural
symmetry of PSII which is observed for the redox-active
tyrosines, YZ and YD (41), and is expected based on analogy
to the BRC. The present study shows that this symmetry
extends to the B helices of the D1/D2 polypeptides, at least
in the case of the accessory Chls. Furthermore, this work is
consistent with the description of the D1 and D2 polypeptides
of PSII as active and inactive branches, respectively, based
on the distribution of redox-active components and analogy
to the BRC (42). Finally, the identification of ChlZ as an
accessory Chl ligated by D1-H118 disproves the idea that
ChlZ is a kinetically stable form of the P680 chlorophyll
cation.

The use of near-IR irradiation to study selectively the RR
properties of Chl cations by excitation of the cation absor-
bance band has several obvious applications. Two other Chl

2 The RR data acquired for the PSII samples in the 30-50 K range
revealed that the RR cross sections for ChlZ

+ in all three PSII complexes
are strongly temperature dependent; the temperature dependence for
the two mutants is similar, but different from that of wild-type. In
particular, the RR cross section for ChlZ

+ in the mutants is larger at 50
K than at 30 K, whereas the opposite is the case for wild-type. The
origin of this difference is not clear and is currently under investigation.
The spectra shown in the figures were obtained under conditions at
which the RR intensities for ChlZ

+ are approximately the same (relative
to that of the neutral Chls) for all three PSII samples.

3 The RR spectra exhibit bands in the 1650-1675 cm-1 region that
are also sensitive to the H118Q mutation. These bands could be due to
carbonyl stretching modes of the C9-keto group. If these bands are
indeed carbonyl stretches, the frequencies indicate that the C9-keto group
is very strongly hydrogen bound. In particular, the frequency of the
C9-keto stretch of a neutral Chl that is free of hydrogen bonding is
typically near 1690 cm-1 (39). Oxidation to the cation radicalupshifts
the C9-keto stretch by∼25 cm-1 whereas hydrogen bonding (to either
a neutral or a cation radical) downshifts this mode. The magnitude of
the downshift depends on the strength of the hydrogen bond; however,
the shifts are generally less than 40 cm-1 (39). Thus, C9-keto stretches
of a cation radical in the 1650-1675-cm-1 region would be downshifted
40-65 cm-1, indicating unprecedentedly strong hydrogen-bonding
interactions. For this reason, we suggest that the RR bands of ChlZ

+ in
the 1650-1675 cm-1 region are not carbonyl stretches, but instead are
nonfundamental vibrations (combinations or overtones). In this regard,
previous RR studies of BChl have shown that a number of nonfunda-
mental modes are observed in this spectral region (37). Finally, we
note that the RR bands observed in the 1650-1675 cm-1 region in the
difference SERDS data set cannot be due to vibrations of neutral Chl
because the frequencies are different from those observed for the
nonilluminated samples. For example, fits of the SERDS data for
nonilluminated wild-type PSII indicate that the neutral Chls exhibit
bands at 1641 and 1662 cm-1, whereas ChlZ

+ exhibits bands at 1656
and 1674 cm-1.

D1-H118 Is the Ligand to ChlZ in Photosystem II Biochemistry, Vol. 37, No. 28, 199810045



cations are formed during the initial steps of photosynthetic
electron transfer, P700+ of PSI and P680+ of PSII. Neither
of these species has been characterized by RR due to their
spectral overlap with surrounding Chls. By combining the
SERDS technique with selective cation excitation, important
structural information about each of these Chls may be
obtained. RR studies of the P700+ cation, which is asym-
metrically distributed over a Chl dimer (43), would provide
structural information about this species and insight based
on existing work on the BChl dimer, P, in the BRC. Of
possibly greater significance, the location and identity of the
P680+ cation might be elucidated by RR studies of the Chl
cation which is formed transiently during the initial charge
separation in PSII. A study of the RR properties of the
P680+ cation, in mutants in which the potential ligands of
the cation have been altered, might lead to identification of
the P680+ cation ligand, as was the case in this study. Based
on analogy to the BRC, D1-H198 and D2-H197 are expected
to ligate a “special pair”-like Chl dimer which may be the
site of P680+. Alternatively, there is evidence that the P680+

cation resides on a Chl monomer (44), which could cor-
respond to one of the “voyeur” BChls in the BRC. Since
the positions in the CD helices of PSII which correspond to
the “voyeur” BChl ligands in the BRC are noncoordinating
residues, potential ligands to a P680+ monomer might occupy
nearby positions in the CD helix, such as D1-Q187 or D2-
Q186.
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