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Surface-enhanced Raman scattering spectroscopy:
probing the lumenal surface of Photosystem II membranes for evidence of
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A surface-enhanced Raman scattering (SERS) peak at 225 cm™! was reported in detergent-extracted,
O,-evolving Photosystem II (PS II) appressed membrane fragments from spinach that were treated with
Ca(l, (Seibert, M. and Cotton, T. (1985) FEBS Lett. 182, 34-38). CaCl, removes the 17-, 23-, and 33-kDa
extrinsic proteins associated with O, evolution from the surface of the membrane without extracting
functional Mn. The same peak has now been observed in PS Il-enriched membrane fragments from
Scenedesmus obliquus. The signal is related to the presence of Mn in spinach PS II membranes but not to
the presence of Ca, Mg or Fe. Substitution of Br ~ for C1~ in the membranes without displacing Mn shifts
the peak from 225 cm™! to 140 cm ™. However, this shift is too great for the source of the SERS signals to
be explained by simple Mn-Cl or Mn-Br vibrational modes. Evidence in addition to that presented in the
previous publication indicates that the 33-kDa protein covers that part of the membrane that is the cause of
the SERS signal. Due to altered properties of the SERS signal in the LF-1 mutant of Scenedesmus, which is
affected in the D1 protein and binds less Mn than the wild type, we suggest that the 33-kDa protein shields a
Mn-binding site on the D1 protein. Possible sources of the signal include (1) an Mn-O or Mn-N vibrational
mode modified by chloride not present in the first coordination sphere; (2) a cooperative effect associated
with the protein environment around the Mn-binding site that changes with the presence of halide; or (3) a
species associated primarily with the Ag electrode surface that changes depending on the presence or
absence of Mn and halide on the membrane surface. This last possibility might explain some of the results
obtained with Br-treated spinach and Ca-treated Scenedesmus LF-1 mutant membranes.
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Introduction

Considerable progress has been made over the
past 10 years in the development of surface-en-
hanced Raman scattering (SERS) spectroscopy as
a technique and in the understanding of the en-
hancement phenomenon on a theoretical basis [1].
Enhancement in Raman or resonance Raman
scattering results when molecules are adsorbed
onto or near the surface of certain metals, includ-
ing silver, gold and copper. The effect was first
observed for pyridine adsorbed onto roughened
silver electrodes [2-4], where an enhancement of
10° over the normal Raman scattering intensity
was determined [3,4]. The magnitude of the en-
hancement is dependent upon several variables,
including the nature of the metal substrate, the
roughness of the surface, the adsorbate, and the
electrochemical potential imposed on the sample.

Theoretical explanations for the enhancement
process can be divided into two major categories —
chemical and electromagnetic [5—7]. The former
proposes that chemical interactions between the
adsorbate and the metal leads to profound changes
in the molecular polarizability of the adsorbed
molecule, which, in turn, results in enhanced Ra-
man scattering. The latter is based upon classical
electromagnetic theory, which predicts an en-
hancement of the electromagnetic field due to
incident and Raman scattered light near metal
particle surfaces. At present, most theorists agree
that both types of effects are important in the
SERS process.

Many different small molecules have been
studied on SERS-active metals [8]. However, the
use of SERS or, moreover, surface-enhanced reso-
nance Raman scattering (SERRS) for the study of
complex biomolecules, has been limited. SERS
spectra from amino acids and proteins [9]; nucleic
acids, polynucleotides, and DNA [10-13]; and
lipid monolayers [14] have been reported. SERRS
occurs when the wavelength of laser excitation is
in resonance with an electronic transition in the
adsorbate. The magnitude of the enhancement is
dependent upon the absorption coefficient of the
adsorbate and the structure of the metal surface.
A number of SERRS studies have been performed
on proteins or protein complexes that contain
chromophores. These include heme proteins

[15,16], glucose oxidase [17,18] and bacterial reac-
tion centers [19].

We have recently reported the application of
SERS and SERRS techniques to biological mem-
brane systems [20,21]. Detergent-fractionated Pho-
tosystem II (PS II)-enriched membranes which
evolve O, (OES II membranes), were chosen for
the initial studies [20] because (1) they have been
used extensively in recent attempts to further un-
derstand the process of photosynthetic water
oxidation; (2) they contain a number of chromo-
phores easily detectable by SERRS; and (3) the
geometry of the membrane system was ideally
suited for the technique. In explanation of this last
point, OES II membranes are isolated appressed
membrane fragments from grana thylakoids [22].
Structurally, they are double membranes, geomet-
rically symmetric about a plane between the two
membrane sheets; and the water-splitting enzyme
complex is located on both external surfaces (the
lumenal surface of the intact grana thylakoid) of
the membrane ‘sandwich’ [22]. Consequently, it
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Fig. 1. An expanded view of an Ag, SERS-sensitive electrode.
Isolated PS II membranes are adsorbed onto the surface of the
silver, Note that the geometry of membranes is such that it
does not matter which surface of the appressed membrane
‘sandwich’ is adsorbed onto the silver. Both surfaces are equiv-
alent as discussed in the text. Laser light coming from the right
is back-scattered by the sample membrane. Light scattered by
that part of the membrane lying closest to the silver surface
(roughly, the shaded area of the expanded inset) is subjected to
the enhanced Raman scattering effect described in the text.



does not matter which surface is adsorbed onto
the SERS-active metal (Fig. 1). In either case the
surface properties of the membrane are the same,
and hence any SERS spectrum obtained would be
the same. This particular membrane geometry
eliminates the possibility that the results obtained
are a mixture of properties associated with both
sides of the same membrane.

The purpose of the present study is to char-
acterize a 225 cm™! SERS signal that we dis-
covered in spinach OES II membranes from which
three extrinsic proteins associated with photosyn-
thetic O,-evolution were removed by CaCl, treat-
ment [20]. This treatment does not significantly
affect the Mn content of the membrane [23). Many
questions that one can raise about this new SERS
signal are as yet unanswered. For example, can it
be observed in species other than spinach? Since it
seems to be related to membrane-bound Mn and
O, evolution [20], is it a direct or indirect probe
for Mn and thus O, evolution competency? What
is the chemical nature of the vibrational mode that
gives rise to the signal? Finally, can this new
probe serve to help clarify our understanding of
the water-oxidation process of photosynthesis?
These and other questions will be addressed.

Materials and Methods

Biological samples. OES II membranes from
market spinach were isolated by the K & M
procedure using Triton X-100; the preparation is
essentially free of Photosystem I (PS I) pigment
contamination [22]. Note that this time we used a
Triton/Chl ratio of 25:1 (w/w). The ratio may
have to be adjusted slightly at different times of
the year to maximize recovery yield and minimize
PS 1 contamination. Steady-state O,-evolution
rates were assayed with a Clark electrode and a
heat-filtered incandescent light source using the
indicated acceptors in a buffer containing 20 mM
Mes (pH 6.0), 15 mM NaC(Cl (or NaBr where
indicated), and 300 mM sucrose. Rates of 313
pmol O, per mg Chl per h were obtained using 2
mM 2,6-dimethylbenzoquinone (DMBQ) as an
acceptor and 666 pmol O, per mg Chl per h using
0.4 mM 2,6-dichlorobenzoquinone (DCBQ) as an
acceptor. Ogilvie et al. [24] and more recently
Ikeuchi et al. [25] have shown that the rate of O,
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evolution in OES II membranes depends on the
acceptor used.

PS Il-enriched membranes from wild type (WT)
and LF-1 mutant cells of Scenedesmus obliquus
were obtained using the procedure of Metz and
Seibert [26]. Although these membrane prepara-
tions contain some PS I pigments, they appear to
be structurally similar to the higher plant PS II
membranes because (1) they can be pelleted by
centrifugation under similar conditions and (2)
CaCl, treatment releases three extrinsic proteins
associated with O, evolution into the suspending
medium. O, evolution rates for the WT prepara-
tions were between 150 and 200 pmol per mg Chl
per h using DCBQ as an acceptor. The mutant, of
course, does not evolve O, [27].

Sample treatments. The three extrinsic proteins
(17, 23 and 33 kDa), located on the lumenal
surface of PS Il-enriched membranes and associ-
ated with the O,-evolution process, were removed
from the membranes by the procedure of Ono and
Inoue [23], except that 0.8 or 0.9 M CaCl, was
used instead of 1.0 M. For the MgCl, treatments,
0.8 M was used instead of 1.0 M [23]. As men-
tioned before, this treatment does not remove
functional Mn from the membrane. After CaCl,
treatment (1 mg Chl/ml) at 4° C for 30 min in the
dark, the samples were washed twice in 40 mM
Mes (pH 6.5), 200 mM NaCl, and 300 mM sorbi-
tol by centrifugation (30000 X g for 10 min to
remove Ca’* and lower the Cl~ concentration);
resuspended in 20 mM Mes (pH 6.5), S mM
Mg(Cl,, 15 mM NaCl, and 400 mM sucrose at 3.6
mg Chl/ml; and stored for less than 2 weeks in
small vials at —80°C until use.

CaBr, treatments were performed in a similar
manner. Spinach OES II membranes were washed
twice in 40 mM Mes (pH 6.5) and 300 mM
sorbitol; resuspended in 40 mM Mes (pH 6.5), 10
mM NaBr, 300 mM sorbitol, and then treated
with the indicated amount of CaBr, in the same
buffer for 30 min in the dark at 4°C. The final
Chl concentration during treatment was 1 mg/ml.
After pelleting, the samples were washed twice in
40 mM Mes (pH 6.5), 150 mM NaBr, and 300
mM sorbitol and stored at about 2.5 mg,/ml Chl
in 20 mM Mes, 15 mM NaBr, and 400 mM
sucrose at —80°C in small vials until vse. For
SERS studies the 0.2 M CaBr,-treated samples
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were stored in 5 mM MgBr, in addition to the
above-mentioned storage buffer.

LDS-PAGE using a 10-15% acrylamide gradi-
ent was described previously [26]. Samples were
solubilized in 10 mM Tricine (pH 7.8), 10% (w/v)
sucrose, and 1% LDS at 65°C for 4 min. Subse-
quently, 30 mM dithiothreitol was added at room
temperature prior to electrophoresis at 5°C. Sam-
ples were loaded on an equal chlorophyll basis (12
pg per lane). Molecular mass standards were from
Bio-Rad Laboratories (Richmond, CA).

Heat treatment of CaCl,-extracted membranes
was accomplished by exposing the samples in a
glass test tube to a 53°C water bath for 5 min.
Iron and manganese analyses were performed
using a Perkin-Elmer No. 2380 Atomic Absorp-
tion Spectrometer with a graphite furnace. The
final values were corrected for the amount of Fe
or Mn contamination in the sample buffer.

SERS equipment and techniques. Surface-
enhanced Raman spectra were recorded using the
514.5 nm line (30 mW) of an argon ion laser
(INNOVA 90-5, Coherent Inc., Palo Alto, CA) as
an excitation source. The spectrometer geometry is
shown in Fig. 2. Raman scattered light from the
sample cuvette (see Fig. 1 for an expanded view of
the Ag working electrode) was collected in the
backscattering mode and focused through a Canon
55 mm, f/1.2 camera lens onto the slits of the
monochromator. A Spex 1877 Triplemate mono-
chromator / spectrograph, equipped with a 1200
grooves/mm grating with a slit width of 0.200 nm
in the spectrograph stage, was used to disperse the
light across the detector. The detector, an intensi-
fied silicon photodiode array (PAR 1420), was
maintained at —20°C. Spectra were acquired and
manipulated using OMA 1II (PAR 1215 console
and 1218 controller) software. Single scans were
collected using 60 delays (approx. 1 s integration
time); multiple scans, when employed, are indi-
cated in the figure legends.

The electrochemical cell (sample cuvette in Fig.
2) used in these experiments has been described
[21,28]. Electrolyte, consisting of 20 mM Mes (pH
6.0), 100 mM Na,SO,, and 300 mM sucrose in
deionized / distilled water, was degassed by N,
purging prior to addition of the biological samples
(6 pg Chl/ml) and subsequent anodization of the
Ag electrode. Care was taken to minimize the C1~
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Fig. 2. Surface-enhanced Raman scattering spectrometer. Light
from an argon ion laser is focused on a SERS-active Ag
electrode located in the sample cuvette or electrochemical cell.
The Ag working electrode (WE), a Ag/AgCl reference elec-
trode (RE), and a platinum counter electrode (CE) are all
connected to a potentiostat. The cuvette contained 15 ml of
buffer (100 mM Na,S0,, 300 mM sucrose, and 20 mM Mes
(pH 6.0)) and the OES II sample membranes. Light scattered
from the interface between the surface of the Ag electrode and
the adsorbed membranes (see Fig. 1 for an expanded view) is
collected by a lens (S) and focused onto the input slits of a
triplet monochromator. The output is detected by an optical
multichannel analyzer.

concentration in the biological samples, since Cl~
interactions with the Ag electrode can result in
SERS artifacts that have spectra similar to the
SERS signals reported in this study. The Ag elec-
trode was prepared from flattened polycrystalline
Ag wire (Goldsmith, Evanston, IL) and sealed
into a glass holder using Torr Seal (Varian Assoc.,
Palo Alto, CA). The anodization procedure serves
two purposes. First, it provides a clean surface by
removing any oxide layer or adsorbed impurities
from the electrode surface. Second, the surface is
roughened following the redeposition of Ag. The
surface roughness provides an enhancement factor
of approx. 3—4 orders of magnitude. The anodiza-
tion process itself consisted of stepping the elec-
trode from —0.2 V vs. SCE (all potentials will be
referenced to SCE hereafter) to +0.45 V and
allowing 25 mCi/cm? charge to pass, followed by
stepping the electrode back to —0.2 V. During all
experiments reported below, the electrode poten-
tial was maintained at —0.2 V, since control ex-



periments indicated that maximum signal inten-
sity occurred at this potential. The experiments in
Figs. 5 and 10 were accomplished by monitoring
the SERS signals at the indicated times. The elec-
trode was maintained at —0.2 V in the above-
mentioned electrolyte at room temperature and
kept in the dark between monitoring scans to
avoid unnecessary photodegradation of the bio-
logical material.

Results

SERS spectra

In a previous paper, we reported a low
frequency SERS signal at 225 cm™! in CaCl,-
treated spinach OES II membranes [20]. Fig. 3
shows that the 225 cm ™! signal is not observed in
control OES II membranes but appears when three
extrinsic proteins associated with photosynthetic
O, evolution are removed from the surface of the
membrane. The three proteins are located physi-
cally on the top of 8 nm high protrusions which
rise from the surface of the membrane sheet [29].
Both CaCl, and MgCl, remove these proteins
without removing functional Mn (Ref. 23; see also
Table I later in this paper), and both unmask the
same SERS signal. This experiment indicates that
the vibrational mode giving rise to the 225 cm ™!
band is not associated with Ca or Mg per se, since

Spinach PSII

Control

CaCly-Treated

MgCl,-Treated

Fig. 3. Low-frequency SERS spectra of spinach OES II mem-
branes. Control membranes do not display a peak at 225
cm ™!, However, treatment of OES II membranes with 0.9 M
CaCl, or 0.8 M MgCl, unmasks a SERS signal at 225 cm™!. A
second peak at about 140 cm™! is not affected by any of the
treatments. Chl, 6 pg/ml. Temperature, 22° C. Scans, 16.
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Fig. 4. Low-frequency SERS spectra of OES II membranes
subjected to CaCl; treatment. Spectra of spinach, Scenedesmus
WT, and Scenedesmus LF-1 mutant membranes are compared
either with those of a buffer blank (spinach) or with mem-
branes aged in the sample cuvette to the point that their
Raman scattering properties no longer change (WT and LF-1).
Peaks A and B refer to spectra of fresh membrane samples and
shoulder C refers to the spectra of the blank control or aged
membranes. The spinach data were obtained in a single scan
while the data for WT and LF-1 were an average of 16 scans.
The frequency range of the SERS peaks were as follows: A:
222-225cm” ', B: 128-153 cm ™!, and C: 209-213 cm ™. Chl,
6 ug/ml. Temperature, 21°C.

the peak frequency is independent of the cation
used. These spectra show features further into the
low frequency region than did our previous study
[20]. However, the peak at 140 cm™! is not af-
fected by any of the treatments. Fig. 4 demon-
strates that a similar SERS signal (peak A) can
also be seen in CaCl,-treated PS II membranes
isolated from Scenedesmus WT and LF-1
thylakoids. Signal averaging does not influence the
general features of the spectra. Note that the peak
in the 130-150 cm ™! range * (peak B) appears to
be the same in the sample and the background
spectra. It is probably due to Ag} clusters on the

* Our detector is not well calibrated below 200 cm ™}, so we

do not place much significance on apparent differences in
peak maxima in the 130-150 cm ™! range.
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Fig. 5. Decay kinetics of peak A for spinach (SPIN), Scene-
desmus WT (WT), and Scenedesmus LF-1 (LF-1) OES II
membranes and peak B for Scenedesmus WT PS II membranes.
Samples and conditions were the same as those in Fig. 4,
except that data were taken at the indicated times (see Materi-
als and Methods). Scans, 16.

Ag clectrode [30] and is not a property of the
membrane. The small peak at about 210 cm™!
(peak C) in the background spectra is due to Ag-O
[31] or less likely to Ag-Cl [32] vibrations, again a
property of the Ag electrode surface. Fig. 5 shows
the dark decay kinetics of both peaks A and B of
Fig. 4 under the conditions present at the surface
of the Ag electrode. Peak A decreases with time in
both spinach and Scenedesmus membranes, while
peak B is stable (only Scenedesmus WT data is
shown in Fig. 5). The half-time for the disap-
pearance of peak A in CaCl,-treated spinach and
WT algal PS II membranes is about 48 min. That
in the Scenedesmus LF-1 mutant membranes is
much shorter, about 3 min.

Mn and Fe content of OES II membranes

Fig. 6 shows the relationship between O,-evolv-
ing capacity and Mn content in CaCl,-treated
OES 11 membranes. Light-induced O,-evolution
capacity was demonstrated by including 50 mM
CaCl, in the O, assay medium as originally dem-
onstrated by Ono and Inoue {33]. The disap-
pearance of peak A in CaCl,-treated spinach OES
IT membranes (Fig. 5) has been correlated kineti-
cally with the loss of O,-evolving capacity in the
preparation and also has been related to the re-
lease of Mn from the membrane by Tris treatment
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Fig. 6. Relationship between the amount of O,-evolving capac-
ity and the amount of Mn in 0.9 M CaCl,-treated OES II
membranes from spinach. Samples were assayed for O, in the
presence of 50 mM CaCl, (100 = 61 pmol O, per mg Chl per
h). Different amounts of Mn per reaction center (RC) were
obtained by allowing the samples to age in low salt buffer (15
mM NaClj at 4°C in the dark for various periods of time (up
to 36 h). A Chl-to-RC ratio of 220:1 was used.

[20]. Fig. 7 shows that the peak also disappears
immediately upon heat treatment or H,O, treat-
ment of CaCl,-treated OES II membranes. Heat
treatment and H,O, treatment plus light [34] are
known to release Mn from Ca-treated OES II
membranes. All these data suggest a direct corre-
lation between the 225 cm~! SERS signal ob-
served in OES II membranes stripped of the three
extrinsic proteins and the presence of functional
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Fig. 7. SERS spectra of fresh CaCl,-treated OES II mem-
branes from spinach and a similar sample a few minutes later
right after heat treatment at 53° C for 5 min. For comparison a
spectrum of fresh CaCl,-treated OES II to which 6 mM H,0,
was added directly into the sample cuvette is also shown. Heat
and H,O, treatments remove most of the functional Mn from
the PS II membranes. The peak frequencies are 223 and 138
cm™! (control) and 213 and 139 cm ™! (treated). The spectra
are an average of 5 or 16 (H,0,-Tr) scans.
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MANGANESE AND IRON ANALYSES OF OES II MEMBRANES

Sample Mn per 220 Chl Mn per 400 Chl * Fe per 220 Chl
Spinach
Control OES II membranes 37 - 43
CaCl,-treated OES II membranes 3.9 - 38
Tris-treated OES 11 membranes ® 0.5 - 48
Scenedesmus PS 11 membranes
CaCl ,-treated WT - 3.8 -
CaCl,-treated LF-1 - 22 -

2 PS II-enriched membranes from Scenedesmus contain PS 1 pigment contamination and at least 20% of the PS II reaction centers
are inactive, thus the high estimate of 400 Chl per active PS II reaction center compared to 220 in highly purified spinach OES II.
® Treated with 0.8 M Tris HC! (pH 9.3) for 30 min in room light at 4° C. Tris and solubilized Mn were removed by centrifugation.

Mn (i.e, that involved in the photosynthetic
water-splitting process) in the membranes. Al-
though we have suggested that the 225 cm™! sig-
nal might be related to an Mn-ligand vibration, we
were unable to ascertain the exact origin of the
signal [20]. Besides the possibility that Mn-Cl,
Mn-N, or Mn-O vibrational modes were being
detected, it was equally likely that Fe-ligand vibra-
tions were being observed. Iron is present in PS II,
and Fe-N resonance Raman peaks have also been
reported at about 220 cm™! [35]. In Table I we
show Mn and Fe analyses of PS II membranes
subjected to CaCl, and Tris treatments. Calcium
treatment does not release functional Mn, but Tris
treatment releases nearly 90% of the membrane-
bound Mn. Neither treatment greatly affects iron
content, though the amount of iron in the material
from sample-to-sample is variable (data not
shown). These data eliminate the possibility that
the 225 cm ™! signal is related to iron. Table I also
shows comparative figures for the amount of Mn
found in CaCl,-treated Scenedesmus WT and LF-1
PS Il-enriched membranes. The mutant contains
58% of the Mn found in WT membranes.

Bromide substitution for chloride

In order to further ascertain the character of a
putative Mn-ligand vibration contributing to the
225 cm ™! SERS peak, we substituted bromide for
chloride in spinach OES II membranes. To do
this, it was necessary both to execute the halide
substitution and to remove the three extrinsic
proteins. Fig. 8 is an LDS gel showing the results

MW O 0.2 04 06 0.8 M CaBr,
92.5 wem

66.2

45.0 ..

318 R = -—33kDa
. . . . . !-—23 kDa
21.5
—— —-—17kDa
144

Fig. 8. LDS-PAGE of spinach OES Il membranes exposed to
the indicated concentrations of CaBr,. Treatment with 0.2 M
CaBr, removes the 17- and 23-kDa extrinsic proteins associ-
ated with water-oxidation function while 0.6 M is sufficient to
remove the 33-kDa extrinsic protein, in addition. The lightly
staining band right above the 33-kDa protein is the D1 (Qp)
protein [36] which functions on the oxidizing side of the PS II
reaction center [26,27,36] and is a component of isolated PS II
reaction center complexes [37,38]. MW indicates molecular-
weight standards.
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TABLE I1

EFFECT OF CALCIUM TREATMENT ON SPINACH OES 1l MEMBRANES

Values in parentheses are the ratios of O, evolution in the presence and absence of CaBr, or CaCl, added to the O, assay medium.

Treatment 0, 0, 0O,
(pmol per mg Chl per h) (pmol per mg Chl per h) (pmol per mg Chl per h)
50 mM CaBr,, 50 mM CaCl,,
included in assay included in assay
CaBr, * 00M 313 - -
02M 98 199 2.0 -
04M 23 95 4.1 -
0.6 M 8 58***  (1.2) -
08 M 5 23 (4.6) -
CaCl, ** 0.7M 25 - 59 2.4
0.8 M 8 - 39 *** (4.9)
0.9M 12 - 43 (3.6)

* Assay medium: 1 mM DMBQ in 20 mM Mes (pH 6.0), 10 mM NaBr, 300 mM sucrose.

** Assay medium: 1 mM DMBQ in 20 mM Mes (pH 6.0), 10 mM NaCl, 300 mM sucrose.
*** O,-evolution rates obtained by this assay for OES II membranes which lack the three extrinsic proteins but which contain about
four Mn per PS II reaction center are about 20% of those observed in control OES II membranes which bind the three extrinsic

proteins (Ref. 33, Table 1, Fig. 6).

of washing Br-substituted OES II membranes with
increasing amounts of CaBr,. As can be seen,
CaBr, removes the extrinsic proteins at least as
efficiently as the CaCl,-washing procedure de-
scribed by Ono and Inoue [23]. Treatment with 0.2
M CaBr, removed the 17- and 23-kDa proteins
while 0.6 M was sufficient to remove all three
proteins. Note that the calcium-treated samples
were washed in a buffer containing 150 mM NaBr
to remove excess calcium prior to running the gels
and assaying for O, evolution. Failure to remove
calcium resulted in poor quality gels. Table II
reports light-induced O,-evolution rates for the
samples in Fig. 8. For comparison, O,-evolution
rates also are shown for CaCl,-treated mem-
branes. With no CaBr, or Ca(Cl, in the assay
medium, O, evolution is minimal in samples
treated with 0.6 M or 0.8 M CaBr,. However,
addition of 50 mM CaBr, (or Ca(Cl,, data not
shown) to the assay solution greatly increases the
rate of O, evolution in all CaBr,-treated mem-
branes, but the relative increase (see values in
parentheses) was greatest for 0.6 M CaBr,-treated
OES II membranes. This titration was the basis
for examining 0.6 M CaBr,-treated OES II mem-
branes in subsequent experiments. The results for
50 mM CaCl, addition to the assay media for
CaCl,-treated OES Il membranes are as expected
(Ref. 33 and Fig. 6). As discussed above, Ono and

Inoue [33] used this assay to show that Mn was
functional in Ca-treated OES Il membranes and
that they bind approx. 4 Mn per reaction center.
We confirm these results in our CaCl,-treated
OES II and by analogy in CaBr,-treated OES II
membranes.

Fig. 9 shows SERS spectra of both CaCl,-
treated and CaBr,-treated OES II membranes from
spinach. Note that the 225 cm ™! peak apparent in

CWA

CaBr,~Tr (0.6 M)

L i " - i

1000 800 600 400 200
1

)

Fig. 9. SERS spectra of CaCl,- and CaBr,-treated OES 11l
membranes from spinach. The 17-, 23- and 33-kDa extrinsic
proteins are missing in 0.8 M CaCl,- and 0.6 M CaBr,-treated
preparations. The 33-kDa protein remains on the 02 M
CaBr,-treated OES II preparation. The peak frequencies are
225 and 132 cm ™! (CaCl,-treated), 139 cm™! (0.6 M CaBr,-
treated), and 145 cm ™! (0.2 M CaBr,-treated). Scans, 16.

Frequency (cm



the chloride-treated membranes is missing in the
bromide-treated membranes. Instead a peak at
about 140 cm™! is the only feature apparent. The
fact that this peak appears at a lower frequency
than 225 cm™~! is consistent qualitatively with an
Mn-ligand vibration in which bromide was sub-
stituted for chloride; however, the shift is much
greater than would be predicted on simple theoret-
ical grounds (see Discussion). Nevertheless, if part
of the 140 cm™! peak in CaBr,-treated mem-
branes is due to a shift of the 225 cm ™! peak to
lower frequency, then one would expect that the
33-kDa protein would mask part of the 140 cm ™!
peak in 0.2 M CaBr,-treated membranes. The
rationale for this is that the 225 cm™' peak is
masked in 2 M NaCl,-treated preparations [20].
These conditions remove the 17- and 23-kDa ex-
trinsic proteins, but not the 33-kDa protein. That
the 140 cm ™! peak in 0.2 M CaBr,-treated OES 11
membranes (which contain the 33 kDa protein,
Fig. 8) is much smaller than the peak in 0.6 M
treated membranes (Fig. 9) is consistent with this
prediction. Presumably the 140 cm™! peak in the
latter material is composed of background 140
cm ! signal seen in 0.2 M Ca-treated membranes
and an additional 140 cm ™’ component unmasked
by the release of the 33-kDa protein.

In our previous publication {20] and Fig. 5, we
noted that the 225 cm™! SERS signal in CaCl,-
treated OES II membranes from both spinach and
Scenedesmus is unstable. Moreover, the signal de-
creases with kinetics similar to that attributed to
the loss of CaCl,-reconstituted O, evolution
capacity and to the release of membrane-bound
Mn as discussed earlier. Fig. 10 shows that the 140
cm ™! peak in both 0.2 M and 0.6 M CaBr,-treated
OES II membranes does not decay over the period
of time that the 225 cm ™! peak in CaCl,-treated
membranes decays (A peaks in Fig. 5). Unex-
pectedly though, the 140 cm ™! peak in the 0.6 M
CaBr-treated sample increases. Thus, in contrast
to the results with the 225 cm~! SERS peak in
CaC(l,-treated samples [20], there is not a
straightforward relationship between the intensity
of 140 cm™! peak in CaBr,-treated samples and
the loss of O, evolution capacity (and hence the
loss of Mn). However, in Fig. 11 we note that
there 1s a relationship between the time-dependent
loss of O,-evolution capacity of 0.6 M CaBr,-
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0.2 M

SERS Signal (arb. units)

[+} 20 40 80
Time (min)
Fig. 10. Time dependence of the 140 cm™! peak intensities of

0.2 M and 0.6 M CaBr,-treated OES II membranes from
Fig. 9.

treated OES 11 membranes and the kinetics of the
varying component of the 140 cm™! curve (see
Discussion) observed in similar samples (Fig. 10).

(arb. units)

Oxygen

SERS or Oxygen Signal

0 5 10 15 20 25
Time (min)

Fig. 11. First-order plot of the 140 cm~! SERS signal from

Fig. 10 and the decrease in O,-evolution rate of 0.6 M CaBr,-

treated membranes. For ease of comparison the absolute value

of the SERS signal is plotted (the difference between the

dashed line and the solid curve in Fig. 10). The O, rates were

obtained in the presence of 50 mM CaBr, and 100 mM
Na,S0,.
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Fig. 11 also demonstrates that O, evolution capac-
ity in the case of the CaBr,-treated preparations
falls off more rapidly than that in CaCl,-treated
membranes (see Fig. 3 in Ref. 20).

Discussion

SERS as a probe for Mn

The current study not only confirms the ob-
servation of a 225 cm™! SERS signal in CaCl,-
treated OES Il membranes from spinach that we
reported previously [20] but also demonstrates that
a similar signal can be seen in green algae (Fig. 4).
We have suggested that the signal is related to the
presence of functional Mn on the surface of OES
II membrane fragments from which the extrinsic
proteins associated with O, evolution have been
removed. Several lines of evidence support this
conclusion: the 225 cm™! signal (1) is observed in
CaCl,-treated OES II membranes which lack the
extrinsic proteins but contain functional Mn (Figs.
3 and 4, Table I, and Ref. 20); (2) is not observed
in Tris- and heat-treated OES II membranes which
lack both the extrinsic proteins and Mn (Ref. 20,
Table 1, and Fig. 7); (3) disappears upon aging of
CaCl,-treated samples in the SERS cell with
kinetics similar to the loss of O,-evolving capacity
and Mn (Ref. 20 and Fig. 6); and (4) is eliminated
immediately upon addition of H,0O, to CaCl,-
treated OES II (Fig. 7). We have shown elsewhere
that H,O, removes functional Mn from Ca-treated
material upon exposure to light [34).

Furthermore, the signal is not related to Ca
used in the treatment of OES II membranes, since
MgCl, treatment also unmasks the same 225 cm ™!
scattering band (Fig. 3). If a Ca-related vibra-
tional mode were the source of the 225 cm™!
signal, the substitution of Mg would shift the
signal to higher frequency (because the atomic
weight of Mg is less than Ca).

Since the 225 cm ™! SERS signal can be related
to functional Mn, the question arises whether it is
a direct probe of a Mn-ligand vibration or a
secondary probe that merely monitors the pres-
ence of the functional Mn. If the latter is the case,
one would expect that the atoms associated with
the vibrational mode that is actually being probed
must be released along with the Mn or that a
conformational change due to the loss of Mn

masks the monitoring vibrational signal. That the
vibrational mode is observed at such a low
frequency suggests that heavy atoms participate in
the chemical bond that is being detected. Besides
Mn, Fe is a prime candidate, since it is found in
PS II membranes. Furthermore, Fe and Mn differ
by only one atomic weight unit so that Fe- and
Mn-ligand vibrations should be very similar. Ta-
ble I shows that Fe is not released from the
membrane under conditions that release Mn and
lead to the disappearance of the 225 cm~' SERS
signal. Thus, we rule out an Fe-ligand vibration as
the origin of the SERS signal. In the absence of
any evidence for other candidate metals in the
neighborhood of Mn or masking conformational
changes, we shall consider the possibility that we
are detecting a Mn-ligand vibrational mode di-
rectly. Possible ligands are Cl, N, and O. This is
not at all unreasonable, since synthetic Mn com-
plexes have absorption peaks at about 500 nm
(Ref. 39, see also Sheets, J.E., personal communi-
cation), close to the excitation wavelength used in
these experiments. Moreover, low-frequency Mn-
ligand vibrations have been reported in the vicin-
ity of 225 cm ™! [40,41] although higher frequen-
cies also are reported. Thus, it is possible that we
may be seeing a resonance-enhanced, in addition
to a surface-enhanced, signal (i.e., a SERRS sig-
nal).

Relationship to Cl

It has been postulated that Cl serves as a ligand
to Mn [42] and that it stabilizes higher oxidation
states of the metal [43]. However, it also has been
suggested that Cl might facilitate electron transfer
by binding near the active site of the OEC [44]
where it would stabilize the conformation neces-
sary for water oxidation through a charge neutrali-
zation mechanism [45]. Recent EXAFS studies of
OES II preparations provide no evidence for a Cl
ligand in the first coordination sphere of Mn
although the work cannot rule out the presence of
one Cl scatterer per 4 Mn [46]. Nevertheless, the
fine structure of the EPR multiline signal does not
change when Br is substituted for Cl in OES II
preparations suggesting that halide is not involved
in the first coordination sphere of the EPR-active
Mn in S, [47]. Our CaBr, experiments are con-
sistent with these latter observations. The SERS



spectra of Fig. 9 show that the substitution of
bromide for chloride in Ca-treated OES II mem-
branes shifts the 225 cm™! SERS signal to 140
cm™ . Since the frequency of a Raman scattering
peak is inversely related to the square root of the
combined atomic weight of the species (Mn and
Cl or Br in our case) forming the chemical bond
being probed, the expected peak shift should be to
about 184 cm™!. Thus, the shift to 140 cm ™! that
we observe is too great to be explained by Cl
located in the first coordination sphere of Mn.

The 33-kDa protein covers Mn

In our previous study [20], we showed that the
33-kDa protein covers the source of the 225 cm ™!
SERS signal and hence Mn because the signal
could not be seen in OES II membranes that bind
the 33-kDa protein. (These membranes lacked the
17- and 23-kDa proteins, whereas the control
membranes in Fig. 3 bind all three extrinsic pro-
teins.) Although the situation with CaBr,-treated
OES 11 is more complex, the same conclusion can
be inferred. There is substantial background
scattering at 140 cm™! (see Figs. 3, 4 and 9 in
control, CaCl,- and CaBr,-treated OES II mem-
branes) probably due to Ag} clusters on the elec-
trode surface [30]. However, the 140 cm™! signal
increases in CaBr,-treated OES II when the 33-kDa
protein is released (see Figs. 8 and 9). This in-
crease in signal is not related to the increased
amount of CaBr, necessary to release the 33-kDa
protein, since excess CaBr, is removed from the
membranes by several washing steps (see Materi-
als and Methods). Furthermore, part of the 140
cm™! signal varies with time in membranes lack-
ing the 33-kDa protein (0.6 M CaBr, in Fig. 10),
whereas the 140 cm ™! background signal is stable
when the 33-kDa protein is bound to the mem-
brane (0.2 M CaBr, in Fig. 10). In CaCl ,-treated
OES 11, the 225 cm™! signal was unstable. More-
over, the loss of signal upon aging could be related
kinetically to the loss of O,-evolution capacity and
hence the loss of Mn present on the membrane
(Ref. 20 and Fig. 6). We can also relate the
unstable component of the 140 cm™? peak in 0.6
M CaBr,-treated OES II kinetically to the loss of
O,-evolution capacity. However, in this case the
SERS signal increases (see Figs. 10 and 11) in-
stead of decreasing. For ease of comparison with
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the O, data, we have plotted the absolute value of
the variable component of the 140 cm™! signal in
Fig. 11. The reason for the increase is not known.
However, one might speculate that upon aging of
0.6 M CaBr,-treated membranes, bromide is re-
leased from the membranes along with Mn. SERS
signals due to Ag-Br-water surface complexes are
well known and are commonly observed at
110-170 cm™! [32]. If Br destabilized from the
membranes interacts with the Ag SERS-active
electrode, Ag-Br complexes might form on the
electrode surface. A greater scattering intensity of
Ag-Br complexes on the electrode surface than
scattering observed when Mn and Br are bound to
the membrane could explain the ‘growing in’ ef-
fect.

Relationship of Mn to the DI protein

CaCl ,-treated PS II membranes from the LF-1
mutant of Scenedesmus contain about half the Mn
of similar membranes from WT (Table I). Since
the mutant is affected in the D1 protein [36] and
the dark decay kinetics of the 225 cm ™! peak in
LF-1 i1s much faster than in the WT (Fig. 5), we
suggest that the normal SERS signal in WT is
related to Mn bound to the D1 protein. Further-
more, we suggest that the 33-kDa protein covers
that site as discussed in the previous section.

The source of the 225 cm ™' SERS signal

This study provides ample evidence that the
225 cm ™! SERS signal is related to the presence of
functional Mn on the surface of OES II mem-
branes lacking the extrinsic proteins. However, it
is probably not due to scattering by an Mn-Cl
vibrational mode and may even be an indirect
probe dependent on the presence of Mn and halide
on the membrane. Other possible sources of the
signal that remain to be examined include: (1) an
Mn-O or Mn-N vibrational mode modified by
chloride not present in the first coordination
sphere; (2) a cooperative effect associated with the
protein environment around the Mn-binding site
that changes with the presence of halide; and (3) a
species associated primarily with the Ag electrode
that changes depending on the presence or ab-
sence of Mn and halide on the surface of the
membrane. This last possibility might explain the
curious increase in scattering at 140 cm™! ob-
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served in 0.6 M CaBr,-treated OES 1I (Fig. 10)
and the rapidly disappearing 225 cm ™! signal in
Ca(l ,-treated PS II membranes of Scenedesmus
LF-1 (Fig. 5).
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