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ABSTRACT: Electron spin polarized electron paramagentic resonance (ESP EPR) spectra were obtained
with deuterated iron-removed photosynthetic bacterial reaction centers (RCs) to specifically investigate
the effect of the rate of primary charge separation, metal-site occupancy, and H-subunit content on the
observed BstQa~ charge-separated state. Fe-removed and Zn-substituted RCRfvosphaeroides

R-26 were prepared by refined procedures, and specific electron transfeikgtsrf the intermediate
acceptor H to the primary acceptor Qof (200 ps)* vs (3—6 ns) ! were observed. Correlation of the
transient EPR and optical results shows that the observedkgloate in Fe-removed RCs is H-subunit-
independent, and, in some cases, independent of Fe-site occupancy asiFfstitution does not ensure
retention of the nativ&g. In addition, shifts in the optical spectrum ofsPand differences in the high-

field region of the Q-band ESP spectrum for Fe-removed RCs with kipindicate possible structural
changes nearggs. The experimental X-band and Q-band spin-polarized EPR spectra for deuterated Fe-
removed RCs wherl, is at least 15-fold slower at room temperature than the (200 paje observed

for native Fe-containing RCs have different relative amplitudes and gavalue shifts compared to the
spectra of Zn-RCs which haveka unchanged from native RCs. These differences reflect the trends in
polarization predicted from the sequential electron transfer polarization (SETP) model [Morris et al. (1995)
J. Phys. Chem. 98854-3866; Tang et al. (1996}hem. Phys. Let253 293-298]. Thus, SETP modeling

of these highly resolved ESP spectra obtained with well-characterized proteins will provide definitive
information about any light-induced structural changes 4g§, M, and Q that occur upon formation of

the Res'Qa~ charge-separated state.

The key reaction of photosynthetic conversion of light into electron pair PQa~. Within 200 us, the electron reaches
useful chemical energy involves rapid, sequential electron the secondary electron acceptos. Q
transfer resulting in charge separation. The prime example In order to obtain a complete understanding of photosyn-
of this process is the sequential electron transfer that takesthetic electron transfer, the relationship of electron transfer
place in the purple photosynthetic bacterial reaction center kinetics to dynamic protein structure must be elucidated. One
(RC). High-resolution crystal structures (Allen et al., 1988; structure-function relationship that has not clearly been
El-Kabbani et al., 1991; Ermler et al., 1994) show that the defined is the role of the non-heme iron. In the bacterium
bacterial RC consists of three 385 kDa protein subunits, ~Rhodopseudomonas sphaeroide26, the two ubiquinone
the two transmembrane pigment-containing subunits L and €/€ctron acceptors, Land Q;, are magnetically coupled to

M and the cytoplasmic hydrophilic H-subunit. Intricately the F€" [for reviews, see Feher and Okamura (1978, 1984)

anchored within the protein matrix are one high-spin iron-
(1) and eight chromophores, including four bacteriochloro-
phylls (Bchls), two bacteriopheophytins (Bphs), and two
quinones (Q). Efficient photoinitiated charge separation
occurs sequentially; (i)~3 ps after photoexcitation of a
special pair of Bchls (P), the primary radical paitHP is
formed, where H denotes a monomeric Bph, followed by
(i) an electron transfer step in which the electron is
transferred from H to the primary quinone electron acceptor

and Wraight (1982)]. The P& apparently does not facilitate
electron transfer betweensQand @, and substitution of
different divalent metal ions into the Fe site does not
significantly alter the electron transfer characteristics (Debus
et al., 1986). Although not required for primary photo-
chemical activity, removal of the non-heme?Fdrom the

RC protein dramatically influences the electron transfer rate
(ko) from the reduced pheophytin intermediate td the first
quinone acceptor Q(Kirmaier et al., 1986). If the Pé is
removed to form the apoprotein and all three protein subunits

Qa within 200 ps to create the membrane-spanning secondaryremain intact, a 20-fold reduction in this electron transfer
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rate relative to the rate observed in native Fe-containing RCs
is observed (Kirmaier et al., 1986, Liu et al., 1991). When
either the native P& is replaced with Z#A" or both the
H-subunit and the P& are removedkg is unchanged from

* Correspondence should be addressed to this author at the Chemistnthat observed for native RCs (Blankenship & Parson, 1979;
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Kirmaier et al., 1986; Liu et al.,, 1991). One possible
explanation for this dramatic change in rate is the “spring-
model”, where the position of Qis influenced by both the
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Fet and the H-subunit (Liu et al., 1991; Schelvis et al., describe the observed ESP signal. Transient optical and EPR
1992). Other possibilities include a localized change in the results show that the observed reductions inkhelectron
quinone binding pocket, such as H-bonding (van der Est ettransfer rate are H-subunit-independent. ESP EPR spectra
al., 1995), that affects the redox properties qf @pon Fe of these biochemically altered proteins potentially could
removal. Fe removal might even induce structural changesprovide insight about the importance of donor/acceptor
at a distance by altering the relative orientations of Bph or geometries versus protein reorganization energies in regulat-
special pair Bss. Other experiments have shown, however, ing electron transfer processes in photosynthetic proteins.
that large changes ing®"Qa~ recombination or @ to Qs
electron transfer rates can occur without large changes inEXPERIMENTAL PROCEDURES
the donor/acceptor geometries (Franzen et al., 1990; van den Preparation of the Reaction CenterdReaction centers
Brink et al., 1994; Tiede et al., 1996). These results implicate from the photosynthetic bacteriufb. sphaeroidefR-26
a role for protein reorganization energy in controlling electron were isolated according to the procedure of Wraight (1979)
transfer processes. Fe removal might have similar effectsadapted by Tiede (Tiede et al., 1996). Deuterated reaction
on global protein dynamics. centers were isolated from whole cells Rb. sphaeroides
One method to sort out what parameters are dominant inR-26 which were grown in BD (99.7%) on deuterated
determining significant changes in electron transfer rates is substrates (Crespi, 1982). Deuterated ubiquinone-10 was
to examine the transient electron paramagnetic resonanceobtained from these cells using the method of Hale et al.
(EPR) spectra of the light-induced electron spin polarized (1983). The amount and type of detergent used in the RC
(ESP) radical pair states®2Qa~ (van den Brink et al., 1994;  isolation were critical to the success of the Fe-removal
Bittl et al., 1996). ESP signals are sensitive to the geometry procedure and H-subunit retention; the purification (Tiede
of this state and can also provide structural details of the et al., 1996) was modified accordingly. The final 0.25 g/mL
intermediate transientgR"™H™ radical pair (Morris et al., (NH,4).SO, floatate was dissolved in 0.15% lauryldimethyl-
1995). We have used these techniques to investigate theamineN-oxide (LDAO), 10 mM Tris-HCl at pH 7.9, 10M
influence of the H-subunit and Feon the cofactor orienta- EDTA, and 100 mM NaCl. The protein was loaded onto a
tion and electron transfer processes in the RC fien sucrose gradient (2040% w/v) with 10 mM Tris-HCI at
sphaeroideR-26. In order to obtain reliable results with pH 7.9 and 0.04% LDAO and centrifuged overnight at
these EPR methods, one must have well-characterized RC50 000 rpm. The reaction center band was collected and
samples with respect to the metal-site occupancy and kineticsdialyzed against 10 mM Tris-HCI, 1M EDTA at pH 7.9,
of electron transfer. Therefore, we have refined the prepara-and 0.045% LDAO. The protein was loaded onto a DEAE-
tion procedures for Fe removal and Zn substitution of RCs. Sephacel column and washed with 0.045% LDAO, 60 mM
Analytical and spectroscopic characterization of these Fe-NaCl, 10uM EDTA, and 10 mM Tris-HCI at pH 8.0 and
removed RCs provides new insights into the Fe-removal eluted by increasing the NaCl concentration of the buffer to
procedures. These modified procedures consistently produce280 mM. The protein was eluted such that severat-Q.5

samples that have the native “fast” (200 p)r “slow” (3—6 mL concentrated (Ogo ~ 18—20 cnT?) fractions were
nsy ! ko rates. collected. These fractions were cryogenically frozen in liquid
Transient EPR spectra of the radical pair statgsd®a~ N and stored at-80 °C. The final 280 nm/802 nm ratios

in fully deuterated RCs witlky determined to be “fast” or ~ were 1.2to 1.3. RC concentration was determined with the
“slow” were obtained. Deuteration reduces the inhomoge- extinction coefficientgg, = 288 mM1 cm! (Straley et al.,
neous line width of the EPR signal due to unresolved 1973).

hyperfine interactions providing improved resolution at Fe Remeal with Zn Replacement (Zn-RCsPeuterated
X-band and Q-band, and thus increased sensitivity to RCs (~0.5-1.0 mL; ODy3 = 19—20 cnrtin 10 mM Tris-
orientation parameters of the cofactors. The sequentialHCI, pH 7.9, 10uM EDTA, 280 mM NaCl, and 0.045%
electron transfer polarization (SETP) model (Norris et al., LDAO) were incubated 5 min at 25C in 5 mM o-
1990; Morris et al., 1995; Tang et al., 1996; Hore, 1996), in phenanthroline, 20 mM Tris-HCI, and 3 equiv of deuterated
which the singlet-triplet mixing developed in the intermedi-  ubiquinone-10. The stock solutions were 135 v

ate radical pair is projected onto the correlated radical pair phenanthroline (30% ethanol) dm@m 1 M solution of Tris-
polarization (CRPP) developed on the final radical pair, can HCI, pH 8.0. Ubiquinone-10 was added rina 2 mMstock

be used to interpret the observed signals. Characterizationsolution prepared by suspending the quinone in 1% LDAO
of the ESP EPR signals provides both kinetic and structural and heating to 63C. 1.5 M LiSCN was added to the RC
details of the charge separation process, including informa- solution from a 3.9 M LiSCN stock solution (concentration
tion about the transient species that precedes the stabilizedletermined by ICP-AES) followed by ice temperature
charge-separated state (Snyder & Thurnauer, 1993). Otheiincubation. After 30 min, 8 mM 2-mercaptoethanol and 1
laboratories have attempted to obtain structural information mM ZnSQ, were added, and the protein was again incubated
of the charge-separated state in the bacterial reaction centerpn ice. After 30 min, the protein was transferred to 10 mm
but have thus far neglected the sequential nature of electronwide 12 006-14 000 MWCO dialysis tubing (Spectra/Por)
transfer in their data simulations {Ehsle et al., 1993; van  and dialyzed 12 h at 4C versus 10 mM Tris-HCI, pH 7.9,
der Est et al., 1993; Prisner et al., 1995). In this paper, we 0.01 mM EDTA, 0.045% LDAO, ath 5 g of Chelex 100
report highly resolved X-band and Q-band ESP EPR spectraresin (Bio-Rad). Precipitated Zn and Fe thiocyanate com-
of deuterated Fe-removed RCs wherekgelectron transfer ~ plexes (white or light pink precipitate) were spun down, and
rate has been altered and interpret these results in terms othe protein was frozen in liquid Nand stored at-80 °C
how the metal ion and subunit compositions influence protein until used for kinetics, EPR, or metal analysis.

function. Our results address the importance of including Formation of Fe-Remaed Reaction Centers (Apo-RCs).
the sequential nature of the electron transfer process toDeuterated RCs (described above) were incubated for 10 min
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on ice with 4 mMo-phenanthroline, 0.1 mM EDTA, 20 mM
Tris-HCI, and 3 equiv of deuterated ubiquinone-10. LiSCN
was added to a final concentration of 1.5 M, and 1 volume

Utschig et al.

described previously (Feezel et al., 1989). Tactors
were determined by comparison to the light-induced signal
of Pgsst (g = 2.0026) in protonated native RCs &b.

of Chelex 100/2 volumes of protein solution was added. The sphaeroidesR-26. The dark signal before and after il-

mixture was tumbled for 60 min at room temperature. The

lumination was measured.

Chelex 100 resin turned a pale pink color due to the binding Measurement of& Transient absorption measurements

of Fe—thiocyanate complexes. The protein was dialyzed

of the room temperature kinetics of the pheophytin o Q

overnight as detailed above. To reduce oxidized dimer electron transfer process were measured at the Bph anion
(Psss™), 0.2 mM sodium ascorbate was added, and the RCsband at 670 nm. The apparatus used for these experiments

were loaded onto a 1.5 mL DEAE-Sephacel column equili-
brated with 10 mM Tris-HCI at pH 7.9, 0.01 mM EDTA,
60 mM NaCl, and 0.045% LDAO. The bound RCs were
washed with 5 column volumes of buffer, eluted with 280
mM NacCl buffer, and cryogenically frozen.

For both the apo-RC and Zn-RC, three subunit protein
bands were observed on a 12% SEFAGE gel with
intensity ratios equivalent to those of the native RC (H-
subunit stains-1.5-fold darker than the L- and M-subunits).

has been previously described (Greenfield et al., 1996). The
RCs were excited at 59597 nm with sub-200-fs pulses,
and excitation energy densities were 2800uJ/cn?. Probe
pulses were polarized at the magic angle to the pump, and
a short-pass interference filter was used to eliminate the
unconverted 820 nm light in the probe beam. Preliminary
measurements at 12 K were obtained for frozen RC samples
in 60% glycerol. The pump rate of the laser was slowed to
23 Hz for these experiments.

Native agarose gels gave unreliable results. Nonetheless, if Time-Resaled EPR. The direct-detection time-resolved

the H-subunit was not bound, the resulting LM complex EPR experiment has been described (Stehlik et al., 1989;
would degrade rapidly with LDAO present (turning a green Trifunac et al., 1978). Transient EPR spectra were collected
or gray color with high 280 nm/803 nm ratios) (Agalidis et on a Bruker ESP300E spectrometer equipped with a low-
al., 1987; Debus et al., 1985). The Zn-RCs and apo-RCstemperature cryostat cooled to 12 or 70 K. An X-band
are a bright blue color, with the 280 nm/803 nm ratio ER046XK-T or a Q-band ER053QRD bridge was used. A
essentially unchanged from the starting protein, and are veryhome-built cylindrical Q-band cavity was constructed with

stable in LDAO. Protonated apo- and Zn-RCs were preparedsilver wound wire to allow light into the cavity (M. D. E.

under the same conditions.
Formation of Fe-Remaed Reaction Centers without the
H-Subunit (Apo-LM) Fe-removed LM complex was pre-

Forbes, personal communication). The transient EPR signal
was collected with narrow-band direct detection of the EPR
signal with a Princeton Applied Research, Model 162, boxcar

pared based on a previously described method (Debus et al.averager. Two separate 15 ns gates (a and b) were used to

1985). Because the LM complex is unstable in LDAO,
LDAO was removed by washing and eluting the RCs from
the final DEAE-Sephacel purification step with buffers
containing 0.8%n-octyl S-p-glucoside (OG) instead of
LDAO. 2 mM o-phenanthroline and 4 equiv of deuterated
ubiquinone-10 were added to deuterated RCs (1 mLo@D
= 10-12 cm? in 10 mM Tris-HCI, pH 7.9, 0.01 mM
EDTA, 280 mM NacCl, and 0.8% BOG) and dialyzed (10
mm wide 12 006-14 000 MWCO tubing) 60 min at room
temperature against 10 mM Tris-HCI at pH 7.9, 0.01 mM
EDTA, 0.8% OG, 2 mMo-phenanthroline, 10% ethanol, and
0.7 M LiClO4. The protein was renatured by dialyzing 12
h against 10 mM Tris-HCI, pH 7.9, 0.01 mM EDTA, 0.8%
OG, and 5 g of Chelex 100 resin at’€. Precipitate was

collect the (a) light-induced signal (4s after the laser flash)
and (b) the dark background signal between laser pulses.
The boxcar averager was run in thela mode while the
magnetic field was scanned. AbsorptioA) (is plotted
positive and emissionH) signals plotted negative. The
samples were illuminated with 594 nm light from a Lumonics
HyperDYE 300 dye laser pumped by a Questek 2040 XeCl
excimer laser or with a nanosecond OPO laser system
(Rainboww, OPOTEK Inc., Carlsbad, CA). The repetition
rate was 10 Hz. A linear base line correction was applied
to subtract the broad contribution &ses from the narrow
Psss"Qa~ signals when necessary.

Simulations Spin levels with Boltzmann population were
used to simulate §s"Qa~ spectra under continuous il-

spun down, and the protein was frozen cryogenically and lumination. The features of these spectra are not sensitive

stored at—80 °C. Greater than 95% of the H-subunit was

to the structural differences reported for three crystal

removed as shown by lack of the H-subunit protein band on structures (Allen et al., 1988; Chang et al., 1991; Ermler et

12% SDS-PAGE gels.
Metal Analysis|ICP-AES and EPR SpectroscopRirect

al., 1994). These features are dominated byghensors
for Pges™ and Q~ and are influenced less by the relative

measurement of Fe, Mn, and Zn contents was obtained usingorientation of theg-tensors with respect to the dipolar tensor
inductively coupled plasma-atomic emission spectroscopy of the electron-electron interactions.

(ICP-AES) on a Thermo Jarell Ash Auto Scan 25 spectrom-

eter. ICP-AES enables rapid sequential multielement de-

termination with minimal sample volume. The metal content

The simulated time-resolved EPR spectra were obtained
using the SETP model with the magnetic parameters listed
in the previous work (Tang et al., 1996) and the X-ray

of the RCs was analyzed before and after Fe removal. Thestructure data of the Argonne group (Chang et al., 1991).
Fe-removed samples were dialyzed against Chelex 100 resinfwo overlapping Gaussian functions were used to simulate

for at least an additional 24 h prior to metal analysis.
Low-temperature Q-band~34 GHz) and X-band~9

the overall hyperfine couplings. The data were simulated
using an isotropig-value of 2.0035 for the Bph radical anion

GHz) EPR spectra were obtained to determine the amountandzey (1/kg) values in the range-66 ns. In order to obtain

of Pggs'[FE#TQa]™ Or Pses'Qa~ formed under continuous
illumination. The X-band data were collected using a Bruker

a good agreement between the experimental data and our
“starting point” (fastkg) simulated spectrum, the relative

ESP300E EPR, and the Q-band data were collected using &uler angleyy, for Qa~ was rotated 15 Using these @~
Varian E9 EPR spectrometer (Bruker Q-band bridge), as coordinates for thepy = 0 spectrum, the trends in spectral
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changes akg decreases are more readily comparable to the
experimental trends. Difficulties in simulating X-band
spectra have been attributed in part to exchange interactions
(van den Brink et al., 1994), anisotropic hyperfine couplings
(van der Est & Stehlik, 1996), or uncertainty in the quinone
coordinates. For the higher microwave frequency Q-band
data, the overlapping spectral features are resolved, and the
simulation using a 15rotation of the relative Euler angig

for Qa~ still provides the best match to the experimental
fastkq spectrum.

RESULTS

LISCN-Based Iron-Rensal Procedures. After many
trials, we were unable to reproduce the Fe-removal proce-
dures of Debus et al. (1986). One common problem was
that the RCs aggregated or precipitated in the presence of
0.1% and 0.03% sodium cholate. This is not surprising as
the CMC for cholate is 0.3% (Michel, 1991; Neugebauer,
1987). Most likely an unspecified amount of LDAO
remained after the dialysis treatment of Debus et al. (1986)
keeping the RC soluble, and this residual LDAO was critical
for Fe-removal and H-subunit retention. This idea is " . - N ; s
substantiated by previous studies wirC-labeled LDAO- 3240 3250 3260 22&2(1(230) 12140 12160
RCs that showed a large fraction of LDAO tightly bound to Ficure 1: Experimental and simulated EPR data of protonated (A
the R.C’ Wlth.onlyNSO% of LDAQ removed after 4 days of B) and deuteFr)ated (C, D) Fe-removed RCs showing HReA™ ‘
dialysis against detergent-free buffer (Feher & Okamura, cparge-separated state. The EPR spectra were measured at 12 K
1978). Apparently, completely LDAO-free RCs can be under continuous illumination with a Xenon lamp. The X-band data
obtained only after stringent treatment with Bio-Beads (Bio- were collected wi 2 G (A) or 0.5 G (C) modulation amplitude,

Rad) (Gast et al., 1994). We found that by starting with 1264W microwave power, and 100 kHz field modulation using a
SRR _ Bruker ESP300E EPR spectrometer. The Q-band data were

RC"T’ purified in a low amount of LDAO, we could repro collected at 34 GHz, with 1.5 G (B) or 0.7 G (D) modulation

ducibly prepare Fe-removed and Zn-replaced RCs. The RCympjitude, and 126W microwave power, using a Varian E9 EPR

did not degrade after chaotropic treatment with LISCN in a spectrometer with a Bruker Q-band bridge. The spectra shown are
LDAO-containing buffer. Apparently, the H-subunit does light minus dark signals. The simulated data (dashed lines) of the
not completely dissociate from the L- and M-subunits. Thus, Boltzmann signals £5"Qa~ at X- and Q-band frequencies are
a concentration of 0.045% LDAO was low enough to retain shown for comparison.
the H-subunit and not harm LM after chaotropic treatment. .
The RC should be purified directly in 0.045% LDAO, and RC. Bc;tr;l Zn-RC tagd ?plo-RtC Gprt(_aparatlonsh r}ave tt);]aen
anion exchange chromatography performed such that peakﬁ#cess l; y kr]epeafe .?. dess Imes each from three
fractions collected have RC concentrations of-60 uM. ifferent batches of purified RCs.
Fe-removal procedures using Centricon-50 (Amicon) con- Metal Content: EPR and ICP-AES Analysid.ight-
centrated RCs as the starting material produced inconsistentnduced EPR signals were obtained to directly determine the
results (loss of H-subunit, no Fe-removal, etc.) because thesuccess of the three Fe-removal procedures. In native Fe-
LDAO concentration was altered by the concentration containing RCs, Qand @ are magnetically coupled to the
procedure. Simple dialysis against 0.045% LDAO buffer F€*. Upon illumination at 4 K, EPR signals are observed
for purified RCs in buffers with different detergent composi- from the radical pair Bs'[Fe&#*Qa]~. Theg-value for P is
tions was not adequate to ensure repeatable Fe-remova.0026, whereas [F€Qa]~ gives rise to a broad resonance
procedures. centered at-1.8 (Feher, 1971; Loach & Hall, 1972). Inthe

It is critical that the concentration of the LiISCN stock absence of the paramagnetic metal, the quinone signal
solution be determined by analytical analysis (i.e., ICP-AES, narrows to that of a typical organic radical wigh= 2.0049.
AAS) prior to protein addition. An excess of thiocyanate In protonated samples at X-band, the Boltzmann signals from
results in the loss of H-subunit concomitant with protein Psss” and Q™ overlap, resulting in a derivative signal git
degradation. If the final thiocyanate concentration is too low, = 2.0037 (Debus et al., 1986) that is asymmetric (less intense
however, the F& will not be removed. Interestingly, and broader at high field than low field) (Figure 1A). These
complete Fe removal occurs in the absenceo-phenan- overlapping resonances are resolved at higher fields and upon
throline, as determined by EPR analysis (data not shown).deuteration (Feher et al., 1972; Feezel et al., 1989). Thus,
Apparently o-phenanthroline does not chelate the*fe  for Fe-removed RCs, bothg2" and Q~ resonances are
Instead, it is the formation of Fethiocyanate complexes that observed for deuterated RCs at X-band (Figure 1C) and for
is critical for successful Fe removal. Fthiocyanate forma-  both protonated (Figure 1B) and deuterated RCs (Figure 1D)
tion is consistent with the observed pink Fe-containing at Q-band. Less direct EPR methods to determine the lack
precipitate that forms after incubation of the protein with of Fe* include monitoring the absence of the {F@a]~
LISCN. These thiocyanate complexes seemingly stick to the signal (van den Brink et al., 1994) or observing an emissively
hydrophobic surface of the RC, because extensive Chelexpolarized Q™ EPR signal from illumination of a dark
resin treatment is necessary to remove exces$sfr@m the EPR signal (Gast & Hoff, 1979; Hoff & Gast, 1979). If

dx"/dH
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Table 1: Metal-to-Protein Ratios Determined by ICP-AES Analysis
of Various Preparations d®b. sphaeroideRCs

no. of
sample Fe/RC Mn/RC Zn/RC  samples

purified R26 0.46+ 0.14 0.58+0.09 0.30+0.30 14
Chelex-treated 0.58+ 0.08 0.63f 0.05 <0.02 4

purified R26
apo-RC 0.33+0.10 0.17£0.10 0.24+0.14 4 =
Zn-RC 0.20+0.09 0.06+0.05 0.85+0.22 8 Qo6

.. . . 2]

a Standard deviations listed are for sample-to-sample variations £
resulting from differences between separate preparations. The actual g
analytical standard deviation for each individual measurement was less <04

than 0.01°The protein was treated with Chelex 100 (Bio-Rad)
chelating ion exchange resihiThese samples were extensively Chelex-
treated prior to metal analysis. Without this Chelex treatment, the metal:
protein ratios were essentially unchanged from the purified R26 values,
even though EPR analysis showed that the Fe and Mn were uncoupled

from the quinone. i Zn-RC
0.0 L 1 1 L " | I 1
. . . 00 10 20 30 40 50
Mn2t were in the Fe-site, however, the fF®,]~ signal Time (ns)

would not be observed (Rutherford et al., 1985). Here we Figure 2: Transient absorption measurements and fits of Fe-
present an alternate more direct EPR method for determiningremoved RCs showing the kinetics of the Bph Qa electron
metal content: comparison of the experimentadsfa~ transfer process measured at the Bph anion band at 670 nm. The
signals to simulateddgs" and Q.~ signals expected for total RCs were excited at 59%97 nm with sub-200 fs pulses. The

. . . . measurements were taken-a295 K. The decays for Zn-RC were
paramagnetic metal ion depletion. The experimental datag; 155 ca. 200 ps component (fai}) and a>1yo ns component.

show good agreement to the calculated EPR spectra, indicatThe decays of the apo-RC and apo-LM did not require the fast
ing that essentially complete Fe removal was obtained with component.

each of the three protocols. Thus, excesg'Psignal as
Pses' [FE2TQa]~ atg = 1.8 is not an issue for these samples residual surface-bound based on EPR results (Figure 1).
and will not influence the observed ESP signals arogird Thus, the light-induced dgs*Qa~ EPR signal was found to
2.0. be a more reliable method for determining the extent of
Table 1 shows the Fe, Mn, and Zn contents of the RCs paramagnetic metal removal than ICP-AES analysis.
before and after Fe-removal procedures determined by ICP- Interestingly, purified RCs contain a significant amount
AES analysis. The standard deviations listed show the of Zn?*. As shown in Table 1, purified RCs prior to Fe-
sample-to-sample variation between individual protein prepa- removal treatments have on average 0.3"Zrer RC. We
rations. ICP-AES measurements are very accurate for metalhave observed anywhere from 0 to 12Zmper RC without
concentrations- 100 ppb, with standard deviations less than addition of extra ZA*. RCs that have been incubated with
3% of the measured value. Unexpectedly, ICP-AES analysisseveral equivalents of 2Zh followed by size-exclusion

of Rb. sphaeroidedR-26 showed that our purified RCs

chromatography have close to stoichiometric Zn binding.

contain a significant amount of manganese. Mn-to-RC ratios Q-band EPR analysis of these RCs with 1 Zn/RC (Fe and

of ~0.6 and Fe-to-RC ratios of0.5 were measured from
10 different purified preparations of RCs. Like ¥gthe
paramagnetic Mit in the RC is magnetically coupled to
the quinone (Rutherford et al., 1985). Not surprisingly, the
Fe-removal procedures also removed the’Mras deter-
mined by the observeds2fQa~ EPR signals showing that

Mn not removed) confirms that this Zhis not bound in
the Fe-site. A @~ signal is not observed in thg = 2.0
region. Treatment with Chelex 100 resin removes this extra
Zn?*, suggesting that the Zhis binding near the surface
of the protein. Elaboration of these results will be presented
in a future paper (L. M. Utschig and D. M. Tiede,

Mn?t and Q~ were uncoupled. In some preparations, unpublished results). This “adventitious” Zn-site on the RC
extraneous iron was observed. Weakly bound adventitiouscomplicates experiments involving insertion oPZpor other
Fet was removed prior to ICP-AES analysis by size- metal ions, into the Fe-site. Previous methods (Debus et
exclusion chromatography with Sephadex G25. al., 1986) involve incubation of Fe-removed RCs with large
The Mn and Fe contents of the RCs determined by ICP- quantities of ZA*, or other transition metal ions, followed
AES analysis after Fe-removal procedures without Chelex by dialysis. Based on our results, it is possible that these
treatment were puzzling. The metal-to-protein ratios of the transition metal ions do not bind in the Fe-site, but rather
RCs before and after metal removal were essentially the bind to other surface-accessible site(s). Therefore, when
same, although EPR analysis indicated that the paramagnetisimply reporting Zn-to-RC ratios, it is important to determine
metal ions were uncoupled from the quinone. Only after if the Zr** is in the Fe-site by determining these ratios after
extensive dialysis vs Chelex 100 resin was the total Fe plusextensive Chelex treatment and by examination of EPR
Mn content-to-protein ratio substochiometric (Table 1). spectra.
Apparently, after LISCN treatment, the Fe and Mn ions are  Electron Transfer from BPh to Q Figure 2 compares
surface-bound and accessible to Chelex resin. The samédhe room temperature kinetics of the Bph Qa electron
Chelex treatment does not remove Fe, Mn, or Zn from the transfer processk§) measured by transient absorption
buried Fe-site in native RCs. Even after extensive Chelex spectroscopy at the 670 nm Bph anion band for apo-RCs,
treatment, the metal-to-protein ratios for Fe-removed RCs Zn-RCs, and apo-LM. Native RCs havégof ~(200 ps)?!
can be misleading. The remainingB0% Fe is most likely (Kirmaier et al., 1985). The majority of the decay (80%)
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Ficure 4: Experimental X-band ESP EPR spectra gfsFQa~ of
deuterated Fe-removed bacterial RCs with fast or g frozen
solution at 12 K. The sweep width was 50 G, the microwave power
was 1 mW, and 5 scans were averaged. The Zn-RCs and apo-RCs
were prepared as detailed in the text, concentrated tgd3D25

Ficure 3: Dependence of the position of the long-wavelength
absorption (near 865 nm) on the Fe-removal procedures and
resultingkg. A 15—20 nm blue shift and a decrease in intensity of
the 865 nm Bss peak were routinely observed after the Fe-removal

procedures for Fe-depleted samples whiegeis slow (apo-RC cm-Land 10 cmi* with Aggd/Agoo ratios of 1.4 and 1.5, respectively,

shown here, dashed line). For Zn-RCs whiyes fast (dotted line), 2oy cryogenically frozen after dark-adaptation. The spin-polarized
the intensity and position of this peak remained essentially spectrum for Zn-RCs with~80% (200 ps)® ko is shown in
unchanged relative to those observed for native RCs (solid line). boldface, and the corresponding spectrum for apo-RC with6(3

] ) ns) ! kg is dotted. The transient optical data for these samples are
for Zn-RCs was fit to a fast 200 ps component, with the shown in Figure 2, and the EPR signals under continuous

remaining amplitude (20%) belonging to an additiordlo illumination of Zn-RCs are essentially identical to those of apo-
ns decay component. 545 nm data (not shown), correspond-RCs shown in Figure 1C,D.

ing to the decay of the Bph,(bleach, are consistent with
the 670 nm data. The-5 ns maximum delay of the . .
apparatus precludes the accurate determination of a many-th?_,nat'\ngO?fézggrfs_ly_h' f led qui
nanosecond time constant. The nanosecond decay compo- . Ime-Resale - he ?m"“’_“_ ofuncoupled quinone
nent is residual Bph anion at long time. It could result from will '”f'“ef_‘ce the relatlv_e Intensities Of.ESP resonances
inactive RCs which lack a functional quinone acceptor (Liu observed in they = 2 region for the light-induced charge-

etal., 1991), which is consistent with sm#fes triplet EPR separated state. Upon illumination, the relative amounts of
b 1 - + _ _
signals observed under continuous illumination at 4 K. The Q™ 10 Pees” resonances of the X-band and Q-band CW EPR

fits to the decay curves of the apo-RC with and without the z'r%;'gls \_/\I’_e'\;esggnu'\l/aslené;ggth;mdelufézgeﬁ] ?hpeo';i?n%-rzg-?/ia
H-subunit did not require the fast component, with the best PO pIES. sample €so

" . T e
fit to the data yielding a slow-36 ns component (Kirmaier experiments had essentially complete'Fand Mrf* re
et al., 1986: Liu et al., 1991) and a nondecay component. moval. The samples were checked for the presence of any

The trilet vield was hiah in these samples. as measuredreduced quinone in the dark before and after illumination,
qualitatri)velyyby EPR Pgreliminary measﬁrerﬁents indicate since spin-polarized signals from chemically prereduced RCs

that theko for the slow component increases to approximately _(Gast & Hoff, 1979; Hoff & G_ast, 1979) _have been observed
(15-2.0 nsy’ at 12 K. The rate for the appearance of the in such systems and could interfere with the ESP spectrum

o . X
Bph anion band was typically (3-5.0 ps)™. The kinetics of Pgss'Qa~. All three samples had negligible dark signals

before and after illumination.
ZL;Z‘;;&?{S a:i]gr?t}i Czasft(\e,\;et[ﬁei;eprp:ﬁ:rlgt?:n Zf:]zrsttr;?asggtd The X-band transient EPR spectra of kinetically-defined
77 K. No significant change in the quantity or rate of fast euterated Zn-RCs and apo-RCs, with flesaind slowkq,

tfor Zn-RC b d The sl trespectively, are shown in Figure 4. These spectra are not
component for Zn-R& was observed. 1he SIow COmPONent ., qcteq for concentration, and therefore the overall intensi-
for apo-RC and apo-LM did not appear to significantly

: o ) ties between spectra cannot be compared. The spectra for
change over time, within the error of the experiment. both have an A)/E/AE/(A) polarization pattern B =

A change in the visible absorption spectrum is strongly emissionA = absorption). These spectra are highly resolved
correlated to the slowq (Figure 3). A 16-15 nm blue shift  for X-band frequency and have a similar polarization pattern
and reversible bleaching of the 865 nm peak of the special as previously observed with protonated Zn-RCs at K-band
pair Res were routinely observed for apo-RC and apo-LM  frequency 24 GHz) (Fiehsle et al., 1993; van der Est,
samples wher&g is slow. For Zn-RC samples whekg is 1995). The most striking difference between the two spectra
fast, the intensity and position of this peak remained presented in Figure 4 is the relative intensity of the polarized
essentially unchanged relative to those observed for nativeresonances within each spectra. For apo-RCs, the absolute
RCs. Zn substitution into the Fe-site, however, does not amplitudes of the4)/E/A/E/(A) lobes have an approximately
assure retention of the natikg. In the process of develop-  (0.2)/1/1.3/1/(0.5) relative intensity ratio. The high- and low-
ing a reliable preparation of fast (200-p5)kq Zn-RCs field emissions have the same absolute amplitude with the
(detailed above), we prepared several Zn-RC samples thattentral absorption only slightly more intense than either
had a predominant slowg rate. Apparently, it is very  emission. The Zn-RCs, however, have a high-field emission

difficult to not alter the protein during Fe removal and retain
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FiIGURe 5: Experimental Q-band ESP EPR spectra g™~ of
deuterated Fe-removed bacterial RCs with fast or $lgwn frozen
solution at 70 K. The sweep width was 50 G, the microwave power
was 2 mW, and 5 scans were averaged. The Zn-RCs and apo-RCs 3G
samples are described in Figure 4. The spin-polarized spectrum
for Zn-RCs with~80% (200 ps)* kg is shown in boldface, and 2610 : 20'05 : 2600
:jhoettétgrrespondlng spectrum for apo-RC with-@ns)? kg is g-value

Ficure 6: Comparison of the X-bandggngA* ESP signals of
more intense than the low-field emission, as well as a high g?‘():):{gb (?_%Oé';'\?a e""sr‘c‘:ibzga'?ﬁfigmg'ii ‘Evét)haﬂg?ﬁ&'}a;‘fﬂa
absolute cgntral absorption, with an approximate ratio for oML, AxsdAgoo = 1.4), and (C) Zn-RCs with slok, were obtained
these dominariE/A/E lobes of 1/2.3/1.6. The small absorp-  at 12 K as described in Figure 4, except 10 scans were averaged

tion at high field is below the base line and is much less for the apo-LM spectrum. The Zn-RC sample in this preparation
predominant and at a slightly loweg-value than that was prepared differently than described in the text. The RC was
observed for apo-RCs. Also, the magnetic field separation ncubated with 1.5 M LISCN for 40 min at 25C prior to the

b h issive lob b f addition of 0.5 mM ZnS@and 5 mM 2-mercaptoethanol. After an
etween the two emissive lobes narrows by 0.8 G for apo- 5qgitional 25 min at room temperature, the protein was dialyzed

RCs. Another feature of the Zn-RC spectrum is a weak overnight. The Bss absorbance maximum shifted to 855 nm after
emission at the highest field. The origin of this feature is preparation. This Zn-RC EPR sample had 3= 18 cn! and

unclear (van der Est et al., 1993). These polarization patterns’zsd/Asoo = 1.2. The Boltzmann EPR signal was essentially identical

. . to those in Figure 1C,D and the kinetic trace matched that of apo-
were observed for two different deuterated preparations of RC shown in Figure 2. No fask, component €10%) was

kinetically defined fastko, and slow ko samples. NO  gpserved. The transient optical data for apo-LM are shown in Figure
significant change in the shape or relative intensities of the 2.

X-band ESP spectra for apo-RCs in the temperature range
of 12—180 K was observed. to a contribution from the intermediary radical paigfH ",
Figure 5 shows the transient spectra obtained at Q-bandwhich would be expected to overlap the high-field region,
for deuterated apo-RCs with slokg and for Zn-RCs with or to actual structure changes in the cofactors will be
fast kg. These spectra are highly resolved, and, in fact, investigated by comparison to simulated data.
exhibit similar spectral resolution as protonated Zn-RCs at  The observed relative intensity differences in polarization
W-band (Prisner et al., 1995). A polarization pattern&f ( patterns are correlated to the amount of slow and fast
E/A/AJE/A is observed for both spectra. As observed for components and not specifically to metal content. Prior to
X-band, the major difference between the Q-band spectra isdevelopment of the refined fag} Zn-RC procedure (detailed
also the relative intensity of the polarized resonances within above), the majority of our Zn-RC preparations were found
each spectra. The absolute amplitudes of R)e&{A/A/E/A to have a slow (36 ns) ' ky. The X-band and Q-band ESP
lobes are approximately (0.2)/1/0.6/0.8/1.9/1 and (0.3)/1/0.5/ spectra for one of these Zn-RC samples prepared with
1/1.7/0.4 for apo-RCs and Zn-RCs, respectively. Moreover, “harsher” conditions (described in the figure caption) are
the high-field emission and absorption for apo-RCs are at shown in Figures 6C and 7B, respectively. Interestingly,
slightly higherg-values than those observed for Zn-RCs. this slowkg Zn-RC sample exhibits an almost identical spin-
Clearly, the high-field region of the polarized spectrum is polarized spectrum to that of apo-RCs. Likewise, Zn-RC
influenced the most by the differeky values, although slight  samples with a combination of fast and slow kinetic
differences are observed in the low-field region. The high components exhibit spectra intermediate with respect to the
resolution at Q-band for deuterated Fe-removed sampleschanges described above for signals obtained for samples
partly separates the contributions of the radicalgPand with a predominant slow or fast kinetic component. Thus,
Qa~ to the overall polarized spectrum (Feezel et al., 1989). the method of sample preparation and resulting kinetics will
Changes in the orientation of,f2" relative to the dipolar  influence the observed transient EPR spectra. Many pub-
vector joining the two radicals primarily affect the high-field lished experimental spin-polarized X-band spectra for Zn-
region, whereas changes in the orientation gf Qrincipally RCs have been obtained with samples that have not been
affect the low-field part of the spectrum (van der Est et al., kinetically characterized (Feezel et al., 1989; van der Est et
1996). Therefore, the Q-band spectral results indicate thatal., 1993, 1995; Bittl et al., 1994, 1996; Kothe et al., 1994).
the Res™ region is affected more than theyQpart whenkg Our results suggest that differences between these spectra
is slow. The extent to which these changes can be attributedcould reflect differences in kinetics of the samples.
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FiIGurRe 7: Comparison of the Q-bandsd2"Qa~ ESP signals of
apo-RC and Zn-RC samples with sldy. The spectra of (A) apo-
RCs (described in Figure 4) and (B) Zn-RCs with sky{described
in Figure 6) were obtained at 70 K as described in Figure 5.

A comparison of the ESP EPR spectra of Fe-removed RC
with or without the H-subunit is shown in Figure 6A,B. Both
samples were kinetically identical, having slow-@ ns)* .
ko rates. Each spectrum has the overAVE/A/E/(A) spin o080 12080 12100
polarization pattern. The high-field emission is slightly less Field (G)
intense than the low-field emission in the apo-LM protein. Fcure 8: Simulated (A) X-band and (B) Q-band EPR spectra of
The apo-LM protein had a larger underlying tripRgss deuterated Fe-depleted RCs with varylagshowing the trend for
signal than the apo-RC, most likely due to a high loss of increasing involvement of the intermediate radical pgi ™~ on

; ; he observed spectrum. The SETP model was used with an isotropic
weakly bound quinone because of the lack of H-subunit. A t p i p
. . . . -value for the Bph I fO, 1,2, 4 and 6
linear base line correction was apphed to each spectrum to?s\éﬁdlfedac;rhede, dgtte?f'gi?c?er’]d;:g %,L:Jis %Spectivem anabns
account for the underlying triplet signals.

Simulated ESP Spectralo investigate the differences
observed in the experimental spectra, the influence of the
ratekq on the polarization pattern was examindgSP EPR
spectra were simulated using the cofactor coordinates from o
the X-ray structural data of the Argonne group (Chang et He_temperatures than at room temperature. Prehmﬂ@ry
al., 1991) and magnetic parameters listed previously (Tangf’pt'cal measurements at 12 K shqw that the rate does in fact
et al., 1996). The spectra can be described by the CRPPNCcrease to about (1:52 nsy™ at this temperature for apo-
model (Fahsle et al., 1993; van der Est et al., 1993) for RCS. Apparently, théq for slow RCs is still at least 15-
systems where the lifetime of&"H~ is 200 ps, as in native fold slower at 12 K than for RCs with the natikg which
RCs and Zn-RCs. However, the simulations presented herehave been reported to hakgof ~100 ps at this temperature
are based on a more general model, the SETP model (NorrigKirmaier et al., 1985).
et al., 1990; Morris et al., 1995; Tang et al., 1996), which
takes into account the effects of a long-lived intermediate
electron acceptor when the electron transfer tagslowed.

In Figure 8, the simulated X-band and Q-band SETP
spectra are shown for-b ns lifetimes;py, of the intermedi-
ary radical pair Bs"™H™. The trends for systematically
increasing the lifetime of &s"H~ provide information about
the importance of including the intermediate radical pair.

These simulations are applicable to the apo-RC and apo_value and orientation of thg-tensor for the intermediate
LM, where 7o (1/ko) was measured to be-® ns at room acceptor as well as the dipolar tensor betwegg Rnd Q™.

temperature. Figure 8 shows that, as the kat®ecomes Although theg-tensors for Bss" and Q™ are characterized
slower, the high-field &) increases in size with an apparent (Burghaus et al., 1993; Isaacson et al., 1995; Klette et al.,
shift to higherg-value and concomitant loss of relative 1993), the corresponding values for the intermediate Bph
amplitude of the high-field emission and central absorption. acceptor have not been definitively determined. Recently,
Also, the magnetic field separation between the two emissive the ESP signal of the primary radical pags$H~ has been
lobes decreases as the rate slows down. These trends in theeported (Proskuryakov et al., 1996), and further studies of
simulated polarized spectra match those discussed above fothis signal will provide important magnetic parameters of
the experimental spectra in Figures 4 and 5. The extent ofthis species.

the change for the experimental spectra, however, does not
match that observed in the 4 ns or 6 ns simulated spectra.
One possible explanation for this is thatis faster at liquid

Although the 1 ns and 2 ns simulated spectra closely
resemble the experimental spectra for the skwRCs,
differences still exist. Actual fitting of the experimental
spectra will address whether or not these changes are due to
structural differences indgst, Qa~, or H™, or if they can
predominantly be explained by the differences kg.
Simulated spectral features are strongly influenced by the
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DISCUSSION slow ko does exhibit a similar temperature dependence to
. , native RCs, as preliminary optical measurements indicate
Fe-Remoal Procedures. In this study, we _examlned the  ihat the slovkg, rate increases to approximately (+Bns)*
ESP EPR sp_ectra of three different preparations of RCs from 44 1o k. Interestingly, the experimental spectrum for apo-
Rb. sphaeroideR-26 depleted of ¢ where the electron  pcg is remarkably similar to the 1 ns and 2 ns simulated
transfer rate from the bacteriopheophytin to the quinone yaia although differences do exist. Ultimately, least-squares
acceptor has been measured. Transient EPR signals werging of the experimental spectra will provide essential
found to be very preparation- aikg-dependent. Unexpect-  jnformation about whether these changes observed in the
edly, we encountered difficulties repeating previous literature spectra can be attributed to structural differencesgig™P
procedures for Fe-removal with H-subunit retention (Debus Qa-, or H-, or if they predominantly can be explained by
et al., 1986) and observed a different correlation between ha ditferences inky. Nevertheless, our results strongly
the specific protein modification and correspondkagate. suggest the need to consider botisFH~ and Res'Qa~
Importantly, Zi#* substitution for the F& or a combination  4qical pair interactions in the interpretation of the ESP EPR
of Fe-depletion and H-subunit removal does not assure spectra obtained from photosynthetic systems.

retention of the native (200 ps)kq electron transfer rate. Because the observed spin polarization is dependent on
This native rate was only observed for Zn-RCs that had beenkQ it is imperative to ascertain thk, rates of modified
prepared in a precise manner, with time-specific addition of ,tein samples prior to detailed analysis of spin-polarized
zinc sulfate to a reaction mixture of chaotrope LISCN with  gpectra. Contrary to previous ideas, simple substitution of
o-phenanthroline, 2-mercaptoethanol, and ubiquinone. Ir- 72+ intg the Fe site does not assure that the native electron
reversible protein changes apparently occur with preparationgansfer rate has been retained. It is possible that a decrease
of the apo-RCs with slovky as we were unable to regain j, i, could explain some of the discrepancies observed in
the native electron transfer rate by first preparing the apo- e high-field absorption and overall relative absolute intensi-

RC and later reconstituting with Zh (Debus et al,, 1986).  ies of published experimental spin-polarized X-band spectra
Extraneous Zft can bind to the surface of the RC by this o 7n_RCs (van der Est et al., 1993, 1995: Bittl et al., 1994,
method, and metal analysis would provide misleading 1996; Feezel et al., 1990; Kothe et al., 1994). The differ-
information about the amount of Zhsubstituted into the  gnces in spectral shape due to slow vs kasare resolved
Fe site. Continuous light-induceckd® Qa~ EPR signals ot 5.pand. The ESP spectrum of the deuterated Zn-RCs at
provided a good method for determining the success of the i_hand provides similar resolution to the spectrum obtained
Fe-removal procedures. with protonated Zn-RCs at W-band (Prisner et al., 1995).
Influence of k on ESP EPR SpectraWith these kineti-  Our Q-band spin-polarized spectrum of deuterated Zn-RCs
cally-characterized proteins, we are able to directly inves- with native ko differs from the W-band results most
tigate the influence of the intermediarysP H™ radical pair  dramatically in the high-field region of the experimental
on the observed ESP signal of thes#”Qa~ radical pair.  spectrum. Because of reproducibility problems with Fe-
The use of deuterated protein provides higher spectral removal preparations and resulting “delicate” protein, RCs
resolution of the overlappingsi"Qa~ resonances at X-band  could have slowko after further quinone extraction and
and Q-band (Feezel et al., 1989) by reducing the nuclearreplacement of @ with various quinones (van der Est et
hyperfine interactions compared to analogous protonated RCsal., 1995). The concomitant measurements of ESP spectra
(Feezel et al., 1990). The sequential electron transfer andk, for Fe-removed RCs reported herein provide the first
polarization (SETP) model has been used to account forstep toward definitively determining if light-induced struc-

differences in the polarization line shape afd in Fe- tural changes in §s or Qa relative to the ground-state X-ray
containing protonate®b. sphaeroidewith different quino-  structure occur upon formation of the charge-separated state
nes as Q (Morris et al., 1995), but has never before been pytQ,~.

applied to ESP spectra ogd2"Qa~ from kinetically-defined Protein Modifications and Electron TransfeBoth tran-

deuterated Fe-removed RCs. With the SETP model, the ESPsijent EPR and optical spectroscopic data suggest that the

EPR spectrum is influenced by whether or not the ESP of g|ow ko in Fe-depleted RCs is H-subunit independent.
the Res"Qa™ radical pair is affected by radical pair interac-  Previously, a decay time of 200 ps for the apo-LM complex,
tions of the precursor,g&"H™ (Norris et al., 1990; Morris  indistinguishable from that measured for native, RCs has
et al., 1995; Tang et al., 1996). In SETP simulations, the peen reported (Blankenship & Parson, 1979; Agalidis et al.,
singlet-triplet mixing developed in the intermediate radical 1987; Liu et al., 1991). We never observed this. In fact,
pair Res"H™ is projected onto the correlated radical pair we found that it was relatively easy to make Fe-removed
polarization (CRPP) developed on the final radical pair proteins with or without the H-subunit in the absence ofZn
Paes Q™ that had a slow nanosecoRgd electron transfer rate. This

In apo-RCs, the lifetime of &"H~ is longer by a factor  result contradicts previous reports. Rib. sphaeroidewild
of at least 15 relative to its lifetime in native RCs. The ESP type (Y strain) in which only the L and M protein subunits
signal of apo-RCs has a different spin-polarized spectrum are present (metal depleted) (Agalidis et al., 1987) and in
than that of Zn-RCs which havekg unchanged from native  Fe-depleted LiCl@treated (Debus et al., 1985; Liu et al.,
RCs and an ESP the result of the CRPP mechanism. Thesd991) or SDS-treated (Blankenship & Parson, 1979) RCs
observed spectral differences reflect the trends in polarizationfrom Rb. sphaeroideR-26, the lifetimes of Rs"H™ are
predicted with the SETP model, verifying that the sequential reported to be the same as that in native RCs. The reasons
nature of the electron transfer process contributes to the spinfor the discrepancy of our data with previous data are unclear.
polarization in Fe-depleted RC preparations having a slow The fact that slow kinetics can occur whether or not the
ko. The Res"H™ lifetime in native RCs is only 2 times  H-subunit is present, however, implies that this alteration in
shorter &5 K than at 295 K (Kirmaier et al., 1985), and the electron transfer rate is not the direct result of H-subunit



Time-Resolved EPR of Fe-Removed Reaction Centers Biochemistry, Vol. 36, No. 28, 1998557

removal. These results negate the suggestion that thetions of Bph or special pairdgs However, it is possible
H-subunit is specifically involved in a “spring-mechanism”, that a distinct cofactor adjustment does not occur as the direct

shifting the Q orientation and causing slol (Liu et al., result of removing specific P& or H-subunit interactions
1991; Schelvis et al., 1992). and that the observed differences can be accounted for simply

Another interesting observation is thatZmccupancy of by the change in kinetics. Thus, protein reorganization
the Fe site does not assure retention of naltize All apo- energy might play the major role in controlling the kb

RCs and some Zn-RCs had sldw; and these samples Qa electron transfer process. This result would be consistent
exhibit almost identical spin-polarized signals (Figure 6). with other experiments that have shown large changes in
Transient EPR signals are sensitive to the orientation of the Pgss"Qa~ recombination or @ to Qs electron transfer rates
radicals, Bss” and Q~ (Fachsle et al., 1993; Snyder & can occur without large changes in the donor/acceptor
Thurnauer, 1993; van der Est et al., 1993, 1995; Prisner etgeometries (Franzen et al., 1990; van den Brink et al., 1994;
al., 1995), and possibly to H Therefore, apparently no  Tiede et al., 1996). Likewise, Feand/or H-subunit removal
major change in the orientation of these cofactors, as reflectedmight affect global protein structure and dynamics. To
in their magnetic parameters, occurs between apo-RCs, apoaddress these possibilities, we have also obtained high time
LMs, and slowkg Zn-RCs, because all three exhibit strikingly  resolution transient EPR spectra of the apo-RC and Zn-RC
similar spin-polarized signals. This suggests that the ob- and currently are analyzing the observed oscillations due to
served slovkg is not specific for either metal-site occupancy zero quantum coherence to determine donor/acceptor geom-
or H-subunit retention. etries (Kothe et al., 1994). The results from these studies
Not only might the slowkg be the result of structural combined with detailed SETP modeling of the observed ESP
changes in the quinone region, but also it could be the resultsignals will provide essential information about whether the
of an altered orientation of the special paisd The Fe- changes observed in the ESP spectra for samples with fast
removal procedures induce a-105 nm blue shift in the  and slowkg can be attributed to structural differences in
Pses 865 nm absorption band for apo-RC and apo-LM. This Pgss™, Qa~, or H™, or if they predominantly can be explained
shift was consistently observed for samples that had a majorby the differences irko.
nanoseconél; component. One possible explanation for this
absorbance shift is a loss ofs@Debus et al., 1985), but ACKNOWLEDGMENT
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