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ABSTRACT: High-frequency electron paramagnetic resonance (HF EPR) techniques have been employed
to look for localized light-induced conformational changes in the protein environments around the reduced
secondary quinone acceptorgQ in Rhodobacter sphaeroidesd Blastochlorisviridis RCs. The Q™

and @~ radical species in Fe-removed/Zn-replaced protonated RCs substituted with deuterated quinones
are distinguishable with pulsed D-band (130 GHz) EPR and provide native probes of both the low-
temperature @ Qg — QaQs~ electron-transfer event and the structure of trapped conformational substates.
We report here the first spectroscopic evidence that cryogenically trapped, light-induced changes enable
low-temperature @ Qs — QaQgs~ electron transfer in th8. viridis RC and the first observation of an
inactive, trapped BQg ™~ state in bothR. sphaeroideandB. viridis RCs that does not recombine at 20 K.

The high resolution and orientational selectivity of HF electranclear double resonance (ENDOR)
allows us to directly probe protein environments around @r distinct PQg~ kinetic RC states by
spectrally selecting specific nuclei in isotopically labeled samples. No structural differences in the protein
structure near g or reorientation (within 3 of Qg~ was observed with HF ENDOR spectra of two
states of PQg™: “active” and “inactive” states with regards to low-temperature electron transfer. These
results reveal a remarkably enforced local protein environment goin@s reduced semiquinone state

and suggest that the conformational change that controls reactivity resides beyogddbal @nvironment.

Electron-transfer reactions within membrane proteins occur four bacteriochlorophylls (Bchl), two bacteriopheophytins
between specifically positioned donor and acceptor cofactor (Bph), two ubiquinones (Q), and one internally bound non-
molecules intricately anchored in a polypeptide environment. heme iron. In the RC, electron transfer occurs sequentially
The interactions of the protein matrix with the cofactors are following photoexcitation of a bacteriochlorophyll dimer (P),
essential both for fine-tuning electron-transfer reactions and through one set of cofactors, to a quinone molecue&vghin
for coupling these reactions with secondary reactions, such150-250 ps, resulting in a metastable charge-separated state,
as proton transfer. However, the experimental determination PtQa~ (4, 5). Subsequently, within about 2@, the electron
of the local proteir-cofactor interactions that affect these reaches the final quinone acceptas, @hich functions as a
processes remains a challenge. The photosynthetic bacteriaiwo-electron, two-proton acceptor following two successive
reaction center (RC)is an important model system for turnovers of the RC photochemistr§)(
gaining insight into these factors. The RC is an integral The heterogeneous kinetics, temperature trends, and pH
membrane protein that couples light-induced, sequential dependencies of the QQs — QaQs~ reaction show that
electron transfer with proton-transfer reactions. High-resolu- this interquinone electron transfer in isolated RCs is inti-
tion crystal structures show that the bacterial RC from mately linked to a complex conformational landscape
Rhodobacter sphaeroidé¢s—3) consists of three 3635 kDa (7—13). The rate of the @ Qs — QaQg~ electron transfer
protein subunits, L, H, and M, which bind nine cofactors: at room temperature is independent of the driving force for

the reaction, at least for the mainl00 us componentq)
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1 Abbreviations: RC, reaction center; EPR, electron paramagnetic Qa™Qs — QaQs™ electron transfer 'S. not observed at low
resonance; ENDOR, electremuclear double resonance; P, primary temperatures<200 K) for RCs frozen in the dark. However,
electron donor; @ and @, primary and secondary quinone electron electron transfer between the quinones does occur at

acceptors; FTIR, Fourier transform infrared spectroscopy; HF, high- ; :
frequency; EDTA, ethylenediaminetetraacetic acid; LDAO, lauryldi- cryogenic temperatures f&. sphaeroideRCs frozen under

methylamineN-oxide; DAF, delay after laser flash; ESE, electron spin illumination (so-called “Kleinfeld effect”) 15). These ob-
echotH, proton;2H, deuteron. served alterations of reaction kinetics have been linked to
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trapping the RC in altered conformations induced by charge nes, as well as the radical pairs@~ and P Qg™ (29). For
separation 15). example, at high-frequency .Q and @~ have resolved

The nature of these light-induced structural changes in RCsg-tensors, and thus, EPR signals of Qand @~ can be
having both quinones bound remains a mystery. Similarly, distinguished from each other. This resolution allows the
RCs that lack @ exhibit a light-induced structural change. quinone electron-transfer processes to be directly monitored,
This is evidenced by the remarkably prolonged lifetime of albeit at low temperatures.

the radical pair state ™, formed from RCs cooled to In contrast to data from X-ray crystallography, EPR
cryogenic temperatures under illumination compared with spectroscopy can provide structural information concurrent
RCs frozen in the darklf). Transient electron paramagnetic with functional data for RCs in solution. Crystallization
resonance (EPR) spectra of the electron spin-polariz€d P conditions and the inherent labile nature gf @use concerns
state from RCs frozen in the light and the dark were apout the occupancy of thez@ite and the ability of @to
examined, and it was determined that the altered recombina-accept an electron in the crysta2(30). The possibility of
tion kinetics for the former case were not the result of radiation damage to the protein complicates interpretation
reorientation of the cofactors'Rand Q™ (16, 17). Herein,  of X-ray data 81, 32). Although many studies of crystal
the light-induced structural changes that are necessary forstructures for bottBlastochlorisziridis andR. sphaeroides
Qa~Qes — QaQs™ electron transfer to occur at low temper-  RCs have focused on the problem of the location gf(®
ature are examined, with a focus on the local protein structure 18 19, 21, 22, 30, 33, 34), no consensus about the functional
surrounding @". relevance of the multiple structurally determined quinone
The low-temperature reaction kinetics have been proposedpinding sites has been achieved. One important advantage
to be linked to two distinct sites of Qthe “distal” and  of EPR spectroscopy is that localized structural information
“proximal” positions, observed iR. sphaeroideRC crystal can be obtained for a known redox state of the @at is,
structures. The position of) as determined from X-ray  the semiquinone g radical state. In general, there are only
crystal structures of light-adapted RC crystals in the charge- a few magnetic resonance studies ef @ue to difficulties
separated state'Rg" is located approximatgl5 A from of generating this radical species in tRe sphaeroideRC
the  position in the charge-neutral state, &@nd has  (29). No EPR studies of @ in B. siridis RC have been
undergone a 180propeller twist around the isoprene chain  reported.
(18). This significant shift in position and rotation ofsQn

. i , We have initiated new methodologies that utilize both
the light-adapted structures relative to those adapted in thespecialized samples and high-frequency (HF) pulsed EPR
dark led to the proposal that the proximal and distal Q

" | ) ) ) techniques and have applied these methods to investigate
positions correspond to active and inactive conformations jignt induced protein conformational substates related to low-
with respect to electron transfer fr(.)mAQt.o Qe and that temperature @ Qs — QaQs~ electron transfer. Protonated
movement between these two configurations represents the-¢_removed/zn-replaced bacterial reaction center samples
conformational gate for this reactiod§). Thus, for RCs substituted with fully deuterated quinones were prepared for

frozen in the dark, it was suggested thatiQlocked inthe 040 otdies. HF D-band (130 GHz/4.6 T) EPR spectra of
distal or “inactive” conformation, whereass@s shifted to these samples display resolved, .-, and @~ radical

the proximal or “active” conformation for RCs frozen in the signals. The structures of distinctsQ substates and the

Iiggt.hRecentIexpeerentaI rehsultﬁ'fct:c.)ntradfi.ct thig propgsal, associated electron-transfer reaction kinetics at low temper-
an t. € corre ation etV\_Ieent e shift ig Qonfiguration an ature for RCs trapped in different conformational substates
rate-limiting conformational change has not been fully o6 spectroscopically examined. Furthermore, HF Mims-
establishedl3, 19-22). In fact, Fourier transform infrared yne pyised electronnuclear double resonance spectroscopy
(FTIR) spectroscopic dat_a, as well as optical lmeasurements(ENDOR), or “matrix’ ENDOR, has been applied to directly
of st'ructurallly. characterlzed' RC mutants W'th? @ _the look for differences in the protein environments surrounding
pr(')x[mal position, argue agalnstalarge-scgle, I'ght'md,UCEd the quinones. Selective deuteration of the quinone, in a
fSh'ft in the position Of”Q as a part of the gating mechanism . 5nated protein environment, allows for spectral features
or RCs in noncryst_a ine sta_teﬂ, 23-29). of the quinone radicals to be distinguished in the ENDOR
A conformational intermediate between the dark state and experiment from protein environments or “matrix” surround-

light-induced state was detected with transient optical jg the quinone radicals. In this report, we have used these
measurements of RCs which were frozen under illumination techniques to examine structural changes to the immediate

and then allowed to relax partially at 120 K from a light- Qs environment forR. sphaeroidesRCs frozen under
adapted to a dark-adapted conformatid®)( In general,  jyymination in active or inactive states of Bs~. We have
optical experiments are often complicated because there isgytended these studies to the RC fr8rviridis where we
no primary optical marker to distinguish between the paye gbserved the so-called “Kleinfeld effects|. Thus,
semiquinone states,Q and @~ (both ubiquinone-10 iR. light-induced changes that enable low-temperatuke@®
sphaeroidefRCs) Q). Thus, secondary electrochromic mark- _ QaQs" electron transfer ifB. viridis RCs can be trapped

ers that mor_litor the charge distribution_ are often used in cryogenically and are not dependent on the non-heriie Fe
optical experiments3( 26, 27). However, with this approach,

it is difficult to distinguish between electron transfer and ExpERIMENTAL PROCEDURES

secondary processes, such as proton transfer or protein

rearrangemen®8( 28). Magnetic resonance techniques have  Preparation of Fe-Rem@d/Zn-Substituted Protonated
the potential to allow direct investigation of conformational RCs Substituted with Deuterated Quinofiéie non-heme
intermediates by examining the semiquinone cofactor struc- F€#* is magnetically coupled to the quinones, giving rise to
tures and local protein conformations surrounding the quino- a broad [F& Qa]~ resonance centered gt~ 1.8 @5, 36).
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In the absence of the paramagnetic metal, the quinone signatellin (Fluka, 20 mM stock solution in 10% ethanol) per RC
narrows to that of a typical organic radical wigh= 2.0049. molecule to diluted Fe-removed/Zn-substituted RES{
Thus, for bothR. sphaeroidesndB. viridis RCs, the F& uM RC). Precipitate was spun down, and samples were
needs to be removed and replaced with diamagnefi¢ itn concentrated to 366500 uM RC with microcon-50 ultra-
order to observe resolvagitensors in the EPR experiment. filtration devices. For samples with chemically reduced Q
Zn?* was substituted into the Fe site using a modification to 20% glycerol and 6 mM sodium hydrosulfite (Sigma, 126
the procedure of UtschigB?), as recently reporte@8). mM stock n 1 M Tris-Cl, pH 8.0) were added under a
Purified protonated RCs frorR. sphaeroidefR-26 (1.0 nitrogen atmosphere, followed by shock-freezing in liquid
mL ODgoz ~ 25 cnttin 10 mM Tris-HCI, pH 7.8, 1QuM nitrogen.
EDTA, 280 mM NaCl, and 0.045% LDAO) were incubated D-Band EPR and ENDOR Spectroscopif EPR and

with 2.4 mMo-phenanthroline and 1.0 M LISCN for 30 min - ENDOR measurements were performed on a pulsed/continu-
on ice. Then, 1 mM ZnSPand 9 mM 2-mercaptoethanol o5 wave HF D-band (130 GHz/4.6 T) EPR spectrometer,
were.added, and the_prot_eln was again incubated on ice forgs described previoushBg, 39). Pulsed EPR spectra were
30 min, followed by dialysis ag AC against 10 MM HEPES,  ecorded by monitoring the electron spin echo (ESE) intensity
pH 7.9, 20 mM NaCl, 0.045% LDAO, ah6 g of Chelex  from a two-microwave pulse sequence as a function of
100 metal-chelating resin (BioRad) for 48 h, with several agnetic field. Time-resolved EPR spectra were recorded
changes of buffer. FoIIOV\_/mg dl_aly5|s, precipitated materials using a two-pulse sequence, which follaine5 ndaser pulse
were removed by centrifugation. The Fe-removed/Zn-re- o 4 fixed delay after laser flash (DAF) time. Pulsed ENDOR
pla_ceq RCs were llncubated with 4 equiv of deu_terated spectra were recorded using a Miméd)or Davis-type 41)
ub|qu|none—1Q obtained fro(r)‘n whole cells Rf sphaeroides sequence of microwave and radio frequency (RF) pulses by
R-26 grown in DO (99.7%) on deuterated substrates. monitoring the ESE intensity as a function of the frequency
Samples were concentrated with centricon-50 or microcon- ¢ the RF pulse. A fast-pulse programming/acquisition
50 ultrafiltration devices (Amicon); 20% glycerol was added. system developed on the basisd GHz arbitrary waveform
Samples were frozen with liquid nitrogen and stored at yanerator PC card AWG1000 (Chase Scientific Co.) by Dr.
—80 °C. Comparison of experimentally determined ratios a astaskin, University of Arizona, was employed. RF pulses
of the light-induced PQa~ charge-separated state t0 Simu- \yare generated by an Agilent RF signal generator (model
lated P and Q. signals expected for total paramagnetic E4400B) and amplifiedpa 1 kW pulsed amplifier (CPC,
metal ion depletion indicates thaB®0% of the F&" has been model 5T1000). For théH ENDOR experiment, the duration

removed. o of theszre-pulse was around 2@s, while for the?H-ENDOR,
Fe-removal/Zn-replacement in purifi&d viridis RCs was the duration of therre-pulse was around 5@s. All EPR

accomplished by a similar procedure as described above fory 4 ENDOR spectra were recorded at 20 K with 10 Hz

R. sphaeroideRCs. Purified protonated RCs fron viridis repetition rate using the same pulse sequences. For the EPR

(1.0 mL OBy~ 17 e in 10 MM Tris-I;|CI, pH 7.8, 10 spectrayr/2 microwave pulse was 60 nstime was 200 ns.
/_‘M EDTA, 1_50 _mM NaCl, and 0'0454’ LDAO) Were  ror Mims-type!H ENDOR spectraz/2 microwave pulse
incubated on ice in 2.4 mMb-phenanthroline, 9 mM Tris- was 60 nsz-time was 200 nsT-time was 25us.

HCI, 140 uM menatetrenone (Sigma), and 0.8 M LiSCN. i )
After 20 min, 1 mM ZnSQ and 9 mM 2-mercaptoethanol Samplgs were placed in quartz tgbes (i.d. 0_.5 mm/p.d. 0.6
were added, and the protein was again incubated on ice. After™M) Within the single mode cylindrical T cavity, having

20 min, the protein was transferred to 10-mm-wide 12-14000 slits to allow for optical and RF excitation. The temperature

MWCO dialysis tubing (Spectra/Por) and dialyzed 48 h at 4 was controlled by an Oxford temperature control system.
°C against 10 mM HEPES, pH 7.9, 20 mM NaCl, 0.045% Kinetic measurements at low temperatures were performed

LDAO, ard 6 g of Chelex 100 metal-chelating resin eithc_ar by following the time-evolution of the ES_E signal after
(BioRad), with several changes of buffer. Following dialysis, & Single laser flash, so-called DAF-experiment, or by
precipitated materials were removed by centrifugation. The Monitoring the ESE intensity after on/off switching of the
protein was incubated with 4 equiv of deuterated ubiquinone- [aSer during a series of laser pulses at 10 Hz.
10. The samples were concentrated and frozen as detailed lllumination ConditionsThe RC samples were frozen in
above forR. sphaeroideRCs. At X-band, the light-induced the light by two separate methods. For the first method of
Boltzmann signals fromdg;" and Q~ overlap, resulting in trapping @~ (termed the “laser regime”), the samples were
a derivative signal atj = 2.0037 that is asymmetric (less placed in the cavity and then frozen under continuous laser
intense and broader at high field than low field), indicating flashing. These samples were cooled from room tempera-
removal of the paramagnetic #e(37). At high-field, the ture to 20 K with 1 Hz laser excitation at 605 nm, 0.5
Poso™ and Q™ signals are resolved; however, exact estimates mJ/pulse with optical parametric oscillator (Opotek) pumped
of the amount of Fe-removal at high-field based on the ratios by a Nd:YAG laser (Quantel). The output of the laser
of light-induced steady-stateodd” to Qa~ signals are  was coupled to a fiber optic to deliver light to the sample in
complicated by the presence of the bound cytochrome, whichthe cavity (~0.2 mJ/pulse). The second method (termed the
reduces the intensity ofgiy". Comparison of the observed “red light regime”) involved illuminating RC samples for
signal intensities of @ and @~ for B. viridis to signals 3 s with a Xenon lamp having a red band-pass filter
observed for analogous samplesfsphaeroidegdicates (600—-650 nm) followed by shock-freezing of the sample in
that>50% of the F&" has been removed from tiie viridi s liquid N,. These samples were rapidly transferred, in the dark,
RC. from the liquid N, into the cavity pre-cooled at 20 K. The
Qs replacement with the inhibitor stigmatellin was ac- cavity warmed to~70—100 K during the sample insertion
complished by the addition of 015 mol equiv of stigma- procedure.
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Table 1: Semiquinone Anion RadicgiTensor Principle Values
Obtained from the Experimental D-Band (130 GHz) EPR Spectra of
Fe-Removed RCs frorR. sphaeroideandB. viridis?

R. sphaeroides Biridis
Qa~ Qs Qa~ Qe
Ox 2.00667 2.00644 2.00618 2.00640
Oy 2.00552 2.00551 2.00511 2.00550
g 2.00233 2.00232 2.00234 2.00233
Gav 2.00484 2.00476 2.00454 2.00474

aMn?* in MgO was used as a reference sample for the measurement
of g-tensor values. Calibration procedure is described in detail in refs
42, 47. In the case wheg;, part of the quinone anion spectrum overlaps
with donor cation spectrung, was reconstructed by subtracting two
spectra having different relative intensities of @nd P. Absolute
values of theg-tensors were measured with an accuracy of 104
The relative values of thg-tensors within one radical species were
determined with an accuracy of:6 1075,

us to distinguish the resonances of and @~ and, thus,
especially at low field resonances, allows the direct examina-
tion of the formation or decay of each quinone species at
low temperature.

Unlike the R. sphaeroidefRC, the RC fromB. viridis
contains two different quinones in thes@nd @ sites and
also has a tightly bound cytochrome subunit containing four

Ficure 1. D-band (130 GHz) two-pulse, echo-induced field swept heme molecules 4@). The primary quinone, Q is a
(ESE) EPR spectra recorded at 20 K. (A) Protonated Fe-removed/menaquinone, and the secondary quinorej< ubiquinone-

Zn-replacedrR. sphaeroide®RCs substituted with deuterated UQ-
10: P"Qa signal (solid line) was recorded by laser pulse excitation
for a sample frozen in the dark:"Bg~ signals (dotted line) were

9. By similar methods applied td&R. sphaeroidesRCs
described above, we were able to trap and distinguish the

generated by cooling RCs from room temperature to 20 K under 1 EPR signal of protonated menaquinong-@om the signal

Hz, 605 nm laser excitation. Simulated spectra of(Blue line)
and Q~ (red line) are shown for comparison. (B) Protonated Fe-
removed/Zn-replaceB. viridis RCs substituted with deuterated UQ-
10: Qu~ signal (solid line) was observed for chemically reduced
protonated menaquinone B viridis RCs. PQg~ signal (dotted

of deuterated ubiquinone-10sQin B. viridis RCs (Figure
1B). To our knowledge, this is the first report of thg Q
EPR signal inB. viridis RCs. As expected, thgvalues for
Qa~ menagquinone irB. viridis (44) are shifted from those

line) was observed for samples cooled from room temperature to of the Q.= ubiquinone inR. sphaeroideg29), and these

20 K under 1 Hz, 605 nm laser excitation.
RESULTS

HF EPR Spectra of FQx~ and P'Qs~ from R. sphaer-
oides and B.uiridis RCs. D-band (130 GHz) two-pulse,
electron spir-echo (ESE) induced field swept EPR spectra
of protonated Fe-removed/Zn-repladedsphaeroidefRCs
substituted with deuterated UQ-10 are shown in Figure 1A.
ESE signals of the transient®,~ state generated at 20 K

differences are resolved at high-frequency EPR.Jhealues

of Qg™ in B. viridis and R. sphaeroidesire nearly identi-
cal (Table 1) indicating similar electronic structures and
H-bonding for @~ in the different speciesAb).

Trapping Kinetically Distinct Substates at Low Temper-
ature. EPR spectroscopy reveals two kinetically distinct
conformational substates of @~ for R. sphaeroide®Cs
frozen in the light: an thactive” PTQg~ state and an
“active” PTQg~ state. A typical sample frozen under il-

by laser pulse excitation were obtained for samples frozenlumination contained both a fraction of the “inactive” state

in the dark. PQg~ states were generated by cooling the
sample from room temperature to 20 K under 1 Hz, 605 nm
laser excitation. Identical ™~ spectra were obtained for
RCs shock-frozen in liquid nitrogen afta 3 sexposure to
red light at room temperature. A slight broadening of lines
in the spin-correlated electron pair spectrum for the proto-
nated RCs substituted with deuterated With respect to
observed spectral lines for fully deuterated R&8 guggests
that at most 20% of Qis protonated. A higher percent of
incorporation of deuterateddd>90%) compared to Ris
expected due to the easier reconstitution @f fQllowing

the inherent loss of native gduring RC purification 8)
and the initial Fe-removal/Zn-replacement procedu8ds. (
Theg-tensors of Q~ and @~ measured at HF EPR are listed
in Table 1. The deviation of thesg-values from those
previously obtained29) is due mainly to differeng-value
calibration procedures, as previously describ&.(Impor-
tantly, the high resolution of thg-tensors at HF EPR allows

and a fraction of the “active” state, as determined by direct
monitoring of the EPR signals of'®g~. For the inactive
state, PQg~ is trapped with no charge recombination
occurring at 20 K and is detected as a statiQp” EPR
signal. We believe that this is the first report of an inactive
PTQg~ state. The active s~ state is observed by an
increase in intensity of the'®s~ EPR signal at 20 K upon
continuous 10 Hz laser excitation at 605 nm and a decay of
this fractional signal increase of the®z~ EPR signal after
the light is turned off.

An example of EPR signals representing inactivé)p-
and active PQg~ states observed after RCs were frozen with
the red light regime is shown in Figure 2. A statit@~
signal reflecting the inactive state is observed at 20 K, in
the dark. The population of RCs that are active to low-
temperature @ Qg — QaQs~ electron transfer is observed
by the increased intensity of the"®g~ signal when the
sample is continuously flashed with a 10 Hz laser light at
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Ficure 2: D-band ESE EPR spectra obtained Rarsphaeroides
RCs frozen in liquid nitrogen aftea 3 sexposure to red light at
room temperature. g~ spectra were acquired at 20 K in the
dark (dotted line) and under 10 Hz continuous flashing conditions,
605 nm laser excitation (solid line).

A. Laser OFF
B.
C. o
T T T T
0 20 40
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Ficure 3: Kinetics measured at 20 K by monitoring the decay of
the EPR signal at 46382 G after turning the laser off. Typically,
samples frozen under illumination exhibited a combination of
kinetics for “inactive” and “active” states. The traces shown here
were obtained from samples having primarily one state present.
(A) Slow, distributed multiexponential decay on the order of 10 s,
30 s, and 2 min was observed fogQin the “active” state. The
sample was frozen with the red light regime. (B) A single decay
of ~70 ms is observed for samples where electron transfergto Q
is blocked by stigmatellin, consistent with recombination frogT Q
This sample was frozen with the laser regime. (C) The &ignal
does not decay for samples wherg @s trapped in the “inactive”
state. All (100%) of the inactive 1z~ state was generated by
irradiation of the RC with 5 Hz, 605 nm laser excitation during
the cooling process.

20 K. Trace A, Figure 3 shows the decay in the signal at
field position 46382 G, (corresponding to tiyecanonical
component of @) that occurs once laser excitation stops.
The small rise in signal before laser excitation stops is due
to Qa Qs — QaQs~ electron transfer, and the fast decay
component is due to decay ofaQ A slow distributed
multiexponential decay component was observed for the
active @, from which decay constants ef10 s,~30 s,

Biochemistry, Vol. 44, No. 43, 20094135

and~2 min can be obtained. These kinetics differ from the
faster signal decay kinetics 870 ms measured for Q
that is observed for RCs frozen in the “dark” state or frozen
under illumination in the presence of competitive inhibitors
of Qg (Trace B, Figure 3). A~70 ms decay is consistent
with charge recombination of ®,~, indicating that no
forward electron transfer occurs past Cat low temperature.

Different ratios of inactive state to active state were
observed when the samples were trapped with the two light
regimes: cooling the sample to 20 K under 1 Hz, 605 nm
laser excitation (laser light regime) versus freezing the sample
after a 3 sexposure to red light at room temperature (red
light regime). For instance, a larger amount of activep"
state versus inactive'®g~ state was observed for samples
frozen with the red light regime, whereas a larger amount
of inactive P Qg™ state versus active'®s~ state was created
for samples frozen with the laser light regime. In fact, 100%
of the inactive @~ state can be generated when more intense
light conditions are used, such as irradiation with 5 Hz laser
flashes during the cooling process. This completely inactive
P*Qs~ state, as monitored by thesQsignal at field position
46382 G, remained unchanged with and without laser
excitation (Trace C, Figure 3). It is important to note that
the observed differences in generating the inactive and active
states with respect to light regime used could be the result
of a combination of factors, including red versus orange light,
continuous wave light versus pulsed light, as well as the
actual procedures for freeze-trapping, that is, room-temper-
ature irradiation followed by shock-freeze versus pulsed light
irradiation of the samples while freezing.

The inactive PQg~ signal can be quenched when the
temperature is raised. For example30% recombination of
Qg™ with P™ occurs after warming the sample to 70 K for
60 min. Interestingly, when samples frozen to 20 K under
laser light excitation were warmed to 170 K for 60 min,
complete recombination of the inactive@s~ was observed
(i.e., no PQg~ signal remained after cooling this sample
back to 20 K). However;~50% of the RCs were still able
to transfer electrons betweemQand @ (active state), as
observed by the increase in the@~ signal generated in
this sample by continuous 10 Hz flashing at 20 K. The Q
signal for this sample exhibited a slow biexponential decay
at 20 K with decay constants of 3 and 40 s. These kinetics
differ from the multiexponential kinetics10 s,~30 s, and
~2 min) observed for the active state at 20 K prior to
warming the sample to higher temperatures.

Qa Qs — QaQs™ electron transfer can be monitored by
watching spectral changes observed with DAF flash experi-
ments (Figure 4). The dotted and dashed spectra reflect a
mixture of signals from @~ and @~ due to the electron
transfer at low temperature and can be compared to the
steady-state EPR signals ofQand @~ (solid lines). The
decay time of the @ signal is too long to easily measure
the direct formation of @ . However, the observed reaction
states from the DAF experiments are used for determining
the relative amounts of £ and @~ present under continu-
ous flashing conditions of the RC for the ENDOR experi-
ments described below (Figure 9).

Low-Temperature @ Qs — QaQs~ Electron Transfer in
B. viridis RCs: The “Kleinfeld Effect”. Similar to R.
spheroideRCs, illumination of dark-adaptdsl. viridis RCs
at 20 K yields signals only from #,~. Thus, low-
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Ficure 4: Spectral changes and measured electron-transfer kinetics

indicate that an electron is transferred frora Qo Qs at 20 K for
R. sphaeroidefRCs frozen in the light. Spectra measured with 3
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us (dotted line) and 5 ms (dashed line) DAF experiments are Ficure 5: D-band ESE EPR spectra obtained Borviridis RCs

compared to @ (bold line) and Q™ signals (solid line) generated

frozen in liquid nitrogen aftea 3 sexposure to red light at room

as described in Figure 1A. The magnetic field range displayed temperature, cooled to 20 K, then warmed to 170 K for 70 min in

shows only theg, and gy g-tensor components.

temperature @ Qs — QaQs~ electron transfer does not
proceed in the dark-adapted state of Beviridis RC. B.
viridis RCs frozen in the light were examined to see if an
electron could be transferred fromaQ to Qs at low

the cavity. PQg~ spectra were acquired at 20 K in the dark (dotted
line) and under 10 Hz continuous flashing conditions, 605 nm laser
excitation (solid line).

allows low-temperature Qs — QaQg~ electron transfer
to proceed irB. viridis RCs, similar to the “Kleinfeld effect”

temperature. Samples frozen by cooling with the laser light that was observed iR. sphaeroide®RCs (L5).

regime had a large inactive'®g~ signal at 20 K. The ratio

of the P~ EPR signal to the @ signal suggests that the
tightly bound cytochrome i. viridis possibly donated an
electron to P during cooling. The amplitude of the'Rg~

signal did not increase with 10 Hz laser excitation at 20 K,

Probing Protein Emironments with HF Mims-type
ENDOR.The enhanced spectral resolution obtained with HF
EPR allows complete resolution of tlgetensor compo-
nents of the radical species in bacterial RCs (see abd2ge) (
46—48). This enhanced resolution also permits the detection

indicating that none of the RCs could transfer electrons to of small changes in magnetic resonance parameters that

Qs~ when frozen under the laser light regime. After
annealing at 200 K for 30 min, the inactivé®;~ signal at
20 K decreased t6-20% of its amplitude before annealing.

contain information on weak interactions between radicals
and the protein environment. At D-band microwave fre-
qguency, the EPR signal ofQ is well-resolved from the P

A 10 Hz light excitation of this quenched sample showed resonances, and HiH ENDOR spectra can be obtained at

that the electron is transferred only t@,Q@s a spin correlated
radical pair (SCRP) spectrum consistent withQg~ is
observed. Hence, no low-temperaturg Qs — QaQs~
occurred under these conditions.

A second sample was frozen with the red light regime,

magnetic field positions within the £ domain. Mims-type

IH ENDOR is very sensitive to nuclei with small hyperfine
interactions (HFI), allowing for observation of HFI with
distant nuclei, that is, from the protein environment, the so-
called matrix ENDOR38, 40, 49, 50). In the fully protonated

the procedure that generated the largest component of activeRCs substituted with deuterated quinorié ENDOR

P*Qs~ in R. sphaeroideRCs. A large inactive FQg~ signal

performed on the @ EPR line is a pure matrix ENDOR

was observed. However, an additional signal from an active with respect to this radical, because, first;"Qdoes not
PTQg~ state was detected as a light-induced increase in thecontain any protons and, second, the frequency domains of

P*Qg™~ signal upon continuous 10 Hz laser flashing at low
temperature. This active'®g™~ signal indicates low-tem-
perature Q Qs — QaQs~ electron transfer (Figure 5).
Unlike R. sphaeroideRCs, low-temperature charge recom-
bination did not occur for this active fraction. This sample
was warmed to 170 K for 70 min to allow some conforma-
tional relaxation of the protein. About 50% of the @~

IH and?H ENDOR spectra are well-separated at HF EPR.

Thus, all nuclei which contribute to thel ENDOR spectrum

are from the protein environment and bound water molecules.
Orientational Selectity. To apply these methods to

examine changes in quinone environments, we “calibrate”

and measure the sensitivity to small changes in radical

orientation. The Mims-typéH ENDOR spectra were re-

signal was quenched, and once the protein was cooled baclcorded at two different field position8 G apart, within the

down to 20 K, Q Qs — QaQs™ electron transfer was

photoaccumulated £ resonance domaim 3 G magnetic

observed for a fraction of the RCs by an increase in the field shift corresponds to an effective rotation of the radical

P™Qg~ signal. Oxidation of the cytochrome subunit, before

by ~5° (Figure 6). Discernible differences in the HF ENDOR

“light treatment”, would be expected to increase the amounts spectrum are detected with a meredifective rotation of

of active @~ at low temperature; however, this experiment

theg-tensor axis, demonstrating the sensitivity of HF Mims-

remains a challenge because of difficulties with sample type ENDOR to reorientation of the quinone.

preparation. Nevertheless, the observation that an active Sensitiity to Local StructureSince a large number of
fraction of RCs exhibits low-temperature electron transfer overlapping resonances from the protein contribute to the
is the first experimental evidence that low-temperature HF Mims-type, or “matrix”, ENDOR spectra, direct assign-

interquinone electron transfer is possibleBnviridis RCs.

ment of the resonances is not possible. Hence, we look for

Freezing RCs in the light induces a structural change thatdifferences between spectra from samples generated under
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FIGURE 6: Orientational selectivity of D-band Mims-typtH
ENDOR of Fe-removed/Zn-replaced RCs substituted with deuter-
ated UQ-10 forR. sphaeroidedRCs. 'H ENDOR spectra were
obtained at two magnetic field positign3 G apart, of the @

EPR line (indicated by arrows on the inset). The difference spectrum
is shown at the bottom.

different conditions. The observed differences are then
interpreted as divergence in protein environment, as moni-
tored by the proton environments neag QFor example,
Mims-type ENDOR was applied to look for conformational
differences near g between two different RCs. The three-
dimensional crystal structure of RCs franviridis (43) and

R. sphaeroidegl, 3, 51) are known to high resolution, and
the @ binding pockets differ in their surrounding protein
environments. Thus, as a test of matrix ENDOR to dif-
ferentiate protein environments, the D-band Mims-type FiGURE 7: Comparison of D-band Mims-typ#i ENDOR of the
ENDOR of Fe-removed/Zn-replaced RCs substituted with Qe binding sites forR. sphaeroideandB. viridis RCs. The'H

L : ENDOR spectra obtained at a magnetic field position of 46364 G
deuterated UQ-10 for RCs froBh viridis andR. sphaeroides for deuterated @ in RCs from (A) B. siridis and (B) R.

were obtained (Figure 7A,B). The difference spectrum sphaeroides(C) A difference spectrum of A- B is shown in (C).
(Figure 7C) demonstrates that HF matrix ENDOR is sensitive The differences in the protein environments as observed with HF

to the differing details of the proton environments of the  *H ENDOR spectroscopy of the proton environments for each RC

i ; ividi ; from different bacterial species is reflected in the difference
gE)o)teln for theR. sphaeroidesind B. viridis RCs (Figure spectrum C. (D) Protons withia 4 A sphere around each of the

carbonyl oxygens (red) of £ as determined from the X-ray
In R. sphaeroidefRCs, Q and @ are both ubiquinone-  crystallographic structures of ttfie sphaeroideRC (1pcr) 8) and
10 molecules, but crystal structures show that the protein B. viridis RC (2prc) 83). The structures of @from each RC were
environments of the two quinones are significantly different °Verlapped, and only protons from amino acids in the local Q
. . . . environments of thd. viridis RC (aqua) andr. sphaeroidefRC
(1—3). The two quinones differ in hydrogen-bonding contacts (green) are shown.
with the protein, and the £Xsite is more polar than the Q
site. This difference in H-bonding is reflected in the shift of observed spectrum of chemically reduced Qs distinct
the g« component of the @g-tensor to higher magnetic field from the spectrum of & (Figure 8), displaying the
as compared to thgy value of Q™ ((44), Table 1). As a sensitivity of the HF matrix ENDOR technique to different
result of their different binding characteristics, these quinones ubiquinone binding pockets.
have different redox potentials @ccepts only one electron Protein Enironment Near @ in R. sphaeroides RCs:
and no protons, whereasg@an be doubly reduced and Influence of Trapping Condition3he @~ environment of
protonated to form the hydroquinon®2j. The D-band samples cooled by different freezing methods was examined
Mims-type!H ENDOR spectrum of chemically reduced Q with HF matrix ENDOR. The similar spectra indicate that
was obtained. The £ spectrum represents the dark state no differences in protein structure neagy Qn R. sphaeroides
of the RC, and as we have shown recently, this spectrum isRCs were observed when samples were trapped under the
quite distinct from the time-resolved, light-induced, spin- different conditions of the laser light regime (Figure 9A)
correlated radical pair ENDOR spectrum of Qhowever, versus the red light regime (data not shown). Thus, the RCs
in this latter case, @ is interacting with P) (38, 50). The appear to exist in the same conformational substate ngar Q
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Ficure 8: Comparison of D-band Mims-typéd ENDOR of Fe-
removed/Zn-replaced RCs for different quinone binding pockets.
The IH ENDOR spectra obtained at a magnetic field position of
46384 G for deuterated ubiquinone-10 in the @) and the Q@
(B) binding sites ofR. sphaeroideseflect the differences in the
protein environments for the two distinct quinone binding sites.
Spectrum C shows the difference spectrum of-/B.
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FicURe 9: D-band Mims-type'H ENDOR of RCs fromR.
sphaeroidesNo structural differences in protein structure negr Q
were observed for the different kinetic'®z~ states of the RC.
(A) *H ENDOR spectrum of “inactive” @ site observed by

cooling the sample to 20 K under 1 Hz, 605 nm laser excitation.
(B) *H ENDOR spectrum of the “active” £ site obtained for RCs
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observed under continuous laser flashing at 20 K was
essentially identical to the spectrum shown in Figure 9B (data
not shown). The'H ENDOR spectra of @ obtained for

the inactive PQg~ conformation (Figure 9A) versus the
active P Qg™ state (Figure 9B) produced by low-temperature
annealing were different. These differences either could
reflect variations in protein structure agQfor the inactive
versus the active states or could simply result from the
overlap of a small component of AQ signals. A 20%
contribution from @~ was estimated from the simulation
of the EPR spectrum recorded under continuous laser flashing
conditions at 20 K (Figure 4). To determine the extent that
this 20% Q~ contribution affects the difference between
the spectra of the two reaction center states, we subtracted
a 20% contribution of the £ ENDOR spectrum from the
spectrum obtained in Figure 9B for the active@@~ (Figure
9C). As evidenced in the difference spectrum (Figure 9D)
the observed difference between spectra in Figure 9A and
Figure 9B results from a 20% contribution ofQ Therefore,
there is no change, within the resolution of these experiments,
in the spectra of @ for the inactive and active states. No
significant changes in the protein environment at @ere
observed between these kinetically distincQg~ states.

DISCUSSION

In this study, we have used HF pulsed EPR and ENDOR
to explore the possibility that local protein structure changes
in the @ environment enable the QQs — QaQs~ €electron-
transfer reaction to proceed at low temperatures.grtemsor
resolution of Q~ and @~ at HF EPR allows us to spec-
troscopically distinguish these radical species, enabling the
selective HF ENDOR of @ and Q. sites to be obtained.
These magnetic resonance techniques provide concomitant
structural and kinetic information in noncrystalline samples,
allowing the local protein environment surrounding Qo
be examined in functionally defined states.

RCs Trapped in a Light-Adapted Inaati PrQs~ Confor-
mation.Two distinct kinetic states of )z~ were detected
with HF EPR at 20 K in botiR. sphaeroideandB. viridis
RCs: an active FQg~ state and an inactive'®g~ state.
This is the first report of the low-temperature trapping of an
inactive P Qg™ state. The population of RCs in the trapped
inactive P Qg™ state is dependent on the light-trapping
procedure used during freezing of the RC. As the temperature

frozen after exposure to red light at room temperature, then Of the sample is warmed, the inactive®~ fraction
quenched at 170 K for 60 min. The ENDOR spectrum was collected recombines to the ground-state £2&hd light-induced activity

under 10 Hz, 605 nm laser excitation at 20 K. (C) Spectrum B
20% contribution of théH ENDOR spectrum of @~ (Figure 8A).
(D) Difference spectrum of spectrum A spectrum C showing
that the differences observed in spectrum B are the result-@0#6
contribution from Q- incurred by 10 Hz laser excitation. All
spectra were obtained at a magnetic field position of 46384 G.

under either freezing condition for the inactive@~ state
trapped at 20 K.

The @~ environment of the activeg~ state, wherein

is restored. Thus, the protein is not damaged by the methods
for trapping P Qg ™, but rather the inactive ™~ state is a
distinct conformational state of the protein that inhibits low-
temperature charge recombination. With optical experiments
utilizing flash-induced optical absorbance transients to moni-
tor the differences in P and"Ribsorbances, an inactive state
where P remains oxidized at low temperatures was observed
(12, 15, 53). This trapped P was thought to represent RCs
frozen in a PQaQg state where the concurrently generated

the low-temperature interquinone electron transfer proceeds reduced quinone has been oxidized by adventitious mediators
was examined by recording the HF ENDOR spectrum under (15). Our results suggest that the trappedsate observed

continuous 10 Hz laser flashing at 20 K for a RC sample

optically could in fact be the inactive'®,Qg~ state we have

that was frozen in the light and subsequently quenched atobserved with our EPR experiments, as reduced quinone

170 K (Figure 9B). The HF ENDOR spectrum of thg Q
environment of the original active'®g~ state trapped at

species are difficult to detect with difference optical absorp-
tion measurements. Future temperature-dependence studies

20 K (the sample was not warmed to higher temperatures)will address the nature of the origin of the large differences
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in recombination rates between the inactive and activ@sP HF “Matrix” ENDOR as a Tool for Detecting Protein
states, for example, free energy, reorganization energy, orConformational Changesi/hat is the nature of the light-
electronic coupling X0). Previously, biphasicities of the induced conformational changes that enable low-temperature
P*Qa~ and P Qg charge recombination kinetics have been electron transfer? We have approached this question from
observed for RCs from several bacterial species, including the standpoint of the ENDOR experiment by developing
bothB. viridis andR. sphaeroide§54—60). The kinetically methods to examine local protein environments surrounding
distinct conformational states with regards to “fast” and the quinones in isotopically substituted samples as well as
“slow” phases of PQg~ charge recombination could be changes in the positions of the quinones. Substitution of
related to the inactive and activé @~ states we observe deuterated quinone into protonated RCs allows us to observe
at low temperature under light-trapping conditions. ENDOR spectra solely of the protons in the matrix sur-
Low-Temperature @ Qs — QaQs~ Electron Transferin ~ rounding the quinonéH nuclei from the protein environment
B. viridis and R. sphaeroides RCs: The AP Qg™ and bound water molecules that have hyperfine interactions
ConformationAs shown here, the low-temperaturg @ W|t1h the electronic spin otH Qs™. Because of the multitude
— QaQs~ electron-transfer event can be monitored with HF ?f H amino acids in the protein matrix, the observed matrix
EPR techniques due to resolvgeensors of the . Qa~, H ENDOR is composed of numerous overlapping reso-
and Q" signals. EPR allows us to examine the decay of the Nances.
quinone anion states as well as the decay and formation of The number of contributingH amino acids observed by
P*, thus, providing complementary information to that ENDOR experiments was estimated by first determining the
obtained by transient optical measurements. Our EPR resultglistance range of the local protein environment that HF

support the earlier optical workl?, 15): R. sphaeroides
RCs with bound @ frozen under illumination adopt a
conformation that supports electron transfer fromt@Q Qg
and this reaction proceeds with a significant yield even at
20 K. The long recombination time of the"®g~ radical
pair makes the direct measurement of the rate of@ —
QaQs~ electron transfer at low-temperature unrealistic for
the EPR experiment. With optical experiments, the electron-
transfer rate was estimated to be faster thahsibat 40 K
(12).

The B. viridis RC protein appears to behave similarly to
the R. sphaeroide®C protein in terms of low-temperature
Qa Qs — QaQs~ reaction: low-temperature electron transfer

Mims-type ENDOR is sensitive to. When a point-dipole
approximation §3) is used, the anisotropic HFI constants
of the 'H are given by the following equation:

T=Cpy/R¥3cog 6 — 1)

where, po” is the carbonyl oxygem—spin density of the
unpaired electron and = ggnSBn/h = 79.2 MHzA3. Here,

ge and gy are the electron and nuclegivalues,fe and iy

are the electron and nuclear Bohr magnetons, éiglthe
angle between the applied magnetic field and the vector
directed to the particular hydrogen atom. From this equation,
the maximum distancR at which a proton still contributes

does not occur for the dark-adapted conformation of the to the'H ENDOR spectrum can be estimated. For simplicity,
protein but does occur for a light-induced protein conforma- we replace the angle factor by 1. The minimum coupling,
tion. Thus, light-induced structural changes can be trappedT, was estimated from the ENDOR spectra (Figure 7) to be

cryogenically to enable low-temperaturg @s — QaQs"
electron transfer iB. viridis RCs. Becaus®. viridis and

R. sphaeorideRCs exhibit low sequence homology, the
protein conformational changes that occur upon freezing in
the light are perhaps more global in nature than localized

~0.15-0.2 MHz. In the case of semiquinone radical$0%

of the spin density is located on the two carbonyl oxygens
(45). Assuming that spin density is localized only on the
carbonyl oxygens (25% on each), we estimate that ENDOR
spectra are sensitive to protons located within a spRere

changes in specific amino acid residues. Whereas the4.5-5 A around each oxygen.

g-tensors of @ (Table 1) determined with HF EPR indicate
similar electronic structures for theg@nvironments irB.
viridis andR. sphaeorideRCs, HF ENDOR spectra reflect
differences in surrounding protein environments of the two
Qs binding pockets (Figure 7).

RCs fromB. viridis andR. sphaeroideboth have a non-
heme Fé" situated between Qand Q. Previous reports
showed that substitution of different divalent metal ions into
the Fe site did not significantly alter the room-temperature
Qa Qs — QaQs™ electron-transfer characteristics R.
sphaeroideRCs 61). A similar study of the influence of
Fe-removal inB. viridis RC has not been done. Our
experiments require the removal of theéFand replacement
with diamagnetic Z#&. Thus, Fé" is not essential for @ Qg
— QaQs" electron transfer iflR. sphaeroideandB. viridis

The number of protons within these spheres was estimated
by analysis of the X-ray crystallographic structuresiof
sphaeroideg3) andB. viridis (33) RCs. In our samples, £
is deuterated and does not contribute any protons. On the
basis of the crystal structures, the number of the amino acid
residue protons within spheres of radRs= 4, 5, and 6 A
around carbonyl oxygens fét. sphaeroideRCs are 17, 37,

61 and, forB. viridis RCs, 15, 39, and 60, respectively.
Figure 7D depicts the proton positions within Br= 4 A
sphere foR. sphaeroideandB. viridis RCs by overlapping
quinone structures. Even though a comparable number of
protons, with a similar distribution, contribute to tAkl
ENDOR spectra ofR. sphaeroidesand B. viridis RCs,
distinct differences in the spectral ENDOR line shapes are
observed (Figure 7C). These spectral differences illustrate

RCs, at least at low temperature, as shown by HF EPR. Athe high sensitivity of HF Mims-type ENDOR to local

recent report suggested thag @@ not reduced directly by
Qa~ but presumably through an intermediary electron donor
(62). On the basis of our results, #edoes not act as an
intermediate electron donor togQat low temperature.

protein environments. Therefore, any local differences
between the @ environments for the inactive and active
P*Qg~ states, as reflected in different proton locations near
Qs ~, should be detectable with HF ENDOR.
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Note, Mims-type ENDOR spectra differ from typical above. When cooled back down to 20 K, approximately 50%
Davis-type spectra that contain a discernible number of of the RCs were in an active intermediate state, transferring
resonances resulting from stronger hyperfine interactions, electrons between 3 and @. The recombination kinetics
such as H-bonds tog. Although the disadvantage of Mims-  of this active intermediate state are different than the kinetics
type ENDOR is that direct assignment of resonances is nearlyof the active state trapped initially at 20 K. This observed
impossible without site-directed mutagenesis or more selec-difference in recombination kinetics suggests that the active
tive isotopic substitutions, the prevailing advantage is that a intermediate PQg~ state is truly in a different conformational
broad region of the protein environment4.5-5 A from substate than the activeé @~ state. However, HF ENDOR
the quinone carbonyl oxygens) can be examined for changesspectra indicate that any structural differences between these
that result from a number of factors, such as freezing two conformational substates are not situated in the local
conditions, pH, metal ion binding, or solvent viscosity. protein environment surroundingsQ
Experimental results reported here show that different proton These results are consistent with tight binding ¢f iQ
environments are detectable with the HF matrix ENDOR the semiquinone stat&4). A strong binding affinity of the
techniqgue. Distinct ENDOR spectra were observed for the semiquinone @ might explain the well-defined position
Qs environments of RCs frorR. sphaeroideandB. viridis of Qg in crystals of RCs cryotrapped in the light-adapted
as well as for the @~ versus @~ sites ofR. sphaeroides  state {8, 34, 65). This is a much different situation than
RCs. Furthermore, the orientational selectivity of the HF dark neutral @, which has been found to be located in
ENDOR shows that this experiment is sensitive to reorienta- different positions in the various reported crystal structures
tion of the quinone (within 9. (3, 18, 19, 21, 22, 30, 33, 34). We are unable to directly

Investigating the @ Site of Functionally Defined States examine proximal versus distal movement gf i@ solution
of Pt*Qg~ with HF EPR/ENDOR Unlike crystallography,  with EPR spectroscopy becausg €annot be chemically
EPR provides concomitant structural and kinetic information reduced without simultaneously chemically reducing Q
on proteins in solution. Analysis of the light-induced radical Therefore, @~ in the “dark” state of the RC cannot be
species allows association of conformational states with examined without also observing the biradical Qg™ (66).

function. Thus, we have examined the ENDOR af Qn However, we can rule out any local rearrangements, such
the active and inactive' ™y~ states to see if the conforma- as a proximal versus distal shift o:Q for the inactive and
tional change that controls reactivity resides in thelgzal active P Qg™ states because the HH ENDOR spectrum
environment. is sensitive to a change in H-bonding aMd hyperfine

No changes in the proton environment neay Quere interactions that would accompara 5 A shift and 180
observed with matrix ENDOR for RCs in the inactive@~ rotation in @~ position.

state compared to the activé @~ state. On the basis of Another possibility is that light-induced changes trapped
our data, we can rule out any significant displacement or at low temperature are not neag @ all, but rather located
reorientation (within 8) of Qg™ in the active versus the in the protein environment nearnQSolvent reorganization,
inactive sites. Surprisingly, the proton environment surround- conformational changes, or proton rearrangements have been
ing Qs ™, as examined by HF Mims-ENDOR, did not change postulated to stabilize the™®,~ state 67—70). A semi-
for different preparations of Fe-removal/Zn-replacement, for stable, charge-separated@~ state has been observed at
different pHs (pH 10, 8, and 5.5 at room temperature), or room temperature for RCs illuminated with bright ligitl(
for samples in HO-based versus @-based buffer systems. 72), and structural changes in the H protein subunit have
Furthermore, no differences in the David$ ENDOR of been observed in response to bright ligfd)( Recently, we
Qs~ were observed for the inactive versus active states (datareported the observation of reorganization of the protein
not shown). Thus, the protein environment, as observed byenvironment to accommodate the donacceptor charge
the IH matrix surrounding the semiquinonesQ is quite separated state"®,~ (38). Future HF ENDOR experiments
stable and resistant to conformational changes in responsewill be directed at examining light-induced changes near
to different conditions. Modifying the isotopic composition Qa~. Preliminary EPR results show that we can trap both
of the sample, for exampléiH ENDOR of fully deuterated  inactive and active PQa~ states when RCs with £
RCs in HO (38), will help simplfy the ENDOR spectrum, inhibitors are frozen under light conditiong4).
and more specific responses of the protein environment to  In summary, we have observed two light-induced protein
different protonation states of residues negy €ch as Glu- conformational states of'f®g~ at low temperature and have
212, may be detectable. taken a novel approach to examine the local protein environ-
Are any conformational intermediates ok Qobserved ments surrounding £ for each of these states. Two
when the sample temperature is warmed above 20 K? RCsimportant factors for the success of these experiments are
frozen in the light were warmed to different temperatures to (i) samples with selective deuteration and protonation for
examine potential conformational states intermediate betweersignal resolution and selectivity and (ii) advanced HF
the neutral dark state gand the light-trapped active state (D-band) pulsed EPR and ENDOR instrumentation with
of Qg~. Different conformational states along the reaction light-induced time-resolved capabilities. SimilalRosphaeroi-
path have been reported previoush?). In these optical desRCs, light-induced changes in tlBe viridis RC enable
experiments, when the temperature of light-adapted RCs islow-temperature @ Qs — QaQs~ electron transfer. As
raised above 120 K, the trapped conformation which can shown here, HF matrix ENDOR is sensitive to different
form P"Qg~ relaxes to an inactive conformation which is proton environments surrounding the quinone and to different
different from the RCs frozen in the dark). Herein, EPR orientations of the quinone. No structural changes negar Q
spectra reveal a time-dependent decrease in the trappedavere observed foR. sphaeroideRCs frozen in inactive and
inactive @~ signal upon warming the RCs to 170 K or active PQg~ states with regards to electron transfer.
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Interactions of the semiquinonegQ with the protein are
rigid, suggesting quite an enforced protein environment
surrounding @ and that the conformational change that
controls reactivity resides beyond thg [Q@cal environment.
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