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ABSTRACT. The interaction of metal ions with isolated photosynthetic reaction centers (RCs) from the
purple bacteriERhodobacter sphaeroideRhodobacter capsulatuand Rhodopseudomonasridis has

been investigated with transient optical and magnetic resonance techniques. In RCs from all species, the
electrochromic response of the bacteriopheophytin cofactors associated Wil € QaQs~ electron
transfer is slowed in the presence of?CuThis slowing is similar to the metal ion effect observed for
RCs fromRb. sphaeroidewhere Zi+ was bound to a specific site on the surface of the RC [Utschig et
al. (1998)Biochemistry 378278]. The coordination environments of the?Cisites were probed with
electron paramagnetic resonance (EPR) spectroscopy, providing the first direct spectroscopic evidence
for the existence of a second metal site in RCs fiem capsulatusnd Rps.viridis. In the dark, RCs

with Cw?* bound to the surface exhibit axially symmetric EPR spectra. Electron spin echo envelope
modulation (ESEEM) spectral results indicate multiple weakly hyperfine couffdchuclei in close
proximity to C&**. These ESEEM spectra resemble those observed for RGs fromRb. sphaeroides
[Utschig et al. (2000Biochemistry 392961] and indicate that two or more histidines ligate thé™Cat

the surface site in each RC. Thus, RCs frBim sphaeroidedRb. capsulatysandRps.viridis each have

a structurally analogous €ubinding site that is involved in modulating thex@gs — QaQg~ €electron-
transfer process. Inspection of tRps.viridis crystal structure reveals four potential histidine ligands
from three different subunits (M16, H178, H72, and L211) located beneathgh®n@ing pocket. The
location of these histidines is surprisingly similar to the grouping of four histidine residues (H68, H126,
H128, and L211) observed in tlith. sphaeroideRC crystal structure. Further elucidation of thesé'Cu
sites will provide a means to investigate localized proton entry into the R&botapsulatugnd Rps.

viridis as well as locate a site of protein motions coupled with electron transfer.

Electron-transfer reactions that occur within proteins are proton reduction, @H; is released from the RC, transporting
often intimately coupled with other reactions such as electrons and protons to other redox components in the
conformational changes or proton transfer. Fundamental tobacteria. In RCs fronRhodobacter sphaeroidghe electron
understanding biological electron transfer is discerning the transfer between Qand @ (Qa Qs — QaQs") is temper-
involvement of heterogeneous polypeptide environments ature-activated3—5), believed to be rate-limited by protein
surrounding the redox cofactor sites in these reaction motion 6—8), and modulated by metal ionS,(10. Qa™ Qs
mechanisms. A useful system to study is that found in — QaQg~ electron-transfer and goroton-uptake reactions
photosynthetic bacteria, wherein an integral membranein RCs from different species of purple bacteria have not
reaction center (R€)rotein couples light-induced sequential been as well characterized/e have extended our previous
electron transfer with proton-transfer reactiofhsd). Proton work (9, 11 to investigate the metal binding properties of
uptake occurs following the photoexcitation of a special pair RCs fromRhodobacter capsulatiedRhodopseudomonas
of bacteriochlorophylls (P), which decay through a one- vuiridis,? specifically searching for a surface metal site
electron-transfer reaction via a monomeric bacteriochloro- involved in electron transfer.
phyll and bacteriopheophytin to the primary fQand In Rb. sphaeroidefRCs, metal ion binding to a local
secondary (@) quinone acceptors. After a two-electron, two- protein environment, a 2n site on the surface of the RC,
has been shown to modulate both electron transfert(9)
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that Zr#t binding alters the dynamics of conformational although more biophysical data is necessary to pinpoint the
changes in the RC, thereby influencing electron tran§er (  pathway inRb. capsulatu$29). Fourier transform infrared
This work has been extended to show that'Zand other (FTIR) experiments demonstrated that thg épvironment
metals (including C#, Ni?*, and C8") slow electron of RCs fromRb. capsulatusaries slightly from that observed

transfer and also influences the proton uptake gf @ in Rb. sphaeroideRCs, suggesting subtle differences in the
reduction in protonation rate ofgdndicated one dominant  peptide and internal water structureoy.

site of proton entry into the RC that is blocked by?Zror In addition to proton-transfer events, metal ion binding
Cc?* binding (@0). studies may provide insight into conformational changes

A Zn?* site was not observed in the original RC crystal important for electron transfer. In RCs frdrb. sphaeroides
structures oRb. sphaeroide€l2—14). Native surface-bound the first electron-transfer step involves a slow rate-limiting
Zn?* potentially would be eliminated in RC purification and gating step 16) that involves the movement ofgbefore
crystallization procedure®). A recent structure obtained electron transfer8). Other evidence suggests thag is
with crystals soaked in ZnSChas shown the position of limited by a conformational changes,( 31, 33. Upon
the ZI#* to be located near the surface of the protein on the stoichiometric ZA"™ or Cc#* binding, the rate of electron
H subunit at a distance of 18 A away froms Q1L5). The transfer is slowed, implying a change in protein dynamics
Zn?* is coordinated to a cluster of residues, His H126, His due to a conformational change, or a slowing down of the
H128, and Asp H124, near a water channel proposed as aconformational gating ste@{ 10. Comparison of the RC
pathway for proton uptake through the protein matdig)( structure with or without C# bound indicated mobility
The position of the metal ion localized the proton entry point difference in a specific residue, and this residue has been
near these ligating residuess), and site-directed mutagen- proposed to be involved in the reduced rate of electron
esis combined with metal-binding studies has helped eluci- transfer (5).
date a single favorable interior pathway for proton travel  One potential method for detecting protein conformational
through theRb. sphaeroideRC (17). changes is to spectroscopically probe the dynamic solution

Experimental proof for the existence of an analogous metal site structure. Herein, we report procedures for binding
surface metal ion site has not been reported for RCs from Cl?* to isolated Fe-containing RCs froRb. capsulatuand
Rb. capsulatusr Rps.viridis. A similar metal ion site was  Rps.viridis. We have used transient optical measurements
not observed in th&ps.uiridis RC structure 18, 19. The to determine the influence of €uon the electron-transfer
three-dimensional crystal structure of RC fr&ps.viridis properties along with magnetic resonance techniques to
has been refined to a resolution of 2.3 20( 20 and is interrogate the electronic structure of the RCCsites and
composed of four polypeptides, namely, L, M, H, and C (a surrounding protein in these RCs. Recently we reported
tightly bound tetraheme cytochron®, and 14 cofactors  procedures for stoichiometrically binding €uo RCs from
(four heme molecules, four bacteriochlorophy) two Rb. sphaeroidesand we showed with cw and pulsed EPR
bacteriopheophytib, one carotenoid, one non-heme iron, that the C&" binds to two or more histidine ligands at a
and two quinones) embedded in the intracytoplasmic mem- surface site of the RCL(). We have extended this work to
brane. The structure of the RC froRb. capsulatusas not include the Cé-induced electrochromic response of the
been determined, although site-directed mutagenesis studiebacteriopheophytin cofactors associated withi Qs —
coupled with biophysical characterization have been docu- QaQg~ electron-transfer and/or charge-compensating (proton-
mented (for reviews, see ref2 and 23). RCs fromRb. uptake) events for RCs froRb. sphaeroidefb. capsulatus
capsulatusandRb. sphaeroideshare sequence identities of andRps.viridis.

78%, 76%, and 64% for L, M, and H subunits, respectively, = Concomitant with these kinetic experiments, spectroscopic
indicating structural homology24). A structural model for determination of the nature and geometry of the ligands at
L and M subunits and associated cofactorR®bf capsulatus ~ the C@#" site will be important for understanding the

RCs has been calculateg5). mechanism of metal ion-induced modulation of electron and

Little is known about the proton pathways in RCs from proton transfer. Thus, electron spin echo envelope modulation
Rb. capsulatus and Rpsiridis. Investigation of metal ion ~ (ESEEM) spectroscopy was used to characterize the magnetic
interactions at the surface metal site has been instrumentainteractions between Gt and weakly coupled magnetic
in elucidating the proton pathway into the; @ite in Rb. nuclei in these RCs. ESEEM spectroscopy is a particularly
sphaeroidefRCs (10, 15, 17, and similar studies may help  useful method for probing Cti—imidazole interactions in
identify the proton uptake mechanism in these other RCs. Cu-containing metalloprotein83—235). With this technique
RCs need to form hydrogen-bonded networks of ionizable one observes periodicities (modulations) in the ESEEM
amino acid side chains of L, M, and H protein subunits and envelope that arise from the interaction of the unpaired
bound water molecules for the transfer of protons to doubly electron spin of C# with the nuclear spins of the so-called
reduced @ (26). Several key residues of the proton pathway remote nitrogens of the Ctligating histidines 86). In this
determined for RCs frorRb. sphaeroideare not conserved  paper we present our initial characterization of&RCs from
in RCs fromRps.viridis (27). Thus, the functional pathways Rps. viridis and Rb. capsulatuvy ESEEM and cw EPR
must be different in these two types of RCs. Some of the spectroscopy. These spectra provide the first direct spectro-
bound internal water molecules observed in a refined scopic evidence of a second metal site on these RCs. Further
structure of RCs fronRps.viridis could be relevant to the  elucidation of these Ct sites may provide a means to
pathways and kinetics of proton transfer to these 28). investigate localized proton entry into the RCs Rb.
Site-directed mutagenesis in RCsRib. capsulatuandRb. capsulatusindRps.viridis as well as determine a generalized
sphaeroidesuggests that similar residues may be involved functional role of a local metal ion site in modulating electron
in the electron-transfer-coupled proton-uptake reactions, transport.
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EXPERIMENTAL PROCEDURES

Preparation of Rpsviridis RCs Purified RCs fromRps.
viridis were prepared as described previousdy)( Chro-
matophores (absorbance of 50 dmat 1015 nm) were
suspended in 10 mM Tris-HCI, pH 7.7, and A& EDTA
and incubated for 7 min with 5% LDAO at room tempera-
ture. The LDAO extract was then loaded onto a sucrose
gradient (0.+1 M sucrose, 0.1% LDAO, 1 mM EDTA, and
10 mM Tris-HCI, pH 7.8) and spun at 16009€r 18 h.
The RC band was collected and loaded onto a DEAE-
Sephacel column equilibrated with 10 mM Tris-HCI, pH 7.9,
1 mM EDTA, and 0.1% LDAO. The RCs were eluted with
a 0-0.10 M NaCl gradient. RCs witBpgi/Agso ratios of 2.1
2.4 were collected and concentrated with Centriprep-50
(Amicon) devices.

For C&#" binding experiments, RCs were dialyzed into
buffer containing 10 mM HEPES, pH 7.9, 20 mM NacCl,
and 0.045% LDAO. The RC protein (QR ~ 14 cnTt) was
incubated with~10 mol equiv of CuS@at ice temperature
for 3 h. Free Ce&" was separated from bound metal ion by
gel-filtration chromatography through a Sephadex G-25
(Pharmacia) column equilibrated with 10 mM HEPES at pH
7.9, 20 mM NacCl, and 0.045% LDAO.

Preparation of Rb. capsulatus RCRCs were purified
from Rb. capsulatuon the basis of published procedures
(38). Chromatophores (absorbance of 9.5 ¢t 876 nm)
were suspended in 10 mM Tris-HCI, pH 7.8, and 100 mM
NaCl and incubated for 9 min with 0.7% LDAO at 38.
RCs were precipitated from the extract following addition
of 32% (NH,).SOy. The pellet was resuspended in 10 mM
Tris-HCI, pH 8.0, 10uM EDTA, 50 mM NacCl, and 0.15%
LDAO and loaded onto a sucrose gradient-(BB% sucrose,
0.04% LDAO, 10uM EDTA, and 10 mM Tris-HCI, pH 7.8)
and spun at 1600@0for 16 h. The RC band was collected
and dialyzed vs 10 mM Tris-HCI, pH 7.8, 1M EDTA,
and 0.04% LDAO at £C overnight. RCs were loaded onto
a DEAE-Sephacel column equilibrated with 20 mM Tris-
HCI, pH 8.0, 20uM EDTA, and 0.045% LDAO. The RCs
were eluted with a 30 mM0.20 M NaCl gradient. RCs with
Aog/Agoo ratios of 1.72.0 were collected and concentrated
with Centriprep-50 (Amicon) devices. Specific variations

Utschig et al.

RC complexes were prepared by gel-filtration procedures as
previously detailedX(1).

Metal Analysisinductively coupled plasmaatomic emis-
sion spectroscopy (ICP-AES) on a Thermo Jarell Ash
Atomscan Advantage spectrometer was used to determine
the amount of Cu bound to the RC. The ICP-AES instrument
is equipped with an axial plasma configuration. The analyti-
cal standard deviation for these measurementswa1.

Transient Optical Spectroscop¥he rate of Q Qg —
QaQg~ first electron transfer was measured at 750 fih.(
capsulatuy 755 nm Rb. sphaeroidgsor 810 and 850 nm
(Rps.wviridis) by monitoring the absorbance changes in the
bacteriopheophytin electrochromic band shift, which is
sensitive to the reduction state oh@nd @ (5, 41, 43.
Optical absorption changes were identified by recording
kinetic traces as a function of time afte 5 ns, 20 mJ laser
excitation pulse at 594 nm (OPOTEK Inc). The probe light,
placed perpendicular to the excitation light, was from a 50
W halogen-quartz tungsten lamp (Wilmad) passed through
a monochromator and was controlled by a shutter placed
before the RC sample that was only opened during measure-
ment. The avalanche photodiode (RCA) was protected from
the actinic light by a second monochromator tuned to match
the first, and the output signal was sent to a Tektronix TDS
350 digital storage oscillosope. Eight to 32 transients were
averaged to improve signal-to-noise. For RCs fr&h.
sphaeroidegandRb. capsulatyscharge recombination rates
were measured by monitoring the recovery of the donor band
at 860 nm after bleaching with a single 594 nm laser flash.
In addition to single wavelength measurements, transient
spectra as a function of time betwee 5 ndaser excitation
pulse at 614 nm and a weak 0,68 xenon probe pulse were
obtained forRps. viridis RCs, by use of a 1024 element,
single diode array, multiwavelength detector. The experi-
mental setup has been described previousjyAll spectra
were obtained at 21C.

ForRb. sphaeroideRCs,  was reconstituted by adding
quinone (200uM; ~10 equiv/RC) from a stock solution
containing 2 mM ubiquinong (Sigma) and 1% LDAO that
had been heated to 6& for approximately 5 min. Similarly,
ubiquinong (Sigma) was used to reconstitiR®. capsulatus
RCs. Greater than 85% of ttirb. capsulatufRCs @zso/Asoo

were made to the protocol in order to achieve less pure, yet~ 1.7) was reconstituted by simply adding 10 equiv of

hopefully more native, intact RC5); Reconstitution of RCs
(Azsd/Asoo ratios of 1.2) with UQo was difficult and incon-

qguinone/RC at room temperature. In contr&di, capsulatus
RCs with higher purity £sd/Asoo ~ 1.2) were difficult to

sistent transient optical measurements were observed, alreconstitute. Incubating these RCs with 50 equiv ofsB

though stoichiometric CHRCs with purities of 1.2 vs 1.7
resulted in identical cw EPR spectra. Azide was absent from
all preparation buffers. RCs purified in the presence of azide,

20 min at 30°C in the presence of 100 mM NaCl resulted
in only 60—70% reconstitution, and significantly slower
Qa Qs — QaQs~ electron-transfer rates were observed.

even after extensive dialysis with azide-free buffer, degraded Optical experiments foRps.iridis RCs were obtained in

in the presence of CuSQsuggesting residual azide is
integrated into the protein.

For Cu#" binding experiments, RCs were dialyzed into
buffer containing 10 mM HEPES, pH 7.86, 20 mM NaCl,
and 0.045% LDAO. RCs were incubated with 5 equiv of
CWw" for 1 h on ice andhen passed through a Sephadex
G25 column to remove unbound €ufrom Cu—RC com-

the presence of 10 equiv of UERC and 200uM quin-
hydrone (Kodak). Absorbance changes at 960 nm were
measured and indicated that the bound cytochrome ef-
fectively rereduced Pwithin our instrument response time.
EPR SpectroscopyContinuous-wave EPR spectra were
obtained to observe the first-derivative €usignals. The
X-band data were collected on a Bruker ESP300E EPR

plexes. Centriprep-50 devices were used to concentrate thepectrometer with a Bruker X-band ER046XK-T bridge.
RCs. EPR samples were dark-adapted, frozen, and stored irSpectra were measured at 10 K.

liquid Na.
Preparation of Rb. sphaeroides RG®Cs were purified
from cells ofRb. sphaeroideR26 39). Stoichiometric Cu-

Pulsed EPR experiments were performed on a home-built
homodyne pulsed X-band EPR spectrometer, previously
described11). A Bruker dielectric cavity (ER4118X-MD5)
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was employed. The ESEEM experiments were performed
at liquid helium temperature with a three-pulse@d—7—
n/2—T—n/2) stimulated echo pulse sequence. Spectra were
collected at a value of 180 ns for each data set containing
512 points, at a magnetic field of 3340 G. The repetition
rate of the applied pulse sequence was 100 Hz, with a
microwave frequency of 9.57 GHz, and a pulse width of 20
ns.

RESULTS

Binding of Cd* to RCs.Previously, we have shown that
stoichiometric Ct-RC complexes (Cu/RC mole ratio of 1)
from Rb. sphaeroidesan be readily obtained by incubating
purified RCs with several equivalents of Cugfllowed
by gel-filtration chromatography or extensive dialysis to
remove unbound metal iod1). We have extended our metal
binding studies to include RCs froRb. capsulatuandRps.
viridis. Isolated, purified RCs from each species containe
less than 0.1 mol equiv of CU/RC, as determined by metal
analysis. Addition of excess €ufollowed by gel-filtration
chromatography provided the most consistent methods for
forming near-stoichiometric CuRC complexes. By this
method, Cu/RC mole ratios 6f1.3 and~1.0 were deter-
mined for RCs fromRb. capsulatusand Rps. viridis,
respectively. Repeated attempts to bindZio Rps.viridis
RCs were unsuccessful.

The C#" does not displace the non-heme&Favhich is
located between Qand Q. These Cut-RC samples were
simply prepared by the addition of excess metal ion to native,

d
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Ficure 1: Time course for absorbance changes associated with
the Q Qg — QaQg~ electron-transfer process in RCs frdRfp.
sphaeroidesOptical absorption changes at 755 nm associated with
quinone anions in transient'®~ states were obtained for RCs in
the absencel) and presence) of 10 mol equiv of CuS@at 21

°C. Biexponential fits of the data are shown (solid lines).

we measured a major component (73%) with reaction time
of 2204+ 30us and a minor component (27%) with reaction
time of 10+ 1 us. The same preparation of RCs in the
presence of excess &uyielded biexponential fits with
lifetimes of 425+ 5 us (70%) and 26t 10 us (30%). Thus,
the slowest component ofAQQs — QaQs ™~ electron transfer

of Cu—RCs is markedly longer than the200 us slowest
component observed in native, non-Cu-containing RCs.

Fe-containing RCs. In contrast, specific, stringent conditions \when C@* is stoichiometrically bound by gel filtration (0.9
(i.e., chaotropic treatment) are necessary to remove andcy/RC), similar kinetics were observed: 3&®B0us (66%)

replace the non-heme #e which is buried in the interior
of the RC protein 9, 40. Metal analysis shows that RCs
retain Fé* after the C@" is bound by gel-filtration proce-
dures, with measured average metal-to-protein ratios of 1
Fe/RC and 5 Fe/RC foRb. capsulatusand Rps. viridis,
respectively. The procedures for binding?Cto Rps.viridis
andRb. capsulatuare similar to those for binding Zhand
Cu?* to Rb. sphaeroideRCs, where it has been shown that
Zn?t and C@" are “surface accessibled(11, 15. We assert
that the Cé" sites on RCs fronRb. capsulatusand Rps.
viridis are similarly “surface accessible”.

Transient Optical Measurements: (A) Rb. sphaeraides
Transient optical measurements show that the@ —
QaQs~ electron-transfer rate is reduced in the presence of
excess Ct for RCs fromRb. sphaeroidesThe kinetics of
absorbance changes in the electrochromic response assoc
ated with Q Qg — QaQg~ electron transfer in th&Rb.
sphaeroidesRCs have been well characterize?l 6, 4)).

and 30+ 5 us (34%). No significant difference in the ®,~
and P Qg™ room-temperature recombination rates for RCs
with or without C#" bound was observed."Ba~ — PQx
rates of (0.13+ 0.02 s)! and (0.14+ 0.07 s)* were
measured for RCs with and without €urespectively. The
P™Qg~ — PQs rates of (1.08+ 0.13 s)* and (1.164 0.03
s) ! were observed for RCs with and without TuAppar-
ently, C#* does not slow electron transfer to the same extent
as Zrt*, where the slowest component was on the order of
1 ms @). However, the multiphasic nature of thg @s —
QaQs~ electron-transfer step makes a simple interpretation
of these results difficult. Depending on the mechanism of
metal-induced modulation of electron transfer, one possibility
is that C@* is binding in a different coordination geometry
than Zr¥", thereby influencing electron transfer to a different
extent.

(B) Rb. capsulatusThe influence of C&" on the Q Qs
— QaQs~ electron-transfer rate is strikingly similar for RCs

Optical measurements at 755 nm in isolated RCs have beerfrom Rb. capsulatuandRb. sphaeroideRCs. The measure-

primarily assigned to electron transfer, whereas electrochro-ments obtained at 750 nm are shown in Figure 2. The absence
mic responses at other wavelengths indicate a combinationof an absorbance change increase in the presence of
of electron-transfer and charge-compensating events, suctstigmatellin is consistent with attributing the observed
as proton transferd(l). Figure 1 shows the time course for kinetics to the Q Qs — QaQs~ electron-transfer process.
absorbance changes associated with the@@ — QaQs™ The kinetics of absorbance changes in the electrochromic
electron transfer for RCs in the presence and absence?df Cu response associated with @z — QaQs~ electron transfer
Like Zn*" and Cd", in the presence of Cb Qa Qg — are slowed in the presence of CuAt pH 7.8, in the absence
QaQs~ electron transfer is slowed. In native RCs with no of added metal ion, biexponential room-temperature kinetics
extraneous metal ion, QQs — QaQg~ electron-transfer rate  were observed, yielding lifetimes of 165 3 us (79%) and

is heterogeneous at room temperature, consisting of at leastlO0 + 2 us (21%). The observed longest component is
two distinct component$y. For RCs in the absence of €u the same order of magnitude as the previously reported
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Ficure 3: Transient PQ — PQ difference spectra measured at
room temperature in isolatdRips.viridis RCs with 0 s (bold line),

1 us (dotted line), 1Qs (open circles), and 1Q@s (thin line) time
delays following laser excitation.

Ficure 2: Time course for absorbance changes associated with
the Qi Qs — QaQs~ electron-transfer process in RCs frdrip.
capsulatusOptical absorption changes at 750 nm associated with
quinone anions in transient'®~ states were obtained for RCs in
the absenceal) and presencel) of 17 mol equiv of CuS@at 21 , ; .
°C. Biexponential fits of the data are shown (solid lines).

65 £+ 10 us lifetime obtained with a single-exponential fit
for Rb. capsulatufRCs at pH 7.042). In the presence of
excess Ct, both the observed slow and fast components
increase, with biexponential fits resulting in lifetimes of
300+ 90us (50%) and 4Gt 4 us (50%). A slight difference

in the P"Qg~ room-temperature recombination rates for RCs ‘5
with or without metal ion present was observed. THOE 0024 .
room-temperature recombination rates appeared to increase .

somewhat with rates of (0.78 0.06 sy* and (1.10+ 0.21
sy ! for RCs in the absence or presence of?Curhese
changes may indicate possible electrostatic or structural oo 4
changes near gupon Cd' binding (L0). P*Qa~ recombina-

tion rates were similar, with observed rates of (0410.02 0.0000 0.0002 0.0004
sy tand (0.13+ 0.02 sy for RCs in the absence or presence time (s)
of CU?*, respectively. Ficure 4: Time course for absorbance changes associated with

(C) Rpsiridis. In Rps.iridis, the electron transfer from  he electrochromic response of the bacteriopheophytin in RCs from
. . Rps.viridis. Optical absorption changes at 810 nm associated with
Qa t0 Qs is not as We”'CharaCter.'Zed as t_hat Rb _quinone anions in transient PGtates were obtained for RCs in
sphaeroidesThe induced electrogenic absorption shifts in  the absencem) and presence) of 17 mol equiv of CuS@at 21
bacteriopheophytin due to reduced quinones have been°C. A biexponential fit of the data is shown (solid lines) for RCs
studied in detail by Shopes and Wraigh8). Figure 3 shows in trle absence of Cu. The kinetics observed in the presence of
the time-resolved electrochromism associated with the €Y Were fit with a single exponential.
formation of quinone anions iRps.viridis RCs. A change  the reaction kinetics can be fit with a single exponential with
in the amplitude of the electrogenic response, but no distinct 3 |ifetime of 60+ 2 us. A change in the rates was also
time-resolved absorption shift, is observed. Thus, the ob- observed at 850 nm. Without metal present, the reaction
served time-resolved electrochromism associated with thehappens faster than the instrument response tin@us,
formation of quinone anions in th&ps. viridis RCs is  but in the presence of Gtia slow component emerges with
complicated and cannot be easily ascribed to purely electrong lifetime of 1504 20 us. In addition, C&" induces some
transfer. The observed attenuation of the electrochromismchanges in the ultrafast RC kinetics. At the time scale of the
could result from either charge compensation, i.e., quenchinglaser pulse, RCs in the presence ofChave nearly twice
by proton (or other counterion) movement near @r Qs™, the absorbance change compared to RCs with no metal ion
and/or electron transfer between the quinones. present. These dramatic changes in the early events will be
Nevertheless, CU influences the electrochromic response investigated with faster time resolution instrumentation.
in isolated RCs fronRps.viridis as shown in Figure 4. In  Previously measured kinetics of the decay of the absorption
native RCs with no extraneous metal ion, the observed shift at 830 nm yielded a half-time of about 25 (44, 45.
response at 810 nm is heterogeneous at room temperatur@he transient optical results for the three species are
consisting of a major fast component (70%) with reaction summarized in Table 1.
time near that of our instrument response time af 3 us CW EPRWe have used Cti (3 c®, S= Y/,) to probe the
and a minor component (30%) with reaction time of-6% electronic structure of the RC surface metal sites and their
us. In the presence of €y the fast component is lost and local protein environments. All of our CtRC samples
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Table 1: Summary of Exponential Amplitude and Lifetime Table 2. Summary of EPR Parameters Observed férr QCs at
Parameters Used To Fit Absorbance Changes Due to Electrochromiccw X-band
Response of Bacteriopheophytin ta Qand @~ in Isolateol+ RCs 9 A(G) %
no metal +CWw CurRCE
Rb. sphaeroideRCs 2204+ 30us (73%) 425+ 5us (70%) Rb. sphaeroides 2.24 160 2.06
10+ 1 us (27%) 20+ 10us (30%) Rb. capsulatus 2.22 179 2.06
Rb. capsulatuRCs 105+ 3 us (79%) 300+ 90 us (50%) Rps.viridis 2.23 164 2.06
10+ 2 us (21%) 404+ 4 us (50%) 2.17 211 2.06
Rps.viridis RCs 65+ 5 us (30%) 60+ 2 us (100%) CleegRCP
5+ 1 us (70%) Rb. sphaeroides 231 143 2.07

aCu bound to native Fe-containing RCs by gel-filtration chroma-
tography.” Cu bound to the Fe site in Fe-removed RCs prepared with
chaotropic methodsl().

gowas not observed (this coupling is not commonly observed
in Cu proteins), a result of overlappin§Cu and 8Cu
resonances or a disordered metal site. The observed spectrum
is typical of type 2 or “normal” copper EPR signak9j,
having g and A values characteristic of most cupric com-
plexes A residual dark signal from Pis observed ag =
2.0026 in each spectrum.

The spectrum oRps.viridis RCs is different, exhibiting
signals from two spectroscopically distinct €uenviron-
ments. Spectral simulations result in one?Cwith param-
o5 | 24 23 22 21 20 19 etersg, = 2.23,A; = 164 G, andgy = 2.06, s_imilar to the
values observed for RCs fromRb. sphaeroidesand Rb.
. & x.band EPR 13 of GRC ded in the dark capsulatusResolved hyperfine coupling to-3} coordinated
IGURE O. -pan spectra O S, recordea in tne aar ; H —
at 10 K. (A) Spectrum of Gii RCs (0.9 Cu/0.9 Fe/RC) fromb. nitrogens is observed for a second*CuThe values ofy,

sphaeroidestaken from refll. (B) Spectrum of RCs fronRb. 2.17,A) =211 G,An =15 G, andgy = 2.06 are _Strikingly
capsulatug1.3 Cu/1.2 Fe/RC) by gel-filtration chromatography and  similar to those reported by Buchanan and Dismula (
concentrated to Ofdo = 30 cnT* (AzgdAsoo = 1.7). (C) Spectrum  for RCs fromRb. sphaeroidegstrain Y) that had biosyn-

of RCs from Rps. viridis (1.0 Cu/5 Fe/RC) by geldiltration  thetically incorporated G4 into the Fe site. Metal analysis
chromatography and concentrated to &= 40 e - (Assd/Asso confirmz that I?e is present in the non-heme Fe site%n our
= 2.1). The data were collected at 9.14 GHz, with 10 G modulation P

amplitude, 0.2 mW microwave power, and 100 kHz modulation Rps.viridis samples. These parameters suggest a tetragonal

g-value

frequency. coordination environment for the €u(48). Identical C@*
) ) . . spectra have been observed for three different sample
contain copper in natural isotopic abundan®€( 69-13% preparations. The light-induced EPR spectrum is essentially
Cu 30.1%). Both isotopes have nuclear spins with %/, unchanged from the dark spectrum shown in Figure 5. Thus,

and magnetic moments differing by 6.6%. Therefore, tWo poth C@+ “sites” are in a remote position fromO. It is

magnetic isotopes contribute to each spectrum. Recently, Weia5siple that the spectra reflect Tibinding at the same
reported EPR data on RCs where2Cwas bound to the |5c4ti0n on the RC but in two distinct coordination environ-
surface site on n_atlve FJecontamngb-. sp_haer_mdeE?C; ments, i.e., different geometry or number of ligands. Interest-
and to the native non-heme Fe site in biochemically g, "\ve observed temperature-dependent conformational
.F e-.removed RCsl(). The cw and pulsed EPR f.esu'ts clearly flexibility of the first Cu?*-type environment. Elaboration
indicated two spectroscopically different Cienvironments. of this dynamic process as well as further characterization

These results provide a benchmark for comparison of the : :
. . . of the second type of Ct environment will be presented
RCs from different species with €u bound to surface in a future paper (O. Poluektov and L. M. Utschig,

site(s). )

The EPR spectra of Ct—RC complexes (native Fe- unpublished results). _ ) _ ]
containing) prepared via gel-filtration methods for three ~ Each spectrum has noticeably different hyperfine coupling
different species of RCs are shown in Figure 5. In each andgtensors than the spectrum ofCibiochemically bound
spectrum, four peaks arising from the hyperfine coupling of to the Fe site X1, 51, 53, which hasA, = 143 G. Theg
the unpaired spin of Gt with the nuclear spin of the Cu  tensor is typical for C# in axial symmetry, corresponding
(¢°Cu and®3Cu) are observed at low magnetic field. The to adey ground-state orbital for the unpaired electron, with
g-values and hyperfine constants differ for each species @ = 2.31 andy; = 2.07. By analogy with the X-ray structure
(Table 2). FoRb. capsulatufRCs, the C&" site exhibits an  of the Fe site 12—14), Ci?* could be coordinated by four
axially symmetric EPR spectrum witly = 2.22,A; = 179 histidine residues (two each from the L and M subunits) and
G, andgp = 2.06. This spectrum is similar to that &b. to one glutamic acid acting as a bidentate ligand. From
sphaeroideswith g, = 2.24,A; = 160 G, andgs = 2.06, analysis of the superhyperfine interaction withl and >N
which is consistent with tetragonal symmetry for the in 85Cu-enriched samples, Calvo et &2) concluded that
coordinated ligands46—48). In Rb. capsulatusaand Rb. only three histidine ligands are directly coordinated to the
sphaeroidesresolved nitrogen hyperfine coupling gnand Cuwt.
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deconvolution indicates that these peaks represent the sum
of at least five smaller peaks. Interestingly, the frequencies
of each of the five peaks were identical for spectra obtained
for the three RC species. Such spectral features are charac-
teristic of weakly hyperfine-coupledN nuclei in close
proximity to a paramagnetic species fCunear the “exact
cancellation” limit 86, 69. At this limit, in one of the
electron spin manifolds, the splitting of tHéN nuclear
Zeeman interaction is canceled by that of the hyperfine
interaction, typically giving rise to three low-frequency
transitions below 2 MHz36). These transition frequencies
arise from the“N nuclear quadrupole interaction (nqi) and
are invariant with applied magnetic field. Other features of
the ESEEM spectrum include several shallow overlapping
bands with peaks at 3.3, 4.0, and 4.4 MHz. Very low

0 1000 2000 300 4000 5000 intensity, overlapping peaks are observed, centereddat
T time (ns) and~3.8 MHz for Rb. capsulatuandRps.viridis, respec-
FIGURE 6: Three-pulse ESEEM spectra of ERCs from (A)Rb. tively. These peaks move linearly with the magnetic field

sphaeroide$11), (B) Rb. capsulatusand (C)Rps.siridis. The time and correspond to th&M, = 2 transition, which exhibits a
domain spectra are displayed. Experimental parameters: magnetidypical frequency of~4 MHz (33). The remaining ngi
field 3340 G, micr_o_wave frequency 9.57 GHz, pulse width 20 ns, features observed in Figure 7, the weak 246 MHz

7 = 180 ns, repetition rate 100 Hz, temperature 4 K. features, can be assigned as combination b&t5(L, 63.

. . . The presence of such a feature indicates multiple magneti-
cally equivalentN nuclei at the C& center, consistent with
the C#* binding to several histidine ligands. Thus, in each
bacterial species, modulations were observed that are char-
acteristic of remote imidazole nitroge/Cu interactions. The
spectra indicate more than one histidine amino acid side chain
is ligated to the C& in each RC species.

DISCUSSION

Light-induced electron-transfer chemistry in RC proteins
is influenced by metal ions. The determination of the location
and structure of the metal site(s) and surrounding anisotropic
protein environment is inherent for elucidating the mecha-

C. nism of metal-ion induced modulation of electron transfer.
Herein, we provide the first experimental evidence for &Cu
0 2 4 6 8 surface metal site on isolated Fe-containing RCs fiRim
Frequency (MHz) capsulatusindRps.viridis, similar to the Cé' site observed

Ficure 7: Fourier transforms of the three-pulse time domain for Rb. Sphaem'dESR_CS aD. We have concomitantly
ESEEM spectra shown in Figure 6. interrogated the CU site electronic structure and response

of the electron-transfer kinetics to &y using a combination

ESEEM Spectroscoplglectron spin echo envelope modu- of magnetic resonance techniques and transient optical
lation (ESEEM) spectroscopy was used to examine the naturemeasurements.
of the ligands at the Ct site 33—35). Three-pulse ESEEM The influence of metal ions on theaQQs — QaQs~
spectra of Cef-substituted RCs are presented in Figure 6. electron-transfer rates in the less well-characterized RCs of
The magnetic field for the time-domain ESEEM data shown Rps. viridis and Rb. capsulatugprovides evidence of the
was set at the maximal three-pulse echo-induced field-sweptgeneral nature of metal-ion induced regulation of electron
(ESE) EPR intensity for the observed signalgat 2.06. transfer. In each species of RC the electrochromic response
Figure 7 displays the Fourier transforms of the time-domain of the bacteriopheophytin cofactors associated with @
ESEEM data. For comparison, we show the ESEEM spectra— QaQg~ electron-transfer and/or charge-compensating
previously reported for CHRCs fromRb. sphaeroidegll). (proton-uptake) events is modulated by?Cun Rb. sphaer-
The observed spectra resemble spectra obtained f5-Cu  oidesRCs, the heterogeneous kinetics of Qg — QaQs™
imidazole model compound86§, 53-55) and for several have been well-characterizesl 6, 41). The fast component
Cw—proteins 66—67). was assigned to “pure” electron-transfer reacti@n %).

In each spectra, intense peaks in the-l4 MHz region Longer components have been assigned to electron-transfer
were observed. At a magnetic field of the maximum ESE- processes kinetically limited by protonation and/or confor-
detected EPR spectrum, ERCs fromRb. capsulatuseveal mational events within the proteid1). The kinetics ofRb.
two intense peaks at 0.43 and 1.46 MHz, with a shoulder at capsulatuscan be interpreted in a similar manndrl). In
1.12 MHz, indicating several overlapping peaks. Likewise the case oRb. sphaeroidesind Rb. capsulatufkCs, the
Rps.uiridis Cu?t—RCs exhibit two major peaks at 0.60 and observed changes upon metal-binding refle@—3-fold
1.43 MHz, with a smaller peak at 1.06 MHz. Spectral reduction in the slowest component 0 @s — QaQs~
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electron-transfer reaction. The observed'@aduced changes
in the electrochromic response &ps. viridis are more
difficult to interpret.Rps.viridis data indicate a loss of the

Biochemistry, Vol. 40, No. 20, 20056139

conserved irRb. capsulatugH127, H129, H131)24) but
not conserved irRps. viridis (69). Inspection of theRps.
viridis crystal structure reveals four potential histidine ligands

major fast kinetic component, representing a dramatic changefrom three different subunits (M16, H178, H72, and L211)
in either or both electron-transfer and charge-compensationlocated beneath theg®inding pocket {8, 19. The location

events involved in the Q Qs — QaQg~ electron-transfer
process. Thus, metal ion, specifically €y appears to
function universally in bacterial RCs to reduce thg Qg

of these histidines is surprisingly similar to the grouping of
four histidine residues (H68, H126, H128, and L211)
observed in th&kb. sphaeroideRC crystal structurel@—

— QaQs~ electron-transfer rates and/or charge-compensation14). Due to the similar response ofs\QQs — QaQs~

events relative to the native rates without metal present.

electron-transfer process to both®and Zri*, we believe

These results provide a basis for further interrogating the that these metals bind to an analogous region of the RC.
response of photosynthetic electron- and proton-transfer However, the possibility also exists that €binds to a

events to metal ions in different species of RCs. Metal ion
binding studies may provide insight into conformational

changes important for electron transfer as well as determi-

nation of a site of protein motion coupled to electron transfer.
Like Zn?*, perturbations induced by €ubinding may slow
conformational changes that are important for efficient
Qa~Qs — QaQs~ electron transferd). Upon stoichiometric
Zn?* binding, the rate of electron transfer is slowed, similar
to the global effect of cooling to 2C RCs in the absence of
Zn?*, implying a change in protein dynamics due to a
conformational changey. In the absence of metal ion, the
Qa Qs — QaQs™ electron-transfer step in RCs froRb.
sphaeroidesnvolves a slow rate-limiting gating stefl)
that involves the movement ofgbefore electron transfer
(8). Other evidence suggests that tha Qs — QaQs"
electron transfer is limited by a conformational change (
31, 32. Stoichiometric metal ion binding may alter protein
structure and dynamicQ), thereby indirectly modifying

distinct site from ZA*. It is striking that the structures of
both Rps. viridis and Rb. sphaeroidesRC reveal four
histidine ligands in the protein region beneath. Qwo
histidines, H72 and H211 frorRps. viridis and H68 and
L211 fromRb. sphaeroidesre conserved, and these residues
should not be overlooked as potential ligands for thé"Cu
and potentially other metal ions.

In addition to conformational changes associated with
electron-transfer events, locating the metal site may provide
information about the proton pathways in RCs frdb.
capsulatusand Rps. viridis. Similar studies have been
instrumental in elucidating the proton pathway into the Q
site inRb. sphaeroideRCs (L0, 15, 17. Qg is buried in the
protein interior. Thus, to reach gQthe proton must be
transported from the aqueous exterior solution through a low-
dielectric protein environment via a network of proton donor
and acceptor groups linked by hydrogen bonds with favorable
pKa values 26). Although the crystal structure has been

coupled conformational and/or protonation processes thatdetermined foRps.viridis, more biophysical characterization

kinetically limit Qa~ Qg — QaQs~ reactions 10). In general,

of proton uptake has been carried out with the structurally

metal ions in proteins can act to enforce a specific coordina- uncharacterize®b. capsulatusSite-directed mutagenesis in

tion environment, thereby restricting the mobility of the

RCs ofRb. capsulatusandRb. sphaeroidesuggests similar

ligating amino acid side chains. Thus, these perturbationsfunctional involvement of specific residues, Ser L233, Asp

could potentially extend through the surrounding protein,
restricting a region of polypeptide.{). Comparison of the
RC structure with or without Cd bound indicated structural

L213, and Glu L212, in the electron-transfer-coupled proton-
uptake reactions (for reviews, see réf$and71). Interest-
ingly, a potential metal ligand, His L211, is located in this

changes in the metal ligands and a mobility difference in a region and is conserved in all three species. The functional

specific residue, although no major structural protein re-

proton pathways must be different in RCsRif. sphaeroides

arrangements were observed. This residue, Glu-H173, hasand Rps.viridis, as several key residues are not conserved
been proposed to be involved in the reduced rate of electronbetween the two specie2?). Specifically,Rps.viridis RCs

transfer (5). Subtler mobility changes or slight differences

lack Asp L213, but an Asp at M43 is thought to act in its

in the hydrogen-bond network would not be observed in a place @6). Interestingly, in theRps. viridis structure Asp

static crystal structure.
We have interrogated the dynamic solution?Caite

M43 is close to two histidine residues, H178 and H16, which
could possibly be the histidines coupled to?Cebserved

structures with EPR spectroscopy. Comparison of the cw andwith ESEEM spectroscopy.

ESEEM spectra obtained show that theCsurface site has

In summary, a structurally analogous usite that

a similar geometry and ligands in each species. Modulationsapparently functions to modulate electron transfer is univer-
were observed that are characteristic of remote imidazolesally found in bacterial RCs fronRb. sphaeroidesRb.

nitrogen-Cu interactions, thus implicating histidine amino
acid side chains as ligands to the?Cuvhen bound to the

capsulatusandRps.uiridis. Furthermore, although the proton
pathways must be different in RCs from different bacterial

surface site in the three species of RC studied. Thus, RCsstrains, each RC shares a common histidine region that may

from Rb. sphaeroidesRb. capsulatysand Rps.viridis all
have a structurally analogous surface?Ghinding site,

be involved in proton uptake. Other photosynthetic systems
are inhibited by metal ions, primarily €y at the level of

containing at least two histidine ligands, apparently involved electron transfer. Cti has been shown to inhibit electron

in modulating the @ Qs — QaQs~ electron-transfer process.

transport in higher plants; the primary interaction is thought

The amino acid sequences of each RC differ in the to be with photosystem II72—76) but it also interacts with

histidine-rich protein region proposed for the surface site.

The crystal structure foRb. sphaeroide®RCs shows that
Zn?t and Cd* are ligated to two histidines, H126 and H128,
and an aspartate acid residue, H128)(These residues are

PSI (77), the cytbsf complex {8), and ferredoxin 79). A
recent paper has shown that®Cinhibits electron transfer
through the isolated spinach dydf complex possibly by a
Cw?*-induced protein conformational chang&0). Thus,
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spectroscopic characterization of the?Csites in RCs from

different species may provide a means to elucidate a
generalized mechanism of metal-ion induced regulation of
photosynthetic electron transfer and proton uptake as well
as determine a localized anisotropic protein environment

involved in controlling protein dynamics important for
electron transfer.
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