Biochemistry2007,46, 8953-8960 8953

13C Chemical Shift Map of the Active Cofactors in Photosynthetic Reaction Centers
of Rhodobacter sphaeroidd®evealed by Photo-CIDNP MAS NMR
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ABSTRACT. 1¥C photo-CIDNP MAS NMR studies have been performed on reaction centers (RCs) of
Rhodobacter sphaeroidegld type (WT) that have been selectively labeled with an isotope usidgdb-
o-aminolevulinic acigHCI in all the BChl and BPhe cofactors at positions C-4, C-5, C-9, C-10, C-14,
C-15, C-16, and C-20'3C CP/MAS NMR and'*C—13C dipolar correlation photo-CIDNP MAS NMR
provide a chemical shift map of the cofactors involved in the electron transfer process in the RC at the
atomic scale. Thé3C—13C dipolar correlation photo-CIDNP spectra reveal three strong components,
originating from two BChl cofactors, called P1 and P2 and assigned to the special pair, as well as one
BPhe,®4. In addition, there is a weak component observed that arises from a third BChl cofactor, denoted
P3, which appears to originate from the accessory BGhI¥ almost complete set of assignments of all

the aromatic carbon atoms in the macrocycles of BChl and BPhe is achieved in combination with previous
photo-CIDNP studies on site-directed BChl/BPhe-labeled RCs [Schulten, E. A. M., Matysik, J., Alia,
Kiihne, S., Raap, J., Lugtenburg, J., Gast, P., Hoff, A. J., and de Groot, H. J. M. (B@@emistry 41
8708-8717], allowing a comprehensive map of the ground-state electronic structure of the photochemically
active cofactors to be constructed for the first time. The reasons for the anomaly of P2 and the origin of
the polarization on P3 are discussed.

Photosynthesis in purple bacteria is driven by light-induced Py P
electron transfer in the reaction center (R@ptein located
in the intracytoplasmic membrane. The RCRifodobacter
sphaeroideswild type (WT) is a transmembrane protein
complex consisting of three polypeptide chains (H, M, and
L) and 10 cofactorsl(—3). Four BChl molecules (R Pu,
Ba, and B), two BPhe moleculesd, and ®g), two
ubiguinones (@ and @), and a non-heme ferrous iron &g

; - . L]
are arranged in two nearly symmetrical branches (Figure 1). ,Fh, A
The tenth cofactor ifRb. sphaeroide®/T is a carotenoid s b
molecule (C), located neargBallowing for fast decay of x
electronic triplet states. The structural symmetry is in clear @
Qs
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to J.M. Ficure 1: Detailed view of the cofactor arrangement in the RC of
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O Universitd Konstanz. standing problem of structural biology (for a review, see ref
! Abbreviations: 1D, one-dimensional; 2D, two-dimensional; ALA,  4). The electron transfer takes place selectively via the active
o-aminolevulenic acid; B, accessory bacteriochlorophyll; BChI, bac- - A-pranch, while the B-branch is inactive for electron transfer.

teriochlorophyll; BPhe o, bacteriopheophytin; C, carotenoid; CP, . . . “ .
cross polarization: DD, differential decay; DR, differential relaxation; ¢ 1S generally thought that the primary donor is the “special

LDAO, N,N-dimethyl dodecylaminéd-oxide; MAS, magic-angle spin-  pair” (P), a dimer formed of the two strongly coupled BChl
ning; P, special pair, primary electron donor; photo-CIDNP, photo- cofactors, P and R,. The primary acceptor is a BPhe
chemically induced dynamic nuclear polarization; PDSD, proton-driven molecule,®4. The remaining two accessory BChls, Bnd
spin diffusion; RC, reaction center; RFDR, radiofrequency-driven TEA . .

recoupling sequence; TSM, electreelectron-nuclear three-spin mix- BB, are monomers. After photochemical excitation of P to

ing; TPPM, two-pulse phase modulation; Q, ubiquinone; WT, wild type. P*, one electron is transferred to the primary electron
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acceptord, within 3 ps. In the next step, an electron is observed at a field strength of 4.7 T for b&b. sphaeroides
transferred to the primary quinone acceptqri®~200 ps. WT (9) and R26 27). Due to the great enhancement of signal
Subsequently, an electron is transferred frogt®@the final intensities, photo-CIDNP MAS NMR is not limited to
acceptor Q. In quinone-depleted or quinone-reduced RCs, isolated systems but has been applied to intact RCs in
the forward transfer from BPhe to,@s blocked, leadingto ~ membrane-bound bacterial photosynthetic urit$.6 MDa)
the formation of the P®,*~ radical pair. (28) and in their cellular environemerY). In combination

To determine the state in the electron transport in which with site-directed3C labeling, photo-CIDNP MAS NMR is
the functional symmetry is broken, it has been proposed thatparticularly powerful for the determination of the ground-
the excited state P* is electronically asymmetric, having more state electronic structure of the cofactors involved in the
electron density centered o I5). The electronic structure  electron transfer process with atomic selectivity. In this work,
of the cation radical P has been extensively investigated photo-CIDNP MAS NMR studies performed on selectively
with EPR, ENDOR, and TRIPLE resonance studiesg). labeled BChl/BPhe RCs, labeled at positions C-4, C-5, C-9,
The studies have shown that the unpaired electron isC-10, C-14-C-16, and C-20, are reported. In combination
unequally distributed over Pand Ry, favoring R with a with the previous paperlf), we present for the first time
ratio of 2:1. This agrees well with photo-CIDNP MAS NMR  an almost complete set 6IC chemical shifts of the aromatic
investigations on RCs froiRb. sphaeroide@NT) reporting systems of all active BChl and BPhe cofactors, allowing for
a ratio of electron spin density of 3:2 in favor of ®). On a comprehensive map of the molecular electronic ground
the other hand, the knowledge of P in the electronic ground state of the photochemically active cofactors with atomic
state is limited. Resonance Raman studies suggested differselectivity.
ences between Rand R, within the special pair10, 11).
15N chemical shift data obtained via photo-CIDNP MAS MATERIALS AND METHODS
NMR of uniformly >N-labeled RCs show differences in the Sample PreparatiorCultures ofRb. sphaeroide®/T (480
chemical shifts of the special pair cofactor$2{14), mL) were grown anaerobically in the presence of 1.0 mM
demonstrating that the symmetry within the special pair is [5-13C]-6-aminolevulinic acieHCl (COOHCHCH,CO=CH,-
already broken in the dark state. A more detailed view has NH,-HCI, 99% *°C-enriched), purchased from Cambridge
been provided byC photo-CIDNP MAS NMR on selective  Isotope Laboratories (Andover, MD). Incorporation off&]-
13C labeling (positions C-1, C-3, C-6, C-8, C-11, C-13, C-17, ALA, as reported in this paper, produces BChl and BPhe
and C-19 in all porphyrin rings), suggesting that one of the macrocycles, labeled at C-4, C-5, C-9, C-10, C-T416,
cofactors in the special pair is distinguishedb)( and C-20 (Figure 2). The cultures were grown for 7 days in

Photochemically induced dynamic nuclear polarization light. Before the cells were harvested for the preparation of
(photo-CIDNP) magic-angle spinning (MAS) NMR is a RCs, a 4 mLaliquot was taken from the culture and the
method for studying the active cofactors in photosynthetic extent of3C incorporation of [4CJALA into BChl was
RCs with high sensitivity and selectivity (for reviews, see determined as described in detail previoud)( The total
refs 16 and 17). The chemical shift refers to the electronic level of incorporation of théC label in BChl/BPhefCo-g)
ground state obtained after the photocycle, while the signalwas 60+ 5%. The culture was centrifuged for 10 min at
intensity is related to the local electron spin density. For the 5500y, and the combined pellet was resuspended in 0.1 M
RCs from WT, photo-CIDNP has been described by a phosphate buffer (pH 7.5). The RCs were isolated as
combination of two mechanismsl®). In the electron described in reR29. Approximately 15 mg of the selectively
electror-nuclear three-spin mixing (TSM) mechanism, net labeled RC was reduced with 0.5 M sodium dithionite and
nuclear polarization is created in the spin-correlated radical used for the NMR experiments.
pair due to the presence of both anisotropic hyperfine MAS NMR Measurement$hoto-CIDNP MAS NMR
interaction and coupling between the two electron spig ( experiments were performed with a DMX-200 NMR spec-
In the differential decay (DD) mechanism, a net photo- trometer equipped with a double-resonance MAS probe
CIDNP effect is caused by anisotropic hyperfine coupling operating at 200 MHz fotH and 50 MHz for*3C. The RC
without an explicit requirement for electrerlectron cou- sample was loaded into an optically transparent 4 mm
pling if spin-correlated radical pairs have different lifetimes sapphire rotor, ané®C MAS NMR spectra were recorded
in their singlet and triplet statesl9). For both these at a temperature of 223 K with a spinning frequency of 8
mechanisms, the polarization after a single photocycle is kHz. The sample was illuminated continuously during the
roughly proportional to the square of the anisotropy of the course of the experiment. The illumination setup has been
hyperfine coupling and thus to the square of the electron described in detail elsewher&® 21). 1D photo-CIDNP
spin density in p orbitals on the observed nucleus. This MAS NMR spectra were collected with a Hahn echo-pulse
allows for a mapping of electron densities in the radical pair sequence and two-pulse phase modulation (TPPM) proton
state by analysis of NMR spectra of ground-state chro- decoupling 80). A recycle delay 64 s was used.*C cross-
mophores. Photo-CIDNP was observed for the first time in polarization MAS NMR data were obtained with an AV-
quinone-blocked bacterial RCs Bb. sphaeroideR26 (12, 750 NMR spectrometer. A total of 4K scans were recorded
13, 20, 21) and WT (15, 22) using continuous illumination  at a temperature of 223 K with a spinning frequency of 12
with white light, allowing an enhancement factor-e200— kHz. For the 2D homonucleat3C—*°C) dipolar correlation
1000. Furthermore, photo-CIDNP MAS NMR allowed for spectra, adapted radiofrequency-driven recoupling (RFDR)
studies of the electronic structure of the cofactors involved and proton-driven spin diffusion (PDSD) pulse sequences
into electron transfer in RCs of green sulfur bacte?3) @s were applied. The initial cross-polarization step in these pulse
well as of plant photosystem 24) and photosystem 1125, sequences was replaced byr/2 pulse. The RFDR experi-
26). A signal enhancement of a factor of 10,000 has been ments were recorded with mixing times of 4 and 8 ms. The
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Ficure 2: Schematic representation of the biosynthesis of BCaihd BPhea starting fromd-aminolevulinic acid (ALA). The positions
of 13C labels are indicated with filled circle®]. The numbering of BCha is according to the IUPAC nomenclature.
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Ficure 4: Detailed view of the methine region in the spectra in

Ficure 3: 1D solid-state MAS NMR spectra of the BChl/Bphe-  rigyre 3. In both light and dark spectra, the labeled carbons resonate
labeled RC oRb. sphaeroide®/T. The dark!*C CP/MAS NMR with comparable chemical shifts, visualized by dotted lines.

spectrum (A) was recorded at a field strength of 17.6 T at 223 K

with a spinning frequency of 12 kHz. The photo-CIDNP spectrum .
(B) was recorded with continuous illumination in white light ata r€sponses of the methine carbons of BChl and BPhe cofactors

field strength of 4.7 T and 223 K with a spinning frequency of 8 which are selectively enriched witHC. Continuous il-
kHz. Spectrum C is the second derivative of the 1D photo-CIDNP |umination with white light generates the photo-CIDNP MAS
spectrum (B). NMR spectrum shown in Figure 3B. Strong emissive peaks
_ ) L appear in the region between 90 and 110 ppm due to the
PDSD experiments were recorded with mixing times of 10 photo-CIDNP of methine atom$C-5, 13C-10, 13C-15, and
ms, 500 ms, and 1 s. In thg dimension, 2K data points  13c.20. |n the aromatic region of the spectrum from 135 to
with a sweep width of 50 kHz were recorded. Zero filling 145 ppm, the responses BE-4, 13C-9, 13C-14, and*C-16
to 4K and an exponential line broadening of 25 Hz were e detected. To separate the responses of the various labeled
applied prior to_ Fourier transformatlon. Intned|men3|0n,_ carbons, the second derivative of the 1D photo-CIDNP
256 scans using 1K data points were recorded. A sine- gnecirum (Figure 3B) of the labeled RCs was calculated as
squared apodization shifted by2 was applied prior ©0  ghown in Figure 3C. There are photo-CIDNP signals from
Fourier transformation. All spectra were externally referenced yore than eight carbons, demonstrating that more than one
to the’*COOH response of solid tyrosit¢Cl at 172.1 ppm.  gchj produced photo-CIDNP polarization. The broad peaks
at 108.4, 97.2, and 95.2 ppm in th&€ CP/MAS spectrum
RESULTS AND DISCUSSION (Figure 3A) are narrower and strongly emissive in the photo-
Comparison of Light with Dark Spectr@he3C CP/MAS ~ CIDNP spectrum (Figure 3B). These peaks are resolved
NMR spectrum from labeled RCs obtained in the dark is better by taking the second derivative of the 1D photo-
shown in Figure 3A. Several broa#C responses are CIDNP spectrum (Figure 3C).
observed between 10 and 70 ppm from the saturated carbons A detailed view of the spectra from 90 to 115 ppm is
in the protein. The signal at 173 ppm is due to the amide shown in Figure 4. In experiments conducted under continu-
carbonyl carbons of the protein. Weak signals are observedous illumination, the RC is observed mainly in a light-
in the region from 90 to 110 ppm, corresponding to the adapted state leading to longer radical-pair lifetimes).(
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Ficure 5: Contour plot sections of ¥C—13C dipolar correlation photo-CIDNP MAS NMR spectrum &%Co—g]BChl/BPhe-labeled RCs

of Rb. sphaeroide®VT recorded at a field strength of 4.7 T and 223 K, using a spinning frequency of 8 kHz and a mixing time of 4 ms.
The labels refer to the cross-peaks for the three BChl components (P1, P2, and P3) and the BPhe codmpdrentqp trace shows parts

of the second derivative of the 1D photo-CIDNP MAS NMR spectrum.

In the experiments described here, no hints of light-induced Table 1: Chemical Shifts of Monomeric BChland BPhea
changes in the ground-state electronic structure of the Cofactors

cofactors are obtained. Hence, conformational switching BChla BPhea
between dark- and_ light-adapted sample states is not linked carbon oy P p o) Oig® ob
to a large change in the ground-state electronic structure of 1
the cofactors. Since earlier studid$(32) found evidence 3 1374 1302 1276 1332 1348 1347
that the vicinity of the donor cofactors is very rigid, these 4 150.2 1454  136.8 138.1  136.8
light-induced changes may be caused by soft structural g 99.6 1016 97.2 98.4 98.4
8
9

150.8 148.2 143.4 148.5 139.7 138.3

168.4 166.8 1646 167.0 1709 171.1
elements such as hydrogen bonds. c5 6 =30 55 4 50.6 554 EA6

Assignment of th&C—13C Dipolar Correlation Spectra. 1585 160.2 161.0 1643 1622
To gain information about the ground-state electronic 10 102.4 98.1 99.6 1004 1015
structure of the donor, P, and the acceptor molechle2D 1 149.4 1503 1542 1494 1393 1389

: 13 130.3 131.0 1313 1302 1293 126.4
photo-CIDNP RFDR data sets were collected from polarized 7, 160.8 1600 1580 1612 1487 1491

samples. The RFDR spectrum (Figure 5) was recorded with 15 109.7 1068 1082 1071 1099 1075
a mixing time of 4 ms. In the BChl and BPhe rings separated 16 152.2 1514 1488 150.3 158.7 156.6
by a single bond, strong correlations appear within each pair 17 504 473 497 487 515 525
of enriched carbons, i.e., C-4/C-5, C-9/C-10, C-14/C-15, and ;g 18;:; 162.5 1954?'57 162.7 ;?%8 9129'9
C-15/C-16. In addition, cr_oss-peaks are observed between 2 The liquid NMR chemical shift datasy) were obtained in acetone-
C-14 and C-16 over a distance of2.3 A. Four sets of 'y \ignments for C-L, C-3, C-6, .6, C-LL, C-13, C-17, and C-19
correlation networks are visible. Three components which gom ref 15.
give strong correlations are assigned to two BChl molecules
denoted P1 and P2 and one is assigned to Bfhe The C-4, C-9, C-14, and C-16 have much larger chemical shift
fourth component is weaker and is assigned to a third BChl differences. Hence, the diagonal peaks in the region from
cofactor, denoted P3. 95 to 110 ppm are attributed to C-5, C-10, C-15, and C-20
The NMR shifts from BChla and BPhea molecules in of the BChl and BPhe cofactors, forming the starting point
solution are listed in Table 1. The methine carbons in BChl of the assignment procedure. THE responses for C-14
a and BPhea in acetoneds resonate between 95 and 110 and C-16 of® in acetoneds at 148.7 and 158.7 ppm,
ppm, and the chemical shift differences of the methine respectively, overlap with C-16 and C-14 of BChl at 152.2
carbons between BChl and BPhe a2 ppm. In contrast,  and 160.8 ppm, respectively. Three correlations are observed
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for C-14/C-15 at 160.0/106.8 ppm (P1), 158.0/108.2 ppm
(P2), and 161.2/107.1 ppm (P3). A correlation is also
observed for C-16/C-15 ofp at 149.1/107.5 ppm. In
addition, correlations are observed for C-16/C-15 of P2 at
148.8/108.2 ppm and C-14/C-15 & at 149.1/107.5 ppm.
These assignments are confirmed by cross-peaks detecte
between C-14 of ring Ill and C-16 of ring Il. Two strong
correlations are observed for C-14/C-16 at 158.0 /148.8 ppm
(P2) and for C-16/C-14 at 149.1/156.6 pp)( Further-
more, two weak correlations are observed for C-14/C-16 at
160.0/151.4 ppm (P1) and at 161.2/150.3 ppm (P3). A
correlation is observed for C-9/C-10 df at 162.2/101.5
ppm. The'*C response from C-9 of BChl overlaps with the
13C response of C-14 of BChl. Cross-peaks observed betweer
C-9/C-10 of P2 at 161.0/99.6 ppm and of P1 at 160.2/98.1
allow for assignment to C-9. Finally, correlations are detected
at 136.8/98.4 ppm and at 136.8/97.2 ppm. H&response

for C-4 of @ in acetoneds is at 138.1 ppm, and hence, the
peak at 136.8/97.2 ppm is assigned to C-4/C-®ofThere 4
is another C-4/C-5 correlation observed which cannot be
assigned to ab, since only oned is present in the active

branch. Since thé*C response of C-5 dBChl in acetone- photo-CIDNP MAS NMR spectra of:{Co_g]BChI/BPhe-labeled

ds is at. 99.6 ppm, this can be assigned tQ a C-4/C-5 RCs ofRb. sphaeroide®VT, recorded at a field strength of 4.7 T
correlation of BChl. Thus, the C-4/C-5 correlation at 136.8/ and 223 K using a spinning frequency of 8 kHz. The RFDR

98.4 ppm is assigned to P2. Finally, a correlation is observedspectrum (orange) recorded with a mixing time of 4 ms is overlaid
at 145.4/101.6 ppm. This correlation can be assigned to C-4/0n the PDSD spectrum (green) recorded with a mixing time of 500

—
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Ficure 6: Contour plot sections of ¥C—13C dipolar correlation

C-5 of a BChl since it is nearer to tHéC response of C-4
of BChl at 150.2 ppm. Thus, it is assigned to C-4/C-5 of
P1. RFDR experiments performed with a mixing time of 8
ms did not show any additional peaks.

PDSD experiments performed with a mixing time of 500
ms show significantly more peaks as compared to the RFDR
experiment with a mixing time of 4 ms (Figure 6). Cross-
peaks are now observed between C-20 and the carbon
around it. Peaks are thus observed for P2 between C-14

ms. The labels refer to the cross-peaks for the three BChi
components (P1, P2, and P3) and the BPhe compodgntahd

the numbers refer to the IUPAC numbering of carbons for the
chlorophyll ring. Assignments to intermolecular peaks are colored
red. The top trace shows parts of the second derivative of the 1D
photo-CIDNP MAS NMR spectrum.

The BPhed, cofactor exhibits both upfield and downfield

shifts of <3 ppm, except for C-4 which shows an upfield
hift of 4.8 ppm. In BChls P1, P2, and P3, the carbons around
rings | and IV are shifted upfield compared to other carbons.

C-20, C-16/C-20, and C-4/C-20. Correlations are also pronoynced upfield shifts are observed especially for P2 in

observed between C-16/C-10 and methine carbons like C-15/

C-10 and C-15/C-20 of P2. A few cross-peaks are also
observed for carbons @b, like C-5/C-14, C-20/C-14, and

pyrrole ring | as compared to P1 and P3. This effect is clearly
visible in C-1, C-3, and C-4 of P2, which are shifted upfield
by 7.4, 9.8, and 13.4 ppm, respectively. On the other hand,

C-10/C-14. There are two weak peaks observed which cangq. py and P3, carbons around rings | and IV are shifted
be assigned to intermolecular carbons between P2 and Plupfield by 2-7 ppm. The two BChls, Pand Ry, of P overlap

These are between P1 C-5/P2 C-14 and P1 C-4/P2 C-5 ove
a distance of 37 A.

The complete list of the'®C assignments for all the
photochemically active cofactors is presented in Table 1.

bver ring I. Ring current shifts may be considered as an
explanation of the strong upfield shifts around ring | for P2.
However, ring current shifts which are upfield in the range
of only 1-3 ppm have been observed for porphyris, (

Since no correlations were observed between C-9/C-10 or34) and cannot therefore explain shifts in the range-e1.3

C-4/C-5 for P3, it was not possible to complete these

ppm. Furthermore, ring current shifts are expected to be

assignments. Upfield shifts are observed for several carbonssymmetrical. Hence, comparison of the chemical shifts of

of P1, P2, and P3. The chemical shift differencés & oss

— 0iig) for the three BChls (P1, P2, and P3) and one BPhe
(®,) are shown in Figure 7. To build a comprehensive map
of the electronic ground-state structure of the photochemi-
cally active cofactors;*C assignments from previous photo-
CIDNP MAS NMR studies 15) are also included in Table

1 and Figure 7. With both label patterns, the same global
pattern is observed: (i) three correlation networks of BChls
and one of a BPhe, (ii) two BChl networks with strong and
one with weak intensity, and (iii) among the two strong BChl
correlation networks, one significantly more different from
a BChl in solution. Both those correlation networks with a
maximumAo of both label patterns were called P2.

the three BChl cofactors suggests that one of them is
distinguished, which is called P2.
Identity of the CofactorsThe pronounced upfield shifts

in ring | of P2 suggest strong interactions in its vicinity of
other cofactors, which are the other BChl cofactor in P (either
P. or By) and B.. Furthermore, there are several polar amino
acid residues surrounding the cofactors. The large upfield
shifts could be explained by a strong interaction like a
hydrogen bond to one of the amino acid residues. The X-ray
structure of the RC reveals that a histidine residue (His L168)
is within hydrogen bonding distance of the 3-acetyl group
of P_ (Figure 8) (). Resonance Raman studies provide
further evidence that a hydrogen bond exists at the 3-acetyl
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the other strong BChl component P1 is assigned\toahd
the weak component P3 is assigned to the accessory BChl
in the active branch, B

The different chemical shifts of R comparison to those
of Py and B, indicate a special local electronic environment
in the ground state around .Prhe upfield shift of 13.4 ppm
at C-4 of R indicates a stabilization of approximateh0.08
electronic equivalent negative charge per atom relative to
the monomeric solution3@). Strong upfield shifts around
ring | of P_, and to a lesser extent around ring 1V, suggest
a distribution of the electronic charge over these rings
primarily. The role of His L168 may be the stabilization of
the charge on P The comprehensive map of the electronic
ground state of the special pair presented here confirms
previous results1(5) which showed that P is asymmetric
already in the electronic ground state with excess negative
charge on P. The functional asymmetry in the RC is thus
introduced in the ground state.

Involvement of Accessory BChhBANn assignment of P3
to a disturbed special pair cofactor is unlikely since such a
strong disturbance would hardly affect only a single cofactor
of the special pair. The assignment of the weak BChl
component, P3, to the accessory BChl cofactarr8ises
the question of the mechanism producing enhanced nuclear

e g, polarization. The involvement of an accessory BChl B
_ o A molecule as a real intermediate in the electron transfer to
Ficure 7: Detected chemical shift differenceAd = gss — aiiq) ®, has been a matter of debate (for a review, seetyef

for the three BChis (P1, P2, and P3) and the BP#g)( The . : :
positive values denote an upfield shift and the negative values aAbsorbance difference spectroscopy with femtosecond time

downfield shift. resolution did not elucidate any involvement of 887). On
the other hand, other transient femtosecond measurements
yielded a biphasic kinetics which could be interpreted as only
a two-step model of electron transfer, suggesting the involve-
ment of By (38—40). From subpicosecond transient measure-
ments, it has been suggested that both the two-step hopping
and the one-step superexchange model of ET may coexist
(41). There has also been the suggestion of a pathway of
electron transfer that does not involve the excited state of
the special pair dimer (P*) but instead is driven by the excited
state of the monomeric BChl (B) (42). An alternative
interpretation based on spin couplings can bring about
electron transfer from P* to*Pd,*~ with the involvement
of a triplet-triplet—singlet’B™B, as an intermediate between
B, the excited charge-separated P* state and the primary charge-
separated RDP,~ state 43). In all those concepts, however,
the involvement of R is too short-lived to generate primary
nuclear polarization on B since processes driven by
hyperfine interaction require durations of at least some tens
FiIGURE 8: Side view of the special pair, Rnd Ry, and front view of nanoseconds. On the other hand, buildup of nuclear
of the accessory BChl B His L168 in the back interacts with the polarization by spin diffusion would be expected to affect
3-acetyl group of P partially also the accessory BChl cofactor of the inactive

group of R (10). In addition, site-directed mutants at Pranch (B). Such a possibility would imply that both
positions His L168 and Phe M197 show that the occurrence &ccessory BChl cofactors have very similar chemical shift
of a hydrogen bond can be correlated with an increase in Patterns. Another possibility is thataBnight substitute for

the dimer midpoint potentiaB&). Hence, the appearance of ~one of the chlorophylls in; i.e., there might be a fraction
the strong upfield shifts in ring | of P2 can be assigned to Of special pairs that involve, besides the “distinguished”
the hydrogen bonding between the acetyl carbonyl and thechlorophyll P2, the accessory chlorophyll Bistead of P1.

NH group of the imidazole side chain of His L168. This Alternatively, it might be possible that the cation radical spin
would lead to the assignment of P2 tpwhich in the BChl density is distributed over the special pair and the accessory
cofactor of P is located at the active A-branch. Therefore, chlorophyll Ba.

His L168
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CONCLUSION 13

From the aromatic systems of both cofactors of the special
pair, an almost complete set &IC chemical is presented.
Cofactor R of the active branch, assigned to P2, is the BChl
showing most significant differences to a BChl in chloroform.
Especially dramatic chemical shift changes appear on pyrrole
ring | which may be due to hydrogen bonding interaction of
the C-3 carbonyl with a histidine of the protein pocket.
Hence, the electronic structure of two BChl cofactors, P
and Ry, forming the special pair in RCs &b. sphaeroides

is already distinguished in their electronic ground state, and 16.

the break of symmetry between the cofactors is already

present in dark RCs. The primary acceptor BPhe appears to 17.

be relatively undisturbed.
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