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In photosynthesis, light energy is transformed into chemical
energy that sustains most forms of life on earth. The initial process
of light-induced electron transfer occurs in photosynthetic reaction
centers (RCs). The structures of the RCs of several purple bacteria
have been resolved by X-ray diffraction’ and resemble the
photosystem II in higher plants. The RC complex of Rhodobacter
sphaeroides consists of three polypeptides (H, L, and M) and several
cofactors that are arranged in two nearly symmetric branches (Figure
1A). These cofactors include a dimer of excitonically coupled
bacteriochlorophyll a (BChl a) molecules (designated P1 and P2)
constituting the primary electron donor (P), two accessory mono-
meric BChl a molecules, two bacteriopheophytin a molecules, two
ubiquinones, a non-heme iron atom, and a carotenoid molecule.
The electronic structure of P is asymmetric in both the ground and
excited states, with opposite excess electron densities on P2 in the
ground state and P1 in the excited state.>> This affects the electron
transfer process and contributes to determining the asymmetric
electron flow, which proceeds almost exclusively over the “active”
A-branch.*~¢ Stark effect measurements have shown that the
electrooptic properties of P* can be modulated over the width of
the extended 7 system by hydrogen bonding in a donor—acceptor-
type push—pull mechanism and that the dipole moment rotates upon
excitation.?

According to the X-ray structure, bacterial RCs contain four
histidines that are coordinated to the Mg?* of the BChl a (also
known as axial histidines). His L153 and His M 182 interact with
accessory BChl’s, while His L173 and His M202 interact with the
Mg?" of the special-pair BChl @ molecules P2 and P1, respectively,
with their 77 nitrogens within hydrogen-bonding distance of a water
molecule. ' We selectively probed the environment of P and
accessory BChl’s in bacterial RCs from R. sphaeroides grown in
the presence of 7-'>N- or uniformly ['* C, '*N]-labeled His and
resolved a ground-state mechanism that is complementary to the
push—pull tuning, involving one of the axial histidines. One-
dimensional cross-polarization—magic-angle-spinning (CP—MAS)
SN NMR spectra of RCs in which the histidines are labeled at
both the 7 and 7 nitrogens or only at the 7 nitrogen of the imidazole
ring are presented in Figure 1C,D. The assignment of the N
resonances of the imidazole ring of the histidines in the two spectra
is summarized in the table within Figure 1. The signal at 225 ppm
is assigned to the imidazole 7 nitrogen of histidines that are
coordinated to a Mg?" in a BChl ring. This assignment is based on
the recent complete 'H, '*C, and >N assignment of imidazole side-
chain resonances of the histidines in the LH2 complex detected
with MAS NMR. 7 Another weak signal from the 7 nitrogen of
Mg?*-coordinated histidines is visible at 220 ppm. The difference
in the peak intensities at 225 and 220 ppm extracted from the spectra
by Lorentz curve-fitting (data not shown) indicates that three of
the four histidines resonate at 225 ppm, while the fourth resonates
at 220 ppm. The ring-current effect cannot explain the dispersion
of the 7-nitrogen signals, since all of the axial histidines should
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Figure 1. (A) Arrangement of cofactors in RCs of R. sphaeroides (R26).
(B) Structure of His with nomenclature. (C, D) CP—MAS "N NMR spectra
of (C) uniformly and (D) 7-""N-His-labeled RCs measured in a magnetic
field of 17.6 T at 220 K with a spinning frequency of 12 kHz. The data
were collected in ~15 000 scans with an acquisition time of 20 ms and a
recycle time of 1 s. A detailed view of the region between 205 and 265
ppm is shown in the inset (upper left). Assignment of the '°N peaks obtained
from C and D is shown at the lower right. The asterisks indicate the positions
of center-band signals from 7 nitrogens of axial histidines that interact with
BChl a in the RC. The spectra reveal two different types of axial histidines,
designated type 1 (dark-green dashed lines) and type 2 (light-green dashed
lines), in bacterial RCs.

experience similar ring-current effects as a result of the similar
distances (~2.11—2.35 A) between their 7 nitrogens and the Mg?*
of coordinated BChI® [see the Supporting Information (SI)].
Recently, solid-state photo-CIDNP *C NMR studies have shown
that the BChl of the special pair in the active branch, P2, has a
significantly different ground-state electronic structure than P1 and
the accessory BChI’s.*? In line with these results, we attribute the
signal at 220 ppm (type-2 His) to the axial His coordinated to P2.

To gain further insight into the electronic structure and charge states
of axial histidines, we performed 'H—'C heteronuclear dipolar
correlation studies. Figure 2 shows a 2D 'H—"3C dipolar correlation
spectrum of ['*Cq,'’N;]-His-labeled RCs. The correlation signals from
the axial histidines at 'H chemical shifts of ~2 ppm are well-separated
from the response of the other histidines at 5—8.5 ppm. The upfield
shift of the o- and &-'H signals for the axial histidines relative to the
other histidines in the RC reflects the ring-current shift effect
experienced by nuclei in close proximity to the conjugated porphyrin
ring system of BChl. Interestingly, 0 and & protons of the axial
histidines appear at two distinct positions in both the 'H and '3C
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Figure 2. Contour plot sections of a 2D 'H—'3C heteronuclear dipolar
correlation spectrum of ['*C,' N]-His-labeled bacterial RCs of R. sphaeroides
collected at a magnetic field strength of 17.6 T. The cross-peaks from 'H
and *C at the 0 and ¢ positions of axial histidines are shown in green. The
significant ring-current effects on the axial histidines caused separation of
their cross-peaks from those of nonaxial histidines in the RC. Two types
of axial histidines, type 1 (dark-green) and type 2 (light-green) were detected.

dimensions (Figure 2), revealing two different types of axial histidines.
Integration of the 'H—'3C cross-peaks shows that one axial His is
different from the other three. These results are in accordance with
the N resonance data shown in Figure 1 and validate the observation
of an axial His with a distinctly different electronic structure in the
bacterial RC. Density functional theory (DFT) calculations performed
on BChl—His complexes with axially coordinated histidines (see the
SI) indicated that axial histidines are neutral and that local strain in
the tightly folded protein can cause strong H-bonding of the 7z nitrogen
and differences in the chemical shifts of the 7 nitrogen and the ¢ and
¢ carbons (Table 1 in the SI). The calculated electrostatic potential
charges indicate a partial positive charge of +0.19 on the imidazole
ring of this special axial His, which can be compared with the charge
of +0.10 on the imidazole ring of an axial His that is not involved in
H-bonding at its 77 nitrogen (Figure 3). NMR data and modeling thus
provide converging evidence that the electronic structure of one of
the axial histidines, most likely His L173, is different from the other
three and balances excess negative charge on P2 with twice the amount
of positive charge as on the other axial histidines, which is stabilized
by a strong hydrogen bonding environment at the 7z nitrogen. Since it
operates perpendicular to the push—pull mechanism, it could explain
why the dipole moment rotates upon excitation.”

According to the X-ray structure, bacterial RCs contain a total
of 20 histidines. Among the 16 nonaxial histidines, four (His L190,
His L230, His M219, and His M266) are located in the vicinity of
the paramagnetic Fe?*, where His L190 and His M219 are
H-bonded to Q4 and Qg, respectively.''° It is very unlikely that
the histidines close to the Fe are detected in the 2D data in Figure
2. This is corroborated by 7 relaxation measurements, which show
that the 7; relaxation times of the various cross-peaks are quite
similar (data not shown), Comparison of the '*C chemical shifts of
the imidazole rings of nonaxial hisitidines in the RC with the side-
chain response of neutral and cationic histidines in model systems’
shows that a large number of nonaxial histidines are neutral species
with the 0 and & carbons resonating at 113.6 and 134.9 ppm
respectively, while a few carry a positive charge on their imidazole
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Figure 3. Schematic representation of DFT models of the type-1 and type-2
BChl—His neutral complexes without and with H-bonding at the 7 nitrogen,
respectively. The total imidazole ring charge of the type-1 and type-2
histidines are calculated to be +0.10 and +0.19, respectively. The
T-nitrogen—Mg distance is shortened by 0.03 A in the presence of the
H-bond at the 7 nitrogen.

ring, with unique carbon shifts of 132.5 ppm for € and 122.2 or
125.7 ppm for 6. DFT calculations suggest that the & '*C’s of
positively charged histidines resonate with shifts of ~123 ppm.""
However, a downfield shift of ~2.5 ppm is observed for the o
carbon when both the 7 and 7 nitrogens of the cationic His are
involved in H-bonding interactions. From these data, it can be
inferred that one or more nonaxial histidines in bacterial RCs have
both nitrogens of the imidazole ring fully protonated and involved
in H-bonding interactions.

In summary, "N and '*C NMR data and DFT calculations have
revealed an asymmetric electronic environment of P, since one axial
His, most probably L173, has excess positive charge. L173 is
coordinated to P2 and is protonated and H-bonded to a water
molecule. The special His may have a significant impact on the
electric dipole moment in the ground state and its change in
magnitude and angle upon excitation and also may lower the barrier
for bidirectional proton-coupled electron transfer, thereby facilitating
thermodynamic control of proton transfer over the rate and direction
of electron transfer.'?
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