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ABSTRACT: Density functional calculations are used to calculate the spin density distribution for the P865
dimer cation radical in the Rb sphaeroides reaction center. Comparison between calculated and experimental
hyperfine couplings is performed where good agreement is found for the four nitrogen and 121 proton
methyl group hyperfine couplings. Overall, the spin density ratio between the two halves is in agreement
with experimental determinations, although the calculations suggest that significant differences in this
ratio exists for different regions of the bacteriochlorophyll macrocycles. Calculated spin density asymmetry
changes brought about by mutational changes in the immediate amino acid environment agree with
experimental interpretations.

Photosynthesis represents the fundamental biological
process in which solar energy is converted into chemical
energy (1). Photosynthetic systems perform this solar capture
by first using an antenna system to capture the energy and
then funneling it to a so-called reaction center site, which
initiates charge separation via rapid electron transfer across
a membrane. In the most extensively investigated reaction
center of the purple bacterium, Rb sphaeroides, initial
electron transfer proceeds from the excited singlet state of
the primary donor dimeric bacteriochlorophyll a molecule
(P865) to an acceptor BA, a monomeric bacteriochlorophyll
a molecule, in approximately 3 ps. After another 0.9 ps, the
electron is transferred to ΦA, a bacteriopheophytin a
molecule, resulting in the formation of a cation-anion radical
ion pair (2).

To obtain a quantitative understanding of these initial
electron-transfer mechanisms, one needs to know the spatial
and electronic structure of the electron-transfer pigments
involved. The well-resolved structures of certain bacterial
reaction centers such as Rps Viridis and Rb sphaeroides
provide us with the spatial arrangement of the cofactors
involved in electron transfer (3, 4). The electronic structure
of the pigments involved is not easily probed experimentally,
however. EPR1 and ENDOR/TRIPLE resonance methods
have been used to map the unpaired spin densities of the
free radicals generated during the one-electron-transfer steps
(5). These methods predominantly use the proton or nitrogen
hyperfine interaction terms to probe the unpaired spin density
distribution of the free radical involved. These in turn, can
be used to indirectly predict the electron density of the

frontier orbitals (HOMO/LUMO) involved in the electron-
transfer process. Proton hyperfine couplings provide an
indirect probe of the electron density of the frontier orbitals,
as spin density at the hydrogens arises usually from spin
polarization or hyperconjugation with the main electron
system situated on the carbon atoms.

Accurate electronic structure prediction methods have been
available for some time for small molecular systems. For
the size of molecules encountered in photosynthetic electron
transfer, more approximate semiempirical methods have been
principally employed. With suitable parametrization, the
INDO/SP method has been shown to provide good 1H and
14N isotropic hyperfine coupling prediction for chlorophyll
molecules in both monomeric and dimeric forms (6). Here,
s spin populations are calculated, which are then converted
to isotropic hyperfine couplings by multiplying by an
empirically determined constant for each particular nucleus.
As with all such methods, the quality of the results depends
on the choice of parameters, and the well-known serious
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FIGURE 1: Bacteriochlorophyll a with standard IUPAC numbering.
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drawbacks of the INDO method preclude its use as a general
method in the study of free radicals. The more recently
developed density functional methods, in particular the so-
called hybrid methods, now permits highly accurate wave
functions to be obtained for large molecular systems. These
methods have been particularly impressive in predicting
properties of photosynthetic biological free radicals such as
semiquinones, chlorophyll, and tyrosyl (7-13). In contrast
to the INDO/SP method described above, isotropic hyperfine
couplings are rigorously obtained from a Fermi contact
analysis, and anisotropic hyperfine couplings are obtained
from the spin only electric field gradient at the nucleus. No
empirical parameters are used in the hyperfine coupling
calculation. The availability of such exact methods together
with the availability of accurate coordinates for the electron-
transfer pigments in bacterial photosynthesis permits us to
calculate the electronic structure of such pigments and hence
provide key insights on electronic pathways for electron
transfer.

While the calculated spin density and hyperfine couplings
of the monomeric form of the bacteriochlorophyll a cation
radical (BChl a+ ·) have been reported (14, 15), the same
information has not been reported for the dimeric form found
in the bacterial reaction center primary donor. Here, we report
on the density functional calculated electronic structure of
the primary donor for the purple bacterial photosynthetic
system, Rb sphaeroides, which consists of two symmetrically
arranged bacteriochlorophyll a molecules labeled P865M and
P865L. The objective of this study is therefore to provide an
accurate electronic structure description of the primary donor
P865 dimer using density functional theory calculations. The
spin density distribution over the two halves of the dimer is
investigated using calculated 13C anisotropic hyperfine
couplings, and the resultant asymmetry is critically discussed
in comparison with asymmetries estimated from experimental
hyperfine couplings. To further validate the model, spin
density asymmetry introduced by amino acid changes in the
vicinity of the dimer are also studied.

MATERIALS AND METHODS

The structure and numbering of the bacteriochlorophyll a
molecule is shown in Figure 1. The heavy-atom coordinates
for P865 and surrounding amino acids used for the calcula-
tions were obtained from the crystal-structure of Rb sphaeroi-
des as determined by Erlmer et al. (4) and obtained from
the protein databank (1PCR). All bacteriochlorophyll a
monomer heavy atom coordinates were taken from the dimer
structure and represent one-half of the latter. In all models,
the phytyl chain at position 17 was partially truncated to a
methyl ester group. Hydrogens were added using standard
geometries.

The bare dimer (without any environmental amino acid
residues) is our reference structure and is designated P865.
In addition, several models incorporating truncated models
of amino acids in the immediate dimer environment were
included; see Figure 2. The principal amino acid interaction
is due to the two Mg ligating histidines L-His173 and
M-His290. This model is designated P865_2AA. In addition,
models of residues L-His168, M-Phe197, M-Leu160, and
L-Leu131 were included in a larger model, P865_6AA. In
addition, a model for the heterodimer P865 where the M
bacteriochlorophyll a half has been replaced by a bacte-
riopheophytin a molecule has been used and is designated
P865_HET. In another model, LH(M160), a methylimidazole
group has been introduced as a hydrogen bond donor to the
131 O atom of the M side. A summary of the models used
is given in Table 1. All single point calculations were
performed at the UB3LYP/EPR-II for all atoms except Mg
where the 6-31G(d) basis set replaced EPR-II. The calcula-
tions were performed using Gaussian 03 (16).

For monomer calculations, the L and M halves of P865
were used. In addition, a geometry optimized monomer
model was prepared both with (BChlMethanol_OPT) and
without (BChl_OPT) methanol ligation to the central Mg
atom. The geometry of each was fully optimized at the
B3LYP/6-31G(d) level of theory.

RESULTS AND DISCUSSION

The monomeric bacteriochlorophyll a spin density distri-
bution is shown in Figure 3 demonstrating that positive spin

FIGURE 2: The P865 bacteriochlorophyll dimer including amino acid
residues from its protein environment: Mg ligating L-His173 and
M-His202, L-His168, L-Leu131, M-Leu160, and M-Phe197.

Table 1: Summary of the Dimeric Models Used

cofactors amino acid residues notation

P865 P865
P865 L-His173, M-His202 P865_2AA
P865 L-His173, M-His202, P865_6AA

L-Leu131, L-His168,
M-Leu160, M-Phe197

P865 L-His173 P865_HET
P865 L-His173, M-His202, LH(M160)

L-His168, M-His160

FIGURE 3: Spin density contour (0.002e/au) for the bacteriochlo-
rophyll a monomer model. Blue represents positive spin density
and green represents negative spin density. The orientation of the
molecule is as given in Figure 1.
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density is located at positions C1, C2, C4, C6, C9, C11, C12,
C14, C16, and C19 each corresponding to maximum
amplitude electron density positions of the singly occupied
molecular orbital. Negative spin density is predominantly
found at the C5, C10, C15, and C20 positions and also at
the four nitrogens. An excellent quantitative measures of the
spin density on the ring, which are in principle also
experimentally attainable, are the values of the calculated
anisotropic hyperfine coupling for the 13C nucleus (17). The
values for the L and M monomer halves of the P865 dimer
are given in Table 2. For large π spin density values around
the carbon nucleus, the 13C anisotropic hyperfine couplings
give rise to a traceless tensor with the large positive value
located along the z axis defined as perpendicular to the ring
plane. The values in Table 2 show that the spin density is
evenly distributed around the four bacteriochlorin rings
concentrated at carbon positions C2, C4, C6, C9, C11, C14,
C17, and C19; the values at the C6, C9, C16, and C19 are
slightly larger due to the absence of a delocalization pathway
for the reduced rings B and D. The spin density distribution
for the P865 dimer is shown in Figure 4 at different contour
values. The tighter contour shows spin density predominantly
on the L half of the dimer. The more diffuse spin density
contours show spin density appearing on the M half as well.
The spin density profile on both halves is similar to the
monomer form. This is quantitatively shown in Table 2
where the 13C anisotropic tensor values for both dimer halves
of P865_2AA are given. The ratio of these values L/M is
given in Table 3 where there is shown to be significant
variation around the bacteriochlorophyll macrocycle. For the
wild type model, for example, L/M values vary from 3.0 to
1.9, with the higher L/M values found at positions C1, C4,

and C19 where the overlap of the two macrocycles occurs.
A similar trend is found for the other two models, P865_HET
and LH(M160). The calculations predict therefore that
oxidation of the P865 dimer molecule leads to an asymmetric
spin density distribution over the two halves with the higher
spin density positions corresponding to the L half.

Experimentally, the spin density profile of the both the
bacteriochlorophyll a monomer and P865 dimer have been
investigated using EPR, ENDOR, and ESEEM studies to
obtain hyperfine coupling constants for nuclei around the
ring, which act as probes of the spin density distribution (5, 18).
The accessible hyperfine couplings are usually 1H and 14/15N.
Unfortunately, the most direct and best measure of spin
density, i.e., the 13C hyperfine couplings, have not been
reported. The 1H value for substituent methyl groups, 21 and
121 or the beta protons, 7, 8, 17, and 18 on saturated rings
B and D have been widely used to compare the spin density
distribution of the bacteriochlorophyll a monomer and the
P865 dimer cation radicals. It is somewhat unfortunate that
all of these groups, except the 121 CH3 couplings, are very
sensitive to small conformational changes of the macrocycles,
which are often within the error of crystallographic structure
determinations. The 14/15N values are not subject to such
errors and are perhaps the best available experimental
monitors of the spin density available but are more difficult
than the 1H to obtain experimentally.

With these caveats in mind, in Table 4, we compare
calculated hyperfine coupling values with experimental
values for both the monomeric forms. For the monomer
halves, we must bear in mind that the comparison is with
experimental values obtained in alcohol solution, and there-
fore, we also include a model of bacteriochlorophyll a ligated

Table 2: 13C Anisotropic Hyperfine Couplings (T11, T22, T33) for Monomeric Halves of P865_2AA, Dimeric P865_2AA, P865_HET, and LH(M160)a

position L monomer M monomer P865_2AA P865_HET LH(M160)

(L) (M) (L) (M) (L) (M)
-12.5 -11.9 -8.5 -2.8 -10.6 -1.5 -10.1 -1.8

C1 -11.6 -10.9 -7.7 -2.7 -9.7 -1.4 -9.2 -1.8
24.1 22.8 16.3 5.5 20.3 2.9 19.2 3.6

-13.3 -12.4 -8.7 -3.2 -11.0 -1.5 -10.4 -2.1
C4 -12.6 -11.7 -8.3 -3.1 -10.4 -1.4 -9.9 -2.1

25.9 24.1 17.0 6.3 21.4 2.9 20.3 4.2

-13.7 -13.8 -8.6 -3.9 -11.3 -1.9 -10.2 -2.7
C6 -13.2 -13.4 -8.3 -3.8 -10.9 -1.8 -9.9 -2.7

26.9 27.2 16.9 7.7 22.2 3.7 20.1 5.4

-14.6 -14.9 -10.6 -5.7 -12.6 -2.7 -11.3 -4.3
C9 -14.0 -14.3 -10.1 -5.4 -12.1 -2.5 -10.8 -4.1

28.7 29.2 20.6 11.1 24.7 5.2 22.2 8.5

-12.0 -12.2 -9.1 -4.8 -10.8 -2.2 -9.6 -3.6
C11 -10.9 -11.1 -8.2 -4.3 -9.9 -1.9 -8.7 -3.2

22.9 23.3 17.3 9.1 20.7 4.1 18.2 6.8

-11.2 -11.3 -8.5 -4.3 -9.8 -1.9 -8.9 -3.4
C14 -10.1 -10.3 -7.7 -3.9 -8.9 -1.7 -8.1 -3.1

21.3 21.6 16.1 8.2 18.8 3.6 17.0 6.4

-14.9 -13.9 -11.5 -5.4 -12.9 -2.5 -12.0 -4.1
C16 -14.4 -13.4 -11.1 -5.2 -13.4 -2.6 -11.6 -3.9

29.4 27.3 22.6 10.6 26.3 5.1 23.6 8.0

-13.7 -14.2 -9.8 -3.6 -11.8 -1.9 -11.0 -2.2
C19 -13.1 -13.6 -9.3 -3.4 -11.3 -1.7 -10.5 -2.1

26.8 27.7 19.1 6.9 23.1 3.6 21.6 4.3
a All values are given in MHz.
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to a methanol molecule. The values calculated for the
nitrogen nuclei are in very good agreement with experimental
values and show little variation with the model used
demonstrating an invariance to small structure modifications.
In general, the 121 CH3 values are in reasonable agreement
with the experiment and again are reasonably invariant to
the model adapted. For the 21 CH3 couplings, however, the
agreement between experimental and calculated values is
more mixed. This can be attributed to the sensitivity of these
couplings to the orientation of the 3 acetyl group. It can be
shown (unpublished data) that the value of the 21 CH3

coupling varies between 4 and 9 MHz depending on the
orientation of the 3 acetyl group, which accounts for the
variation in values shown in Table 4 for the different models.
Because of this uncertainty, we do not consider the 21 CH3

as a reliable assessor of the spin density distribution in the
P865 dimer as its value is highly dependent on the 3 acetyl
group orientation, which cannot be accurately assessed within
the crystal structure resolution. The other values that have
been used for comparison experimentally are the protons at
positions 7, 8 and 17, 18. These protons receive spin density
via hyperconjugation with the large spin density values at
positions C6, C9, C16, and C19. As previously emphasized,
hyperconjugation will be extremely sensitive to the confor-
mation of the rings B and D. This is clearly shown by the
wide variation in the monomer values for the L and M
monomer halves of the dimer in Table 4. Due therefore to
the limited resolution of the crystal structure determination,
use of these values in assessing the spin density distribution
of the dimer is likely to be unreliable.

Table 5 compares calculated and experimental hyperfine
coupling values for the P865 dimer with and without
neighboring amino acid residues. Extending the base dimer
model P865 by central Mg ligation, P865_2AA, does lead
to small changes in the calculated 1H and 14N hyperfine
couplings reflecting a slight readjustment of the spin density
asymmetry between the two halves caused by Mg ligation.
Inclusion of further amino acids, P865_6AA, does not lead
to any further changes. Comparison of calculated and
experimental values in Table 5 shows that the calculated
values for the native P865 dimer are in good agreement with

FIGURE 4: Spin density distribution in the P865 radical cation. Spin density contour values shown at (a) 0.008, (b) 0.004, and (c) 0.0004
e/au; blue shows positive, green negative spin density; P865L is shown below P865M.

Table 3: L/M Ratios Calculated from the Largest Anisotropic 13C
Values in Table 1

P865_2AA P865_HET LH(M160)

C1 3.0 7.0 5.3
C4 2.7 7.4 4.8
C6 2.2 6.0 3.7
C9 1.9 4.8 2.6
C11 1.9 5.0 2.7
C14 2.0 5.2 2.7
C16 2.1 5.2 3.0
C19 2.8 6.4 5.0
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experimental determinations for the 121 methyl protons and
the four nitrogens. Two sets of couplings have been reported
for the nitrogens, which have been interpreted as arising from
different spin density ratios on the L and the M halves due
to different measurement temperatures (19). Our modeling
studies cannot, however, readily distinguish such a difference.
For the more accurately experimentally determined L half-
values, both sets of values give equivalent agreement with
the calculated ones.

In addition to the native dimer, mutational studies have
succeeded in generating a heterodimer where the M side
bacteriochlorophyll a has been replaced by a bacteriopheo-
phytin a molecule (20). Experimentally, the hyperfine
couplings have been interpreted to indicate a complete
localization of the spin density on the L half. The 13C
principal anisotropic hyperfine coupling values for our model
of this heterodimer are given also in Table 2 and are in
agreement with the majority of spin density localization on
the L half-bacteriochlorophyll a, although the L/M ratios in
Table 3 suggest that some spin density still resides on the
M half. Experimentally, the 21 and 121 methyl group
hyperfine couplings have been determined for this het-
erodimer, and bearing in mind the limitations discussed
above, very satisfactory agreement with the values calculated
are observed as shown in Table 4. In addition, another mutant
LH(M160) (21) has been found experimentally to have an
increased L/M spin density asymmetry similar to that found
for the heterodimer. For our model of this additional

hydrogen bonding to the 131 O of the M side macrocycle,
Tables 2, 3, and 5 show that the calculations do indeed show
an increased L/M asymmetry providing a solid validation
of our modeling method.

The recent density functional based study of Yamasaki et
al. (12) reported a somewhat smaller asymmetry compared
to that reported here. The study did, however, use a more
restricted model than that used here with all nonpolar side
groups of the dimer replaced by hydrogen atoms. Methyl
and alkyl groups can be expected to have a significant
influence on the relative energy of the molecular orbitals of
both halves, which may give rise to the differences observed.
No hyperfine couplings were reported for comparison with
experimental determinations, and the influence of mutational
studies on the predicted spin density asymmetry was not
reported.

CONCLUSIONS

In conclusion, therefore, DFT calculations on the primary
donor P865 cation radical of Rb sphaeroides show an
asymmetry in the spin density distribution. Comparison of
calculated 1H and 14N hyperfine couplings with experimental
determinations shows good agreement for the 121 CH3 group
and the four ring nitrogens. The poorer agreement for the 21

CH3 and 7, 8, 17, and 18 protons is attributed to conforma-
tional changes, which are not resolved in the crystal structure
determination. Calculated spin density asymmetry changes

Table 4: Comparison of Experimental to Calculated Isotropic 1H, 14N Hyperfine Couplings [MHz] for Various Monomeric Models of the
Bacteriochloropyll a Radical Cation

atom experimental (5, 18) L-BChl L-BChl/L-HIS173 BChl_OPT BChlMethanol_OPT M-BChl

N21 -2.3 -2.4 -2.3 -2.6 -2.5 -2.7
N22 -3.1 -3.7 -3.6 -3.5 -3.4 -3.5
N23 -2.3 -2.4 -2.2 -2.6 -2.5 -2.4
N24 -2.9 -3.9 -3.8 -3.7 -3.7 -3.7
H121-av. 9.6 8.7 9.0 10.1 10.1 8.2
H21-av. 4.9 4.2 4.4 8.6 8.7 6.5
H7 13.5 10.3 7.9 16.6 15.4 5.4
H8 16.4 10.4 10.1 19.9 18.5 6.4
H17 13.1 10.3 10.8 15.9 14.4 23.7
H18 11.8 6.6 8.2 14.6 13.1 21.6

Table 5: Comparison of 14N and 1H calculated and experimental hyperfine couplings for various P865 models. All values given in MHz.

nucleus experimental (21-23) P865 P865_2AA P865_6AA P865_HET LH(M160)

N21(L) A -1.7(-1.9)a -1.9 -1.4 -1.6
N22(L) B -2.1(-2.5)a -2.6 -2.4 -2.5
N23(L) C -1.9(-1.9)a -2.0 -1.7 -1.7
N24(L) D -2.3(-2.7)a -3.4 -3.0 -2.9
N21(M) A -0.9(-0.4)a -0.4 -0.6 -0.5
N22(M) B -0.9(-0.4)a -0.7 -1.1 -1.1
N23(M) C -0.9(-0.5)a -0.7 -0.9 -0.9
N24(M) D -1.1(-0.5)a -1.2 -1.3 -1.3
H121-av.(L) 5.8 7.4 6.8 6.5 7.8(7.4)b 6.9(7.0)c

H121-av.(M) 3.2 2.6 3.4 3.5
H21-av.(L) 4.0 4.0 4.5 4.4 5.4(5.8)b 4.8(5.2)c

H21-av.(M) 1.4 -1.0 -0.3 -0.3
H7 (L) 7.7 5.0 5.4
H8 (L) 9.8 10.3 6.6 7.9
H17(L) 8.8 5.9 8.9 9.2
H18(L) 6.8 5.8 5.2 4.2
H7 (M) 2.1 1.8 2.2
H8 (M) 4.6 6.9 2.8 3.0
H17(M) 4.51.1 8.8 8.6
H18(M) 5.5 5.0

a Values in parentheses are for the low temperature determination reference (19). b Values in parentheses are for the heterodimer determination
reference (21). c Values in parentheses are for the LH(160) determination reference (21).
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brought about by mutational changes in the immediate amino
acid environment are in agreement with experimental
interpretations.
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