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ABSTRACT: Using first-principles molecular dynamics, we predict the reaction coordinate and
mechanism of the first charge-separation step in the reaction center of photosynthetic bacteria in
a model including the special pair (P) and closest relevant residues. In the ground state, a
dynamical localization of the highest occupied orbital is found to be a defining characteristic of P.
This feature is linked to the tuning of the orbital energy levels by the coupling with two collective
low-frequency vibrational modes. After electronic excitation, we demonstrate one specific mode
that couples to P*, representing the reaction coordinate along which the excited state develops.
The characteristic vibrational coordinate we predict to be the rotation of an axial histidine
(HisM202), which selectively lowers the energy of one (PM) of the two bacteriochlorophylls in P.
This leads to a unidirectional displacement of electron density to establish PL

+PM
− charge-transfer

character, a hypothesis well-supported by an extensive framework of experimental evidence.

SECTION: Biophysical Chemistry

Low-frequency collective modes of the special pair (P) are
known to remove the barrier for charge separation in

photosynthetic bacteria along a structurally unknown reaction
coordinate.1 In the pseudosymmetric architecture of photo-
synthetic reaction centers (RCs), charge separation occurs
preferentially along one (L) of two cofactor branches.
Numerous experiments find vibrational modes in the region
100−150 cm−1 that strongly couple to the initial photoexcited
state P*.2−4 On a 3 ps time scale the primary electron donor is
oxidized and an accessory bacteriochlorophyll (BL) is reduced.

5

The formation of the first L-branch photoproduct is coupled to
a 130 cm−1 mode.1 Stark experiments find an internal charge
transfer (CT) character PL

+PM
− to have most influence on P*.6

The ground-state electron density distribution of P and of the
radical cation P•+ is influenced by the immediate protein
environment, as indicated by solid-state NMR, ENDOR/EPR,
and density functional calculations.7,8 The axial histidines are
known to donate electron charge to bacteriochlorophyll
chromophores in both RCs and light-harvesting complexes,
and the acetyl group conformation tunes the energy of the π-
conjugated bacteriochlorophylls planes.9,10

We report ab initio molecular dynamics (AIMD) simu-
lations11,12 at room temperature of a model including the
special pair and the relevant closest protein environment
(Figure 1). Long-range interactions are not included in the
model, but the chosen residues are thought to be sufficient to
capture the most important effects for the local dynamics. (See
SI-1 in the Supporting Information for a test where long-range

electrostatic interactions are included using a continuous
model.) Within this approach, we directly observe how the
dynamical evolution of the nuclear coordinates is coupled to
the corresponding electronic structure rearrangement calcu-
lated with density functional theory (DFT). This allows us to
predict the reaction coordinate of charge separation and the
mechanism leading to the first CT intermediate.13 For more
details on the computational methods and model, see the
Supporting Information (SI-1).
The ground-state trajectories show that frontier orbital

(HOMO−LUMO) localization is a dynamical characteristic of
the special pair at room temperature (Figure SI-2 of the
Supporting Information). On a 1 ps time scale, the HOMO
fluctuates from complete localization on one dimer half to
intermediate delocalization to complete localization on the
other dimer half. The LUMO shows the same dynamical
behavior with opposite phase (Movie 1 in the Supporting
Information); when the HOMO is localized on PM, the LUMO
is localized on PL and vice versa.
This result can be interpreted by thermally induced orbital

energy fluctuations of the two monomers: When the HOMO
energy of PL is lower than the HOMO energy of PM, the
HOMO of P shows an essentially monomeric character being
localized entirely on PL; when the orbital energies of the
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monomers are very similar, we observe a delocalized HOMO
(as one would expect from an exciton dimer-model). HOMO−
LUMO photoexcitation of P at specific geometries will thus
yield an excited state with strong CT character. We find both
PL

+PM
− and PL

−PM
+ CT characters to be present at room

temperature as well as a delocalized pure exciton state P*.
Comparing the relative HOMO−LUMO gap of PL

+PM
− and

PL
−PM

+ transitions, we find, in agreement with Stark experi-

ments,6 that PL
−PM

+ is the highest energy CT transition of the
P absorption band. (See SI-3 of the Supporting Information for
further comments.)
The thermal rearrangement of electron density over P opens

the possibility to correlate electronic structure with distinct
conformational dynamics, that is, to find the normal modes of P
that couple to orbital localization. Fourier transform of the
velocity autocorrelation function of the trajectories gives a

Figure 1. Model of the special pair and direct surroundings, including the axially coordinated histidines HisL173, HisM202, the water molecules in
their vicinity and the residues HisL168 and PheM197. The protein environment mechanical constraints are ensured by fixing the tails of the
histidines, the phenylene, and the truncated phytyl chains. Left top: hydrogen bond between HisL168 and the acetyl oxygen of the PL dimer half.
Right bottom: dihedral angle of the histidine ring of HisM202 with respect to the Mg−Nτ coordination axis.

Figure 2. Total vibrational density of states (VDOS) obtained from the dynamical trajectory (gray shading top graphs). Blue lines in the top left
represent conformational dynamics of the ∼50 cm−1 mode obtained from the time evolution of the hydrogen bond with HisL168 and of the PL-
acetyl group. The inset gives the VDOS for PL in blue. The bottom left graph gives the hydrogen bond distance (blue line) with the PL-HOMO
energy (bars) in the time domain. Red lines represent conformational dynamics of the ∼100 cm−1 mode; the top right graph gives the VDOS
obtained from the axial histidine dihedrals and the inset the VDOS for PM. The bottom right graph gives the HisM202 dihedral (red line) with the
PM-HOMO energy (bars) in the time domain.
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vibrational density of states that shows two distinct maxima at
low frequencies, ∼50 and ∼100 cm−1 (Figure 2, gray shading in
top graphs). To assign the peaks and resolve the appropriate
conformational dynamics, we performed additional Fourier
transforms of the velocity autocorrelation function of different
components of the model and of individual structural
parameters (e.g., dihedral angles and bond distances). The
lowest frequency peak at ∼50 cm−1 is well-resolved in terms of
the out-of-plane acetyl motion that couples strongly to the
HisL168 imidazole ring dynamics through hydrogen-bond
interaction (Figure 1, left top and Figure 2, blue lines). This is
the characteristic vibrational coordinate of the mode, which is
biased toward the PL dimer half also absorbing at this
frequency. (See Figure 2, middle top inset, where we consider
the contribution of the two dimer halves separately.) A normal-
mode analysis confirms the idea that the ∼50 cm−1 mode is
dominated by collective motion of the PL dimer half and the
immediate protein environment. (See SI-4 and Movie 2 in the
Supporting Information.) To correlate the vibrational coor-
dinate with the electronic structure, we take the energies of the
HOMO and HOMO-1 along the trajectory, and depending on
the localization of these orbitals, we associate them with either
the PL or PM dimer half. (See SI-5 in the Supporting
Information for details.) The left bottom graph of Figure 2
shows the correlation between the PL-HOMO energy (bars)
and the hydrogen bond distance from the PL-acetyl to the
HisL168 with a computed Pearson correlation coefficient (ρc)
ρc = 0.64; at minimum distance, the hydrogen bond is strongest
and stabilizes the PL-HOMO energy.
Equally pronounced in the total vibrational density of states,

we find a peak at ∼100 cm−1 that is mostly localized on the PM
half of the dimer (Figure 2; inset, red line). Analysis of the
structural dynamics showed an intriguing anticorrelated
rotation of the two axial histidines with respect to the
coordination Mg−Nτ axis (ρc= −0.81, illustrated by the inset
in Figure 3; left top) expressed in terms of dihedral angles
(Figure 1 inset; right bottom). Calculations of covariance
between the L- and M-side axial histidines confirm this
behavior, yielding negative values a factor of 2 to 4 larger than
the negative covariance between the L and M bacteriochlor-
ophyll planes. From the Fourier analysis, we find both dihedral
angles to contribute to the 100 cm−1 mode, with the M-side
dihedral showing larger amplitude (Figure 2, top right, red

lines). The normal-mode analysis clearly confirms this picture;
the modes around ∼100 cm−1 contain an anticorrelated
rotation of the axial histidines with respect to the Mg−Nτ

axis, the amplitude being larger on the M-side (Movie 3 in the
Supporting Information). We conclude that the characteristic
vibrational coordinate of the 100 cm−1 mode involves mostly
the PM dimer half and the axial rotation of the HisM202. The
bottom right graph of Figure 2 shows the dihedral angle of
HisM202 (red line) with the energy of the PM-HOMO (bars)
along the trajectory. Minima at 0, 350, and 700 fs in the energy
of the PM-HOMO correspond to maxima in the dihedral angle,
revealing that these quantities are anticorrelated (ρc = −0.50).
(See SI-6 in the Supporting Information for further comments.)
The ground-state multidimensional configurational space along
which the relative energies of PL and PM are modulated is thus
essentially given by two collective coordinates with well-defined
frequencies (∼50 and ∼100 cm−1). Displacements along these
coordinates change the localization of the frontier orbitals.
To explore the dynamical behavior in the excited state (P*),

we perform a molecular dynamics simulation based on the
restricted open-shell Kohn−Sham (ROKS) approach12 starting
from the previously equilibrated ground-state trajectory. By
comparing the ground-state and the ROKS trajectories, we
observe that there is a distinct conformational change induced
by the photoexcitation. This is illustrated in Figure 3, showing
the dihedral angles of the rotation of the axial histidines around
the Mg−Nτ axis. In the ground state, we find a striking negative
covariance between the rotations of the two histidines. (See
also the inset in Figure 3.) After photoexcitation, the dihedral
angle of HisM202 (red line), which was found to be
characteristic of the vibrational coordinate of the 100 cm−1

mode (Movie 3 in the Supporting Information), increases from
an average of ∼25° in the ground state to ∼80° in P* and the
negative covariance is lost. The vibrational coordinate of the 50
cm−1 mode is not affected upon photoexcitation. We conclude
that upon photoexcitation, P* couples selectively to the ∼100
cm−1 mode, which we propose is the same mode seen in
resonance Raman studies (96 cm−1),14 in femtosecond
absorption spectroscopy (94 cm−1),3 and possibly hole-burning
studies (∼150 cm−1).4

Independently, we verify how the HOMO energy varies with
a distortion along the 100 cm−1 normal mode by performing
single-point calculations corresponding to dihedral angle values

Figure 3. HisM202 (red line) and symmetry related HisL173 (blue line) dihedral angles representing the rotation of the histidine rings around the
coordination Mg−Nτ axis as a function of time. (See also Figure 1, right bottom.) The arrow indicates the time step where we switch from ground
state to excited state (ROKS) dynamics. In the inset for comparison, we show the same structural parameters along a different ground state
trajectory. The right figure shows the positive values of the difference between the P* and P electron density (ρP* − ρP) at the end of the ROKS
dynamics.
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of 5° and 50°. This gives a HOMO energy change of 0.1 eV
and orbital localization from one dimer half to the other. (See
SI-7 and Figure SI-7 in the Supporting Information.)
To check the effect of the dynamical evolution in the excited

state on the electron density distribution, we consider the
difference between the excited-state and ground-state electron
density at selected snapshots along the ROKS dynamics. In
Figure 3 (right), we plot the positive values of ρP* − ρP. We
observe that electron density moves from PL to PM and onto
the HisM202 in agreement with experimental findings that P*
is dominated by a PL

+PM
− CT character. (See also SI-8 in the

Supporting Information.)6,15 From the Moser−Dutton sim-
plification, distance, rather than free energy (−ΔG) and
reorganization energy (λ), is the rate-defining variable in
most biological electron-transfer reactions.16,17 In the bacterial
RC, where competing electron-transfer pathways have similar
distances, the reaction coordinate, as identified in this work,
displaces electron density asymmetrically, possibly increasing
the electronic coupling with one (BA) of the two accessory
bacteriochlorophyll. Additional investigations with an extended
model including the electron acceptor are needed to support
this suggestion.
In conclusion, the ground-state electron density is con-

tinuously redistributed by thermally excited low-frequency
collective modes (50 and 100 cm−1) that tune the respective
dimer halves energies and induce the thermal broadening of P.
Upon photoexcitation, the excited-state P* couples selectively
to the 100 cm−1 mode that lowers the PM dimer half energy and
effectively removes the barrier for charge separation, initiating a
directional displacement of electron density that leads to a
PL

+PM
− intermediate. This insight is an important step forward

in the development of biomimetic systems inspired by a
mechanistic understanding of natural photosynthesis.
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