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ABSTRACT: Pigment−protein complexes in photosynthetic antennae can suﬀer oxidative
damage from reactive oxygen species generated during solar light harvesting. How the redox
environment of a pigment−protein complex aﬀects energy transport on the ultrafast lightharvesting time scale remains poorly understood. Using two-dimensional electronic spectroscopy, we observe diﬀerences in femtosecond energy-transfer processes in the Fenna−Matthews−
Olson (FMO) antenna complex under diﬀerent redox conditions. We attribute these diﬀerences
in the ultrafast dynamics to changes to the system−bath coupling around speciﬁc chromophores,
and we identify a highly conserved tyrosine/tryptophan chain near the chromophores showing
the largest changes. We discuss how the mechanism of tyrosine/tryptophan chain oxidation may
contribute to these diﬀerences in ultrafast dynamics that can moderate energy transfer to
downstream complexes where reactive oxygen species are formed. These results highlight the
importance of redox conditions on the ultrafast transport of energy in photosynthesis. Tailoring the redox environment may
enable energy transport engineering in synthetic light-harvesting systems.

P

In contrast to the approach taken by photosynthetic
organisms to quench excitations before they generate ROS,
enzymes that perform redox chemistry in the presence of
oxygen have mechanisms to protect the active site of the
protein from being damaged after the formation of ROS. Many
enzymes have a set of redox-accessible sulfur-containing amino
acids, such as cysteine or methionine, near the active site,18 and
recent work has also found a complementary mechanism in
which a tyrosine/tryptophan (Tyr/Trp) chain several residues
long can transport the hole created by oxidation out to the
solvent-exposed region of the protein, where it can be reduced
by radical scavengers.19−22 In these enzymes, this structural
moiety provides additional protection to the parts of a protein
particularly susceptible to damage from ROS.
In this work, we investigate how the oxidative state of amino
acid side chains in the vicinity of chromophore molecules
aﬀects the system−bath coupling and therefore also ultrafast
energy transfer through a pigment−protein complex. We
perform two-dimensional electronic spectroscopy
(2DES23−25) measurements on both wild-type complexes and
mutant complexes lacking cysteine residues under diﬀerent
redox conditions. The cysteine-mediated mechanism proposed

igment−protein complexes enable the primary steps of
photosynthesis, from absorption to charge separation.1,2 In
the green sulfur bacterium (GSB) Chlorobaculum tepidum, the
tightly packed chromophores in the Fenna−Matthews−Olson
(FMO) complex act as an energetic funnel, transferring light
energy from the chlorosome to the organism’s type I reaction
center via exciton energy transfer (EET).3−9 Molecular excited
states can also supply energy to generate reactive oxygen
species (ROS) from molecular oxygen.10 For example, in GSB,
ferredoxin reduced by the reaction center reacts readily with
molecular oxygen to produce superoxide.11
Photosynthetic organisms have evolved protective mechanisms to quench excess excitations to prevent ROS
formation.12,13 Recent work has shown that excitations in the
FMO complex are aﬀected by redox conditions,14 generating
questions on what, if any, role FMO may play in protecting
GSB from oxidative damage. Strong reducing agents, such as
sodium dithionite, have long been known to increase the
ﬂuorescence yield of FMO.15,16 Point mutations replacing two
cysteine residues with alanine eliminated this “dithionite eﬀect”,
suggesting a quenching mechanism that utilizes thiyl radicals on
oxidized cysteines.14 The mutated residues Cys353 and Cys49
are 4.9 Å away from chromophores composing some of the
lowest-energy excitons,17 making them well positioned to
quench excitations in the FMO complex before they transfer
from bacteriochlorophyll site III into the reaction center.
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by Orf et al.14 quenches excitations on long time scales under
oxidizing conditions. Surprisingly, we also ﬁnd clear diﬀerences
in the dynamics under diﬀerent redox conditions in cysteinelacking C353A/C49A FMO mutants. Because 2DES allows us
to observe directly which excitons are aﬀected by redox
conditions, we identify that some residues other than cysteine
near sites III and IV must change their redox state to aﬀect EET
through the FMO complex on the femtosecond (10−15 s) time
scale. We identify a Tyr/Trp chain as a structural moiety in the
vicinity of sites III and IV that is likely redox-sensitive.
Oxidation of these residues could aﬀect energy transfer. The
FMO complex is a common model system for exciton energy
transfer in photosynthetic pigment−protein complexes. We
now observe diﬀerences in ultrafast energy transfer as a
function of redox conditions on the time scales of the initial
photosynthetic light-harvesting event.
We performed 2DES measurements at 77 K under two
diﬀerent experimental conditions. In one set of experiments,
FMO complexes were handled under ambient atmospheric
conditions, which we refer to as oxidative conditions, as
previous literature studies have done.14 In the other set, sodium
dithionite was added to a mixture of protein, glycerol, and
buﬀer to a dithionite concentration of 10 mmol before
vitriﬁcation. The structure of the FMO complex and the linear
absorption spectra of the diﬀerent samples can be seen in
Figure 1. Sodium dithionite is a strong reducing agent (E°′ =

−1.07 V vs NHE at pH 10.528) that reacts with molecular
oxygen, eﬀectively removing it from solution. To provide
statistically signiﬁcant measurements of our error, the 2DES
data presented are averages of 25 independent 2DES
measurements taken on a GRAPES spectrometer.29−31 All
data presented are normalized to the maximum of the spectrum
at zero waiting time (T = 0). Additional information about the
experimental methods can be found in the Supporting
Information. The correlations between excitation and detection
wavelength for wild-type FMO under oxidative or reductive
conditions are shown in Figure 2A−D.
Because the below-diagonal cross-peak amplitudes result
from downhill energy transfer, we compare the intensity of
these features under the oxidative and reducing conditions. One
major pathway through the FMO complex involves energy
transport from exciton 7 to exciton 4, through exciton 2, and
ﬁnally into exciton 1.26,32,33 This pathway shows redoxenvironment-dependent diﬀerences in ultrafast dynamics and
eﬃciency of energy transfer. Under oxidized or reduced
conditions, the traces in Figure 2F, which are taken at the 4−
2 cross peak, show diﬀerences in both normalized amplitude
and dynamics between the reduced and oxidized experiments.
The panels in Figure 2H,I show energy-transfer cross peaks into
exciton 1, demonstrating clear diﬀerences in the transport
dynamics through the FMO complex. When we ﬁt an
exponential decay starting at the peak value of the 4−2 cross
peak, this cross peak decays with a 710 fs time constant in the
reduced experiment, compared with a 1300 fs time constant in
the oxidized experiment. The 4−1 cross peak in the reduced
data grows in faster (460 fs reduced vs 492 fs oxidized) and also
reaches a larger amplitude (almost 1, Figure 2I). All ﬁts can be
found in Table ST2. We conclude from these data that the
diﬀerent oxidative conditions aﬀect the energy ﬂow into and
out of excitons 2 and 4, which are known to be associated with
chromophores at sites III and IV.26
Looking at the diagonal peak traces, which report on exciton
populations, we see evidence that a trap or quenching site
aﬀects the ultrafast dynamics. The exciton 4 energy traces,
shown in Figure 2E, exhibit diﬀerent dynamics in waiting time;
both traces start from similar initial normalized amplitudes, and
the excitation in the oxidized experiment decays slightly more
quickly than the reduced case. Also, the exciton 2 diagonal
features (Figure 2G) show the same, but more pronounced,
trend as the exciton 4 diagonal features. Some trap or
quenching site must be removing excitations faster in the
oxidized versus the reduced experiment. The cysteine-mediated
quenching certainly contributes to these dynamics, and we
conﬁrm that the cysteine-mediated mechanism is still in eﬀect
by collecting 2DES spectra at diﬀerent waiting times between 5
ps and 1 ns. We observe trends in these picosecond dynamics
consistent with the previous work by Orf et al.; see Figure S3.14
The interactions between the pigments and the protein in
the FMO complex determine both the static electronic
structure and the dynamics. The protein acts as a scaﬀold
that holds the chromophores in a ﬁxed position and
orientation, thus deﬁning the site energies and coupling that
generate the electronic system Hamiltonian. Vibrational
motions within the protein serve as a bath that couples to
the chromophores, giving rise to the spectral density. Quantum
mechanically, energy transfer between excitonic states must be
driven by coupling between the system and the bath.34−36 As a
result, changes to the local electrodynamic environment aﬀect
transport through the FMO complex.

Figure 1. (top) Structure of the FMO complex with excitons labeled
with Arabic numerals. The bacteriochlorophyll molecules are colored
green, and the positions of the excitons are shown in shaded color.
The contribution of diﬀerent bacteriochlorophyll molecules was taken
from Cho et al.26 The FMO structure is taken from PDB 3ENI.27
(bottom) Absorption spectra of samples and the laser bandwidth.
Solid blue lines show oxidized wild-type FMO, solid red show reduced
wild-type FMO, and dotted blue and red lines show oxidized and
reduced C49A/C353A mutant FMO, respectively. The laser intensity
as measured on the same instrument as the 2D data is shown in gray.
All absorption spectra are measured at 77 K.
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Figure 2. Two-dimensional electronic spectra of wild-type FMO showing redox-dependent ultrafast dynamics. (A,B) 2D spectra of FMO at early
waiting times. (C,D) 2D spectra at longer waiting times. (E−I) Representative time traces taken at the spots indicated by blue (oxidized) or red
(reduced) markers. The dotted black lines shown with the traces were obtained by a least-squares ﬁt to the data. The shading around the colored
lines represents the standard error of the mean from 25 independent measurements. The inset in E allows a clear view of the error bars.

Diﬀerences in EET can result from diﬀerences in the
coupling of the chromophore system to the protein−bath
environment or from diﬀerences in the chromophores’
positions and orientation with respect to each other, thus
changing the system Hamiltonian. Changes to the system result
in changes to the exciton peak positions. Small diﬀerences can
be seen in the linear spectra under oxidizing vs reducing
conditions in Figure 1. Because the shifts in the linear spectra
are small, we focus our discussion on diﬀerences in system−
bath coupling.
An analysis of the absorptive 2D line shape of the FMO
complex provides direct evidence for diﬀerences in the system−
bath coupling because the time evolution of the line shape is a
direct reporter of the bath spectral densities that modulate the
energy of the surrounding excitons.37 As seen in Figure 2A−D,
the positive diagonal features at around 825, 812, and 805 nm
correspond to the energies of excitons 1, 2, and 4,
respectively.26,33 These positive peaks along the diagonal in
both the oxidized and reduced data sets show diagonal
elongation at early times corresponding to an inhomogeneous
environment surrounding the chromophores.
The spectral diﬀusion can be quantiﬁed using a centerline
slope analysis.38 In the reduced experiments, this diagonal
elongation rapidly disappears; the exciton 1 feature at 825 nm
has a decay of the centerline slope of 30 fs, while the exciton 4
feature at 805 nm can be ﬁt with a 160 fs time constant. Plots of
the centerline slope can be seen in Figure 3. In contrast, the
inhomogeneous broadening is larger in the oxidized experiments at early times and persists over all time scales measured
in these experiments.

Figure 3. Centerline slope decay for two diﬀerent excitons in wild-type
FMO. Higher slopes indicate greater inhomogeneous contribution to
the feature line shape.

The diﬀerences in inhomogeneous broadening shows that
oxidative conditions change the local environment around
excitons 4, 2, and 1 and aﬀect the system−bath coupling. Under
reducing conditions, spectral diﬀusion produces round line
shapes as the bath eﬀectively solvates the excited-state charge
distribution.39 In contrast, under oxidative conditions, a set of
diﬀerent charge distributions around these chromophores
produces the inhomogeneous line shape observed in Figure
2C,D. As such, changes caused by oxidation of the residues
around excitons 4, 2, and 1 change the spectral densities of the
bath, and this spectral density appears not to solvate the
excited-state electron distribution as eﬀectively as under
reductive conditions. In addition, because the centerline slope
analysis shows that spectral diﬀusion happens slightly faster at
higher-energy excitons in the reduced wild type, we know that
the bath is not the same around each exciton. These tailored,
diﬀerent spectral densities likely play a key role in controlling
energy transfer through the complex, and further investigation
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Figure 4. Two-dimensional electronic spectra of mutant C49A/C353A FMO showing redox-dependent ultrafast dynamics. (A,B) 2D spectra at early
waiting times. (C,D) 2D spectra at longer waiting times. (E−I) Representative time traces taken at the spots indicated by blue (oxidized) or red
(reduced) markers. The dotted black lines shown with the traces are a least-squares ﬁt to the data. The shading around the colored lines represents
the standard error of the mean from 25 independent measurements. The inset in E allows a clear view of the error bars.

mutant sample shows much slower growth followed by decay.
Also, both the 4−1 (Figure 4I) and 2−1 (Figure 4H) cross
peaks show diﬀerent dynamics to the wild type as the signals
from oxidized complexes grow in faster than those of the
reduced complexes. Finally, both the oxidized and reduced
experiment show a more inhomogeneous line shape than that
in the wild type, with persistent inhomogeneity out to 2 ps
(Figure 4A−D). These line shape diﬀerences show that the
system−bath coupling has meaningfully changed as a result of
these mutations. 2DES measurements at long waiting times
conﬁrm that the mutant dynamics at long waiting times is the
same, in agreement with Orf et al. (Figure S3).
A set of redox-active residues in the vicinity of excitons 4, 2,
and 1 would explain the diﬀerences observed in the EET
pathways in the wild-type and mutant FMO complexes under
diﬀerent redox conditions. Sulfur-containing amino acids, such
as cysteine and methionine, are well-understood components of
the redox proteome that manage protein response to oxidative
stress.41 As the cysteine residues at sites 49 and 353 in FMO are
the only sulfur-containing residues in close enough proximity to
interact with the chromophores and our mutants lack the
cysteines, oxidation of other redox-sensitive residues, such as
tyrosine or tryptophan, provides another possible explanation
for the trends observed in the data. Tryptophan and tyrosine
molecules in solution at pH 10.5 can be oxidized at potentials
around 0.7 V vs NHE,42 and tryptophan and tyrosine residues
in proteins are broadly considered susceptible to oxidation at

is necessary to understand the role that these diﬀerences may
play. This mechanism has implications for modeling exciton
transport as recent theoretical work has calculated diﬀerences in
spectral densities around diﬀerent chromophores.40
To understand if the eﬀects of diﬀerent redox conditions on
EET are related to, or distinct from, the cysteine-mediated
mechanism previously discovered in FMO, we performed
2DES measurements on the mutant FMO strain C49A/C353A.
If the cysteine-mediated mechanism were the only redoxdependent mechanism that aﬀected EET in the FMO complex,
eliminating these cysteines should remove the diﬀerences in the
dynamics observed in the 2DES measurements of the wild type.
However, a comparison between mutant and wild-type 2DES
measurements shows that the redox-active cysteines alone
cannot be responsible for the diﬀerences observed in the wildtype spectra.
The redox-dependent diﬀerences in the dynamics of the
mutant complexes are even larger than those of the wild-type
complexes. 2DES spectra are presented in Figure 4A−D. Figure
4E shows that, in the mutant, the decay of the exciton 4
diagonal peak displays diﬀerent relative amplitudes and time
constants, depending on the redox condition, while Figure 4G
shows that the diagonal peak at exciton 2 displays similar
dynamics between the two conditions. As in the wild type, the
redox condition aﬀects the dynamics of the 4−2 cross peak in
the mutant. While there is still rapid transfer from 4 to 2
followed by decay in the reduced mutant sample, the oxidized
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Figure 5. Structure of the FMO complex showing a Tyr/Trp in the vicinity of sites III and IV. The protein backbone is colored gray, while the BChl
molecules are colored green with the phytyl tails removed for clarity. The residues of interest are labeled and are colored so that C is black, O is red,
and S is yellow. Y345, W348, and C353 are collocated on the same α-helix. Coordinates are taken from PDB structure 3ENI.27 The distances
reported are heavy-atom distances with hydrogens added.

potentials in the vicinity of 1 V vs NHE,20 within reach of
superoxide ions generated by reduced ferredoxin.10 Previous
work has shown electron paramagnetic resonance (EPR)
signatures consistent with tyrosine radicals in oxidized FMO.16
As discussed by Gray and Winkler, Tyr/Trp chains, where
one end starts in the interior of the protein and the other is
solvent-accessible, are likely to play a role in protecting proteins
from oxidative damage.20,21 In the FMO complex, there exists
only one chain of tyrosine and tryptophan residues facing into
the chromophores, and this chain is in the vicinity of BChl sites
III and IV, the sites that contribute to excitons 4, 2, and 1. The
six residues (Y16, W348, Y345, W340, Y338, and Y330) in the
Tyr/Trp chain can be seen in Figure 5. Situated near site III, an
oxidized Tyr/Trp chain could prevent excitations from reaching
the reaction center. There are six other tryptophan and six
other tyrosine residues in the structure. None are in an
extended chain, and all but two tryptophan residues (W184 and
W239) are completely solvent-exposed or more than 4 Å away
from any chromophores.
The presence of a hole along the Tyr/Trp chain will change
the electrostatics of these chromophores, thus aﬀecting the
system−bath coupling and the transport properties that depend
on it.18,43 The diﬀerences in electronic structure between the
mutant and wild-type complexes also contribute to the
diﬀerences between their EET dynamics. The changes in
electronic structure can be clearly seen as shifts in the peak
centers and line shape in both the linear absorption spectrum
(Figure 1) and the 2DES measurements. In the mutants,
because the C353 residue is also in this same pocket as the
chain, the absence of the large, polarizable sulfur atom is likely
to perturb how the Tyr/Trp chain aﬀects the system−bath
coupling. Finally, as Figure 5 clearly shows, C353, W348, and
Y345 all are part of the same α-helix. In addition, Y16, W348,
Y345, W340, and Y338 residues are highly conserved across 28
diﬀerent species of GSB44 and are as conserved as the C353
residue.14
There may be other factors that aﬀect the redox-dependent
ultrafast dynamics in FMO as well. Two isolated tryptophan
residues, W184 and W239, are 3.2 and 3.9 Å away from
opposite sides of site VI (Figure S2), the major contributor to
exciton 7, meaning that their oxidation could aﬀect the system−
bath coupling around that exciton. Groupings of aromatic
residues have been understood to help stabilize protein folding
and assist ligand binding,45−47 and because residue W184 is
adjacent to F185, these residues likely play a structural role. In
addition, these residues are in the chromophore pocket and not
solvent-exposed; therefore, there is no way to transfer the

strongly oxidizing hole away from the chromophores. However,
if they are near site VI to help regulate energy transfer in
oxidizing conditions, they would be regulating the same major
pathway through the FMO complex as the Tyr/Trp chain near
site IV. In addition, isolated FMO proteins can form aggregates
after being solubilized. Aggregates of other photosynthetic
pigment−protein complexes have shown aggregation-dependent quenching based on a charge-transfer mechanism on the
nanosecond time scale.48,49 However, given the time scales for
charge transfer in aggregation-dependent quenching in other
complexes, it seems unlikely that this would lead to the
signiﬁcant diﬀerences in ultrafast dynamics observed here.
We observe diﬀerences in the ultrafast EET in the FMO
pigment−protein complex under diﬀerent redox conditions.
We attribute the diﬀerences in EET dynamics primarily to
diﬀerences in the system−bath coupling between BChl
chromophores and protein residues. On the basis of recent
work by Gray and Winkler,20,21 we speculate that the changes
in ultrafast EET dynamics are strongly inﬂuenced by the redoxactive Tyr/Trp chain in the vicinity of two key chromophores
that aﬀect the lowest-energy excitons in the system, a
mechanism that is distinct from the previously reported
cysteine-mediated quenching mechanism. When the residues
surrounding the chromophores are oxidized, they change the
electronic environment in which the chromophores sit,
ultimately aﬀecting EET through the complex. The most
eﬃcient and rapid transfer through the excitonic system occurs
under reducing conditions free of oxygen, similar to the
anaerobic conditions under which FMO operates in nature.
While Tyr/Trp chains have been widely studied in enzymes
that produce oxidizing intermediates during catalysis, more
work needs to be done to understand the role they may play in
photosynthetic pigment−protein complexes. Additionally, a
redox-sensitive environment may ultimately provide a useful
handle for controlling EET in artiﬁcial/synthetic systems for
light harvesting and solar-energy conversion.
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