THE JOURNAL OF

PHYsICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

Ultrafast Charge-Transfer Dynamics in the Iron—Sulfur Complex of

Rhodobacter capsulatus Ferredoxin VI

Ziliang Mao, Elizabeth C. Carroll,” Peter W. Kim," Stephen P. Cramer,* and Delmar S. Larsen*

Department of Chemistry, University of California Davis, One Shields Avenue, Davis, California 95616, United States

© Supporting Information

ABSTRACT: Iron—sulfur proteins play essential roles in various biological processes.
Their electronic structure and vibrational dynamics are key to their rich chemistry but
nontrivial to unravel. Here, the first ultrafast transient absorption and impulsive coherent
vibrational spectroscopic (ICVS) studies on 2Fe—2S clusters in Rhodobacter capsulatus
ferreodoxin VI are characterized. Photoexcitation initiated populations on multiple excited
electronic states that evolve into each other in a long-lived charge-transfer state. This
suggests a potential light-induced electron-transfer pathway as well as the possibility of
using iron—sulfur proteins as photosensitizers for light-dependent enzymes. A tyrosine
chain near the active site suggests potential hole-transfer pathways and affirms this
electron-transfer pathway. The ICVS data revealed vibrational bands at 417 and 484 cm™,
with the latter attributed to an excited-state mode. The temperature dependence of the
ICVS modes suggests that the temperature effect on protein structure or conformational
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heterogeneities needs to be considered during cryogenic temperature studies.

Iron—sulfur (FeS) clusters are ubiquitous in nature and serve
a wide range of functions, including electron transfer (ET),
small-molecule sensing, and the catalysis of chemical reactions."
They also play key roles in various essential biological processes
such as photosynthesis, cellular respiration, and nitrogen
fixation.” Since their discovery in the 1960s, FeS cluster
proteins have been studied extensively, yet key questions about
their structure—function paradigm remain. While it is clear that
their electronic structure is essential for their rich chemistry, it
is nontrivial to characterize due to its complexity and the fact
that a large number of states exist in close proximity.””*

Recently, interest in photoinduced chemical processes
involving FeS proteins has risen. For example, the involvement
of FeS clusters in photosensitization in living cells’ and
photoinduced ET in the purple phototroph Rhodoferax
fermentans® has been reported. The incorporation of external
photosensitizers to hydrogenases and nitrogenases enabled
photoactivated hydrogen production and nitrogen fixation.””
Similarly, several Fe—Fe hydrogenase model compounds that
contain FeS clusters were found to facilitate hydrogen
production under sunlight without adding external photo-
sensitizers.* This opens the possibility of using FeS proteins
and model compounds as photosensitizers for solar hydrogen
production.

Of the many varied FeS clusters identified in nature, the
2Fe—28 clusters are the simplest multi-iron clusters for study. A
representative protein that binds a 2Fe—2S cluster is the sixth
ferredoxin (Rc6) discovered from Rhodobacter capsulatus,"'
which is involved in the synthesis of FeS clusters.'” Its structure
has been determined (Figure 1)'* and resembles structures
typical of 2Fe—2S ferredoxins that are critical ET proteins
involved in a range of metabolic processes. Hence, Rc6 is an
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Figure 1. Oxidized Rc6 active site structure. (Left) 2Fe—2S cluster
structure and (Right) full protein structure (PDB: 1E9M). Colors for
atoms: Fe (brick), S (yellow), C (green), N (blue), and O (red).

excellent model system for the time-resolved characterization of
photoinduced dynamics in FeS clusters.

Here, we report the first ultrafast transient absorption (TA)
study on the electronic relaxation dynamics and impulsive
coherent vibrational spectroscopic (ICVS) study on the
vibrational relaxation dynamics of oxidized Rc6. We have
used these techniques to obtain better knowledge of the
electronic and vibrational dynamics of the 2Fe—2S cluster. The
TA technique probes the time-dependent change of sample
absorbance upon laser excitation and reveals information about
excited-state population evolution, electron and proton transfer,
and subsequent dynamics. The ICVS technique is a variant TA
technique and has been used to study the vibrational dynamics
of the mononuclear Fe site (1Fe—4S) in the Pyrococcus furiosus
rubredoxin (PfRd) and the 7Fe—9S—1Mo cofactor (FeMoco)
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Figure 2. Transient spectra at select probe times [(A) for 292 K and (C) for 140 K] and kinetics at select wavelengths [(B) for 292 K and (D) for
140 K]. For panels (B) and (D), the open circles are for the raw data and the solid curves are fits to the raw data using the sequential model in Figure

3.

of the nitrogenase MoFe protein from Azotobacter vinelan-
dii."*~" These studies identified key vibrational modes that are
coupled to excited electronic states that participate in
photoinduced ET processes.

To refine the models for the electronic and vibrational
dynamics, cryogenic temperature (140 K) study was also
performed to complement room-temperature study. Lower
temperature slows down the relaxation of excited-state
dynamics as well as the dephasing of vibrational wave packets
and allows more refined characterization of the kinetics.
Because most static spectroscopic studies on FeS proteins
have been conducted at cryogenic temperatures, the 140 K
study also establishes a point of comparison to previous studies.

The TA spectra of Rc6 at select delay times at both 292 and
140 K are contrasted in Figure 2A,C with corresponding
kinetics at select wavelengths in Figure 2B,D. The kinetics are
distinctly nonmonotonic, with dynamics extending over
multiple time scales from fs to ns. The results are thus more
complicated than the TA dynamics observed in the 1Fe—4S
PfRd and FeMoco in nitrogenase MoFe protein.'”'® At both
temperatures, multiple contributions to the TA signals are
observed: (1) a ground-state bleaching band at 460 nm; (2) a
negative band at 480 nm; (3) a positive signal at around 436
nm that appears immediately after excitation and persists for
several ns; (4) a positive band at around 565 nm at 292 K and
545 nm at 140 K; it appears earlier or stronger at 140 K, where
it grows in several ps and then decays away after 6 ns; and (S) a
broad positive signal at around 645 nm that is blue-shifted at
140 K relative to 292 K; it grows in within 100 fs and decays
away after 1 ns.

Analysis of broad-band TA signals was performed using a
multicomponent global analysis method.''” A simple four-
compartment sequential model was adopted to fit the data to
estimate the underlying directly observed time scales in the data
(Figure 3). This model fits the TA signals well (Figure 2),
suggesting that (at least) four populations are resolved in the
data. Although the evolution associated difference spectra
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Figure 3. (A) Four-compartment sequential model to describe the
data. Time constants for 292 K are in orange, and those at 140 K are in
cyan. (B,C) Extracted EADS for the fit of the sequential model to the
292 K (B) and 140 K (C) data. The evolution profiles for these EADS
are contrasted in Figure S4. The colors of the EADS are the same as
those in panel (A): EADS1 (black), EADS2 (red), EADS3 (olive), and
EADS4 (blue).

(EADS) extracted from this analysis are not the actual spectra
of the constituent populations, this anlysis serves as a useful
measure to interpret the time scale and nature of the underlying
dynamics (Figure 3B,C). Unfortunately, efforts to construct
more “correct” models were unsuccessful and can be reviewed
in the Supporting Information (Figures S6 and S7).

As expected, the dynamics at 140 K are slower than the 292
K dynamics (Table S1)."® The EADS of the sequential model
(Figure 3B,C) share similar spectral characteristics with the raw
TA spectra (Figure 2A,C). They all exhibit ground-state bleach
and stimulated emission features at 460 and 480 nm, with
excited-state absorption bands near 436 nm and in the long-
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Figure 4. (A) Oscillatory components and fits using the target model proposed in Figure S6 for the 525 nm probe wavelength at 292 K (red) and
140 K (blue). (B) Power spectra obtained for the 525 nm probe wavelength at 292 K (red) and 140 K (blue). (C) 2D power spectra at 292 K. (D)
2D power spectra at 140 K. Only the kinetics within the first 2 ps following laser excitation were collected for investigation of the vibrational

relaxation dynamics of Rc6.

wavelength region. The EADS3 and EADS4 are nearly identical
below 600 nm, with two positive bands at 436 and 565 nm.
These bands decay on the same time scale (Figure SS5) and may
represent either the same species or two species that are in
equilibrium. We also notice that the 436 nm band is formed
instantly and continues to grow within the first 2 ps, while a
long-wavelength band near 625 nm forms instantly and decays
away within S ps. This is suggestive that there may be multiple
excited-state populations that initially coexist from the
excitation pulse and then evolve from one into the other.
The 471 and 565 nm kinetics both exhibit nonmonotonic
kinetics. The initial decay has a time constant of 175 fs at 292 K
that slows to 700 fs at 140 K (well outside of our 125 fs
instrumental response). At the far-red region near 645 nm, we
can see from both the kinetics and the EADS3 and EADS4 that
the 645 nm band decays while the 565 nm grows on the 2—4 ns
time scale.

These data and the EADS analysis are supportive of an
inhomogeneous set of populations involved in the photo-
dynamics with evolution from one state to another. On the
basis of the EADS analysis and given the fact that there are
multiple closely spaced charge-transfer transitions in the pump
wavelength region of the steady-state absorption spectra of
2Fe—2S ferredoxins,”* efforts were made to analyze and
interpret the TA data using a more complex four-state
combined inhomogeneous parallel-sequential target model
(Figures S6 and S7). In this model, the pump laser excites
the 2Fe—2S cluster to three different excited states simulta-
neously, with the higher states decaying to their nearest lower
states. Details of this model can be found in the Supporting
Information.

For the ICVS experiment, the 2Fe—2S cluster in Rc6 was
excited at 525 nm. The time-dependent absorption changes
were observed over a broad wavelength region from 400 to 700
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nm. The pump pulse excites the S — Fe ligand-to-metal charge-
transfer transitions in the 2Fe—2S cluster’ of Rc6 and promotes
a faction of the molecules to electronic excited states, where
coherent vibrational wave packets are launched."” The kinetics
of the ICVS data are nearly identical to the TA signals in Figure
2 but overlaid with oscillatory components decaying within a
few picoseconds. Unfortunately, the cross-phase modulation
artifact™® lasts for about 100 fs (Figure S3) and prevents the
characterization of <100 fs dynamics, and we limited our
analysis to time delays longer than 100 fs.

Figure 4A contrasts the ICVS kinetic traces for the 525 nm
probe wavelength at both 292 and 140 K with baseline fits. To
separate the oscillatory components of these signals from the
population dynamics discussed above, the target model
proposed in Figure S6 for the TA study was used to fit the
ICVS data (black curves in Figure 4A), and the fitting curves
are subtracted from the raw data to obtain the residuals (Figure
S8). Fourier transform (FT) analysis was performed on the
residuals, and the resulting maps of the FT power spectra of the
residuals at both 292 and 140 K are shown in Figure 4C,D.
From the 2D maps, two positive bands at 484 and 417 cm™" for
both 292 and 140 K are clearly resolved. However, the intensity
of the 484 cm™ band increased significantly at 140 K compared
to that at 292 K. At some probe wavelength, the 417 cm™" peak
almost disappeared at 292 K. The FT intensity spectra for the
525 nm probe wavelength are shown in Figure 4B, which shows
the same temperature effect as the 2D maps.

The 417 cm™ band in the 140 K ICVS data is consistent
with resonance Raman and normal mode calculations for Rc6 at
77 K*' as well as for other 2Fe—2S ferredoxins such as
putidaredoxin®® and Aquifex aeolicus ferredoxin 5.*' It was
assigned as the B,,” asymmetric Fe—SP stretching mode in
idealized D, symmetry for the Fe,S",S", core.”**
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The 484 cm™ band has not been reported in the 2Fe—2S
ferredoxin resonance Raman spectra nor in more recent IR
difference spectra.”’ It is a higher frequency than most of the
Fe—S related normal modes, but it also does not align as a
combination band.** Instead, a similar band near this frequency
has been observed in room-temgerature ICVS studies of
PfRd" and blue Cu proteins.”>** In both samples, it was
attributed to excited-state vibrations.

To investigate the nature of these modes, a sliding window
Fourier transform (SWET)" of the oscillatory components of
the signal was performed on the ICVS data (Figure 5). The 484
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Figure S. Spectrogram obtained by performing the SWFT of the
oscillatory component of the signal at a 525 nm probe wavelength at
(A) 292 and (B) 140 K. The calculations used a sixth-order super
Gaussian function and 370 fs window.
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surprising because there are multiple charge-transfer transitions
proposed from electronic structure calculations in the visible
region for 2Fe—2S clusters”* and the bandwidth of the pump
laser overlaps with several of them (Figure 6A). As early as
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Figure 6. (A) Static absorption spectrum for oxidized Rc6 (red)
overlaid with the pump laser spectrum (green). The vertical black bars
are the charge-transfer bands predicted by Noodleman et al,’ and the
blue curved arrows indicate excited-state population transfers following
laser excitation. (B) TA spectra at S00 ps for 292 K (orange) and 140
K (cyan) overlaid with the static difference absorption spectrum (olive,
open circles) obtained by subtracting the absorption spectrum of
oxidized Rc6 from that of reduced Rc6. Static absorption spectra data
were taken from Sainz et al., 2006."

cm™! band is initially observed at higher frequency but slowly
shifts to lower frequency within ~600 ps at both temperatures.
This is consistent with the multiple excited-state populations
that evolve from one state into another. It is likely that the wave
packet evolves from the highest excited electronic state
potential energy surface to the lower-lying states after
excitation. Because the electronic structure of the active site
differs at different electronic states, it is reasonable to observe
shifting of the vibrational frequency of the excited-state
vibrations. Similar phenomena have been reported before.””
The SWFT also shows that the 417 cm™" band has a slightly
longer lifetime and appears slightly later than the 484 cm™
band, suggesting an assignment of the 484 cm™! band to a
rapidly decaying excited state. However, the difference in
lifetimes was not significant enough for a decisive conclusion.

The temperature dependence of the relative intensity or
existence of the two vibrational bands was surprising to observe.
Fraser and co-workers recently reported that cryocoolin
suppresses or modifies protein conformation heterogeneities.”
We postulate that the temperature change either slightly
perturbs the structure/geometry of the active site and its
surrounding amino acids of Rc6 or that different temperature
favors different conformations of the protein and thus affects
the relative intensity or existence of the vibrational modes
observed. This phenomenon suggests that the temperature
effect on the structure or conformation heterogeneities of FeS
proteins needs to be carefully considered when interpreting
experimental data often collected at cryogenic temperatures
(e.g, EPR, cryo-FTIR, and Mossbauer spectroscopies).

The TA signals argue that laser excitation of the 2Fe—2S
cluster of Rc6 generates multiple excited-state populations,
which result in complicated multiphasic dynamics. This is not
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1984, Noodleman and co-workers calculated dozens of
electronic transitions for the near-IR and visible region
alone.’ According to Noodleman’s predictions, the three
charge-transfer bands that were excited by the 525 nm pump
(Figure 6A) are 519 nm (opp. S, S* — Fe), 536 nm (opp. S, S*
— Fe), and 546 nm (S, S*— Fe).” More recently, Neese and
co-workers suggested that the simple double-exchange model
underestimates the true density of low-lying states by 1-2
orders of magnitude, which further complicates the inter-
pretation of photoinduced dynamics in these systems.*

The simultaneous excitation of several excited-state pop-
ulations also indicates that during the ICVS experiment
multiple wave packets are simultaneously launched on multiple
electronic states. This might be a disadvantage if the vibrations
on a single excited electronic state of FeS proteins are to be
studied. However, it allows us to observe vibrational modes on
multiple electronic excited states and provides helpful
information for theoretical simulations of excited-state
vibrations in FeS clusters. In particular, these modes are not
accessible by steady-state vibrational techniques such as
resonance Raman that are primarily sensitive to ground-state
vibrations.

The long lifetimes of the lower excited electronic states (2.45
ns for 292 K and 4.49 ns for 140 K) are significantly longer
than those of PfRd" and FeMoco'* in the nitrogenase MoFe
protein, suggesting that 2Fe—2S clusters like those in Rc6 are
potential candidates as external photosensitizers for light-
induced hydrogen }garoduction in hydrogenase or hydrogenase
model compounds.” The longer the lifetimes of these charge-
transfer populations, the greater the opportunity to take
advantage of them for productive redox chemistry like light-
induced hydrogen generation. The proximity of the 2Fe—2S
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cluster to the protein surface (Figure S9) also makes it easier to
use 2Fe—2S clusters as photosensitizers.

The TA data together with the EADS and extracted time
scales (Table S1) and target analyses suggest that there are
clearly two long-lived states that coexist (Figures 2 and 3). One
resembles the 500 ps TA spectrum shown in Figure 6B,
whereas the other is a positive band at 645 nm. The 645 nm
band decays within 1.5 ns, but the other population persists up
to 2.45 ns at 292 K and 4.49 ns at 140 K. Interestingly, the TA
spectra at 500 ps for both temperatures strongly resemble the
reduced—oxidized steady-state difference spectra (Figure 6B).
This suggests that the longer-lived state is probably due to a
photoinduced long-range “external” ET transition illustrated by
Scheme 1 (ET Path 2). This is in agreement with the electronic

Scheme 1. Proposed ET and HT Pathways”

Protein
exterior

“Color coding: ET pathways are denoted with red arrows, and HT
pathways with purple arrows.

structure calculations by Noodleman et al.,” where the 525 nm
pump laser excites the ET transitions from the opposite
cysteine-thiol to an iron (Opp. S — Fe). It is possible that the
pump laser induces a transient reduction of the 2Fe—2S cluster
by promoting one electron to move from a cysteine-thiol to the
opposite iron while another electron from a nearby amino acid
fills the hole on the cysteine. After laser excitation, the electron
returns to its original location. This partial reduction persists for
a few ns and is consistent with the larger barrier for a long-
range ET from an external amino acid to the cysteine-thiol and
then to an opposite iron. To further investigate this long-range
“external” ET pathway, efforts were made to identify potential
hole-transfer (HT) pathways in Rc6 because ET from amino
acids requires the quenching of holes. Recently, HT pathways
in proteins have been investigated in multiple metalloproteins
where linear/branched chains of tryptophan and tyrosine
residues serve as potential HT pathways due to their lower
redox potentials through changing their protonized states.””>"
Close examination of the crystal structure of Rc6 reveals that
Cys48 is directly bonded with His49, whose imidazole side
chain is only 4.7 A from the aromatic ring of TyrS1. The latter
is 7.7 A from Tyr75, and both TyrS1 and Tyr75 are close to the
protein surface (Scheme 1). Thus, the electron holes created by
the long-range ET can be quenched through the HT pathways:
Cys48 — His49 — TyrS1 (and/or — Tyr75) (Scheme 1). The
TrpS6 residue of Re6 is more than 16 A from the active site and
surrounding amino acids and thus does not participate in the
HT pathways. The shorter-lived state (1.23 ns for 292 K and
1.42 ns for 140 K) may be attributed to the transient internal
ET from a bridging sulfide or a neighboring cysteine-thiol to
iron (ET Path 1 in Scheme 1). These results suggest that a
potential light-induced long-range ET pathway might exist in
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2Fe—2S ferredoxins. Similar photoinduced ET pathways have
been observed in other ET metalloenzymes.”*>

To conclude, the ultrafast electronic and vibrational
relaxation dynamics of Rc6 were characterized. The TA signals
revealed that multiple ligand-to-metal charge-transfer popula-
tions were induced by laser excitation that evolve into low-lying
states. Two long-lived states were identified, with the longer
one attributed to a long-range external ET, which suggests the
potential existence of a photoinduced long-range ET pathway
in FeS proteins. The existence of potential HT pathways
consisting of a chain of histidine and tyrosines near Cys48
affirms the existence of this long-range ET pathway. The
shorter-lived state is ascribed to a transient internal ET from a
nearby sulfur to iron. The excited-state population transfer is
consistent with the slight shifting of the 484 cm™ ICVS band
first observed in Rc6 and attributed to excited electronic state
vibrations. Exactly how this band may contribute to ET and
redox properties of FeS clusters is a topic of further study
(manuscript in preparation). The temperature effect to the
ICVS spectra suggests that the temperature effect deserves
consideration during the study of FeS proteins at cryogenic
temperatures. The study of 2Fe—2S ferredoxins’ ultrafast
electronic and vibrational dynamics lays a foundation for future
characterization of larger FeS clusters in proteins.
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