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This paper presents spectroscopic investigations of IsiA, a chlorophyll a-bindingmembrane protein produced by
cyanobacteria grown in iron-deficient environments. IsiA, if associated with photosystem I, supports photosys-
tem I in light harvesting by efficiently transferring excitation energy. However, if separated from photosystem
I, IsiA exhibits considerable excitation quenching observed as a substantial reduction of protein-bound chloro-
phyll a fluorescence lifetime. Previous spectroscopic studies suggested that carotenoids are involved in excitation
energy dissipation and in addition play a second role in this antenna complex by supporting chlorophyll a in light
harvesting by absorbing in the spectral range inaccessible for chlorophyll a and transferring excitation to chloro-
phylls. However, this investigation does not support these proposed roles of carotenoids in this light harvesting
protein. This study shows that carotenoids do not transfer excitation energy to chlorophyll a. In addition, our in-
vestigations do not support the hypothesis that carotenoids are quenchers of the excited state of chlorophyll a in
this protein complex.We propose that quenching of chlorophyll a fluorescence in IsiA ismaintained by pigment-
protein interaction via electron transfer from an excited chlorophyll a to a cysteine residue, an excitation
quenching mechanism that was recently proposed to regulate the light harvesting capabilities of the bacterio-
chlorophyll a-containing Fenna-Mathews-Olson protein from green sulfur bacteria.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Cyanobacteria are oxygenic photosynthetic organisms that are re-
sponsible for a significant portion of global biomass production. They
are genetically andmorphologically diverse and are found in various en-
vironments across a wide range of altitudes and latitudes [1].
Cyanobacteria have survived many geological and climatic changes on
Earth during the past ~3.5 billion years, and have evolved to overcome
severe environmental conditions, such as nutrient deficiencies [2].
Iron deficiency is a common nutrient-deficient condition in
cyanobacterial habitats. Although iron is one of the most abundant ele-
ments on Earth, it is usually found in the form of insoluble ferric oxides
[3,4]. Cyanobacteria need significant amounts of ferric iron (Fe3+) for
assembly of iron-sulfur complexes, which are necessary formaintaining
light-dependent photochemical reactions in protein complexes like
photosystem I (PSI) [5]. If the surrounding environment lacks iron,
cyanobacteria cannot produce sufficient levels of PSI or other essential
iron-sulfur proteins, which may have lethal consequences.
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iedzki).
IsiA is a chlorophyll a (Chl a)-binding protein produced by
cyanobacteria living in iron-deficient conditions [6]. Given that iron lim-
itation is common in natural environments, under such conditions the
IsiA protein is produced and associated with PSI [7–9], where it partici-
pates in the process of light harvesting. IsiA is a 36 kDa membrane pro-
tein with high protein sequence homology to CP43, a core light-
harvesting antenna protein of photosystem II (PSII) [7]. A major differ-
ence between these proteins is their pigment content. While CP43
binds 13 Chl a and three molecules of carotenoid β-carotene, IsiA con-
tains between 13 and 16 Chl a and four carotenoids: three β-carotenes
and one echinenone [10,11]. A high-resolution crystal structure of the
IsiA protein is not available, but top view images obtained by electron
microscopy analysis of single particles of PSI-IsiA supercomplexes
showed that the PSI trimer is surrounded by 18 IsiA subunits forming
a (PSI)3(IsiA)18 supercomplex [8]. This ring-shaped supercomplex is a
preferred formation adapted by (PSI)x(IsiA)y supercomplexes [12].

Since the identification of the IsiA protein in the 1980s [6], several
hypotheses have been proposed to explain its biological function. IsiA
is highly homologous with CP43, but is produced when the
cyanobacterial cells are grown in iron-deficient environments where
adequate quantities of PSI cannot be assembled [13]. It was suggested
that the protein is synthesized to compensate for the loss of PSI and
maintain light harvesting capacity. From this perspective, the IsiA
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rings formed around PSImay act as huge light harvesting antennas, sim-
ilar to phycobilisomes associated with PSII [14]. Due to a high mobility
of IsiA in thylakoidmembranes and a large pigment capacity, a function
in Chl a storage has been also proposed [15].

Studies using time-resolved optical spectroscopies [11,16] suggested
that in PSI-IsiA supercomplexes, IsiA very efficiently transfers the exci-
tation energy of absorbed light to PSI. However, antenna proteins that
are separated from PSI and freely float in the thylakoid membrane
show a protective, dissipative mechanism that mitigates potential
photo-oxidative damage. Excitation quenching has been clearly ob-
served as a substantial shortening of the excited state lifetime of Chl a
[10]. Further investigations proposed that a quenching mechanism
based on non-photochemical quenching was present at the level of
the protein monomer and maintained by carotenoids. It was argued
that one of the carotenoids, preferentially echinenone, quenches the
singlet excited state of Chl a via direct energy transfer from the Chl a
Qy state to the carotenoid S1 state [17,18].

Efficient quenching of the Chl a excited state via the carotenoid S1
state can compete with the intrinsic decay of the carotenoid S1. If the
pool of carotenoids excited to their S1 state via chlorophyll-to-caroten-
oid energy transfer is populated faster than the intrinsic decay of the
S1 state, the state can be detected by time-resolved absorption spectros-
copy by recording the S1 → Sn excited state absorption band. This pro-
vides direct evidence of carotenoid involvement in the quenching
process. Recently, this spectroscopic method directly demonstrated
the involvement of a carotenoid in Chl a quenching in another class of
cyanobacterial proteins called High-Light Inducible Proteins [19,20].
No such spectral signature of the carotenoid excited S1 state has ever
been experimentally observed for IsiA. An explanation that has been
provided was based on the hypothesis that the populating rate of the
quencher (echinenone in the S1 state) is not fast enough to compensate
for a subsequent, immediate decay of its excited state. The excited carot-
enoid will be only a “virtual” element in the excitation decay pathway.
Thus carotenoid involvement was simply anticipated and built into ki-
netic models of the Chl a excitation decay path [17,18].

Furthermore, the absorption spectrum of the IsiA sample used in the
previous studies [17,18] showed a maximum of absorption of the Chl a
Qy band shifted to 675nm,which according to other spectroscopic stud-
ies is more characteristic of the IsiA-PSI supercomplex [11,16,21,22].
This is strongly suggestive of a sample that could be substantially con-
taminated by PSI or to some extent contains a mixture of IsiA and
IsiA-PSI supercomplexes. Because the effect of the quenching of Chl a
fluorescence in the IsiA protein could be undermined by hypothetically
possible IsiA-to-PSI energy transfer, this questions the conclusions of
the previous studies.

The work presented here strongly suggest that carotenoids do not
play a role in the energetics of this pigment protein complex, either as
quenchers or supporters of Chl a. The results of this study strongly sug-
gest that thequenchingmechanism ismerely governed by Chl a-protein
interactions via electron transfer from an excited Chl a to a cysteine res-
idue. Such a novel energy-quenchingmechanismwas very recently pro-
posed to regulate the light harvesting capabilities of the
bacteriochlorophyll a-containing Fenna-Mathews-Olson (FMO) protein
from green sulfur bacteria [23]. However, the current study suggests
that this mechanism could be more broadly utilized by photosynthetic
organisms than initially anticipated.

2. Materials and methods

2.1. Strain growth and thylakoid membrane preparation

The IsiA-His strain of Synechocystis sp. PCC 6803 was constructed by
oligonucleotide-directed mutagenesis to introduce six histidyl codons
at the carboxy terminus of isiA. IsiA-His cells were grown
phototrophically in BG11 medium containing kanamycin at 30 °C. The
liquid cultures were shaken in Erlenmeyer flasks at 60 rpm with
illumination of 30 μmol photons m−2 s−1. After 5 days of growth, cells
were washed with YBG11-Fe [24] medium three times, and inoculated
into 1 L YBG11-Fe3 medium. After about 2 weeks, the cells were then
harvested and broken by bead-beating as described previously [25].
Thylakoid membranes were resuspended in Buffer A (50 mM HEPES-
NaOH [pH 7.8], 10 mM MgCl2, 5 mM CaCl2, 25% glycerol). Membranes
were solubilized by addition of β-D-dodecyl maltoside (DDM) to a
final concentration of 1%. After incubation on ice in dark for 30 min,
the solubilized membranes were separated from the insoluble material
by centrifugation at gradually increasing speed from 120 ×g to
27,000 ×g at 4 °C for 20 min. The solubilized membranes were then
stored at−80 °C for future use.

2.2. IsiA protein purification

The IsiA and PSI-IsiA complexes were purified using nickel affinity
chromatography [26] with some modifications. Ni-NTA slurry was
precharged with 50 mM nickel sulfate overnight and loaded into an
open column. The resin was washed with 25 column volumes of
water, and then twice with 5 column volumes of Buffer A plus 0.04%
DDM and 5 mM histidine to remove ethanol and nickel sulfate. After
continuous mixing of the washed resin with the previously prepared
solubilized membranes at 4 °C for 2 h, the flow through material was
collected. The resin was then washed with 1 column volume Buffer A
plus 0.04% DDM and 5mMhistidine. To remove all other unbound pro-
teins, 12 column volumes of Buffer A plus 0.04% DDMwas used to wash
the resin. The eluents were collected and absorption was measured
using a DW2000 spectrophotometer (OLIS, USA) to verify that any re-
sidual unbound chlorophyll-containing proteins had been washed
from the column. The target proteins, PSI-IsiA supercomplexes and
IsiA proteins, were eluted with 6 column volumes of buffer A plus
0.04% DDM and 100 mM histidine. To concentrate the proteins, 80%
(v/v) PEG8000 in 30mMHEPES-NaOH (pH 7.8)was added into the elu-
tion, and the proteins were precipitated by centrifugation at 31,000 ×g
for 15min. The precipitated proteins were resuspended in Buffer A plus
0.04% DDM.

Sucrose gradient ultracentrifugation was used to obtain highly puri-
fied IsiA aggregates that do not contain PSI. The PEG-concentrated pro-
tein sample was diluted in glycerol-free Buffer A plus 0.04% DDM and
then loaded on the top of a 10–35% sucrose gradient in glycerol-free
Buffer A plus 0.04% DDM. Centrifugation was performed using a swing-
ing bucket type Beckman-Coulter SW41 rotor at 4 °C and relative cen-
trifugal force of 186,000 ×g. After 18 h of ultracentrifugation, green
bands were collected. The first green band from the top of the gradient
was determined spectroscopically to contain IsiA only, and was stored
at−80 °C until future use.

2.3. SDS-PAGE and immunoblot analysis

SDS-PAGE was performed by loading the isolated PSI-IsiA
supercomplexes and IsiA protein samples (adjusted to Chl a mass
weight of 0.75 μg) on a 12.5% acrylamide resolving gel. After transfer
of the proteins onto a PVDF membrane, IsiA and PsaA were detected
by using specific antisera. Bands were visualized using chemilumines-
cence reagents (EMDMillipore, Billerica, MA, USA)with an ImageQuant
LAS-4000 imager (GE Healthcare).

2.4. Spectroscopic techniques

For all low-temperature spectroscopic measurements, the IsiA or
IsiA-PSI samples were mixed with glycerol in a 1:1 (v/v) ratio, placed
in 1 cm square plastic cuvettes and frozen in a VNF-100 liquid nitrogen
cryostat (Janis, USA). Steady-state absorption measurements were per-
formed using a Shimadzu UV-1800 spectrophotometer. Fluorescence
and fluorescence-excitation spectra were recorded at room tempera-
ture using a Horiba-Spex Nanolog fluorometer. The spectra were
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recorded at 90o to excitation and corrected for the instrument spectral
response. The excitation and detection bandwidths were 2–4 nm. To
avoid front-face and inner-filter effects, the samples were adjusted to
an absorbance ≤0.1 at the excitation and emission wavelengths.

Time-resolved fluorescence (TRF) experiments were carried out
using two different setups. The Hamamatsu universal streak camera
setup described in detail previously [27] was used to obtain multi-
wavelength decay profiles. The frequency of the excitation pulses was
set to 8 MHz, corresponding to ~120 ns between subsequent pulses.
The excitation beam was set to 630 nm, with photon intensity of
~1010 photons/cm2 per pulse, depolarized and focused on the sample
in a circular spot of ~1 mm diameter. The sample absorbance was ad-
justed to ~0.1 at the Qy band of Chl a in a 1 cm cuvette. The emission
was measured at a right angle to the excitation beam. To minimize the
detection of scattered light from the excitation beam a long-pass
665 nm filter was placed at the entrance slit of the spectrograph. The in-
tegrity of the samples was examined by observing the photon counts in
real-time over the time course of the experiment. These were constant,
which indicated the absence of sample photodegradation. Single wave-
length decay measurements were performed using a standalone Sim-
ple-Tau 130 time-correlated single photon counting (TCSPC) setup
from Becker&Hickl (Germany) coupled to an ultrafast laser system
(Spectra-Physics, USA) described in detail previously [28]. The IsiA com-
plexes were resuspended to an absorbance of ≤0.1 at the Chl a Qy band
and the emission signalwas recorded at a right anglewith respect to the
excitation beam.

Transient absorption (TA) measurements of the IsiA protein were
performed using a Helios TA spectrometer (UltrafastSystems LCC, Sara-
sota, FL, USA) coupled to a Spectra-Physics femtosecond laser system
described previously in detail [29]. The white light continuum probe
was generated by a 3mm thick CaF2 plate. The pump beamwith energy
set to 0.1 μJ (670 nm, Chl a) or 0.2 μJ (505 nm, carotenoids) was focused
to a spot size of 1 mm in diameter, corresponding to intensity of ~4–
6 × 1013 photons/cm2. The sample was adjusted to an absorbance of
0.4 at the Chl a Qy band (1 cm path length).

2.5. Data analysis and fitting

Dispersion in TA datasets was corrected using the Surface Xplorer,
softwareprovided byUltrafast Systems, by applying a dispersion correc-
tion. Directed kinetic modeling, referred to as target analysis, of the TRF
and TA results was performed using CarpetView, a data viewing and
analysis software for ultrafast spectroscopy measurements (Light Con-
version Ltd., Vilnius, Lithuania). The fitting procedures used the kinetic
models with anticipated realistic decay pathways following excitation
of a carotenoid or Chl a. If the underlying assumptions are correct,
targeted kinetic analysis separates spectral components such as excited
state absorption (ESA) of the specific excited states of molecules, etc.
The results are commonly abbreviated as SADS - Species Associated
Decay Spectra [30].Wehave adapted this nomenclature to thefitting re-
sults of both TA and TRF datasets. For fitting purposes, the instrument
response function (IRF) was assumed to have a Gaussian-like shape
with the full width at half maximum (FWHM) of ~200 fs for TA and
70 ps, 180 ps and 320 ps for TRF in 1, 5 and 10 ns timewindows, respec-
tively. This parameter was fixed in the fitting procedures.

3. Results and discussion

3.1. Characterization and steady-state spectroscopy of the PSI-IsiA and IsiA
complexes

The protein bands obtained after the sucrose gradient ultracentrifu-
gation, the final step of IsiA protein purification, are shown in Fig. 1A.
The top green bandwith the lowestmass density was targeted as a can-
didate for IsiA-only complexes. Further analysis of this band bywestern
blotting (Fig. 1B) confirmed the absence of the PSI core subunit PsaA.
Furthermore, the strong band shown on the blot probed by the IsiA an-
tibody showed the presence of IsiA, thus confirming that it contained
pure IsiA-only complexes. On the other hand, the PSI-IsiA sample
contained both PSI and IsiA as expected. Room temperature absorption
spectra of the IsiA, PSI and PSI-IsiA samples are provided in Fig. 1C. This
analysis showed very distinctive differences in the Qy band of Chl a. The
Qy absorption band appears at 670 nm in the IsiA sample but is shifted
to longer wavelengths for the PSI complex (679 nm) and for the PSI-
IsiA supercomplex (674 nm). Fig. 1D shows absorption spectra taken
at 77 K. As visualized by the green dashed line, the absorption of the
PSI-IsiA supercomplex was very adequately mimicked by the weighted
sum of the individual spectra of the IsiA and PSI complexes.

The good agreement of the spectral shapes of the native and recon-
structed PSI-IsiA spectra indicated that there was no excitonic coupling
between Chls from IsiA and PSI proteins, as that would affect the shape
of the Qy band. The near-identical spectral lines of native andmimicked
absorption spectra suggest that there are no additional pigments (carot-
enoid, Chl a) that areweakly bound in the IsiA and PSI interface and that
could be lost during separation of the supercomplex into individual
complexes during detergent treatment.

Past studies reported that carotenoids transfer excitation energy to
Chl awith an overall efficiency of ~25%, suggesting that those pigments
also supplement Chl a in light harvesting in the IsiA complex [17]. How-
ever, this hypothesiswas based on kineticmodeling of transient absorp-
tion data and additional support was not provided [17]. Our
fluorescence studies (Fig. 2) clearly showed that carotenoids are essen-
tially not involved in supporting Chl a in light harvesting. The fluores-
cence excitation (Exc) spectrum did not show any evidence of a
carotenoid absorption band, as seen in the absorptance (1-T, where T
is transmittance) spectrum. Assuming 100% energy transfer within Qy

(profiles are normalized there), carotenoid-to-Chl a energy transfer ef-
ficiencywas essentially zero as therewasno contribution in the Excpro-
file of IsiA that could be assigned to carotenoids (between 450 and
550 nm). There are no available prior results of Chl a fluorescence exci-
tation of the IsiA protein for comparison. The profile recorded for a high-
ly homologous protein CP43 shows that energy transfer from
carotenoids to Chl a is very small in that protein [31], which is consistent
with the results obtained for IsiA in this study.

3.2. Time-resolved fluorescence of PSI-IsiA and IsiA complexes

Fig. 3 shows TRF results fromPSI-IsiA and IsiA complexes recorded at
RT and at 77 K. The two-dimensional pseudo-color profiles of TRF of the
samples are given in panels A, C and E, and the corresponding global
analyses of the datasets are shown in panels B, D and F. Cryogenic tem-
perature essentially had no effect on IsiA-to-PSI energy transfer. As
demonstrated in Fig. 3A, excitations populated initially on IsiA were
promptly transferred to PSI. Target analysis of TRF data showed that
transfer time could not be precisely defined, as it was shorter than the
streak camera temporal resolution in this time window (FWHM of IRF
is ~70 ps in a 1 ns timewindow). The spectral characteristics of other ki-
netic components strongly suggest that those are associated with exci-
tation equilibration and followed excitation decay within the Chl a
array in PSI.

Global fitting of the RT TRF data of separate IsiA samples addressed
two kinetic components with lifetimes of 300 ps and 1.7 ns. The fitting
protocol assumed that both fractions were independently populated
and decayed without interacting with each other. The spectral profiles
of SADS showed identical lineshapes. These lifetimes are comparable
to those observed in thefluorescence decay of quenched IsiA aggregates
in which a short kinetic component lifetime of ~200 ps dominates [10].
Interestingly, a substantial alteration of fluorescence lifetime distribu-
tion occurs if the IsiA protein is cooled to 77 K. Fitting results (Fig. 3F)
demonstrated that the lifetimes substantially elongate to 1.9 ns and
6.8 ns but the spectral lineshapes of both SADS remain identical, though
the fluorescence band is narrower and slightly red-shifted at 77 K. To



Fig. 1. Purification and basic spectroscopic characterization of IsiA and PSI-IsiA. (A) Protein bands obtained from sucrose gradient ultracentrifugation, (B) PSI-IsiA complexes purified by
nickel affinity chromatography and the IsiA band from ultracentrifugation probed by immunoblotting, (C) Room temperature and (D) 77 K absorption spectra of PSI-IsiA complexes and
individual IsiA and PSI (with absorptions adjusted to relative contributions in the PSI-IsiA spectrum).
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assure that elongation offluorescence lifetime is truly a temperature de-
pendent effect and is not simply due to the presence of glycerol in the
buffer, we have compared dynamics of Chl a fluorescence decay of the
IsiA protein diluted only in the buffer and in the buffer-glycerolmixture,
measured at RT. These results are given in supplementary information
(Fig. S1) and demonstrate that adding glycerol has a negligible impact
on IsiA fluorescence dynamics. Fig. 3G shows the comparison of repre-
sentative kinetic traces of fluorescence decay for IsiA-containing sam-
ples under different conditions: IsiA coupled with PSI at 77 K (cyan
line), and IsiA aggregates at RT (blue line) and at 77 K (red line). Life-
time shortening of IsiA-bound Chl a fluorescence upon coupling to PSI
is understandable and is associated with IsiA-PSI energy transfer; how-
ever, the substantial elongation of the Chl a excited state lifetime in IsiA
aggregates after cooling to cryogenic temperature is not easy to inter-
pret and merits further investigation.
Fig. 2. Fluorescence excitation (Exc), emission (Fluo) and absorptance (1-T, T-
transmittance) spectral profiles of the IsiA complex at room temperature.
3.3. Time-resolved absorption spectroscopy of the IsiA complex

The strong dependence of the lifetime of excited Chl a in IsiA sam-
ples on temperature, as demonstrated in the time-resolvedfluorescence
studies, questions the idea that carotenoids are responsible for Chl a
quenching. Previous studies on carotenoid-mediated Chl a quenching
in another cyanobacterial chlorophyll protein from a family of High-
Light Inducible Proteins (Hlips) clearly demonstrated that the
quenching ability of the carotenoid is essentially not affected by low
temperature [19] and elongation of the effective lifetime of the
quenched Chl a is not expected. In addition, at cryogenic temperature,
the carotenoid reveals a very prominent electrochromic response to ex-
cited Chl a. An electrochromic response of carotenoid that interactswith
either Chl a or BChls is not unusual; on the contrary, it is typically ob-
served in many other photosynthetic proteins like PCP from dinoflagel-
lates [32] or LH2 and LH1 light harvesting complexes from purple
bacteria [33–36], particularly at cryogenic temperature. In those pro-
teins, carotenoids actually play a role as either singlet energy donors
or (B)Chls triplet quenchers. Both of these roles require that carotenoid
and (B)Chl molecules are in close proximity, and thus in both cases ca-
rotenoid absorption should be similarly affected by the change in the
surrounding electric field induced by the (B)Chl excited state. We ap-
plied time-resolved absorption to test if the electrochromic effect on ca-
rotenoid absorption is also observed in IsiA. A negative result would
indicate that carotenoids are likely not responsible for the Chl a
quenching that is observed at RT, as the lack of electrochromic response
to the excited Chl a would indicate that both pigments are not at a dis-
tance that allows energy transfer between them.

The results obtained for IsiA measured at 77 K are given in Fig. 4. In
order to test all possible outcomes, the sample was excited at wave-
lengths corresponding to absorption bands of all bound pigments: β-
carotene (at 505 nm), echinenone (at 535 nm) and Chl a (Qy band, at



Fig. 3. Time-resolved fluorescence of PSI-IsiA and IsiA complexes at RT and at 77 K. (A, C, E) Two dimensional, pseudo-color fluorescence decay profiles of PSI-IsiA at 77 K, IsiA at RT and at
77 K, respectively. (B, D, F) Global analysis results of TRF datasets (SADS) with application of anticipated kinetic schemes of the excitation decay. The models are provided as insets. The
legends contain effective lifetimes of spectro-kinetic components obtained from the analysis. (G) Representative traces of the IsiA fluorescence decay extracted for the datasets alongwith
corresponding fits obtained from global analysis. exc - excitation, GS - ground state, ET - energy transfer, Chl – chlorophyll a, SADS – species associated decay spectra.
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670 nm). Representative transient absorption spectra obtained after ex-
citation of the carotenoid bands are given in Fig. 4A and B. The spectra
consist mostly of features associated with bleaching of the ground
state absorption of the carotenoid (the negative region mirroring ex-
pected steady-state absorption of the carotenoid in IsiA) and associated
positive excited state absorption, S1 → Sn, transient band. For β-caro-
tene, this band peaks at 680 nm, for echinenone at 600 nm. Previous
TA study of this protein suggested that instantaneous and prominent
bleaching of the Qy band of Chl a upon excitation of the carotenoid
band was a clear indication of carotenoid to Chl a energy transfer pre-
sumably via S2 state. For echinenone, the quantum efficiency of the en-
ergy transfer process was estimated to be ~40% [17]. However, such
interpretation of the TA results does not agree with fluorescence excita-
tion that shows that carotenoid-to-Chl a energy transfer is negligible. It
is clear that the signal with apparent Chl a signatures must come from
direct excitation of Chl a to a vibronic overtoneof theQy band. To further
elaborate and prove that it is possible we performed TA study of the Chl
a-β-carotene mixture dissolved in n-hexane. The mixture closely mim-
icked absorption spectrum of the IsiA protein sample. In the mixture,
energy transfer between pigments is negligible and upon excitation of
the carotenoid band any signal associated with Chl a should derive
from its direct excitation. These results, shown in Fig. S2, also support
the idea of self-origin of Chl a signal in the IsiA sample upon carotenoid
band excitation.

The TA data were fitted with anticipated models of the excitation
decay path, and the resulting spectro-kinetic profiles (SADS) are given
in Fig. 4C and D. To simplify fitting, the spectral range comprising the
Chl a Qy band was not included. The SADS lifetimes of 10.5 and 6.6 ps



Fig. 4.Time-resolved absorption of the IsiA complex at 77K. (A, B)Representative TA spectra after selective excitation of the carotenoid absorption band:β-carotene (excitation at 505 nm)
and echinenone (excitation at 535nm). (C, D) Species associated difference spectra (SADS) resulting from global analysis of the TA datasetswith application of the kineticmodels provided
in the graph inserts. (E) Representative TA spectra taken after excitation at the blue edge of theChl aQy absorption band at 670nm. (F) Representative kinetic traces of rise anddecay of the
Qy band probed at multiple wavelengths.

254 H.-Y.S. Chen et al. / Biochimica et Biophysica Acta 1858 (2017) 249–258
associated with decay of the S1 state indicate that both carotenoid pig-
ments perform essentially as in frozen solvent (for echinenone, 3′-
hydroxyechinenone was used as a benchmark) [37,38], and binding to
the protein does not induce any geometrical distortions, as that typically
would affect those lifetimes.

Representative spectra of 77 K transient absorption of IsiA upon ex-
citation of the Qy band of Chl a are given in Fig. 4E. In early delay times
the spectra indicate rapid energy transfer within two different spectral
forms of Chl a, as indicated by the split Qy band (see insert). This
intermolecular Chl a-Chl a energy flow is also well indicated in the ki-
netic traces provided in Fig. 4F. More importantly, there is no signature
of a carotenoid electrochromic response, either in β-carotene or
echinenone. A bump appearing between 540 and 580 nm within the
first 200 fs is also visible in blank buffer (not shown), indicating it is
clearly associated with solvent response to the excitation.

More insight into the kinetic characteristics of Chl a in IsiA at 77 K is
given in Fig. 5. Fig. 5A shows that rapid decay of the Chl a bleaching band
at 671 nm is coupled with the rise of the bleaching of the band at
684 nm. The time constant of 1.3 ps obtained from fitting of the decay
trace at 671 nm, matches very well with the rise constant of 1.1 ps ob-
served in the 684 nm trace. This strongly indicates that none of the ex-
citation initially localized on Chls absorbing at 670 nm is lost, but that it
is essentially instantaneously passed on to low-energy Chls. This dem-
onstrates that the Chl a array in this protein is very well optimized to
minimize any potential loss of excitation during migration within IsiA.
On the other hand, recovery of the bleaching of the 684 nm Qy band
should temporarily show the same characteristics as the time-resolved
fluorescence data because most likely the same pool of Chls is probed in
both techniques. However, it should be noted that since an amplified
laser excitation beam is used in transient absorption measurements, it is
possible that multiple excitations are simultaneously populated within
the Chl a exciton manifold and singlet-singlet annihilation will be un-
avoidable. Because the extent of this process is laser intensity dependent,
it could be easily spotted by comparing the kinetic traces recorded upon
vastly different excitation laser intensities. This is given in Fig. 5B, which
shows the recovery of the bleaching of the Chl a Qy band at 684 nm for
two substantially different excitation fluxes. Because both traces, normal-
ized at amplitudes, donot overlap, and the kinetic trace obtained at higher
laser intensity initially decays faster, involvement of singlet-singlet anni-
hilation is apparent. Consequently, an appropriate fitting model should
account for an annihilation process. If it is assumed that the time of con-
voluting the Chl a transient signal (exciton generation) is negligible com-
pared to the following decay, the 684 nm kinetic trace could be fitted
according to the following equation that was adopted from [39]:

ΔA tð Þ ¼ ΔA1e−kt

1þ ΔA1γs−sk
−1 1−e−kt

� �þ ΔA2e−kt þ ΔA2e−k1t ð1Þ

Where γS-S is the time-independent annihilation rate and k and k1
are decay rates of Chl fractions that are not affected by singlet-singlet



Fig. 5. Temporal characteristics of recovery of the Chl a Qy band of IsiA at 77 K. (A) Rise and decay of two Qy sub-bands resolved by TA at 77 K. (B) Dependence of recovery dynamics on
excitation intensity. (C, D) Fitting of kinetic traces according to Eq. (1).
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annihilation and should correspond to reciprocals of lifetimes obtained
from time-resolved fluorescence. It was also assumed that the annihila-
tion process would involve only the Chl a fraction that decays with a
faster rate k. The results of fitting of both traces (lower and higher
laser intensity) are given in Fig. 5C and D. Fitting demonstrates very
good agreementwith results obtained from time-resolved fluorescence.

3.4. Role of carotenoids in the IsiA protein

Previous investigations proposed that carotenoids play a dual role in
the IsiA protein augmentingChl a in light harvesting, and furthermore, if
necessary, serving as quenchers of excited Chl a [17,18]. However, our
work does not support these suggested roles. The Chl a florescence ex-
citation study shows that none of the two carotenoid species transfers
absorbed light energy to Chls. Time-resolved fluorescence experiments
showed that the kinetic component (fast decay) that was previously
targeted as a signal associated with the decay of quenched Chl a [10]
substantially elongates at low temperature. This fact is difficult to ex-
plain because carotenoid-mediated quenching seems to be rather inde-
pendent of temperature [19] and the lifetime of quenched Chl a should
not be affected. Moreover, cryogenic time-resolved absorption data re-
vealed that none of the bound carotenoids show an electrochromic re-
sponse to excited Chl a, a feature commonly seen in light harvesting
proteins inwhich carotenoid and (B)Chl are bound in sufficient proxim-
ity to allow energetic interaction between them.

3.5. Toward a new quenching mechanism

A clue that a novel type of quenching mechanismmay be present in
the IsiA protein is that, upon lowering the temperature, Chl a fluores-
cence decay substantially elongates. A similar effect is well-known for
another light harvesting protein, the Fenna-Matthews-Olson (FMO)
protein from green sulfur bacteria. The FMO protein, which lacks carot-
enoids and comprises only BChl a pigments, if kept in oxygenated solu-
tion displays a very short BChl a fluorescence lifetime of ~60 ps, which is
short enough to efficiently compete with energy transfer to the reaction
center (RC) in the FMO-RC complex [40–42]. However, if conditions
change to reducing, the BChl a fluorescence lifetime mysteriously
elongates to ~2 ns, close to the intrinsic decay of the excited state
of monomeric BChl a in solution [43]. However, a substantial elonga-
tion of fluorescence lifetime can also be achieved by freezing an oxi-
dized FMO sample to cryogenic temperature [44]. This appears to
resemble the phenomenon seen for IsiA in this work. Even though
the effect of reductant on BChl a fluorescence in the FMO protein
was known for almost three decades, only very recently was its na-
ture explained. It was demonstrated that in aerobic conditions the
cysteine thiols are converted to thiyl radicals, and if those are in
proximity to BChl a, they may quench the pigment excited state
through electron transfer photochemistry [23]. It is not difficult to
imagine that a similar quenching mechanism may be adopted by
other photosynthetic organisms.

Cyanobacteria, which are photosynthetic organisms living in oxidiz-
ing conditions and exposed to constant iron-starvation stress, are good
candidates for adopting this protective mechanism and incorporating it
into a light harvesting antenna complex that is produced under chal-
lenging growth environments - IsiA. This mechanism would require
the presence of cysteine in crucial places in the IsiA protein, preferen-
tially in proximity to Chl(s) that may serve role(s) as so-called terminal
emitter(s) (pass excitation to PSI) – most likely those pigments are re-
sponsible for observed fluorescence. In addition, a cysteine targeted as
a quenching ligand should be quite unique, in that it must be present
in IsiA but not in homologous proteins (such as CP43) that do not reveal
similar Chl a fluorescence quenching. To test this hypothesis, we com-
pared the IsiA and CP43 protein sequences from three cyanobacterial
species and also the CP43 protein sequence from spinach, which has a
high resolution crystallographic structure available (PDB ID: 3JCU)
[45]. The most relevant parts of the sequence alignment are given in
Fig. 6. This analysis demonstrated that cysteine is very scarce in
cyanobacterial CP43 proteins, appearing only in two or three locations
across the entire sequence, either on the protein side facing the mem-
brane or not in proximity to any Chl a. This is consistent with the fact
that CP43 does not show evidence of Chl a fluorescence quenching.
However, the IsiA sequences show a unique cysteine that is fully con-
served across the various IsiA proteins, whereas all CP43 sequences



Fig. 6. Cysteines in CP43 and IsiA structures. (A) Sequence alignment of IsiA and CP43 from three cyanobacterial species, along with the sequence from spinach for which the high
resolution crystal structure of CP43 is known (PDB ID: 3JCU, [45]). A simplified view of the CP43 protein molecular structure from the (B) lumenal and (C) membrane side, which in
IsiA will face toward PSI. For clarity, the large extrinsic lumenal loop domain E [46] present in CP43 was removed. All possible cysteines present in various CP43 proteins across
different organisms are marked in red. Valine 290, which in IsiA is replaced by cysteine and is fully conserved across multiple organisms, is marked in white.
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examined have valine (Val290) in this position. As shown in the simpli-
fied view of the CP43 crystal structure in Fig. 5B and C, Val290 is in very
close proximity to a Chl amolecule (Chl a34), according to nomenclature
used in the older PSII crystal structure [47]. If replaced by cysteine, the
distance between the amino acid and electron donating groups of Chl
a34 would range between 5 and 7 Å, similar to distances observed be-
tween cysteine and BChl a in the FMO protein. According to the IsiA-
PSI supercomplex models [22,48], Chl a34 is the pigment that along
with other nearby Chls (Chl a37, 44, 41) could be involved in energy trans-
fer to PSI. Importantly, the cysteine residues that are present in the se-
quence of CP43 from spinach, just two places away from Val290, if
visualized on the structure (Fig. 6B, C) appear on the opposite side of
the helix and are essentially completely shielded from any Chls. Those
cysteines may not be important because they are not conserved across
Fig. 7. Temporal changes of IsiA-bound Chl a fluorescence decay upon addition of sodium
dithionite (to a final 10 mM concentration) to the sample buffer. Fluorescence was
recorded at 684 nm at RT. IRF – instrument response function.
different photosynthetic groups, which is clearly shown in the sequence
alignment (Fig. 6A). This structure-sequence analysis suggests that the
IsiA protein has the capability of quenching the Chl a excited state
through electron transfer photochemistry. Because cyanobacteria
grow in aerobic conditions, the cysteine thiol in IsiA could be converted
to a thiyl radical at any time and be capable of withdrawing an electron
from a nearby excited Chl a. If this mechanism is behind the quenching
of the excited state of Chl a in IsiA, the dynamics of protein fluorescence
should be sensitive to the presence of reductant in the buffer, as is ob-
served for FMO. Changes in the fluorescence decay dynamics of IsiA
upon addition of sodium dithionite, a reductant that is typically used
for FMO studies, are shown in Fig. 7.

In order to observe any changes in a more real-time fashion, a more
sensitive TCSPC systemwasused. The fluorescence decaywasmeasured
at the maximum of the fluorescence emission spectrum (684 nm). The
results show that the addition of reductant leads to an immediate
change in the temporal characteristics of fluorescence decay within a
minute and that the effect is essentially maximized after ~90 min. It is
apparent that the short-lived component considerably elongates. It is
worth noting that sodium dithionite may not be most effective reduc-
tant as it is not physiologically relevant and it is possible that other
more natural, endogenous reductants (not tested here) may induce
Fig. 8. Variation of dynamics of Chl a fluorescence decay in the unmodified IsiA protein
obtained from different purification experiments (prep 1, 2, 3) and effect of adding
reductant. For more details on kinetic components refer to Table 1.



Table 1
Kinetic components obtained from fitting of Chl a fluorescence decay traces given in Fig. 8.

Preparation Samplea τ1
(ps)

A1
b τ2

(ns)
A2 τ3

(ns)
A3 Methodc

1 U 280 0.62 1.6 0.38 n.e. SC
2 U 300 0.43 1.6 0.40 4.5 0.17 TCSPC
2 R n.e. 1 0.45 4.1 0.55 TCSPC
3 U 400 0.53 2.0 0.47 n.e. SC

a U – unmodified IsiA, R - reduced IsiA, n.e. - not evident.
b A1 + A2 + A3 = 1.
c SC – streak camera, TCSPC - time-correlated single photon counting.
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even more prominent effects on fluorescence decay dynamics. None-
theless, the observed effect is a strong indication of a cysteine-depen-
dent excitation quenching mechanism in the IsiA protein, which was
only very recently found in the FMO protein.

It should be noted that the fluorescence decay trace of the unmodi-
fied IsiA seems to be different from that obtained from the experimental
setup based on the streak camera (Fig. 3). Those two samples show
common absorption spectra but were obtained from different purifica-
tion experiments. Additional TRF experiments performed on the un-
modified IsiA protein from another (third) preparation demonstrated
that in each experiment, Chl a fluorescence kinetics of unmodified IsiA
were somewhat different from each other (Fig. 8). Further analysis
(Table 1) demonstrated that all decay traces share similar kinetics com-
ponents, but with different weights. Such variation in amplitudes of the
decay components could be associatedwith fluctuation in natural levels
of oxidation of cysteines that may vary from preparation to preparation.

4. Conclusions

In this study we revisited the mechanism of Chl a excitation
quenching in the IsiA protein, which is a dominant light harvesting an-
tenna complex produced by iron-starved cyanobacteria. In contrast to
previous work relying on energetic interactions of the excited Chl a
with carotenoids present in IsiA, our study suggests that quenching of
excited Chl a may be cysteine-dependent, similar to the quenching
mechanism recently revealed in FMO, a light harvesting protein from
green sulfur bacteria. We think that this finding opens many possibili-
ties for more detailed studies of the quenching mechanism adapted by
iron-starved cyanobacteria, including the influence of cysteine directed
chemical modifications or cysteine directed mutations.
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