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Cyanobacteria possess a family of one-helix high light-induc-
ible proteins (Hlips) that are homologous to light-harvesting
antenna of plants and algae. An Hlip protein, high light-induci-
ble protein D (HliD) purified as a small complex with the Ycf39
protein is evaluated using resonance Raman spectroscopy. We
show that the HliD binds two different 3-carotenes, each pres-
ent in two non-equivalent binding pockets with different con-
formations, having their (0,0) absorption maxima at 489 and 522
nm, respectively. Both populations of B-carotene molecules
were in all-trans configuration and the absorption position of
the farthest blue-shifted (3-carotene was attributed entirely to
the polarizability of the environment in its binding pocket. In
contrast, the absorption maximum of the red-shifted 3-caro-
tene was attributed to two different factors: the polarizability of
the environment in its binding pocket and, more importantly, to
the conformation of its B-rings. This second f-carotene has
highly twisted B-rings adopting a flat conformation, which
implies that the effective conjugation length N is extended up to
10.5 modifying the energetic levels. This increase in N will also
resultin alower S; energy state, which may provide a permanent
energy dissipation channel. Analysis of the carbonyl stretching
region for chlorophyll a excitations indicates that the HIiD
binds six chlorophyll 2 molecules in five non-equivalent binding
sites, with at least one chlorophyll a presenting a slight distor-
tion to its macrocycle. The binding modes and conformations of
HliD-bound pigments are discussed with respect to the known
structures of LHCII and CP29.

In nature, photosynthetic organisms obtain their energy by
collecting solar photons, using complex arrays of pigments
known as antennas. Subsequently, the energy harvested by the
antennas is transferred to reaction centers to be transduced
into electrochemical potential. Finally after a cascade of molec-
ular steps, this energy is stored as potential chemical energy
that is easy to store and transport (1). To accomplish this pro-
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cess, these organisms have developed a large number of differ-
ent protein antenna assemblies, a notable subgroup of which
are the light-harvesting complexes (LHCs)? of green plants and
algae. LHCs constitute a large family of proteins, which can
exist as monomers, dimers, or trimers in the membrane, and
have related amino acid sequences. It is hypothesized that in the
evolution of photosynthesis there was, and continues to be, a
selective advantage for the organism to make optimum use of
low light conditions to drive the relatively slow downstream
metabolic reactions of legacy biochemistry (2). Plants, algae,
and cyanobacteria are oxygenic photosynthetic organisms that
are exposed to random fluctuations in light intensity. In the
case of low light requiring large antennas, during high light
exposure, most of the energy absorbed is in excess of that
required to drive downstream metabolism. If excess light
energy is not dealt with properly, it may cause oxidative damage
to the organism, mostly as the consequence of singlet oxygen
generation. Hence it is vital for oxygenic photosynthetic organ-
isms to develop mechanisms to deal with the abrupt overexpo-
sure to excess light and protect themselves from light-induced
oxidative stress by dissipating excess absorbed energy as heat.
Probably the most important of these mechanisms at a molec-
ular level is the so-called nonphotochemical quenching. When
photosynthetic activity is high, it induces a progressive acidifi-
cation of the lumen because of the creation of the proton gra-
dient, which in turn induces the presence of energy traps in the
photosynthetic membrane (3, 4).

Nonphotochemical quenching is a complex regulatory
mechanism, which is composed of diverse phases. The best-
characterized phase in induced in seconds to minutes, and is
called high-energy quenching (qE). During qE, energy traps
may appear (or disappear) in seconds, thus originating from the
re-organization of the photosynthetic membrane, and not from
de novo synthesis of new proteins. The molecular mechanisms
behind the qE process have been extensively discussed in the
last decade, and although it is more and more generally admit-
ted that the energy traps are localized in LHC proteins, several
different hypotheses have been formulated about their chemi-
cal origin. Most of these hypotheses involve the LHC-bound

3 The abbreviations used are: LHC, light-harvesting complex; gE, high-energy
quenching; Chl a, chlorophyll g; Hlips, high light-inducible proteins; HIiD,
high light-inducible protein D.
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carotenoid molecules, although it was also proposed that they
arise from interacting chlorophyll molecules (5). Among the
molecular mechanisms involving a carotenoid molecule, it was
proposed that the quenching is induced by the reductive
quenching of the chlorophyll 2 (Chl ) excited state via electron
transfer to the carotenoid (6), by energy transfer quenching
through singlet-singlet energy transfer from Chl 4 to the carot-
enoid (7), or by excitonic interaction between Chl a4 and the
carotenoid (8).

Hlips are single-helix proteins (~7 kDa) ubiquitous in cya-
nobacteria that show significant sequence similarity to the first
and third helices of eukaryotic LHCs. These small proteins pos-
sess a Chl a binding motif common to (and conserved among)
all LHC proteins; and thus Hlips should be considered as mem-
bers of the extended LHC superfamily (9-11). The genes that
encode Hlips are strongly expressed under various stress con-
ditions (12, 13), nevertheless, the exact role of Hlips in cells
remains unclear. They are likely to play photoprotective and
regulatory functions during synthesis and degradation of chlo-
rophyll-binding proteins and during assembly and repair of
Photosystem II (14). The cyanobacterium Synechocystis PCC
6083 contains four different Hlips (HliA-HIiD) and all four of
these small membrane proteins bind to early intermediates of
the Photosystem II assembly (15, 16). Moreover, the HIiD and
HIiC also form stable complexes with chlorophyll synthase, the
terminal enzyme of Chl a biosynthesis (17, 18), and with the
Ycf39 protein (15, 17). Ycf39 is a putative alcohol dehydroge-
nase with a conserved NADPH binding pocket but the exact
role of this protein is not known yet. However, it has been
already determined that the absence of this protein has a nega-
tive effect on the chlorophyll biosynthesis in Synechocystis (16).

The Ycf39-HIiD complex was recently purified from Syn-
echocystis and, because the Ycf39 itself does not bind pigments
(15), the analysis of the Ycf39-HIiD complex allowed for iden-
tification of certain spectroscopic properties of the HliD pro-
tein. The results revealed that HliD binds Chl @ and 3-carotene
in a conformation that dissipates energy via singlet-singlet
energy transfer from the Chl a Q, state to the B-carotene S,
state (19). Nevertheless, once the participation and the role of at
least one of the two B-carotenes on the mechanism of energy
dissipation were proven, the effect of the pigment configuration
on the structure of the complex became crucial for the compre-
hension of the energy dissipation process. HIiD binds Chl a and
B-carotene with a stoichiometry of 3:1 (19). Fig. 1 proposes a
model for HIiD being a dimer binding six Chl 4 and two 3-car-
otene molecules. In addition, it was shown in Staleva et al. (19)
that at least one of the B-carotenes exhibits an extraordinary
red-shifted absorption up to 550 nm, which may suggest that
nature tailored a particular configuration and/or conformation
of this B-carotene. Resonance Raman spectroscopy has been
proven to be of great value to extract information on colored
cofactors from biological materials as complex as the photosyn-
thetic membrane, as it exhibits very high specificity through the
resonance effect. Indeed, the Raman signal may be enhanced by
up to 6 orders of magnitude when the frequency of the exciting
light matches the energy of an electronic transition of the irra-
diated molecule. In a complex system containing many chro-
mophores, the contribution of each chromophore to the
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FIGURE 1. A model of the Chl a and B-carotene positions in the putative
HIiD dimer shown as a side view along the membrane plane (A) and a top
view from the stromal side (B). The model was prepared using the crystal
structure of pea LHCII (33). For clarity, only porphyrin rings of Chl molecules
are shown.

Raman spectrum will depend on the excitation light. In systems
containing more than one carotenoid the individual contribu-
tion of each molecule may be probed by controlling the precise
frequency of the exciting beam. For example, this technique has
been utilized for studies of the major LHC protein from higher
plants, LHCII, which contains two luteins, one neoxanthin and
up to one xanthophyll cycle carotenoid per monomer (20-22).
Resonance Raman spectroscopy is also useful for analysis of the
conformation, chemical, and intermolecular interactions of
chlorophyll (23, 24).

In this work, we performed resonance Raman spectroscopy
of the purified Ycf39-HliD complex at 77 K and room temper-
ature with the aim of better understanding the role of pigment
conformation in the molecular mechanisms that govern the fast
fluorescence quenching. We identify and characterize the
approximate number of Chl 4 and B-carotenes, and then ana-
lyze their configuration, conformation, and local environment
in the HIiD protein. The results are discussed with respect to
the proposed structural model for this protein (19), and to the
potential mechanisms underlying the dissipation process.

Results

Absorption Spectra of the Ycf39-HIiD Complex—As there is
no protocol yet how to isolate “pure” Hlips in quantities
required for Raman spectroscopy we isolated the Ycf39-HIiD
complex via FLAG-tagged Ycf39 as described before (19). The
absorption spectrum of the purified Ycf39-HIiD complex mea-
sured at room temperature is shown in Fig. 2. It has a shape
characteristic of an LHC absorption spectrum, consisting of
Chla Soret transitions with maxima at 436 and 420 nmanda Q,
band peaking at 675 nm. Absorbance shows two different peaks
that can only arise from the bound -carotene molecules. To
minimize the error, we used second derivative analysis to deter-
mine the peak positions (Fig. 2, inset). One peak is observed at
492 nm, slightly red-shifted from (3-carotene in n-hexane (478.2
nm), whereas the second peak is observed at 522 nm, with
absorption extending up to 550 nm. These two absorption max-
ima have previously been attributed to two populations of
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FIGURE 2. Absorption spectra of the Ycf39-HliD complex at room temper-
ature. Inset, second derivative of absorption spectra at room temperature to
identify the peak positions of the two B-carotenes.

B-carotene, called B-car; and B-car,, respectively (19). We
therefore attempted to determine whether these two B-caro-
tene populations have different conformation and/or configu-
ration in the protein, which may be responsible for these differ-
ences in absorption properties.

Resonance Raman of Chl a Molecules Bound to HliD—Reso-
nance Raman spectra of Chl a molecules contain bands that
arise from the vibrational modes coupled with the electronic
transition used to produce the resonance effect, usually with
the highest energy Soret band to avoid interference with the Chl
a fluorescence (25). These modes often arise from vibrations
delocalized on the Chl @ macrocycle, some in the low frequency
range (around 300 cm™ '), which involve the central magne-
sium atom, and others in the mid-frequency range (800 -1500
cm ") sensitive to the Chl @ macrocycle conformation (26).
However, none of these modes in the low to mid frequencies
undergo shifts large enough so that they can be used for con-
clusive analysis of pigment protein complexes containing as
many chlorophylls as LHCs. The position of bands in the high-
frequency region (1500-1615 cm™ ") is sensitive to the confor-
mation of (bacterio)chlorophyll. The band around 1550 cm ™",
attributed to complex vibrational modes of the chlorin ring
(27), along with the methine bridge stretching mode around
1600 cm %, are sensitive to the macrocycle core size and have
been widely used to assess the number of axial ligands bound
to the central magnesium of these molecules (26, 28). This
methine bridge mode is observed at about 1600 cm ™~ * when the
central magnesium is six-coordinated, and is up-shifted to
1610-1615 cm ™ * for five-coordinated magnesium. Addition-
ally, stretching modes of conjugated C = O groups (keto-car-
bonyl for Chl @) are observed above 1630 cm ™' (29). The keto
stretching modes of Chl 4 contribute at about 1700 cm ™' when
free from interaction in non-polar environments (30). This fre-
quency downshifts up to 40 cm ™' when this group is involved in
intermolecular interactions (H-bonds), the extent of the down-
shift being proportional to the strength of the interaction.
Smaller downshifts occur (5-10 cm ™ ') when the C = O is pres-
ent in a polar environment.

Fig. 3 shows the resonance Raman spectra at 77 K of Ycf39-
HIiD, LHCII (31), and CP29 (31) excited at 413.1 nm (Table 1
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FIGURE 3.Resonance Raman spectra at 77 Kexcited at 413.1 nmfor Ycf39-
HIiD, LHCII, and CP29.

TABLE 1

Frequencies of Chl a keto carbonyl stretching modes in CP29, LHCII,
and HIiD (in cm "), measured by resonance Raman spectroscopy

CP29 LHCII HIiD
1655
1659 1659
1665-1675 1670-1675 1666-1675
1685 1685 1682
1700 1700

shows the frequencies of Chl a keto carbonyl stretching
modes). In LHCII and CP29, modes sensitive to Chl conforma-
tion are localized around 1612 and 1550 cm ™%, indicating that
the central magnesium atoms of most if not all Chl 2 molecules
are five-coordinated in each case. These results were confirmed
after comparing with the already resolved structure of LHCII
(32, 33). In Ycf39-HIiD, this shows a main component peaking
at 1552 cm™ ' and a clear additional component at 1558 cm ™.
This suggests that there is at least one Chl a with a distorted
macrocycle attached to HIiD. General distortions of the mac-
rocycle, such as reduction of its core size generally affect the
whole set of distortion-sensitive bands. In this case, we
observed an additional component at 1558 cm ™! without any
significant change in the band at 1612 cm ™", It is thus likely that
the distortion experienced by this Chl a concerns only a partial
subset of the macrocycle angles between the pyrrole rings. In
the keto carbonyl stretching mode region, the Ycf39-HliD com-
plex presented a wide congested cluster of peaks at 1666 —1675,
1682.0, and possibly one at 1695 cm™'. Considering the inten-
sity of the two latter bands, it is likely that at least four carbonyl
modes contribute to the 1666 -1675 cm ™! region, leading to a
stoichiometry of at least six Chl @ molecules, in fair agreement
with the results of pigment analysis. For comparison, the spec-
tra of CP29 and LHCII containing eight Chl a each are dis-
played in Fig. 3. It is of note that the population at 1659 cm ™' in
LHCII and CP29, likely corresponding to two Chls a in each
case and hypothesized to constitute a common structural motif
for these proteins (31), is not present in the Ycf39-HIiD
spectrum.

Resonance Raman of B-Carotene Bound to HliD—Resonance
Raman spectra of carotenoid molecules display four main
groups of intense bands, which provide information on confor-
mation and configuration for these molecules. One of the
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FIGURE 4. Resonance Raman spectra at 77 K (upper panel) and 293 K
(lower panel) of the Ycf39-HIiD complex (excited at 488.0 and 528.7 nm).

strongest bands in these spectra, contributing around 1530
cm ! (referred to as v, ), arises from stretching vibrations of the
C = C bonds of the carotenoid. The frequency of this band is
sensitive to the extent of the conjugated system of the scattering
carotenoid and to its molecular configuration (34, 35); it also
exhibits intrinsic temperature dependence (36). Fig. 4 shows
the resonance Raman spectra at 77 and 293 K of Ycf39-HIiD
excited at 488.0 and 528.7 nm, corresponding to the maximum
absorption for each of the B-carotenes determined in Fig. 2. At
528.7-nm excitation, which should favor the contribution of the
red-most absorbing (3-carotene (-car,), this band is observed
at about 1516.9 cm™ ' at 77 K and about 1514.3 cm™ ' at room
temperature. The bandwidth at 77 Kis 12 cm ™' (FWHM), as it
is expected for single carotenoid molecules. When moving the
excitation to 488.0 nm, where resonance is expected with the
blue-absorbing B-carotene (-car,), the frequency of this band
shifts to 1523.8 and 1522.4cm ™' at 77 K and room temperature,
respectively. However, it is also clear that the band becomes
much broader in these conditions of excitation (nearly 20
cm ™', FWHM), revealing the presence of more than one carot-
enoid species contributing at this wavelength. Fig. 5a focuses on
the 15001545 cm ™" region at 77 K for excitations at 488.0,
496.5,501.7,514.5, and 528.7 nm. These spectra can all be fitted
with a linear combination of only two peaks, with maxima rep-
resented by dashed red lines at 1516.9 and 1526.9 cm ™! (data
not shown). Hence, it can be concluded that there are only two
B-carotene populations associated with the putative HIiD
dimer as suggested in Ref. 19 and that one of them displays an
exceptionally red-shifted absorption. The 528.7 nm excitation
fits with the 0—0 transition of B-car,, and is lying far from the
B-car,. Shifting the excitation to the blue will result in a
decrease of B-car, contributions, and an increase of those from
B-car,. However, the maximum 0-0 transition of the B-car,
(~489 nm; Fig. 2) lies close to the expected position for the 0—1
transition of B-car, (33 nm from 522 nm). This will result in
significant contributions of 3-car, at 488.0 nm, as observed in
Figs. 4 and 5.

The intense contributions around 1160 cm ™", termed v,,
arise from stretching vibrations of C-C single bonds coupled
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FIGURE 5. Resonance Raman spectra at 77 K of Ycf39-HIiD. g, the 1500-
1545 cm ™! region excited at 488.0, 514.5, and 528.7 nm. Vertical red dashed
lines represent the center of the peaks corresponding to the two different
B-carotenoids. b, 990-10155 cm ™' region excited at 488.0 nm and 528.7 nm.

with C-H in-plane bending modes. This region is a fingerprint
for the assignment of carotenoid configurations, i.e. isomeriza-
tion states occurring in the conjugated C = C chain (34, 37). At
room temperature, this region exhibits a main peak at 1155.2—
1156.6 cm ™~ ! with three satellite bands at 1171.6, 1190.2, and
1213.3 cm ™', whereas at 77 K the main peak appears at 1157.9
cm ! with the satellite bands at 1174.2, 1189.6, and 1214.8
cm ™. These features do not present any difference from all-
trans B-carotene in solution (34), and hence it may be safely
concluded that the conjugated chain of both carotenoids pres-
ent in HIiD are in an all-¢rans configuration.

The next important set of bands appears around 1000 cm ™
(v,), arising from in-plane rocking vibrations of the methyl
groups attached to the conjugated chain, coupled with the adja-
cent C-H in-plane bending modes (38, 39). It was proposed to
be a fingerprint of the conjugated end cycle configuration (38),
a hypothesis that was recently confirmed by theoretical model-
ing (39). For B-carotene in solvents, the band in v; was shown as
a doublet, and it was concluded that the presence of these two
components revealed the out-of-plane configuration of the
B-carotene end cycles (38). In Ycf39-HIiD, this band (zoom-in
Fig. 5b) displays mostly one component, located at 1003.2
cm™ ', when exciting at 528.7 nm, whereas two components are
clearly observable upon 488.0 nm excitation, at 1002.7, and a
shoulder at 1007.5 cm ™%, as observed for B-carotene free in
solution (39, 40). Finally, around 960 cm ™ ! is found in the band
termed v,, which arises from C-H out-of-plane wagging
motions coupled with C=C torsional modes (out-of-plane
twists of the carbon backbone) (41). When the carotenoid-con-
jugated system is planar, these out-of-plane modes will not be
coupled with the electronic transition, and these bands will not

1
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FIGURE 6. Correlation between the position of the S, — S, electronic tran-
sition and the v, band frequency, as a function of solvent polarizability,
for B-carotene (black circles), spheroidene (black triangles), and lyco-
pene (black squares). 1, tetrahydrofuran; 2, n-hexane; 3, dichloroethane; 4,
cyclohexane; 5, diethyl ether; 6, toluene; 7, chloroform; 8, acetonitrile; 9, meth-
anol; 10, pyridine; 11, nitrobenzene; 12, carbon disulfide. For comparison, the
relationship between carotenoids of different conjugation lengths in the
same solvent (n-hexane) is indicated by the blue line. The values for B-Car, and
B-Car, in HLIiD are indicated by red dots. All values were measured at room
temperature.

be resonance-enhanced. However, distortions around C-C sin-
gle bonds will increase the coupling of these modes with the
electronic transition, resulting in an increase in their intensity,
but also in their structure as these distortions will partially lift
the degeneracy between the many v, modes. In Fig. 4, it clearly
appears that the v, band displays a structure when exciting at
both wavelengths: 488.0 nm (B-car;) and 528.7 nm (B-car,),
indicating that both carotenoids are twisted. It is noteworthy
that the structure observed for these bands is different. B-Car,
presents an intense peak at 961 cm™ ' slightly more enhanced
than the peak at this position for 3-car,,.

To obtain further insight in the two B-carotenes attached to
HIiD, we plotted the energy of the electronic transitions of the
two bound carotenes against the frequency of their v, Raman
band. Comparing simple, unsubstituted carotenoids on such a
plot gives a linear relationship, where the position on the line
depends on the effective conjugation length (42). Cyclic caro-
tenoids such as B-carotene generally exhibit a shorter effective
conjugation length than expected from their chemical struc-
ture, with the C-5,6 (and C-5',6") double bond(s) in the
B-ring(s) adding only 0.3 to the effective conjugation length,
N, in each case, so that N, = 9.6 for B-carotene (42). On the
other hand, for each carotenoid, the results obtained in differ-
ent solvents fit with a different linear relationship, with the
position on the line depending on the polarizability of their
environment (42). This plot may thus give direct access to the
effective conjugation length of a given carotenoid and the
polarizability of its environment (42). In Fig. 6, the correlation
between the position of the S, — S, transition and the v, band
frequency, as a function of solvent polarizability was plotted for
B-carotene (black circles, N g = 9.6), spheroidene (black trian-
gles, N = 10), and lycopene (black squares, N, = 11) in solu-
tion. The blue line represents the relationship between carote-
noids of different conjugation length in the same solvent
(n-hexane) (42). For each of these carotenoids, the correlation
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between S, — S, electronic transition and the v; band fre-
quency according to solvent polarizability was also plotted, rep-
resented as solid black lines. This correlation is similar for all
carotenoid molecules, although it could be slightly less steep for
B-carotene. When two B-carotenes present in Ycf39-HIiD are
placed on the plot (red points), B-Car, fits on the line obtained
for B-carotene according to solvent polarizability. This indi-
cates that this molecule adopts the same configuration as in
solvent, in an environment with moderate polarizability (simi-
lar to toluene). This conclusion is consistent with the analysis of
the v; components, where two components are observed at
488.0 nm, as for (-carotene in solution. Conversely, 3-Car,
clearly deviates from this line, and the relationship obtained
between its absorption position and its v; can only be inter-
preted by assuming that this molecule displays a longer effec-
tive conjugated length, and it is sitting in a relatively high polar-
izability environment. As the correlation according to solvent
polarizability is not exactly the same for every carotenoid, tak-
ing into account the two extreme slopes (shown by the two red
lines), we may propose that the effective length of B-Car, lies
between 10.5 and 10.6 C=C, and the polarizability of its binding
site is either (in the first case) very high, similar to carbon disul-
fide, or similar to toluene in the second case.

In solvent, B-carotene displays an effective conjugation
length of 9.6, shorter than its 11 C=C-conjugated chain, and
this was attributed to out-of-plane positions of its conjugated
end-cycles due to torsional twisting of the terminal rings of
carotenoids that contain conjugated C=C bonds (43, 44). We
may thus further conclude that §-Car, in Ycf39-HIiD displays a
configuration close to that observed in solvents, and is bound in
a moderate polarizability binding site, whereas 3-Car, have its
C-5,6 (and C-5',6") double bonds in the -rings clearly more
conjugated to the m electronic system, and thus that its rings
must be maintained close to the plane of the conjugated carbon
chain. Its effective conjugation is close to that of its theoretically
maximum (# = 11), and it is furthermore, bound to a binding
site of high polarizability (comparable with carbon disulfide). It
is well known that for terminal conjugated rings, the interaction
of end groups with the polyene chain leads to steric deforma-
tions of around 45° for B-carotene (44). This deformation at the
ends of the polyene chains together with the influence of end
CH,; groups or B-rings in carotenes causes smaller participation
of orbitals from C, and C, atoms in HOMO and LUMO of the
polyene chain, diminishing the effective conjugation length
(44) as we observe for B-Car,. On the other hand, the effective
conjugation length of B-Car, (which is still lower that its theo-
retical conjugation length of 11) is determined in Fig. 6 by the v,
band position, which is 8 cm ™" shifted from v, band of B-Car,.
Bringing the aryl rings back into the plane of the B-carotene
molecule would result in an increase of the effective conjuga-
tion length of up to 1.4. This effect has been observed for theo-
retical studies that prove that the change in dihedral angle of
the terminal aryl ring in the ground state have an important
effect in the effective conjugation length (43) and at the same
time it has been observed for protein-bound carotenoids, where
larger twists can be achieved depending on the design of the
carotenoid binding pocket (45, 46). We thus propose that HLiD
is able to tune the absorption of the red-absorbing 3-carotene
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via the rotation of its conjugated end-cycles toward the conju-
gated plane of the molecule, this rotation being imposed by its
binding pocket through steric hindrance.

Discussion

The approach we use in this paper to address the structure
and properties of the binding site of carotenoids, using a plot
relating to energy of the electronic transition to the frequency
of the C=C stretching mode, has already been widely applied to
carotenoids bound to proteins (38, 42). It was shown, using this
plot, that the absorption of carotenoid molecules in light-har-
vesting proteins from purple bacteria can be explained by the
polarizability of their binding site alone. In that case, points
corresponding to the LH-bound carotenoid in the plot obey the
linear relationship due to solvent polarizability (38). In the case
of the two luteins bound to LHCII and the two 3-carotenes in
Photosystem II reaction centers, polarizability alone can also
explain the properties of the carotenoid molecule with absorp-
tion transitions to the blue. On the other hand, polarizability
cannot explain the properties of the red-shifted carotenoid in
either case, and an effect of the protein on their effective con-
jugation length had to be considered to account for the exper-
imental results. Specific alterations of their equilibrium end-
cycle conformations were concluded for the two red-absorbing
carotenoids, in line with their v, structure. It is important to
emphasize that these conclusions were fully confirmed by anal-
ysis of the crystal structures of both proteins. However, for Pho-
tosystem II reaction centers, this effect is rather limited as the
effective conjugation length reached by B-carotene is only 10
(38). It seems that the same phenomenon occurs for the HliD-
bound B-Car,, where the conjugation length increase up to
about 10.5; the v; band shows a clear shoulder indicating the
twisting of both end rings and the shape of the v, band when
compared both carotenoids resembles that observed for the
red-shifted B-carotene in Photosystem II reaction centers (38).
Based on these similarities, it is possible to propose a model
when the end rings of B-Car, are in a flat conjugated conforma-
tion, which has as a consequence the extension of the effective
conjugation length.

HIiD is a permanently quenched protein, and it has been
clearly demonstrated that energy dissipation occurs via energy
transfer from the Chl a Q, state to B-carotene S, (19). Hence,
these results suggest that this particularly extended conforma-
tion of the B-carotene molecule plays a role in the high effi-
ciency of this singlet-singlet energy transfer.

The overall picture that emerges from this study is that the
HIiD binds two 3-carotene molecules, both in S-cis configura-
tion. The first one (B-Car;) exhibits the same effective conju-
gation length as 3-carotene in solution having moderate polar-
izability, whereas the second (B-Car,) adopts an extended
conformation that in turn confers to a molecule having lower
energy of the S,-S,, transition. It is known that increase of the
conjugation length leads to a decrease of energy of both the S,
and S, states (47). Hence, it is proposed that this torsional con-
formation, which leads to an extension of effective conjugation,
pushes the S; energy low enough to open a permanent dissipa-
tion channel for the excitation energy in this protein.

SASBMB

JANUARY 27,2017 «VOLUME 292-NUMBER 4

Twisting a 3-Carotene for Photoprotection

As shown previously the conformation of red-shifted 3-car-
otene appears sensitive to the surrounding environment; the
dissociation of Ycf39 from HIiD changes the B-carotene
absorption to be slightly less red-shifted (19). We, however, do
not expect that the role Ycf39 is to modulate the HliD quench-
ing mechanism. The firm binding of Ycf39 to HliD might rather
localize this putative enzyme to a membrane compartment
where it can regulate chlorophyll biosynthesis (17) and/or Pho-
tosystem II assembly (16). Structural details of the Ycf39 and
HIiD interaction are not known but the only feasible model is
the Ycf39 binds to the N-terminal segment of HliD at the stro-
mal side of the membrane (16). Indeed, the interaction with
relatively large Ycf39 protein (40 kDa) will shape the HIiD
structure and probably also the B-carotene binding pocket.

We do not yet know whether there is an effect of Ycf39 on the
efficiency of HliD quenching. However, the pure HIiD clearly
exhibits a quenching of chlorophyll fluorescence (19). Thus this
quenching mechanism seems to be robust and not affected by
small changes of carotenoid configuration. Nonetheless, the
fact that the configuration of the quenching carotenoid in HIiD
can be affected by interactions with other proteins, or perhaps
lipids, might play an important role during the evolution of
eukaryotic antenna. A simple quenching mechanism in HIliD
seems adapted to a protein acting only for photoprotection. In
LHCII from higher plants, which can oscillate from a light-
harvesting mode to a quenching photoprotective mode, the dis-
sipation mechanism is more complex, as it has to be tuned
according to photosynthetic activity.

Experimental Procedures

Sample Preparation—Construction of Synechocystis strains
and purification of the Ycf39-HIiD complex were completed as
described in Ref. 19.

Absorption Spectroscopy—Absorption spectra were collected
using a Varian Cary E5 Double-beam scanning spectrophotometer.

Raman Spectroscopy—Resonance Raman spectra were re-
corded with a 90° signal collection using a two-stage monochro-
mator (U1000, Jobin Yvon, Longjumeau, France) equipped with
a front-illuminated, deep-depleted CCD detector (Jobin Yvon,
Longjumeau, France). Excitation wavelengths were provided by
a 24-watt Sabre Argon laser (Coherent, Palo Alto, CA), except
for 413.1 and 406.7 nm, which were provided by an Innova 90
Krypton laser (Coherent). Unless otherwise indicated, less than
2 milliwatts reached the sample, and the sample integrity was
verified by following resonance Raman spectral evolution dur-
ing the experiment. These experiments were done at 77 K in an
LN2 flow cryostat (Air Liquide), and room temperature and the

spectral resolution of the Raman spectrometer was 0.5 cm ™ *.

Author Contributions—M. K. S purified the Ycf39-HIiD complex.
M.J.L.P, R. S, and E. K. contributed in the acquisition, analysis,
preparation of the manuscript, and interpretation of data; A. P., T. P.,
and B. R. contributed to the preparation of the manuscript.
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