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ABSTRACT

Carotenoids perform multifaceted roles in life ranging from coloration over light harvesting to photoprotection.
The Orange Carotenoid Protein (OCP), a light-driven photoswitch involved in cyanobacterial photoprotection,
accommodates a ketocarotenoid vital for its function. OCP extracts its ketocarotenoid directly from membranes,
or accepts it from homologs of its C-terminal domain (CTDH). The CTDH from Anabaena (AnaCTDH) was shown
to be important for carotenoid transfer and delivery from/to membranes. The C-terminal tail of AnaCTDH is a
critical structural element likely serving as a gatekeeper and facilitator of carotenoid uptake from membranes.
We investigated the impact of amino acid substitutions within the AnaCTDH-CTT on echinenone and cantha-
xanthin uptake from DOPC and DMPG liposomes. The transfer rate was uniformly reduced for substitutions of
Arg-137 and Arg-138 to Gln or Ala, and depended on the lipid type, indicating a weaker interaction particularly
with the lipid head group. Our results further suggest that Glu-132 has a membrane-anchoring effect on the PC
lipids, specifically at the choline motif as inferred from the strongly different effects of the CTT variants on the
extraction from the two liposome types. The substitution of Pro-130 by Gly suggests that the CTT is perpendicular
to both the membrane and the main AnaCTDH protein during carotenoid extraction. Finally, the simultaneous
mutation of Leu-133, Leu-134 and Leu-136 for alanines showed that the hydrophobicity of the CTT is crucial for
carotenoid uptake. Since some substitutions accelerated carotenoid transfer into AnaCTDH while others slowed it
down, carotenoprotein properties can be engineered toward the requirements of applications.

1. Introduction

antitumor effects [2-4]. Furthermore, they have the ability to protect
against reactive oxygen species (ROS) and contribute to light protection

Carotenoids, a widely distributed class of pigments, are produced in
plants, algae, fungi and bacteria (e.g. cyanobacteria) and serve diverse
biological purposes in nature [1]. For example, they act as precursors of
visual pigments, vitamins, and hormones. Due to their anti-
inflammatory and antioxidant effects, they have shown promising
therapeutic potential for multiple diseases, including neurodegenerative
and cardiovascular disorders. Carotenoids have also demonstrated

and light harvesting in photosynthesis. As a result, carotenoids
frequently act as ligands in photosynthetic light-harvesting antennae
and reaction centres [5-7]. Another important contribution to photo-
synthesis is made by water-soluble carotenoid-binding proteins
expressed by cyanobacteria, from which the Orange Carotenoid Protein
(OCP) is one of the most well-known. OCP diminishes the excitation in
reaction centres of photosystem II during a non-photochemical
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quenching (NPQ) process, thus preventing ROS formation and oxidative
damage under intense light exposure, and its function has been exten-
sively studied [8-11].

OCP, e.g. from Synechocystis sp. PCC 6803, is a 35 kDa water-soluble
protein that is photoactive and consists of two structural domains, the N-
terminal domain (NTD) and the C-terminal domain (CTD), connected by
a flexible linker [12,13]. In the dark, OCP exists in the inactive orange
state OCP® and the two main domains of OCP enclose a keto-carotenoid
as a cofactor within a shared central cavity. This keto-carotenoid, spe-
cifically the xanthophylls 4-monoketolated echinenone (ECN) and 3'-
hydroxyechinenone, or 4,4-diketolated canthaxanthin (CAN), imparts
photoactivity to OCP [13-15]. The presence of the 4-keto group is
essential for the specific carotenoid-protein interactions via hydrogen
bonds between the keto group of the carotenoid and two amino acids of
the CTD (Tyr-201 and Trp-288 in Synechocystis OCP) [16]. This inactive
state OCP? is stabilized by the N-terminal extension (NTE) of the NTD
interacting with the CTD, while the C-terminal tail (CTT) binds to the
CTD (Fig. 1A). In intense light, the OCP transitions to the active red state
OCPR. As a result of photon absorption, hydrogen bonds between the
CTD and the carotenoid become unstable and prompt a 12 A carotenoid
translocation into the NTD, which triggers subsequent steps causing
substantial conformational changes. These processes ultimately inter-
rupt the NTE-CTD interaction, fully separating the carotenoid-binding
NTD from the carotenoid-free CTD, connected only by the flexible
loop [17-21]. In this active state, OCP® interacts with the phycobili-
somes (PBS), the cyanobacterial light-harvesting antennae, through the
carotenoid-containing NTD. This interaction causes structural changes
in the PBS complex that prevent the transfer of excess excitation energy,
in effect protecting the photosystems from photodestruction. The
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Fig. 1. Structural overview of Synechocystis OCP and AnaCTDH and molecular
structure of lipids and carotenoids used in this study. (A) Structural alignment
of the C-terminal domain of Synechocystis OCP (green, PDB ID 4XB5) and
AnaCTDH (cyan, PDB ID 6FEJ, chain A) prepared with PyMol 2.5.5. The OCP-
CTT is shown in violet, the carotenoid cofactor of OCP (canthaxantin in PDB ID
4XB5) in orange, the CTT of AnaCTDH in red, and the OCP-NTD is indicated in
light grey. Also shown in ball-and-stick representation are the OCP residues
Tyr-201 and Trp-288 (Tyr-26 and Trp-109 in AnaCTDH), which form hydrogen
bonds to the ketocarotenoid. (B) Carotenoids used for transfer experiments:
canthaxanthin (CAN) and echinenone (ECN). (C) Lipids used for liposome
preparation: DOPC and DMPG.
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physiological interaction partner of OCP, the Fluorescence Recovery
Protein (FRP), subsequently terminates the OCP-PBS interaction and
expedites the return to the 0CP° state [22-25].

The sequencing of cyanobacterial genomes has led to the identifi-
cation of new protein families that share homology with the main do-
mains of OCP. So far, nine clades of NTD homologs have been discovered
and named helical carotenoid proteins (HCP, HCP1-HCP9) due to their
solely a-helical structure [26-28]. Some of them have the ability to
directly quench electronic excitation of pigments from light-harvesting
antennae and/or singlet oxygen as does the isolated OCP-NTD,
formerly known as the Red Carotenoid Protein (RCP) [26-29]. In
contrast, only two clades of CTD homologs have been identified (CTDH1
and CTDH2), which belong to the widely distributed class of nuclear
transport factor 2 (NTF2)-like proteins, termed either C-terminal
domain homologs (CTDH) or C-terminal domain-like carotenoid pro-
teins (CCP) [30,31]. A thoroughly investigated CTDH protein is that of
the cyanobacterium Anabaena sp. PCC 7120, commonly referred to as
AnaCTDH [26,30,32]. AnaCTDH could be crystallized and its structure
solved only for two apoprotein oligomers [31]. According to the crystal
structures and further NMR- and SAXS-based analyses [32,33], the
CTDH has an overall structural organization very similar to that of the
OCP-CTD and has remarkable dynamics of several loops and the CTT,
which is thought to be a functionally relevant element (Fig. 1A). Besides
AnaCTDH, only the CTDHs from Thermosynechococcus elongatus and
Fremyella diplosiphon were studied, but less comprehensively [30,32,34].
Very little is known about CTDHs from other cyanobacteria and about
their distant homologs with unknown function. Of note, there is an X-ray
crystal structure of a structural analogue of CTDH proteins deposited in
the Protein Data Bank (PDB ID 5TGN), which belongs to a SnoaL-like
domain-containing protein (SLDCP; Uniprot D1C7H4); however, this
protein has not yet been analyzed regarding its function or carotenoid-
binding properties.

Recent studies have shown that both CTDH and the isolated OCP-
CTD function as ROS quenchers while also serving as an efficient plat-
form for carotenoid uptake, storage, and delivery [30,35,36]. Ketocar-
otenoids, such as echinenone (ECN) and canthaxanthin (CAN), can be
extracted by these proteins from membranes of carotenoid-producing
E. coli strains as well as from artificial liposomes [30,34-36]. In-
vestigations using liposomes consisting of defined lipids with different
physicochemical properties demonstrated that the uptake by the
AnaCTDH is also affected by the composition of the liposomes [37].
Furthermore, carotenoid uptake also occurs through protein-protein
interaction, for example, from HCP1, the only NTD homolog from
Anabaena lacking the ability to quench excitation energy transfer or
ROS, or from the activated OCP® state. This allows the subsequent
transfer of the carotenoids to other HCPs or OCP, resulting in the for-
mation of photoactive proteins [34,35]. Even the delivery of carotenoids
into mammalian cell membranes was achievable using AnaCTDH as a
shuttle system [30,31,34,36,38]. According to current assumptions,
CTDH proteins exist predominantly as a homodimer during these pro-
cesses and undergo a reorganisation from the ‘back-to-back’ dimerizing
apoform, which extracts the carotenoid, to the ‘head-to-head’ dimeriz-
ing holoform, which encapsulates the bound CAN molecule until release.
However, when ECN is incorporated, the holoprotein AnaCTDH(ECN)
appears at the end as both a monomer and a dimer. The absence of the
second keto group in ECN is responsible for the lack of carotenoid-
protein interaction on one side of the molecule, which in turn leads to
a less stable dimer [30,31,34,39].

The CTT of OCP has been implicated in characteristic structural
changes occurring upon photoexcitation of OCP. Results from transient
UV-Vis and mid-IR absorption spectroscopy studies suggested that
structural changes of internal (non-solvent-exposed) a-helical elements
occur early after photoexcitation, while structural changes of a-helical
elements assigned to the NTE and the CTT occur later [40,41]. Since the
CTT assumes different positions in the structure of dark-adapted OCP
and in the Anabaena CTDH apoprotein, it is likely that the CTT
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conformational change is a late event, which is only possible after the
separation of NTD and CTD, and that the CTT serves as a lid to control
access to the carotenoid-coordinating tunnel [31]. The nonlinear
response of OCP to pulsed or continuous light has recently prompted the
notion of a two-photon activation mechanism of OCP [42,43], and it is
well conceivable that the CTT conformational change is correlated to the
second photon absorption event. But, the CTT plays a crucial role in the
transfer of carotenoids, as demonstrated by the marked decrease in
carotenoid uptake and subsequent production of AnaCTDH holoprotein
when utilizing protein variants lacking the CTT. The crystal structure
and molecular dynamics simulations of AnaCTDH offered valuable
insight into the dynamics of the CTT and the amino acid residues that
affect these dynamics [31]. First carotenoid transfer experiments based
on site-directed mutagenesis provided evidence for this notion, as some
CTT mutations inhibited carotenoid uptake and release [31,39]. To
expand the research on the role of the CTT and our previous work on
protein-lipid interaction by variation of the liposome composition, we
generated a range of AnaCTDH protein variants with point mutations
within the CTT region and performed carotenoid transfer experiments
from chemically defined liposomes to form AnaCTDH holoprotein. In
particular, we considered the polar, acidic and basic amino acids, as well
as the flexibility and overall hydrophobicity of the CTT, in order to
define the role of these individual amino acids or structural elements,
and to gain insight into their function.

2. Materials and methods
2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 18:1 (A9-Cis) PC)
and 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol)  (sodium
salt) (DMPG, 14:0 PG) were obtained from Avanti Polar Lipids Inc.
(USA).

2.2. Carotenoid production and extraction

Echinenone (ECN) production in E. coli cells was accomplished based
on the p25crtO plasmid, which comprises the contiguous gene cluster
harboring the genes crtY, crtl, crtB, and crtE from Pantoea ananatis
(formerly Erwinia uredovora) and the crtO gene from Synechocystis sp.
PCC 6803, as described previously [44]. For the predominant produc-
tion of canthaxanthin (CAN) in E. coli, the cDNA of the f-carotene
biketolase of Chlamydomonas reinhardtii (crBKT) was subcloned into the
position of the crtO monoketolase gene in p25crtO by recombinant PCR,
as reported before [37]. After transformation into BL21(DE3) E. coli cells
(New England Biolabs), carotenoid production and extraction were
carried out as previously described. Briefly, both carotenoids were
produced in E. coli cells cultivated in LB medium supplemented with
chloramphenicol, subsequently extracted with a mixture of acetone and
methanol, and purified by flash chromatography (silica gel, acetone:
hexane (1:6, v/v)). CAN and ECN were identified by thin-layer chro-
matography [45] and mass spectrometry (APCI, Orbitrap XL, Thermo
Fischer Scientific, USA).

2.3. Protein expression and purification

The construct of the plasmid containing the C-terminal domain ho-
molog from Anabaena (Nostoc sp.) PCC 7120 (AnaCTDH) was previously
described [37]. Of note, numbering of the AnaCTDH amino acids in the
present work follows the sequence of the all4940 gene of Anabaena
(Nostoc) sp. PCC 7120 (UniProt entry Q8YMJ3) and differs from the
numbering used in PDB entry 6FEJ, which is sometimes referred to in
the literature. The point mutations E132A, E132Q, R137A, R137Q,
R138A, R138Q, P130G and the triple leucine mutation L133A/L134A/
L136A (termed 3LA herein) were introduced by site-directed mutagen-
esis with the Q5 site-directed mutagenesis kit (New England Biolabs),

BBA - Bioenergetics 1865 (2024) 149043

using the pRSFDuetN-AnaCTDH plasmid as template and mismatching
primers (Supplementary information, Table S1) designed by using
NEBaseChanger online tool and synthesized by Merck KgA (Darmstadt,
Germany) and LGC Genomics (Berlin, Germany). All cDNA sequences
obtained in this way were verified by sequencing (LGC Genomics, Ber-
lin). For the expression of the AnaCTDH apoprotein and variants, the
plasmids harboring the cDNAs of the AnaCTDH constructs were trans-
formed into BL21(DE3) E. coli cells. The expression conditions and pu-
rification were described earlier [46,47]. All 6 x His-tagged apoproteins
were expressed in LB medium supplemented with kanamycin upon in-
duction with isopropyl -D-1-thiogalactopyranoside (IPTG). For protein
purification, immobilized metal ion affinity chromatography (IMAC)
was performed, and all proteins were stored in phosphate buffer (PBS:
137 mM NaCl, 2.7 mM KCl, 10 mM NayHPOy4, 2 mM KH3POy, pH 7.4) at
—80 °C until use.

The cDNA of SnoaL-like domain-containing protein (SLDCP; Uniprot
D1C7H4) was synthesized by IDT DNA technologies (Coralville, USA)
and cloned in-house into the pET28 vector using Ndel and Xhol sites so
that extra residues GSH would be present at the N-terminus of the pro-
tein after thrombin cleavage. The correctness of the obtained construct
was verified by DNA sequencing (Evrogen, Moscow, Russia). In order to
test the carotenoid-binding capacity, AnaCTDH or SLDCP were
expressed in E. coli cells synthesizing echinenone and canthaxanthin
[44] and were purified by subtractive IMAC and size-exclusion chro-
matography (SEC) as described previously [34]. Performing SEC of
SLDCP, we observed a small dimeric and a major monomeric protein
peaks both devoid of any absorbance in the visible spectral region, and
the fractions of the monomeric protein peak were pooled together for
further analysis by small-angle X-ray scattering (SAXS).

2.4. Production of carotenoid-loaded liposomes

Carotenoid-loaded liposomes were prepared by thin-film evapora-
tion and extrusion method as described earlier [37,48,49]. Briefly, the
respective carotenoids and lipids were dissolved in organic solvents
together, and after evaporation, the resulting thin film was dried under
vacuum overnight, followed by hydration with phosphate buffer for 1 h
at 30 °C. The lipid concentration in the liposomal suspension was around
2.2 mM and the initial concentration of carotenoids was 0.1 mol-%. For
preparation of unilamellar liposomes, the suspension was extruded 25
times through a polycarbonate filter with an average pore diameter of
0.1 pm (Whatman plc, UK; Avanti Polar Lipids, USA) and the resulting
liposomes were stored in the dark at 4 °C under argon atmosphere until
use.

2.5. Absorption measurements

2.5.1. Carotenoid and protein concentration

For the calculation of the carotenoid concentration, the absorption
spectra of the carotenoids extracted from the membranes of the ECN/
CAN-producing E. coli cells and the carotenoids extracted from the li-
posomes with ethanol were recorded on a Maya2000 Pro spectrometer
(Ocean Optics, USA) and the molar absorption coefficients reported in
the literature were used for concentration determination [50]. Protein
concentration was determined spectrophotometrically from the absor-
bance at 280 nm using the protein-specific molar extinction coefficient
15,470 M~! ecm™! for AnaCTDH and 13,980 M~ ecm™! for SLPCD,
calculated using the ExPASy ProtParam tool, and the holoprotein con-
centration was additionally determined by visible-to-UV absorbance
ratio (Asso nm/A280 nm), and from the extinction coefficient resulting in
turn.

2.5.2. Carotenoid-to-protein transfer kinetics and transfer yield
Measurements of steady-state absorbance spectra and the time

courses of absorbance changes were performed using a Maya2000 Pro

spectrometer (Ocean Optics, USA), and the sample temperature was



K. Likkei et al.

stabilized by a Peltier-controlled cuvette holder Qpod 2e (Quantum
Northwest, USA). The kinetics of CAN transfer was measured with a time
resolution of 100 ms as the change of optical density at 550 nm. The
molecular carotenoid-to-apoprotein ratio used was 1:50. Therefore, the
AnaCTDH apoprotein was consistently present in a significant excess.
CAN transfer was performed for 3 h at 30 °C and for ECN transfer, the
sample was incubated for additional 21 h at room temperature (total
incubation time 24 h) until measurement. The kinetic characteristics of
the CAN transfer were determined by approximation of the measured
data by a biexponential function. Subsequently, the apparent rate con-
stant k,p, was calculated using the following equations.
(A1) + (A1)

apj e — 1
Tarp AL+ Ay m

1
b = @

The rate constant for each variant was determined by performing the
experiments twice using the same protein preparation, but with distinct,
freshly prepared liposome preparations (technical replicates).

The determination of the transfer yield was carried out as described
previously [37]. Briefly, the absorbance spectrum of the transfer product
was first corrected to remove the Rayleigh scattering background.
Subsequently, the background-corrected spectrum was decomposed into
a fractional contribution of the initial absorbance spectrum of the CAN/
ECN-loaded liposome preparation and a fraction corresponding to the
spectrum of CAN/ECN-containing AnaCTDH holoprotein, which was
supposed to represent the transfer yield of the wild-type and the mu-
tants. ECN transfer yields of specific mutants were analyzed for signif-
icance using the unpaired t-test with a significance threshold of p < 0.05.
The transfer yield for each variant was determined by performing the
experiments three times using the same protein preparation, but
distinct, freshly prepared liposome preparations (technical replicates).

2.6. Small-angle X-ray scattering

SAXS data (I(s) against s, where s = 4z sin /4, 20 is the scattering

angle and 1 = 1.24 A) were collected from a concentration series of
SLDCP protein samples (1.43, 3.57, 6.59, 11.48 mg/mL) produced by
gradual concentration of the fractions derived from the monomeric SEC
peak. The measurements were done at 20 °C at the EMBL P12 beam line
(PETRA III, DESY Hamburg, Germany) using a batch mode (1 s exposure
time, collected as 20 x 50 ms frames), in 20 mM Tris-HCl buffer (pH 7.6)
containing 150 mM NaCl, 0.1 mM EDTA, 2 mM DTT, and 3 % v/v
glycerol. SAXS data processing in PRIMUS was done as described earlier
[51]. The resulting curve was produced by scaling and merging of the
low and high protein concentration SAXS curves according to the widely
accepted approaches. The CRYSOL program [52] was used for fitting of
the SAXS data by the SLDCP monomer (PDB ID: 5TGN, chain A) or the
AnaCTDH monomer (PDB ID: 6FEJ, chain B) as is. Approximation of the
SAXS data by crystallographic oligomers of SLDCP (dimer, trimer,
tetramer) produced inadequate fits (X2 > 5). The SAXS data and fitting
model for the SLDCP apoprotein have been deposited in the SASBDB
database (code SASDTT4).

3. Results and discussion

3.1. AnaCTDH and its homolog with the analogous structure markedly
differ by the carotenoid-binding capacity

It was previously shown that AnaCTDH can efficiently extract the
carotenoids canthaxanthin (CAN) and echinenone (ECN) (Fig. 1B) from
membranes of carotenoid-producing E. coli strains [30,34] as well as
from artificial liposomes [36,37]. Studies of saturated and unsaturated
phosphatidylglycerol and phosphatidylcholine lipids revealed that li-
posomes composed of DOPC (18:1 (A9-cis) PC) and DMPG (14:0 PG)
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lipids (Fig. 1C) are best suited to form AnaCTDH(CAN) and AnaCTDH
(ECN) holoproteins by carotenoid transfer from liposomes at 30 °C, thus
setting the best conditions for further investigations of the lipid-protein
interaction and the carotenoid uptake process from lipid membranes.
Previous studies already suggested that the C-terminal tail (CTT) of
AnaCTDH (amino acid sequence 126-LLASPQELLALRREQ-COOH,
Fig. 2A, B) may be a critical determinant for the interaction of
AnaCTDH with lipid membranes, since it could be shown that carot-
enoid uptake from membranes is largely reduced upon removal of the
CTT structural element, i.e. only 20 % of the holoprotein was produced
instead of about 100 % in the case of non-truncated AnaCTDH [31,39].

We asked whether the carotenoid-binding capacity is associated with
the protein fold characteristic of AnaCTDH and its CTT. Since no
structure of a CTDH protein from other cyanobacteria has been reported
to date, we searched for more distant homologs and found a SnoaL-like
domain-containing protein (SLDCP) from the green non-sulfur bacte-
rium Sphaerobacter thermophilus (see Fig. 2A for a sequence alignment
with Synechocystis OCP and AnaCTDH), whose unliganded crystal
structure is well superimposable with that of AnaCTDH (Ca RMSD of <1
A) including the conserved Tyr and Trp residues known to form
hydrogen bonds to the ketocarotenoid in AnaCTDH (Fig. 2B, C). The
similarity of the monomer fold of these proteins could be directly
confirmed by SAXS data collected for recombinant SLDCP in solution, as
these data could be nearly equally well described by the crystallographic
monomers of SLDCP or AnaCTDH (Fig. 2D). Nevertheless, we noted that
the CTT in SLDCP is extremely short (Fig. 2A, B, C). Intriguingly, in
contrast to AnaCTDH, when SLDCP was produced in the ketocarotenoid-
synthesizing E. coli cells we failed to detect any carotenoid binding, as
the purified protein was colorless even at high protein concentration
(11.4 mg/mL). This indicated that, despite the presence of the conserved
carotenoid-coordinating Tyr/Trp residues, the preservation of the
CTDH-like protein fold is not sufficient for efficient carotenoid binding,
indirectly supporting the role for the CTT in this process.

3.2. Selection of AnaCTDH CTT mutants

To further investigate the role of individual amino acids relating to
their physical or chemical properties in functioning of the CTT in
AnaCTDH, we generated several AnaCTDH variants carrying point
mutations in the CTT region (amino acid numbering according to
sequence of the all4940 gene of Anabaena (Nostoc) sp. PCC 7120 (Uni-
Prot entry Q8YMJ3)) [31]. The amino acids Glu-132 and Arg-137 were
suggested to exert an anchoring effect at the membrane [36]. Therefore,
these two charged amino acids and the subsequent Arg-138 were
mutated to Ala and Gln to analyze whether and how carotenoid uptake
was affected by neutralizing the charge of the side chain or — in addition
—reducing the length of the side chain. The following AnaCTDH mutants
were generated: E132A, E132Q, R137A, R137Q, R138A and R138Q
(Figs. 2A and 3A). Apart from the polar acidic/basic amino acids, the
hydrophobic leucines (Leu-133, Leu-134, and Leu-136) within the
a-helical region of the CTT were also considered and simultaneously
replaced by alanines for investigating the influence of a reduction in
hydrophobicity of this region on carotenoid transfer (the resulting
AnaCTDH mutant was termed 3LA) [53]. Another amino acid of interest
was Pro-130, which is located between the a-helical structure and the
hinge region of the CTT (Ala-128 and Ser-129), thereby putatively
serving a critical role to allow for rotation of the CTT between the closed
and open conformation [39]. Pro-130 was mutated to a glycine to
observe the impact of a change in flexibility of the CTT region while
preserving the helix-breaker function [54] (resulting AnaCTDH mutant
termed P130G). Carotenoid transfer experiments were performed with
all AnaCTDH sequence variants and the wild-type protein into which
CAN and ECN were transferred from DMPG and DOPC liposomes at
30 °C. The effect of the mutations on the kinetic characteristics and
transfer yield of AnaCTDH holoprotein was monitored by absorption
spectroscopy.
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Fig. 2. Comparison of AnaCTDH and its distant homolog, SnoaL-like domain-containing protein (SLDCP) in terms of sequence, structure and carotenoid-binding
capacity. (A) Sequence alignment of Synechocystis OCP-CTD, AnaCTDH (PDB ID 6FEJ, chain A) and SLDCP (PDB ID 5TGN, chain A). Residues conserved between
OCP-CTD and CTDH sequences (according to the analysis performed by Muzzopappa et al. [30]) are shown in red, identical residues on the SLDCP sequence are also
shown in red. The conserved Trp and Tyr residues (Tyr-201 and Trp-288 in OCP, Tyr-10 and Trp-89 in SLDCP, Tyr-26 and Trp-109 in AnaCTDH), which form
hydrogen bonds to the ketocarotenoid, are indicated in bold red. Amino acids within the AnaCTDH-CTT mutated in this work are indicated by arrows. (B) Crystal
structure of AnaCTDH in the apoform (PDB ID 6FEJ, chain A). (C) Crystal structure of SLDCP in the apoform (PDB ID 5TGN, chain A). Note the presence of the CTT in
AnaCTDH only. The two conserved residues Tyr-26 and Trp-109 forming hydrogen bonds to the ketocarotenoid in AnaCTDH (B) and the homologous residues Tyr-10
and Trp-89 in SLDCP (C) are shown as sticks. The sequences of the C-terminal tails of the two proteins are shown below. (D) Structural similarity of the two protein
monomers is verified by small-angle X-ray scattering (SAXS) in solution. The data obtained for SLDCP are fitted by either SLDCP or AnaCTDH monomer models. The
quality of the fits is represented by y? values indicated. (E) Unlike AnaCTDH, SLDCP is not able to extract ketocarotenoid from membranes of E. coli cells synthesizing
echinenone and canthaxanthin. The appearance of the final purified protein samples is shown.
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Fig. 3. CTT structure and CAN uptake by AnaCTDH apoprotein and variants thereof from artificial liposomes exemplified by DMPG liposomes. (A) — Structure of the
CTT of AnaCTDH (PDB 6FEJ, numbering according to sequence of the all4940 gene (see method section)) viewed along the a-helix (upper panel) and from top (lower
panel) with amino acids mutated in this study in ball-and-stick representation. Note that the three C-terminal amino acids including Arg-138 are missing in the 6FEJ
structure. (B) — Typical absorption spectrum of CAN in DMPG liposomes (solid orange line) and of the transfer product (black line) measured after addition of an
excess of AnaCTDH wild-type apoprotein and incubation at 30 °C until transfer was completed (max. 3 h). The spectra shown were obtained after subtraction of the
Rayleigh scattering background (-RS). For analysis, the transfer product spectrum was decomposed into a fraction of the CAN-loaded liposome preparation ((a),
dashed orange line, here 5 %) and a fraction corresponding to the CAN-containing AnaCTDH holoprotein spectrum ((b), dashed purple line, here 95 %). The sum of
the two fractions (a) and (b) are shown as a dotted red line and a spectrum of the AnaCTDH(CAN) holoprotein corresponding to a transfer yield of 100 % is shown as a
solid purple line. (C) — Exemplary normalized absorption spectra of the transfer products of AnaCTDH wild-type and all variants obtained by CAN transfer at 30 °C
from DMPG liposomes after completion of the transfer and Rayleigh scattering background correction.
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3.3. Influence of point mutations in the CTT region of AnaCTDH on
canthaxanthin uptake

CAN transfer from liposomes into AnaCTDH to form the AnaCTDH
(CAN) holoprotein was detected spectroscopically by monitoring the
change in absorbance at 550 nm (Fig. 3B) [31,34,37]. The absorbance
spectra of the holoproteins after transfer were essentially identical for all
AnaCTDH variants and the wild-type (WT) protein (Fig. 3C) (except for
the slightly varying minor fraction of remaining CAN-loaded liposomes),
indicating that the carotenoid-protein interaction in all investigated
AnaCTDH variants is similar.

None of the AnaCTDH sequence variants studied revealed a signifi-
cant effect on the transfer yield of AnaCTDH(CAN) holoprotein from
DMPG and DOPC liposomes compared to AnaCTDH wild-type (Table 1).
Namely, within 3 h at 30 °C, nearly all CAN molecules (89-95 %) were
extracted by an excess of apoprotein.

The kinetic characteristics of carotenoid uptake from liposomes were
determined spectroscopically by monitoring the absorbance change at
550 nm. The CAN transfer rate from DMPG liposomes into the AnaCTDH
wild-type protein was only slightly faster ([2.69 = 0.08]-1072 s7!) than
from DOPC liposomes ([2.05 + 0.40]-10% s™!) (Table 1, Fig. 4), as
demonstrated previously [37]. Due to the similar rate constant despite
the different lipid head groups, these lipids are very suitable for studying
the lipid-protein interaction between the various AnaCTDH variants
because of presenting two types of head groups: negatively charged for
DMPG and zwitterionic for DOPC. In contrast to the transfer yield, the
mutations within the CTT region of AnaCTDH had an influence on the
transfer rate compared to the one of AnaCTDH wild-type (Table 1,
Fig. 4). All arginine mutants exhibited slower CAN uptake compared to
the wild-type protein (Fig. 4A, B, D and E). Furthermore, all constructs
performed almost identically in terms of transfer kinetics depending on
the liposome type (Fig. 5A, Table 1). Each of these mutations most
probably resulted in a weaker interaction of the CTT with the liposome,
especially with the head group, and, consequently, in a decreased
transfer rate with equal intensity within the liposome type. Thus, it was
irrelevant which arginine (Arg-137 or Arg-138) was replaced or by
which amino acid (Gln or Ala) it was substituted because the effect was
almost equal. Therefore, no superior role for Arg-137 over Arg-138 as, e.
g., membrane anchor in CAN transfer could be demonstrated. However,
this possibly could result from the fact that CAN transfer is generally
very fast and efficient so that differences between both arginine mutants
are difficult to resolve. However, comparing the two types of liposomes,
the negative effects on the transfer rate were observed to be much
stronger for DOPC than for DMPG liposomes. The negative total charge
of the DMPG head group is possibly more suitable to compensate for the
interaction with the missing positively charged arginine than the

Table 1
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zwitterionic DOPC.

The third charged amino acid considered was Glu-132. In contrast to
mutating amino acids Arg-137 and Arg-138, the substitution of Glu-132
by an alanine (Fig. 4A and D) or glutamine (Fig. 4B and E) led to
different results (Table 1). In liposomes composed of zwitterionic DOPC,
the E132Q mutation led to almost the same decrease in transfer rate as
mutations of Arg-137/Arg-138 (Fig. 4B, Table 1). Thus, each type of
charge removal had similarly strong effects on the protein-lipid inter-
action. In contrast, shortening the amino acid side chain to alanine
(E132A) resulted in a rate constant approaching the value characteristic
for the AnaCTDH wild-type protein. Possibly, compared to the E132Q
mutation, steric reasons related to the shorter side chain could be of
importance leading to this advantage. In CAN transfer from DMPG li-
posomes, the E132A mutation exhibits a slightly slower time course
compared to AnaCTDH wild-type and the Arg-137/Arg-138 variants
(Fig. 4D, Table 1). Direct comparison of the carotenoid uptake kinetics
of the AnaCTDH-E132A construct from both liposome types shows that
the time course and the apparent rate constant are identical within the
error margins (Fig. 5B, Table 1). A role in anchoring to the membrane
can be attributed to the Glu-132 residue in a model that assumes an
interaction with the (positively charged) choline moiety of PC lipids
[36]. If the replacement by an alanine would prevent any type of
interaction with the choline moiety of the PC lipid or the glycerol moiety
of the PG lipid, essentially the same transfer rate would result. This
observation suggests that Glu-132 is important for protein-lipid inter-
action to bring about CAN uptake. Furthermore, CAN uptake from
DMPG liposomes by the AnaCTDH-E132Q construct was strongly
accelerated compared to wild-type (Fig. 4E, Table 1). The removal of the
negative charge, and, most likely, removal of the repulsive interaction
with the negatively charged head group can be excluded as the sole
cause, since the same effect would be expected to occur with the E132A
mutant. Therefore, we assume that an interaction-promoting effect oc-
curs as a result of the E132Q exchange compared to E132A. Hydrogen
bonds between the glutamine and the glycerol of the PG lipid (Fig. 5C)
would be conceivable here, and would support the hypothesis of the
membrane-anchoring effect of this amino acid position within the CTT,
and, unlike glutamic acid (present in the wild-type sequence), there
would be no negative repulsion in this scenario.

Furthermore, the effect of changing the flexibility of the CTT was
investigated. The replacement of Pro-130 by a glycine in mutant P130G
presumably allows for maximum increase in flexibility while preserving
the helix-breaker function [54]. CAN transfer from both liposome types
was faster upon the P130G mutation compared to AnaCTDH wild-type
(Fig. 4C and F, Table 1). Currently, the CTT is assumed to insert
perpendicularly into the membrane, also being perpendicular to the
AnaCTDH globular protein, since this allows the maximum reach for

Comparison of the transfer yields of AnaCTDH(CAN) holoprotein and the apparent rate constant for
the transfer of CAN at 30 °C from DOPC and DMPG liposomes into AnaCTDH wild-type and all
sequence variants studied. Results are expressed as mean value + standard deviation, which are
provided in juxtaposed columns (transfer yield: n = 3, apparent rate constant: n = 2), with the mean
values depicted as bars by using the conditional formatting tool of Microsoft Excel.

Protein Transfer yield [%] Apparent rate constant K g, [10%sY

from DOPC liposomes | from DMPG liposomes |from DOPC liposomes | from DMPG liposomes

[9) s @ 4] o [4) o
WT 93 4 85 3 2.05| 0.40 2.69 0.08
E132A 93 3 91| 3 1.52| 0.13 1.61| 0.39
R137A 91 6 94 1 1.17 0.07 1.72| 0.02
R138A 90 6 94 1 1.10| 0.12 1.73 0.13
£132Q 89 2 g3 3 1.28| 0.08 069 4.07
R137Q 92 2 93 7 1.14 0.03 2.08 0.35
R138Q 93 3 92 7 1.16 0.48 1.89| 0.27
P130G 92 4 95 5 3.50/ 0.73 3.17| 0.47
3LA 93 3 95 4 0.38 0.06 1.03| 0.41
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Fig. 4. Time course of AnaCTDH(CAN) holoprotein formation upon uptake of CAN from DOPC (A-C) and DMPG (D-F) liposomes by AnaCTDH wild-type and all
sequence variants studied at 30 °C after addition of an excess of the respective apoprotein. The measurements were performed twice and the most typical results are
presented. Note the time axis break in panel C (grey bar) to display the kinetics of the 3LA construct. The insets in each panel show the initial 900 s of the data on an

expanded time scale.

membrane incorporation [39]. The increase in flexibility perhaps allows
insertion from a wider range of angles apart from the perpendicular
orientation, which could entail faster protein-lipid interaction, and,
consequently, faster CAN uptake.

Finally, we interfered with overall hydrophobicity of the CTT by
replacing the leucines Leu-133, Leu-134, and Leu-136 by alanines in
construct 3LA. CAN transfer from both liposome types resulted in the
slowest transfer of all sequence variants tested (Fig. 4C and F). The rate
constants for extraction from DOPC and DMPG liposomes decreased by
81 % and 62 % respectively (Table 1). Since the three leucines define a
hydrophobic interface of the CTT (Fig. 3A, upper panel), conceivable
causes could be a reduced protein-lipid interaction due to the lower
hydrophobicity, but also a decreased interaction to CAN, which would
impede the sliding of CAN out of the membrane. The latter notion is
supported by a study that focused, inter alia, on the Leu-136 residue by

investigating the replacement for an aspartic acid (mutation L136D) (the
amino acid numbering was adjusted herein to correspond to the
sequence of the all4940 gene, while the study cited [39] followed the
numbering according to PDB structure 6FEJ). The decelerated kinetics
observed in the mentioned study were explained by the challenging
movement of CAN past the charged, less hydrophobic CTT of the L136D
variant, as the CAN uptake (from membrane and from HCP1 hol-
oprotein) and the CAN release (into HCP4 apoprotein) were slowed,
regardless of the presence of the membrane [39]. However, since the
3LA triple mutation differentially affected CAN uptake kinetics
depending on the liposome types tested, namely transfer from DOPC
liposomes was significantly slower compared to uptake from DMPG li-
posomes, a lipid-dependent effect could be hypothesized: First, the
reason could be a slightly different inclination angle of CAN within the
membrane (due to the different membrane thickness) [55,56], which
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Fig. 5. Detailed consideration of individual mutations. Comparison of the time
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hydrogen bonds and charge repulsion. “AA,;” and “AA,,;” denote the pre-
ceding and following amino acid side chain.

would differentially affect carotenoid extraction in combination with
the lower hydrophobicity of the CTT. Second, it is conceivable that the
reduced hydrophobicity results in poorer interaction with the
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membrane especially with the hydrophobic fatty acid chains, which
differ in chain lengths and fluidity in DOPC and DMPG. In total, the 3LA
construct confirmed, nevertheless, that overall hydrophobicity is of high
relevance for CAN transfer from artificial liposomes into AnaCTDH.

3.4. Influence of point mutations in the CTT region of AnaCTDH on
echinenone uptake

The ECN transfer from liposomes into AnaCTDH to form the
AnaCTDH(ECN) holoprotein is also spectroscopically detectable by
absorbance change (Fig. 6) [36,37]. In previous work, we found that the
kinetics of ECN uptake from liposomes into AnaCTDH is slower and the
transfer yield is less efficient than with CAN [37], due to the lower
stability of the ECN-coordinating AnaCTDH [34]. For this reason, only
the transfer yield of the AnaCTDH(ECN) holoprotein was determined by
decomposition of absorption spectra measured after 3 h at 30 °C, and
after additional 21 h (i.e. 24 h in total) at room temperature (Table 2,
Fig. 6). As already noted in previous studies, a loss of ECN was observed
(e.g. due to bleaching, degradation, or precipitation), resulting in
spectroscopically undetectable ECN fractions [37]. Furthermore, based
on the results obtained in the CAN uptake experiments, chromophore-
protein interaction of the holoproteins were assumed not to change in
the case of ECN as well.

The maximum yield of AnaCTDH(ECN) holoprotein upon ECN
transfer was about 50 % as described previously [37]. Two reasons are
conceivable for the significantly lower transfer yield of ECN under the
conditions of our experiments (large molar excess of apoprotein over
carotenoid) compared to the case of AnaCTDH(CAN) formation. Briefly,
one reason could be an equilibrium of ECN transfer from the membrane
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Fig. 6. Exemplary transfer of ECN from liposomes consisting of DOPC (A and B) and DMPG (C and D) into the AnaCTDH apoprotein mutant P130G after 3 h at 30 °C
(A and C) and additional 21 h at room temperature (in total 24 h, B and D). The absorption spectra of ECN in the respective liposome preparation (orange curves) and
the absorption spectra of the corresponding transfer product (black line) obtained after the addition of P130G are shown, in each case after subtraction the Rayleigh
scattering background (-RS). For analysis, the spectrum of the transfer product was decomposed into a fraction of the ECN-loaded liposome preparation ((a), dashed
orange line) and a fraction corresponding to the ECN-containing spectrum of the AnaCTDH holoprotein ((b), dashed purple line). The sum of the two fractions (a) and
(b) is depicted as a red line and the spectrum of AnaCTDH(ECN) holoprotein, which should correspond to 100 % ECN transfer, is shown in purple.
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Table 2
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Comparison of transfer yields of AnaCTDH(ECN) holoprotein upon echinenone transfer from DOPC
and DMPG liposomes by AnaCTDH WT and all sequence variants studied after 3 h at 30 °C and
additional 21 h at room temperature. Results are expressed as mean value + standard deviation
given in juxtaposed columns (n = 3), with mean values presented as bars using the conditional

formatting tool of Microsoft Excel.

Protein |Transfer yield from DOPC liposomes [%)] Transfer yield from DMPG liposomes [%]

3h 24 h 3h 24 h

%) c @ (%) c |@ o

34 3 48 3 41 5 B 3

E132A 32 4 45 3 52 1 Ba 2
R137A 22| 7 35 3 36/ 6 Bp| 2
R138A 23 2 37 3 43 2 51 4
E132Q 24| 1 50 4 47 4 54 3
R137Q 23| 3 41 4 34 4 50 4
R138Q 24| 3 44 4 42| 4 53 3
P130G 35 3 34 1 44 7 40 S5
3LA 4 1 17| 2 35 4 Bl 6

into the protein and back. Presumably, ECN delivery from the protein to
the liposome could be facilitated because the dimeric arrangement of
AnaCTDH around an ECN molecule compared to the situation of dike-
tolated CAN is less stable [31,34]. On the other hand, the orientation of
the 4-ketolated p-ring of ECN in the membrane could limit the uptake
into AnaCTDH [57], since for uptake, it is essential that the keto oxygen
of ECN is directed toward the outside of the liposome in order to facil-
itate formation of hydrogen bonds to the conserved Tyr-26 and Trp-109
residues in AnaCTDH [31]. Since the fraction of ECN molecules exposing
their keto oxygen atom toward the outer surface of the liposome should
statistically be 50 %, it is reasonable to assume that ECN transfer is
limited if rapid carotenoid flipping events do not take place within the
time frame of the experiments.

Based on the ECN transfer yields obtained at different time points,
conclusions regarding the ECN transfer efficiency of the AnaCTDH wild-
type protein and all sequence variants studied were drawn. In general,
ECN transfer from DOPC liposomes proceeds slower than from DMPG
liposomes, as in the case of CAN transfer [37]. Furthermore, many
similarities to the uptake of CAN were observed in the ECN uptake ex-
periments by the various AnaCTDH constructs, but also some subtle
differences. Considering the arginine substitutions by the mutations
R137A, R137Q, R138A, and R138Q, all corresponding AnaCTDH vari-
ants exhibited lower transfer yields from DOPC liposomes compared to
AnaCTDH wild-type after 3 h (Fig. 6A), which were almost independent
of the mutation type and position as observed in the CAN transfer ex-
periments. Due to the lower yields compared to wild-type protein, a
weaker interaction with the lipid head group can be assumed. After
additional 21 h at room temperature, there were indications that the
Arg-137 substitutions generated slightly lower transfer yields compared
to the Arg-138 substitutions within the same time span (Table 2).
However, no significant difference within a mutation type could be
detected with a significance threshold of P < 0.05 using the t-test. In ECN
transfer from DMPG liposomes after 3 h at 30 °C, only the Arg-137
substitutions showed lower transfer yields compared to the wild-type
protein. However, it is reasonable to assume that at an earlier time
point, this would also have been observed for the Arg-138 mutations.
Accordingly, the Arg-137 mutations also generated lower transfer yields
compared to Arg-138 substitutions within 3 h. In this case, the one-tailed
t-test revealed a significant difference between the constructs carrying
mutations R137Q and R138Q with a significance threshold of P < 0.05.
The hypothesis tested in the one-tailed t-test was that R137Q is a more
critical factor for ECN uptake than R138Q [36]. For the mutants R137A
and R138A, a significance on the P > 0.05 level (one-tailed t-test) could
not be observed. Overall, evidence for the notion that Arg-137 is more
important than Arg-138, e.g., as a membrane anchor, could be verified

with statistical significance in one out of four cases (ECN transfer from
DMPG liposomes by AnaCTDH carrying mutations R137Q). However,
this does not preclude the notion, as each construct was tested only three
times, with a quite large standard deviation in some cases.

In the ECN uptake experiments from DOPC liposomes after 3 h
(Table 2), the AnaCTDH constructs carrying mutations of Glu-132 per-
formed very similar as in CAN uptake. First, mutation E132Q has the
same negative effect on the initial transfer rate, and, thus, on the lipid-
protein interaction as the Arg-137/138 mutations in comparison to the
wild-type protein. Second, mutation E132A produced transfer yields
nearly identical to the wild-type. Similar to the arguments made about
CAN uptake, this could have steric reasons compared to the E132Q
substitution. In ECN uptake from DMPG liposomes after 3 h (Table 2),
mutations E132A as well as E132Q produced larger transfer yields
compared to the wild-type. The reason for this could be an improved
lipid-protein interaction because a charge repulsion between the nega-
tively charged head group of DMPG and the glutamic acid is absent
(Fig. 5C). Since ECN uptake into AnaCTDH is generally slower than CAN
uptake, the improved interaction with the liposome membrane appears
to be of more importance in this case. Due to the different behaviour of
the Glu-132 mutations with the two liposome types compared to
AnaCTDH wild-type, this again supports the hypothesis of an anchor
function of Glu-132 to the choline group of DOPC [36].

In addition to the acidic/basic amino acids of the CTT, the influence
of the flexibility change by the P130G mutation was also investigated
with ECN uptake experiments. The uptake from both types of liposomes
clearly showed stagnation or even apparent reduction of the transfer
yield between the measurements after 3 h and after 24 h (Table 2). As
concluded from CAN uptake experiments, the increased flexibility of
CTTs likely allows its incorporation into the membrane with a wider
range of angles [39], leading to improved protein-lipid interaction.
However, since the ECN-coordinating AnaCTDH dimer exhibits lower
stability [34], the improved interaction most probably leads to a shifted
equilibrium in favour of ECN delivery from AnaCTDH-P130G to lipo-
somes despite the excess of apoprotein. Furthermore, the ECN transfer
yields from DMPG liposomes were larger compared to DOPC at both
measurement times, which can be attributed to the composition of the
transfer product (Fig. 6). After decomposition of the Rayleigh scattering
background-corrected spectra of the transfer products, a higher fraction
of remaining ECN-loaded liposomes was observed in the uptake from
DOPC liposomes compared to DMPG at both time points, even though
this fraction decreased with time in both cases (Fig. 6). Therefore, the
delivery of ECN from AnaCTDH-P130G back to DOPC liposomes was
more pronounced compared to that to DMPG liposomes.

Finally, the influence of the overall hydrophobicity of the CTT by the
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3LA triple-alanine mutation was examined with ECN uptake experi-
ments. Comparable to CAN transfer, the AnaCTDH-3LA construct
showed a significantly larger impact with DOPC liposomes. Specifically,
the transfer yield from DMPG liposomes was only moderately reduced
compared to the wild-type protein, in contrast to DOPC, from which the
transfer yield dropped drastically to 4 % and 17 % after 3 h and 24 h,
respectively (Table 2). As in the case of CAN, different reasons can ac-
count for this, which could perhaps even be interrelated. Briefly, the
interaction between the less hydrophobic CTT and the membrane, pre-
cisely with the different fatty acid chains of DOPC and DMPG, could be
reduced to a different extent. Secondly, the interaction between the less
hydrophobic CTT and the hydrophobic ECN could be decreased,
whereby the extraction from the membrane into the AnaCTDH becomes
more difficult. The latter effect may possibly be affected to varying de-
grees by distinct incorporation angles of ECN in the two types of lipo-
somes due to the different membrane thickness and fluidity [37,57].
Altogether, the overall hydrophobicity of the CTT structural element
also exerts a decisive influence on the ECN transfer from artificial li-
posomes into AnaCTDH, especially in the case of DOPC liposomes.

4. Conclusions

The point mutations introduced into the CTT region of the AnaCTDH
apoprotein offer valuable insights into the functions of specific amino
acids during carotenoid uptake from artificial DMPG and DOPC lipo-
somes. Thereby, the uptake of carotenoids canthaxanthin and echine-
none is similarly affected by the point mutations.

The transfer experiments provide evidence supporting the hypothe-
sis that Glu-132 has a membrane-anchoring effect on the PC lipids,
specifically at the choline motif. The importance of this position within
the CTT was highlighted by the strongly different effects of the variants
on the extraction from the two liposome types. The transfer rate was
uniformly reduced for all arginine variants of Arg-137 and Arg-138,
depending on liposome type, indicating a weaker interaction, particu-
larly with the lipid head group. Therefore, our study ascertained the
importance of these arginines in carotenoid transfer. However, no sig-
nificant superiority of Arg-137 over Arg-138 as a membrane anchor at
the phosphate group of the lipid head group was established under the
investigated conditions. The variation of Pro-130 strengthened the hy-
pothesis that the CTT is oriented perpendicularly to the membrane and
to the main AnaCTDH protein during membrane incorporation. Finally,
the 3LA construct has provided confirmation that the overall hydro-
phobicity was crucial for carotenoid uptake, particularly in the case of
DOPC. The results and methodological approaches described in this
work can be of help for studies of carotenoid transfer processes mediated
by other carotenoproteins. Of note, e.g. the P130G substitution accel-
erated carotenoid transfer, while other mutations slowed the rate down.
Therefore, we anticipate substantial potential for engineering the
carotenoid protein properties toward the requirements of particular
applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbabio.2024.149043.
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