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changes within the chromophore and the protein to give an active red form of OCP that is required for
phycobilisome binding and consequent fluorescence quenching. We characterized the light-dependent structural
changes by mass spectrometry-based carboxyl footprinting and found that an « helix in the N-terminal extension
of OCP plays a key role in this photoactivation process. Although this helix is located on and associates with the
outside of the -sheet core in the C-terminal domain of OCP in the dark, photoinduced changes in the domain
structure disrupt this interaction. We propose that this mechanism couples light-dependent carotenoid
conformational changes to global protein conformational dynamics in favor of functional phycobilisome binding,
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and is an essential part of the OCP photocycle.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Photosynthesis starts with light energy being absorbed by light-
harvesting antenna complexes (LHC) and produces energy-rich organic
compounds. If light absorption by LHCs exceeds photochemical
conversion capacity, the excess excitation energy can lead to rapid
damage, especially caused by reactive oxygen species. All photosynthetic
organisms thus need to regulate the light-harvesting process to be
compatible with cellular energy requirements, and this is accomplished
via multiple protective mechanisms [1]. In plants and green algae, the
thermal dissipation of excitation energy occurs at the level of the
membrane-bound chlorophyll antenna of Photosystem II, a process
called non-photochemical quenching [2,3]. The question of whether
or not cyanobacteria, the evolutionary progenitor of the chloroplast,
have an equivalent photoprotective mechanism had long been
unanswered. Red algae and cyanobacteria use a large antenna complex,
called a phycobilisome (PBS) [4-6], to absorb light in the spectral range
that is inaccessible for chlorophyll a (Chl a). The absorbed light energy
migrates within the subunits of the PBS and is finally funneled to the
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photochemical reaction centers (RCs) [7-10]. The action spectrum of
PBS fluorescence quenching clearly supports that energy quenching
by blue light in cyanobacteria is a process that is independent of state
transitions [11] and requires carotenoids, possibly protein-bound, or
glycosides [12,13]. A breakthrough on understanding the process of
non-photochemical quenching in cyanobacteria was achieved by
Kirilovsky's group in 2006 when they demonstrated that genetic
deletion of slr1963, encoding an orange carotenoid protein (OCP),
eliminates such blue-light-induced fluorescence quenching [14]. The
OCP strongly interacts with the thylakoids (PBS), acting as both a
photoreceptor and a mediator that reduces the amount of absorbed
light energy [15-17].

Other research investigations indicated that the cyanobacterial
water-soluble OCP is a photoactive protein with a chromophore, a ca-
rotenoid 3’-hydroxyechinenone (3’-hECN), bound to the protein [18].
The crystal structure of the OCP, isolated by Krogmann's group from
the cyanobacterium Arthrospira maxima (A. maxima) was determined
by Kerfeld et al. [19]. The genetic work combined with this research fos-
tered the concept of non-photochemical quenching in cyanobacteria
from a broader perspective. The OCP is currently defined as the first
photosensory protein discovered with a carotenoid as the pigment
[16]. Structurally, the OCP is composed of two distinct domains spanned
by a single 3’-hECN chromophore [19] with the conjugation length
effectively extended owing to conformational changes in the protein
matrix [20]. Functionally, dark-adapted orange OCP (OCP°) can be
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converted to an active, red form (OCP") that is required for effective
binding to PBS and quenching of the excited states of PBS-bound bilins
[21,22]. The metastable OCP" quickly converts back to the inactive OCP°
in the dark. Previous spectroscopic studies demonstrated that both the
OCP protein framework and 3’-hECN undergo dramatic conformational
changes during this process [15,23-25], indicating the close interactions
of the pigment and the OCP protein in its orange form. Using the in vitro
reconstitution protocol established by Gwizdala et al. [22] and mass
spectrometry-based chemical cross-linking techniques, we found that
the active monomeric OCP is located in a cove formed by two APCggp tri-
mers in the OCP-PBS complex. Using native mass spectrometry (native
MS), we were able to demonstrate that the oligomerization state of OCP
changes upon conversion to the red form [26],

The characterization of the conformational changes associated with
protein function is a central goal of structural biology. This is particularly
true for photoactive proteins that contain a chromophore as their light
sensor. The knowledge of the mechanisms by which blue light is sensed
by microorganisms and higher plants, and of the physiological re-
sponses elicited by the blue light photoreceptors, has grown tremen-
dously during the last two decades [27-29]. The common elements in
light-activation pathways and molecular-signal transduction of differ-
ent proteins include an initial conformational change that is localized
next to the chromophore site, distortion of the protein structure in the
proximity of the chromophore, and then long-range propagation of
this distortion to a region of the protein structure such as the N- and
C-terminal helices [30,31].

Even though structural and photoactivation models of the OCP have
been proposed [17,19,26,32-34], many questions regarding the mecha-
nistic and protein dynamic details in the OCP photocycle remain. For ex-
ample, what is the structure of the red, active OCP? Dynamically, how is
the structural signal, originating in the 3’-hECN upon the absorption of
blue light, transmitted to its proteinaceous binding pocket? How does
the binding pocket relay these structurally localized changes to the
global surface helical or loop structure to ready the OCP for PBS binding?
How does the activated OCP become competent for binding of the
fluorescence-recovery protein (FRP), which reverses the quenching ac-
tivity of the OCP"? The answers to such questions are difficult for X-ray
crystallography because it is usually unable to reveal structural
information in flexible, highly dynamic and functionally important re-
gions. Required are mechanistic information about the OCP photocycle
and identification of the commonalities of intra-molecular signal-
transduction mechanisms in pigment-binding proteins [28].

MS-based proteomic techniques have developed rapidly over the past
decade, particularly their sensitivity, mass accuracy, and fast data analysis
[35-37]. The advent of residue-level, MS-based footprinting techniques
have emerged as a powerful structural biology tool for interrogating
functional protein dynamics. 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC)-triggered glycine ethyl ester hydro-
chloride (GEE) modification coupled with MS identification has been
well documented and recently developed for protein footprinting
[38-42]. Briefly, EDC reacts with the carboxyl oxygen of either D/E or
C-termini to form an active O-acylisourea intermediate that is easily
displaced by the nucleophilic modifying reagent GEE [39]. It should be
noted that under these experimental conditions, the EDC-triggered
GEE modification reactions dominate EDC-mediated cross-linking
reactions [38-40], essentially eliminating formation of lysine (K)-D/E
cross-links. The reactivity of the carboxyl group on D/E to EDC and,
thus, to GEE modification is proportionally related to the solvent-
accessible surface area [43,44] of D/E. Carboxyl groups that are
surrounded by hydrophobic amino acids or are buried in the interior
(channel or cavity) of a protein undergo less or even no modifications
[41]. The analytical approach we employed is one that is typically used
in proteomics studies for which quantification of modified and unmodi-
fied peptides was accomplished from extracted ion chromatograms
(EICs) and integrated areas under relevant peaks. The modification ex-
tent of a peptide was computed to be the area under a peak representing

the modified peptide divided by the sum of the peak area of all forms of
that peptide that could be detected by MS. Readers are encouraged to
consult relevant literature for detailed calculation procedures [40-42,45].

Our goal is to employ MS-based approaches to investigate
photoactive pigment protein complexes, specifically to probe the OCP
conformational rearrangements during its photocycle. We report here
that carboxyl-group footprinting with glycine ethyl ester (GEE) labeling
can track light-induced OCP protein conformational changes. The
results indicate that the OCP C-terminal 3-sheet functions as a hub in
mediating light-induced chromophore conformational changes and
protein global structural rearrangements.

2. Materials and Methods
2.1. Growth of Synechocystis sp PCC 6803 and OCP isolation

The growth and the OCP isolation were described elsewhere [15,26].
2.2. Carboxyl group modification

The OCP protein with OD 1.0 at 495 nm was used for EDC triggered
GEE modification in 20 mM MOPS, pH 7.0. The modification reaction
was carried out for a time course up to 2 h in either dark or light
conditions in the presence of GEE (Sigma, St. Louis, MO) and EDC
(Pierce, Rockford, IL), using freshly prepared 1.5 M GEE and 0.5 M EDC
stock solutions. The reaction was quenched by adding a 1/10 volume
of 1 M Tris-HCI (pH 8.0) followed by desalting and buffer-exchange
using a Zeba™ column (Thermo Scientific, Rockford, IL) according to
the manufacture's protocol. To obtain OCP' the isolated protein was
illuminated with white light at 1000 pmol photons m~2 s~ ! at room
temperature for 5 min. Two light schemes were subsequently used
after the modification reagents were added to the OCP": “light 1” with
a light/dark cycle of 1 min/3 min, “light 2” with constant light, to
preserve active, red OCP.

2.3. Absorption spectroscopy

The OCP samples, with and without GEE modification were analyzed
on a UV-2510PC Shimadzu UV-Vis spectrophotometer (Kyoto, Japan).

2.4. LC-MS/MS

The GEE-modified OCP samples were precipitated and digested fol-
lowing the previous published method with minor changes [46]. The
tryptic peptide samples from in-solution digestion were concentrated
and desalted by C8 NuTip (NT3C08, Glygen Corporation, Columbia,
MD). The peptide sample was dried by speed vacuum. The dry peptide
samples were stored at — 20 °C before loading to the auto sampler
vials for the LC-MS/MS experiment. The samples were reconstituted
with 20 pL water containing 0.1% formic acid (solvent A in HPLC). An al-
iquot (5 pL) was loaded onto a custom-packed column by Eksigent
NanoLC system (Eksigent Technologies, Inc. Livermore, CA). The
custom-packed column was made by packing reverse-phase C18 mate-
rial (Magic C18, 5 um, 200 A, Michrom Bioresources, Inc., Auburn, CA)
into silica capillary tubing terminated with a custom-pulled tip. The gra-
dient was from 2% to 35% solvent B (acetonitrile, 0.1% formic acid) over
50 min at 260 nL/min. The gradient was followed by a 5 min 95% solvent
B wash and a 5 min re-equilibration with 100% solvent A. A PicoView
Nanospray Source (PV550, New Objective, Inc., Woburn, MA) and an
LTQ FT mass spectrometer (Thermo-Scientific, San Jose, CA) were used
in the analysis The nano electro-spray parameters were tuned by direct
infusion of an Angiotensin II solution (10 pg/mL, 70% solvent A, 30% sol-
vent B). LC-MS data were acquired in standard data-dependent mode
controlled by Xcalibur software. Peptide mass spectra (m/z range:
350-2000) were acquired at high mass resolving power (50,000 for
ions of m/z 400). The six most abundant ions were fragmented by CID
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(collision-induced dissociation) in the linear ion trap (isolation width,
3 Da; activation time, 35 ms; normalized collision energy, 25%;
minimum ion counts, 500).

2.5. Protein footprinting data process

The raw data from LC-MS/MS experiment were converted to mgf
and mzXML formats by MM file conversion tools (www.massmatrix.
net) [47]. The converted data were searched against the Synechocystis
sp. PCC 6803 sequence database downloaded from UniProt (www.
uniprot.org) by Mascot with GEE modifications specified. The modifica-
tion extent was calculated by following a previously published protocol
[40,42].

3. Results and discussion

We studied OCP conformational changes by determining the time-
dependent aspartate (D) and glutamate (E) residue labeling under
three conditions: 1) dark, inactive-orange form, 2) intermittent light
(“light 17), active-red form, and 3) constant light (“light 2”), active-
red form (Fig. 1). We performed the experiments under physiological
conditions by using EDC to initiate GEE labeling [40]. The two OCP*
samples were obtained by illumination with white light for 5 min
prior to labeling. The time-dependent labeling affords information re-
garding the general solvent accessibility of D and E (Fig. 1A). To locate
the sites that are modified by GEE, we used trypsin digestion followed
by LC-MS/MS analysis. We performed peptide-level D/E time-
dependent modification at five reaction times (5, 30, 60, 90, and
120 min) on the two photoactivated OCP" and one dark-adapted OCP°
sample. During modification, the OCP° sample was kept in the dark,
while “light 1" and “light 2” samples were kept in the red form by
exposing them to either a light scheme with a light/dark cycle or con-
stant light.

Absorption spectroscopy analysis demonstrated that OCP samples
under “light 1” and “light 2” conditions have an identical red-shifted
spectrum, which is characterized by a broad peak at 500-510 nm and
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a loss of the resolution of the vibronic bands [15]. After each time
point, the OCP samples were immediately quenched and transferred
to an ice bath (see Fig. 1A for a photograph of the samples before sample
precipitation, digestion, and analysis). All the samples modified by GEE
under dark conditions did not show significant changes in absorption
spectra (i.e., no differences in absorption peaks at 476 and 495 nm
(Fig. S1A)), indicating no conformational changes after protein modifi-
cation (the chromophore absorption spectrum is very sensitive to its
chemical environment). This indicates that potential artifacts incurred
from this modification technology are minimized [42]. Fig. S1C shows
the absorption spectra of OCP" (“light 2”, Fig. S1C) samples after
20 min dark relaxation.

Although there is no significant spectral difference between dark-
adapted OCP and the two OCP" samples when modification was termi-
nated at 5 min, we found with increasing modification time that the
UV spectra of OCP" modified in “light 1” and “light 2” show progressive
red shifting, with the vibronic band decreasing (Fig. S1) (note that these
are samples after 20 min dark relaxation). It appears that GEE
footprinting is able to “lock” some fraction of the OCP in its red form
(Fig. S1C). This “locking” phenomenon of the OCP" is further confirmed
by using an increased concentration of GEE and EDC (Fig. 1B); after
20 min of dark relaxation, the absorption spectrum of GEE-modified
OCP (under constant light illumination) is basically identical to that of
active, OCP" (Fig. 1B) and reference [15]. GEE specifically modifies
carboxyl groups of D/E and the C-terminal group. “Locking” OCP in its
red state suggests that those modified D/Es cannot adopt their orange-
form conformation, indicating that those modified D/E are actively in-
volved in protein conformational changes during the OCP photoactivation.
Our next goal is to identify and compare those amino acids in OCP° and
OCP".

Using LC-MS/MS, we identified more than 16 tryptic peptides from
all of our samples. All identified peptides, including those with one or
two missed cleavage sites cover more than 90% of the OCP sequence.
This is better coverage than is typically found with membrane protein
complexes, which contain large amounts of hydrophobic transmem-
brane o helix [41,48]. Although two peptides (97-106, 107-112) of
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Fig. 1. Experimental design and procedure. Solvent-exposed amino acid residues of the OCP° and OCP" were covalently modified by GEE. (A). Chemical modification was performed in the
presence of GEE (75 mM) and EDC (12.5 mM ). The OCP" was photoactivated by pre-illumination using white light at intensity of 1000 umol m~2 s~ for 5 min before adding GEE and EDC.
The photographs and absorption spectra were taken after 20 min dark adaptation. (B) Modification reactions in the presence of increased concentrations of GEE (150 mM) and EDC
(25 mM). Active OCP can be locked in its red form. Photograph was taken after 20 min dark incubation. Absorption spectrum of “locked”, OCP" by GEE modification.
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the OCP do not contain any D/E residues, both were identified in our
analysis. These two peptides were not used in later data analysis. Incom-
plete coverage includes some small peptides (2-5 amino acids, AA)
resulting from trypsin digestion, which usually elute early and escape
detection by LC-MS/MS analysis.

Briefly, according to the modification trend, GEE-modified pep-
tides are classified and listed in three groups (Fig. 2). Modification
extents of peptides 2-9, 10-27, 171-185, 255-268, 298-310, 311-
317 (group A) of the OCP" (light 2) show a remarkable difference
from those of the corresponding peptides in the OCP® (Fig. 2A). Dur-
ing the process of mapping all the modification sites in this group, we
noticed that they are mostly located in two regions: the interface of
the N- and C-terminal domains (E174, E244, D19) and the B-sheet
core facing the aA of the N-terminal extension (D6, D19, E258,
E261, E262, D304, and E311) (Fig. 2B, C). Time-dependent GEE modifi-
cation on each site provided more detailed information. For example,
the modification level of D6 in peptide 2-9, a peptide fragment in the
N-terminal extension of the OCP, does not show a notable difference
(0.2%) in the OCP® and OCP" when the modification reaction is
quenched in 5 min, which is consistent with an absorption spectral
analysis (Fig. S1). Although the modification level of D6 increased slow-
ly with time for OCP°, we found that the modification extent of D6 for
OCP" (light 2) increased much faster than that of D6 in the OCP°. This

behavior must be a consequence of increased reactivity of D6 carboxyl
group to GEE labeling in OCP". Two light schemes used in this experi-
ment consistently confirmed the metastable nature of OCP" upon dark
relaxation as modification level of the “light 1" is always falls in between
dark and (“light 2”) (Fig. 2A).

The modification extent difference between dark and light samples
results from solvent-accessible surface area changes that reflect the
conformational changes between the OCP° and OCP'. While in the
OCP" state (“light 1” scheme), the modification trend always falls
between that of OCP® and OCP" (“light 2” scheme), which are exposed
under constant light illumination (Fig. 2A). In contrast, the modification
levels of several peptides, 28-49, 70-96, 155-167, 188-234, and 290-
297 (group B) increase in all the OCP samples. The protein regions
corresponding to these peptides seem to undergo no significant confor-
mational changes upon light activation; however, they are available for
modification under all conditions. These sites are mapped onto the OCP
structure to show they are mostly located at the far end of both the N- or
C-terminal domains (Fig. 2E, F).

Close inspection of GEE modification extents in all the peptide
fragments containing D/E indicates that D/E modification extent
varies greatly from one site to another; for example, as noted before
that D6 modification in peptide 2-9 starts from 0.2% in all the sam-
ples and gradually increases to 0.4% and to 1.6% in dark-adapted
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Fig. 2. Modification extents of the OCP and their locations in the OCP structure (PDBID: 3MG1). Two hours time course (5, 30, 60, 90, 120 min). Dark-adapted OCP in a time course
modification (black squares), the OCP sample with alternate light (1 min) and dark (3 min) scheme during chemical modification, after an initial, complete photoactivation (5 min),
red triangles, and the OCP sample with constant actinic light exposure during the whole process, blue triangles. (A) Polypeptides containing D/E with increased modification upon
photoactivation of the OCP. (B) The OCP monomer, cartoon representation with D/E as red spheres. (C) Surface representation of (B). (D) Polypeptides containing D/E showing no
modification changes and their locations (D/E as green spheres) in the OCP structure (E, F). (G) Polypeptides containing D/E with decreased modification upon photoactivation and
their locations represented as blue spheres (H). (I) Global modifications of the OCP, note the circled area: N- and C- terminal domain interface (upper circle) and oA and its surrounding

modified amino acids (lower circle).
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Fig. 2 (continued).

and light-activated OCP (“light 2”), respectively. However, E115 and
E118 modification levels in peptide 113-155 (Fig. 2G) start at 40% in
both OCP® and light OCP" (“light 1” and “light 2”) and end at 50% and
70% in “dark” and “light 2” samples, respectively. It is likely that
some labeling may occur very rapidly in a burst phase, before the
first time point (5 min) of our experiment (Fig. 1G). This variation of
site-specific modification is related to a reactivity difference of D/E
that is a function of solvent-accessibility changes. Although charged
amino acids are usually located on the surface or in channels, some mi-
croenvironments may completely block the solvent accessibility of
these residues. Generally, the modification extent of D/E increases in a
time-dependent-manner, even for the OCP° (Fig. 2A, D, and G). Very in-
terestingly, we do see some D/E sites that underwent no modification
increase at all in the OCP° even at 120 min; examples are D174, E244,
and D304 in peptide 171-185, peptide 240-249, and 298-310, respec-
tively (Fig. 2A). Additionally, MS analysis of samples in which increased
GEE and EDC were used (Fig. 1B, 120 min sample) also support that
these sites undergo extremely low modification in OCP° (MS data not
shown).

Another group of peptides (Group C, Fig. 2G) undergo modification
under both “dark” or “light 1” or “light 2”, with increasing time, but

the modification extent of OCP" increases at a smaller rate than that of
the OCP°. E65, E115 and E118 are examples, and they are located in
two peptides 56-69, 113-155 on the N-terminal domain (Fig. 2H).
This domain has been proposed to be involved in the PBS binding [25,
26].

Upon light activation, structural rearrangements of OCP" compared
to OCP° are mostly located at the interface of N- and C-terminal domains
and the oA facing the C-terminal domain [3-sheet core (Fig. 21). Based
on the significantly different modification extents shown by GEE
carboxyl footprinting (Fig. 2A, D, G), we were able to pinpoint confor-
mational rearrangements of OCP at the amino-acid level (Fig. 2I). Al-
though the connection between light-induced 3’-hECN conformational
changes and the OCP protein matrix conformational rearrangements
was previously proposed [15,17,19,23-26], the details of how photo-
activated 3’-hECN propagates its conformational changes to the protein
matrix and to the surface of OCP are not known.

In OCP, the N- and C-terminal domains interact through two distinct
regions. The first 19 N-terminal amino acids, which contain a short o
helix (aA), extend away from the N-terminal domain and interact
with the solvent-exposed face of the C-terminal domain 3-sheet. Our
GEE labeling results show that upon light activation, D6 of «A and
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D19 of aB undergo large conformational rearrangements (Fig. 2A). The
increased modification trend in this region mirrors those of D304 of 35,
E311,and E258, E261, E262 (Fig. 2A). The Synechocystis OCP structure is
very similar to that of S. maxima as each contains two molecules in the
crystallographic asymmetric unit arranged as an approximate antiparal-
lel dimer [19,32]. Consensus still has not been reached for the OCP olig-
omerization state. Our previous native MS indicated that upon light
activation, a dimer-to-monomer conversion occurs [26]. We, therefore,
interpret our current results from the perspective of a light-induced
monomerization phenomenon. The dimerization interfaces in all the
OCP structures are similar, involving mainly the N-terminal domain
[32]. D6 and D19 are located in the interface of the OCP dimer
(Fig. 3A), and monomerization of OCP increases the solvent accessibility
of these two amino acids, as seen by a resultant increase in chemical
modifications. However, the solvent accessibility of both D304 and
E311 should not be altered because both residues are located away
from the binding interface of the dimeric OCP structure [32] (Fig. 3A).
Although the light-induced monomerization hypothesis can explain
the increased modification extent of D6 and D19, it fails to explain the
observed modification increase of D304, E311, E258, E261, and E262
upon OCP photoactivation; hence the following discussion.

Many amino acids in the interface of the N-terminal extension and
the solvent-exposed face of the C-terminal domain 3-sheet are con-
served [32]. There are six conserved water molecules (Wat1, Wat3,
Wat42, Wat76, Wat84, and Wat290) defined by X-ray crystallography
[32]. Among these, Wat1, Wat3, and Wat290 are within 3.5 A of D304
and specifically, Wat1 and Wat290 are 2.8 A from the carboxyl oxygen
of D304 (Fig. 3B), in the range of accepted hydrogen bonding (2.8-
3.0 A). Failure to detect any D304 modification in OCP° in a 2 h experi-
ment indicates that D304 is not accessible, possibly owing to a shielding
effect of the loop area between oA and B and the conserved structural

waters observed in crystals at high resolution [32]. Upon photoactivation,
however, modification of D304 of 35 increased significantly, indicating
structural rearrangements caused by light absorption of 3’-hECN, which
is located opposite the 3-sheet core of the C-terminal domain (Fig. 3B).
Conserved water molecules play as important a role as conserved
amino acids in intramolecular signal transduction, fine-tuning the
chemical microenvironment, and regulating activities [51,52]. Displace-
ment of the N-terminal extension from the 3-sheet increases solvent
accessibility of these structural water molecules and the conserved
amino acids on the face of the 3-sheet and that of €A where D6 is locat-
ed (Fig. 3C). The driving force for such movement is unclear at this time.

It was suggested, however, that light absorption by the carotenoid in
the OCP increases its effective conjugation length by approximately one
double bond so that the pigment in OCP" adopts a less distorted, more
planar conformation than in OCP°[16]. Subsequent light activation of
the carotenoid in the OCP and consequent alternation of the hydrogen
bonds between the carotenoid and the C-terminal domain may be prop-
agated to the N-terminal extension through the (3-sheet core, which is
sandwiched between them (Fig. 3C). A paradigm for this type of intra-
molecular signal transduction is known for the LOV domain, in which
photoactivation of a FAD chromophore alters its hydrogen bonding to
the protein matrix, a 3-sheet, and triggers the displacement of a short
a-helix, Ja, associated with the 3-sheet from opposite side, initiating
specific biological activity [29,53,54]. In addition to the hydrogen
bonds reported previously [25], R289 is hydrogen bonded to D304
(2.9 A) (Fig. 3B). For OCP, any photochemical changes in the pigment
upon light absorption may cause conformational change and alteration
of the hydrogen bonds between the carbonyl group of the carotenoid
and Y201 and W288. Determining whether R289 mediates the detach-
ment of the N-terminal extension and propagates the light signaling re-
mains unclear and must await further investigation (Fig. 3B, C). E258,
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Fig. 3. Structural rearranges of the OCP upon light activation. (A) The OCP dimer structure. D6 and D19 (green) are located in the interface, D304 (magenta) and D311 (pink) are indicated.
(B) The microenvironment around D304 (red stick) in 34. The C-terminal domain is in wheat, and the carotenoid is represented by a stick (orange). Y201 and W288, which hydrogen
bond to the carbonyl group, are shown as sticks (cyan). R289, which hydrogen bonds to D304, is shown as a stick (blue). Two conserved water molecules are represented as yellow
spheres. (C) Highlighting bioinformatics analysis using the ConSurf server [49,50], showing the solvent-exposed face of the C-terminal domain 3-sheet and otA. Structurally conserved
regions are shown as purple, unconserved regions in teal. The «A helix interacts with the 3-sheet domain to lock OCP into an inactive OCP?, upon illumination, the A becomes detached
and the [3-sheet is exposed, loosening the N- and C-terminal interaction, favoring subsequent conformational changes in the interface of N- and C-terminal domain. E304 (red star) is in-
dicated. (D) Surface representation of the OCP. N-terminal extension (pink) is surrounded by D/E (red) showing increased GEE modification. D/E showing no modification changes (lime).
(E) E174 (red) is buried in a surface channel with two waters (yellow spheres) hydrogen bonded to it. The glycerol molecule is shown as yellow sticks. (F) Binding pocket of carbonyl group
of hECN in the C-terminal domain and the interface of the N- and C-terminal domain. E244, hydrogen bonded to R155, undergoes structural arrangement. E244 is 9 A from E174. E174 and

E244 are shown as red sticks. R155 is represented as a marine stick.

E261, and E262, which undergo increased modification upon OCP
photoactivation, are in a region bordering the N-terminal extension
(Fig. 3D).

The N- and C-terminal domains of OCP are joined by a 28-amino acid
(165-193) link. GEE labeling reveals that E174 of peptide 171-185 in
OCP® displays no increase in modification during the 2 h of labeling
(Fig. 2A). This is surprising, partly because the linker loop is thought
to be the only region that is structurally flexible and not strongly con-
served [19,32]. In our experiment, E174 can be modified only after
photoactivation of the OCP (i.e., under “light 1” and “light 2” conditions)
but not in its orange form. E174 modification under light conditions also
shows time-dependent behavior (Fig. 2A). In the OCP crystal structure,
the flexible region consists of the first several residues of the linker
(~164-171), which was not resolved owing to large thermal factors
[32]. The loop region containing amino acids 172-193 is clearly
resolved. Superposition of two molecules in a homodimer (A. maxima)
indicates that the largest differences between the two molecules are
in the loop region defined by residues 163-173 and 179-186 [19],
rather than 174-178 (VAE!”®PV) (note that E176 in A. maxima is equiv-
alent to E174 in Synechocystis 6803). Close inspection of the OCP struc-
ture reveals that two conserved water molecules, Wat265 and Wat346,
are hydrogen bonded (2.7 and 2.8 A) to the carboxyl group of E174. A
moderately conserved E or D, followed by a highly conserved Pro175
(Pro177 in A. maxima), is present in the OCP ortholog. E174 is also in a
surface cavity in OCP where one glycerol molecule is present (Fig. 3E).
Both oxygen atoms in the carboxyl group of E174 have relatively low
B-factors (31.22 and 32.85 A2). As discussed previously, relatively short
hydrogen bonding of water to amino acid residues is often functionally
important [55,56]. Overall, it seems that the flexible linking loop (165-
193) has a moderately conserved (E/D)PVVPP motif in the OCP ortholog
[16]. At this time, we do not understand why E174 increases its solvent
exposure upon photoactivation.

The central portion of the N- and C- terminal interface is also stabi-
lized by four hydrogen bonds, including two between N104 and W277
and a salt bridge between R155 and E244. N104 and W277 are located
in two tryptic peptides, respectively, and they are identified in our MS
analysis. However, both peptides contain no D/E, so no GEE footprinting
can occur. Our results clearly demonstrate that salt bridging between
R155 and E244 in OCP° completely prevents GEE modification of E244
(Fig. 2A) in 2 h. In contrast, E244 modification increases continuously
with time for OCP" (“light 1” and “light 2", Fig. 2A). This suggests that
the salt bridging between R155 and E244 weakens or does not exist
for OCP", allowing labeling of E244 to occur. Results obtained using
genetically modified mutants (R155L, R155E, and E244L-0OCP) sug-
gest that in the red form, the salt bridge between R155 and E244 is
perturbed [15,25]. Our GEE footprinting data are direct evidence
that light illumination causes a salt-bridging alteration of E244-
R155. The measured distance between two Cas of E174 and E244
in the OCP structure (PDBID 3MG1) is ~9 A. It seems reasonable
that conformational rearrangements of one site will affect the other
(Fig. 3F).

No DJE site of the N-terminal domain of OCP" shows increased GEE
modification compared to OCP° (Fig. 2D). The modification extents of
E70, D85, D160, D202, and E215 remain constant in both OCP° and
OCP" (Fig. 2E, F) consistent with the location of these amino acids on
the side of OCP that is close to the end of the N-terminal domain
(Fig. 2F). We term this the “A side”. E65, E115, and E118 undergo less
modification in OCP" compared to OCP° (the “B side”) (Fig. 2G, H). Re-
cently, OCP was proposed to interact with the phycobilisome through
its N-terminal domain, specifically via the surface surrounding R155,
which is typically buried in the N- and C-terminal interface [25]. Based
on chemical cross-linking coupled with MS analysis using a reconstituted
OCP"-PBS complex sample, we were able to confirm that the N-terminal
domain is indeed involved in a close association with a site formed by
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two allophycocyanin trimers (APCggo) in the basal cylinders of the PBS
[26]. This is also consistent with a recent report showing that the red ca-
rotenoid protein (RCP), which only contains the N-terminal domain and
the intact pigment, still retains PBS binding capability and quenches PBS
fluorescence [33]. How the N-terminal domain of the OCP structure is
rearranged upon light activation to favor efficient PBS binding remains
to be determined. We ascribe the driving force of assembling the
quenching complex of OCP"-PBS to be the structural rearrangements on
the side where footprinting is reduced (i.e., the “B side”, rather than the
“A side”), otherwise enabling constitutive binding of OCP° to PBS. Be-
cause the energetic modification of excited-state properties of the
bound carotenoid molecule seems less crucial for the quenching proper-
ties of the OCP [23,24,57], we hypothesize that it is the physical binding
competency of the OCP to PBS upon photoactivation that is required for
fluorescence quenching of PBS.

Association of OCP" to PBS and consequent PBS fluorescence
quenching represent two events in the OCP photocycle, while the resto-
ration of normal photosynthetic light-harvesting antenna capacity rep-
resents another [58,59]. Our GEE labeling results clearly show that OCP
undergoes notable conformational changes upon light activation, so
OCP" must adopt a different conformation than that of OCP°. It is possi-
ble that structural rearrangements of the OCP upon light activation not
only prepare OCP for PBS binding but also foreshadow what is to come
later in its dissociation from PBS, facilitated by FRP binding, to terminate
the quenching state of the OCP'-PBS complex. The detailed mechanism
must await further investigation.

4. Conclusions

Based on previous and our current results, we propose a signal-
propagation pathway for OCP activation. Upon illumination of 3’-
hECN, its effective conjugation length is increased, enhancing the
possibility of breaking the H-bonding network around W288 of B4
(Fig. 3B). Conformational rearrangements of the 3-sheet propagate
the structural changes to D304 of 35 though R289 of (34, which is
hydrogen-bonded to the former, causing the detachment of oA
(Fig. 3C). Monomerization may be facilitated by the increased solvent
exposure of the B-sheet and of atA. Because the oA helix is one of the
two domains through which N- and C-terminal domain interact,
disruption of its interaction with the 3-sheet would induce subsequent
destabilization of the second, central interface, which is stabilized by
four hydrogen bonds, including two formed by the pair of residues
N104 and W 277 and a salt bridge between R155 and E244. Side B of
the N-terminal domain consequently undergoes conformational rear-
rangements in favor of structural binding of the OCP" to PBS.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.09.004.
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