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ABSTRACT

Using a phylogenomic approach, we have identified and subclassified a new family of carotenoid-binding

proteins. These proteins have sequence homology to the N-terminal domain (NTD) of the Orange Carot-

enoid Protein (OCP), and are referred to as Helical Carotenoid Proteins (HCPs). These proteins comprise

at least nine distinct clades and are found in diverse organisms, frequently as multiple paralogs represent-

ing the distinct clades. These seem to be out-paralogs maintained from ancient duplications associated

with subfunctionalization. All of the HCPs share conservation of the residues for carotenoid binding, and

we confirm that carotenoid binding is a fundamental property of HCPs. We solved two crystal structures

of the Nostoc sp. PCC 7120 HCP1 protein, each binding a different carotenoid, suggesting that the proteins

flexibly bind a range of carotenoids. Based on a comprehensive phylogenetic analysis, we propose that one

of the HCP subtypes is likely the evolutionary ancestor of the NTD of the OCP, which arose following a

domain fusion event. However, we predict that the majority of HCPs have functions distinct from the

NTD of the OCP. Our results demonstrate that the HCPs are a new family of functionally diverse

carotenoid-binding proteins found among ecophysiologically diverse cyanobacteria.
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INTRODUCTION

Carotenoids are produced by all photosynthetic organisms

(plants, algae, and cyanobacteria) in which they play two funda-

mental roles: as light-harvesting pigments and as protectors

against oxidative stress. In membranes, they can act as

sunscreen or react with dangerous and highly reactive singlet

oxygen. In the light-harvesting antennae and other membrane-

associated carotenoid–chlorophyll complexes, carotenoids, by

interacting with excited chlorophyll molecules, dissipate excess
Mo
excitation energy as heat to avoid formation of singlet oxygen.

They can also directly quench singlet oxygen.

Although carotenoid-containing proteins of photosynthetic

organisms typically contain multiple pigments including chloro-

phyll and are membrane-associated, the Orange Carotenoid
lecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1379
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Protein (OCP), unique to cyanobacteria, is water soluble and re-

lies on a single carotenoid to carry out both photosensory and

photoprotective functions. It is the only known soluble photosen-

sory protein that uses a carotenoid as the active chromophore.

Blue-green light (�500 nm) drives a structural transition from

the protein’s dark, stable form, OCPO, to its light-activated

form, OCPR (Wilson et al., 2008). In the OCPR state, it appears

red and can bind to the primary light-harvesting antenna, the

phycobilisome (PBS), where it triggers excitation energy dissipa-

tion (Wilson et al., 2007; Gwizdala et al., 2011). The OCP is

composed of two structural domains (Kerfeld et al., 2003) that

have discrete, complementary functions (Leverenz et al., 2014).

While the C-terminal domain (CTD) of the OCP confers a

regulatory role, the N-terminal domain (NTD) is the effector

domain. This domain, when isolated from the OCP by

proteolysis, retains the carotenoid and appears red (Holt and

Krogmann, 1981; Wu and Krogmann, 1997; Leverenz et al.,

2014, 2015) and is an avid quencher of singlet oxygen (Kerfeld

et al., 2003). Recently, it was shown that the isolated NTD, also

known as the Red Carotenoid Protein (RCP), interacts with the

phycobilisome (PBS) antenna complexes to constitutively

facilitate energy quenching, independent of the CTD (Leverenz

et al., 2014, 2015). The crystal structure of the NTD-binding

carotenoid was solved, revealing that upon removal of the CTD,

the carotenoid shifts 12 Å deeper into the protein (Leverenz

et al., 2015). This intraprotein translocation of the carotenoid

defines two carotenoid protein configurations (CPCs), discrete

carotenoid protein interactions associated with OCPR (CPC-R)

and OCPO (CPC-O).

Previously, it was noted that genes encoding for hypothetical

proteins with homology to the NTD of the OCP (pfam09150)

are present in many cyanobacterial genomes (Kerfeld et al.,

2003; Kirilovsky and Kerfeld, 2013). These hypothetical proteins

contain only the pfam09150 domain and are present in multiple

copies (paralogs). For example, Nostoc (‘‘Anabaena’’) sp. PCC

7120 (hereafter Nostoc 7120) contains five genes containing the

pfam09150 domain, including the OCP and four single-domain

homologs (Kerfeld et al., 2003; Kerfeld, 2004a, 2004b).

Transcripts for all five genes have been detected in global

expression studies (Flaherty et al., 2011). Occasionally these

NTD-like proteins are found in genomes that lack OCP or an iden-

tifiable OCP-like quenching mechanism (Abasova et al., 2008).

Using a phylogenomic approach, we investigated the diversity

of genes encoding single-domain proteins with the pfam09150

domain. We identified nine clades, indicative of ancient duplica-

tion events. One of these clades was found to be closely related

to the ancestral OCP-NTD, allowing reconstruction of a plau-

sible scenario for the evolutionary history of the OCP. We

described the widespread taxonomic distribution of these NTD

homologs, showing how multiple paralogs from different clades

are frequently encoded within a single genome. We illustrated

structural features that distinguish the different clades and pro-

pose how they may be related to functional diversification within

this family of proteins. Furthermore, we established carotenoid-

binding as a fundamental property for the pfam09150 domain

and confirmed this by solving two HCP crystal structures

from Nostoc 7120, showing how the all-helical fold may accom-

modate different carotenoids within the predicted, conserved

binding site. Collectively, this work provides a foundation for
1380 Molecular Plant 9, 1379–1394, October 2016 ª The Author 2016.
determining the physiological role of this new family of

pigment-binding proteins and offers insight into the evolution

of a modular photoreceptor protein involved in photoprotection

in cyanobacteria.
RESULTS

Phylogenetic Analysis and Overview of Homologs to the
NTD of the OCP

Homologs to the NTD of the OCP were detected by hits to the

Pfam hidden Markov model (HMM) for this domain (pfam09150)

in protein sequences compiled in the Integrated Microbial

Genomes (IMG) database. All hits belonged to cyanobacterial

genomes. Sequences for 196 OCP-NTD-like homologs and

161 full-length OCP-like homologs were gathered and used to

construct an alignment block suitable for phylogenetic tree con-

struction using a maximum likelihood method (Figure 1). Among

the homologs, several distinct monophyletic clades with long

stem lengths were identified, indicating that several subtypes

are distinguishable by sequence conservation. Given that the

pfam09150 domain is predicted to be all a-helical, and that

the homologs all share conservation of the carotenoid-binding

residues (in the CPC-R configuration) (see next section), we

refer to these as Helical Carotenoid Proteins (HCPs). Accord-

ingly, we have adopted a provisional system of nomenclature

to refer to these subgroups (clades) for the remainder of the

article.

The HCP and OCP-NTD sequences clearly populate different

sides of the unrooted tree, with the majority of OCP homologs

(i.e., the NTD) found in a large clade mapped at the opposite

end from the HCP9 clade, which contains only HCPs from the

basal cyanobacterial genus, Gloeobacter. The OCP cluster con-

tains 112 sequences and represents the canonical OCP,

including the well-characterized representative from Synecho-

cystis sp. PCC 6803 (hereafter Syn6803), the slr1963 gene prod-

uct (Figure 1A, indicated with a green square). The amino acid

sequence conservation among the OCP-NTDs is quite high:

76 have at least 80% identity with at least one other sequence,

and only 46 sequences remain when the redundancy threshold

of their subalignment is lowered to 80% identity. For all but

seven members of the OCP clade, a gene for the Fluorescence

Recovery Protein (FRP), which binds to the CTD of the OCP to

regulate its function (Sutter et al., 2013), is also present in the

genome.

Of the 154 genomes that contain a gene encoding the pfam09150

domain (OCP or HCP), 87 contain at least one HCP (Figure 1B)

and 66 contain two or more HCP paralogs. Among the 255

cyanobacterial genomes examined, 101 did not encode the

OCP nor any HCPs (see below). The majority of the HCP-

encoding genomes (83) also contain a homolog of the C-terminal

domain (CTDH) of the OCP (Figure 1C). For any given genome,

the HCP paralogs rarely are members of the same clade but

rather are representatives of an assortment of different clades

(Figure 1D). For instance, the sequences encoded in the Nostoc

7120 genome (indicated by the red squares in Figure 1A) are

well distributed throughout the tree. While there is no clear

pattern for the maintenance of certain HCP clades in particular

genomes, the HCP1–4 clades are the most commonly
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Figure 1. Evolutionary Divergence of HCP Subtypes.
(A) Unrooted Maximum Likelihood phylogenetic tree of pfam09150 amino acid sequences. The OCP cluster and HCP subtypes were identified as

monophyletic clades and are designated by numbers and colors. Genes from Synechocystis 6803 and Nostoc 7120 are indicated by green and red

squares, respectively.

(B–D) Euler diagrams showing the number of cyanobacterial genomes with co-occurring sets of (B) HCPs and full-length OCP-like homologs, (C) HCPs

and other OCP-related genes, and (D) among the four most common HCP clades (HCP1–4). Unlabeled intersections have zero members and were

required for finding an optimal solution. For (C), an intersection between CTDH and FRP (two genomes) could not be drawn.
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found and are the most likely to co-occur, as depicted in

Supplemental Figure 1, which shows the clade distributions of

12 genomes containing four or more HCP paralogs. Members

of the HCP4 and HCP5 clades typically are encoded adjacent

to genes for CTDH (36 out 53 sequences) (see Supplemental

Figure 2). These clades are found in the middle of the tree and

are the HCP clades closest to the OCP clade.

Overall, HCPs do appear to be conserved among certain

morphological and taxonomic groups. HCPs are encoded by

nearly all heterocystous cyanobacteria (morphological sub-

sections IV/V (Rippka et al., 1979), phylogenetic subclade B1

(Shih et al., 2013)) (Table 1). In contrast, only 21 of 92

Chroococcales genomes encode an HCP, with no clear

relationship distinguishing these genomes from the 43

Chroococcales encoding only the OCP. Prochlorales species

completely lack HCP (as well as OCP), whereas other

alpha cyanobacteria (subclade C1, marine Synechococcus,

Cyanobium) contain OCP without HCP. Among the other strains

that lack NTD-like homologs altogether, several (Moorea 3L,

Cyanobacterium aponinum PCC 10605, Synechococcus

CC9616, Leptolyngbya BDU, 20041) contain fragments

detectable by translated searches (T-BLASTN) against the nucle-

otide genome. Fifteen genomes, mostly unicellular, contain only

HCPs (without full-length OCP homologs), although these appear

in a variety of phylogenetic subclades (see Supplemental

Table 1). Interestingly, 12 of these genomes (which include

Thermosynechococcus, Leptolyngbya, Crocosphaera, and three
Mo
Cyanothece strains) contain an HCP that maps close to the

HCP4 and HCP5 clades.
Clade-Specific Features of HCPs

We applied a phylogenomic approach (Sjölander, 2004), parsing

the HCP paralogs by their evolutionarily identified clades. To

detect clade-specific features of their primary structures,

HMMs were built for the sequences within each clade from

Figure 1A, and logos were subsequently generated to depict

amino acid conservation patterns among the clades (Figure 2).

Each clade has a number of specific, conserved features of pri-

mary structure, including at positions known to be proximal to

the carotenoid in the dark orange OCP (OCPO) or in the photoac-

tivated red OCP (OCPR). Together, these positions form the

carotenoid-binding ‘‘tunnel’’ (Leverenz et al., 2015) of the OCP

(Figure 2; see Supplemental Figure 3 for HMM logos for each

clade). There appears to be relatively lower sequence

conservation within the HCP6 clade, suggesting that these

sequences may have clustered together artificially due to

‘‘long-branch attraction’’ (Philippe et al., 2005) or have

experienced a relaxation of evolutionary constraint. To better

visualize the position-specific differences between HCP sub-

types, consensus sequences from the HMMs were aligned with

the primary structure of the NTD of the well-studied Syn6803

OCP (Figure 2B). The most strongly conserved positions in the

alignment nearly always correspond with carotenoid-binding
lecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1381



Genomes
analyzed

Both
OCP +
HCP

HCP
only

OCP
only

Neither
OCP
nor
HCP HCP1 HCP2 HCP3 HCP4 HCP5 HCP6 HCP7 HCP8 HCP9

Any
HCP OCP FULL CTDH FRP

Morphological subsectiona

I 151 15 8 43 85 5 5 3 1 10 1 0 5 2 23 51 58 23 56

II 7 5 1 1 0 1 1 1 1 2 1 4 0 0 6 4 6 6 4

III 50 19 5 20 8 3 3 12 0 8 3 3 8 0 24 31 39 22 31

IV 29 21 0 5 3 14 6 16 10 0 5 0 0 0 23 11 28 23 14

V 12 11 1 0 0 10 8 6 11 0 1 0 0 0 12 7 11 12 7

Phylogenetic subcladeb

A 26 6 2 16 2 0 0 5 0 3 0 2 4 0 8 18 22 8 18

B1 47 35 1 5 6 27 16 25 23 0 8 0 0 0 38 18 42 38 21

B2 37 13 6 14 4 1 2 1 0 13 0 4 5 0 19 26 27 19 29

B3 5 4 0 0 1 1 2 2 0 0 0 0 3 0 4 1 4 4 1

C1 66 0 0 10 56 0 0 0 0 0 0 0 0 0 0 9 10 0 10

C2 12 0 0 0 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C3 4 4 0 0 0 0 1 1 0 2 2 0 0 0 4 4 4 3 4

D 2 1 1 0 0 1 0 1 0 0 1 0 0 0 2 1 1 2 1

E 6 0 3 1 2 1 1 0 0 0 0 0 0 0 3 1 1 3 1

F 4 1 0 3 0 0 0 0 0 0 0 0 0 0 1 3 4 1 3

G 5 2 0 0 3 0 0 0 0 0 0 0 0 2 2 0 2 2 0

Taxonomic order

Chroococcales 92 13 8 43 28 5 5 3 1 10 1 0 5 0 21 51 56 21 56

Gloeobacterales 2 2 0 0 0 0 0 0 0 0 0 0 0 2 2 0 2 2 0

Melainabacteria 7 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Nostocales 30 22 0 5 3 15 7 17 10 0 5 0 0 0 24 12 29 24 15

Oscillatoriales 48 19 5 20 4 3 3 12 0 8 3 3 8 0 24 31 39 22 31

Pleurocapsales 7 5 1 1 0 1 1 1 1 2 1 4 0 0 6 4 6 6 4

Prochlorales 59 0 0 0 59 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Stigonematales 10 10 0 0 0 8 7 5 10 0 1 0 0 0 10 6 10 10 6

Table 1. Taxonomic Distribution of HCP Subtypes and OCP-Related Genes in Sequenced Genomes.
aDescribed in Rippka et al., 1979.
bDescribed in Shih et al., 2013.
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Figure 2. Sequence Conservation among HCP Evolutionary Subtypes.
(A) HMM logos are shown for the OCP-NTD and HCP1 subfamilies of the pfam09150 domain. A full set of logos for all HCP subtypes is available as

Supplemental Figure 3. The height of the stack corresponds to conservation at that position, and the height of each individual letter represents the

frequency of that amino acid within the distribution. The secondary structure cartoon showing CPC-O/CPC-R positions was adapted from previous

work (Leverenz et al., 2015).

(B) Aligned OCP/HCP consensus sequences for HMMs of each clade identified in Figure 1A. Blue coloration indicates conservation strength, according

to the BLOSUM62 matrix. Carotenoid-binding residues characteristic of CPC-O (orange highlighted), CPC-R (maroon highlighted), or shared by both

CPCs (red highlight) are annotated on the slr1963OCP-NTD sequence. Red boxes designate residues in a CPC-O/CPC-R-marked columnwith identity to

the OCP-NTD consensus. Insertions unique to HCP6 (24 amino acids) and HCP9 (42 amino acids) were collapsed at the positions of the red arrows.

Molecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1383
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Species Cyanothece sp. BH68, ATCC 51142 Nostoc punctiforme ATCC 29133

Publication Bernstein et al., 2015 Toepel et al., 2009 Anderson et al., 2006 Christman et al., 2011 Ow et al., 2009

Study type Transcript Transcript Proteome Transcript Proteome

Experimental

conditions

N-deprived,

CO2-starved H2

production

Light/dark cycling Continuous light,

NH4
+-grown

N-deprivation time

course

N2-fixing vs

NH4
+-grown,

filaments vs
heterocysts

OCP Down during

N-starvation,
rebounds at 15 h,

spikes at 21 h

Not reported 1 peptide Down under N2 stress both filament and

heterocyst

HCP1 Not present in

genome

Not present in

genome

3 peptides Down under N2 stress Filament only

HCP2 Not present in
genome

Not present in
genome

1 peptide Not reported Not reported

HCP3 Not present in
genome

Not present in
genome

Highest abundance
(13 peptides)

High in hormogonia Filament only

HCP4 Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

HCP5 High during

N-starvation H2

phase, drops at 21 h

Not reported Not present in

genome

Not present in

genome

Not present in

genome

HCP6 Not present in
genome

Not present in
genome

2 peptides Not reported Not reported

HCP8 Steady for initial H2

phase, drops at 15 h,

rebounds at 21 h

Up significantly in

first dark period,

otherwise ND/no
change

Not present in

genome

Not present in

genome

Not present in

genome

Molecular Plant Helical Carotenoid Proteins
residues in the NTD of the OCP (Leverenz et al., 2015).

Accordingly, we predict that carotenoid binding is a

fundamental property of the HCPs and that their tertiary

structure resembles the CPC-R form of the OCP-NTD.

The consensus sequence alignments illustrate several additional

differences among the primary structures of the HCPs from

different clades. Extensions at the N terminus are generally

limited to members of the HCP3-5 and HCP8-9 clades, with the

longest occurring in the HCP4 and HCP9 clades; conversely,

the HCP1, HCP2, HCP6, and HCP7 clades lack this peptide

segment. In the OCP, this helix helps stabilize the OCPO form

by interacting with the CTD at the minor interface (Kerfeld et al.,

2003; Wilson et al., 2010; Thurotte et al., 2015). A critical PBS-

binding arginine, R155 (Syn6803 OCP numbering), is conserved

in the vast majority of the OCPs. Only 19 HCP sequences have
1384 Molecular Plant 9, 1379–1394, October 2016 ª The Author 2016.
a different amino acid in this position; six of these are members

of the HCP2 clade and have a leucine substitution, and 11

other variants are members of the HCP6 clade, six of which

have a lysine in this position, conserving the positive charge

(Supplemental Data 1).

We predicted that the HCPs will fold into the two four-helix bun-

dles characteristic of the NTD of the OCP; differences in the pri-

mary structures may contribute to clade-specific biochemical

characteristics and functions. Bulk biochemical properties for

each protein were predicted from the amino acid compositions

of the HCPs and were compared with those of the OCP-NTD

(summarized in Supplemental Figure 4). Notably, the members

of the HCP1 clade are enriched in aromatic residues,

particularly in contrast with the NTD of the OCP, which

resembles the other major HCP clades in this feature. Also



Nostoc sp. PCC 7120
Chlorogloeopsis
PCC 9212

Nodularia
CCY9414

Anabaena variabilis
ATCC 29413

Dolichospermum
AWQC131C &
AWQC310F

Ow et al., 2008 Flaherty et al., 2011 Zhang and Bryant,

2015

Voß et al., 2013 Park et al., 2013 D’Agostino

et al. 2014

Proteome Transcript Transcript Transcript Transcript Proteome

N deprivation,

heterocyst vs

filaments

N deprivation Autotrophic vs

mixotrophic (acetate

supplement)

Standard conditions

(N2 fixing) for start

site profiling

Photo vs hetero vs

mixotrophy (fructose

supplement)

P-deprivation vs

N deprivation;

toxin production

Lower in NH4
+

filaments (vs
N2-grown); low

counts, slightly

above HCP1

Increase after

21 h N deprivation

Lower with acetate

supplement

Present (NCBI

short read archive
SRX23146)

Moderate expression Lower in 131C

(saxitoxin strain)
vs 310F; less than

HCP4 overall

Up in NH4
+ (vs

N2-grown) filaments;

vegetative and
heterocyst equal;

low counts

Increase (becomes

detectable)

after 21 h

Higher with acetate

supplement

Not present in

genome

Higher in mixotrophic

(vs heterotrophic)

conditions

Not present in

genome

Not reported Low number of
reads

levels unchanged Not present in
genome

Not present in
genome

Not present in
genome

Not reported Decrease after
21 h N deprivation

Higher with acetate
supplement

Not present in
genome

Higher in mixotrophic
(vs heterotrophic)

conditions

Not present in
genome

Not reported Increase after

12 h N deprivation

lower with acetate

supplement

Present (NCBI

short read archive

SRX23146)

Low expression Lower in 131C

(saxitoxin strain) vs

310F; higher than
OCP overall

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in
genome

Not present in
genome

Not present in
genome

Not present in
genome

Not present in
genome

Not present in
genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome

Not present in

genome
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notable is the observation that members of the HCP4 and HCP5

clades, like the NTD of theOCP, all have a significantly decreased

composition of acidic residues compared with the other HCP

clades, with an extremely narrow distribution among the HCP4

sequences. HCP4s are also predicted to have a significantly

higher isoelectric point (the HCP5 members show this as

well but with a much wider distribution). Collectively, these

differences likely contribute to distinct functions for the different

clades (e.g., altered affinity for a binding partner or interaction

with different binding partners).

Global expression studies in cyanobacterial species containing

HCPs (previously identified as hypothetical proteins) were re-

analyzed (Table 2) in the context of the identified clades.

Representatives of all of the clades except HCP7 and HCP9

have been identified in various expression studies, indicating
Mo
that HCPs maintain some functionality, and thus are not relic

sequences. In some cases, in organisms containing multiple

paralogs, expression patterns were different among the HCPs

and contrasted with that of the OCP. For example, HCP5

transcripts showed inverse dynamics (vs HCP8 and OCP)

during N-deprived H2 production in Cyanothece ATCC 51142

(Bernstein et al., 2015). Interestingly, the levels of HCP8 in this

strain went up during the dark period of diurnal light–dark

cycling experiments (Toepel et al., 2009). HCP3 showed the

highest peptide abundances among all HCPs in Nostoc

punctiforme proteomes (Anderson et al., 2006), and transcripts

were upregulated in hormogonia (Christman et al., 2011),

whereas OCP and HCP1 transcripts in this strain showed

downregulation during N-deprivation. In Nostoc 7120, one

study showed a decrease of HCP3 but an increase of OCP,

HCP1, and HCP4 during the first hours of N deprivation
lecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1385
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Figure 3. Spectroscopic Properties and Structures of HCPs, Including Nostoc HCP1.
(A) Visible appearance of carotenoids and soluble carotenoid proteins described in this work. From left to right: Nostoc HCP1mixed (expressed in Syn-

echocystis), Nostoc HCP1CAN (expressed in CAN-producing E. coli), Synechocystis OCP-NTDCAN (Leverenz et al., 2015), Nostoc OCPCAN (López-Igual

et al., 2016), CAN in DMSO.

(B) UV-visible absorbance spectra of samples in (A).

(C) Structural alignment of Nostoc HCP1CAN and Synechocystis OCP-NTDCAN (Leverenz et al., 2015) showing similar folds and CAN bound in a CPC-R-

like configuration.

(D) Alignment of Nostoc HCP1 binding either homogeneous CAN or a mixture of carotenoids (represented by b-carotene), showing that Nostoc HCP1 is

observed in a similar fold regardless of the identity of the bound carotenoid.

Molecular Plant Helical Carotenoid Proteins
(Flaherty et al., 2011), while a second study showed an

upregulation of OCP and HCP1 under nitrogen starvation (when

compared with cultures in the presence of ammonium) (Ow

et al., 2008). In Chlorogloeopsis PCC 9212, HCP4 and OCP

transcript levels decreased during photomixotrophic growth

(supplemented with acetate), whereas HCP1 and HCP3 levels

went up under these conditions (Zhang and Bryant, 2015).

This pattern of upregulation of HCP1 and HCP3 under

photomixotrophic conditions was corroborated in studies with

Anabaena variabilis ATCC 29413 (Park et al., 2013) (which is a

closely related sister taxon to Nostoc 7120). Proteomic

analyses of two strains of Dolichospermum under nutrient

deprivation both showed higher peptide abundance levels for

HCP4 compared with OCP (D’Agostino et al., 2014). HCP2,

when detected, showed low levels and did not exhibit any

dynamic nor differential expression based on environmental

perturbations. Collectively, these results support the hypothesis

that the different HCP subclades have distinct functions.
Carotenoid Binding by the HCP1 (All1123) from
Nostoc 7120

To test the prediction that HCPs bind carotenoid, a Nostoc 7120

mutant containing a His-tagged HCP1 protein (All1123) was con-

structed. Subsequent purification of this HCP1 (hereafter Nostoc

HCP1Native) by immobilized metal ion affinity chromatography

(IMAC) yielded a small amount of pigmented protein. The UV-
1386 Molecular Plant 9, 1379–1394, October 2016 ª The Author 2016.
visible spectrum of Nostoc HCP1Native (Supplemental Figure 5)

was reminiscent of the NTD-OCP from Syn6803 (Leverenz

et al., 2014, 2015). An extract analyzed by LC-MS was

shown to contain 45%–63% canthaxanthin (CAN), 20%–27%

echinenone (ECN), 9%–16% b-carotene, and 7%–10% 30-hy-
droxyechinenone. Accordingly, we confirm that Nostoc HCP1

binds carotenoids, predominantly C40 carotenoids with 4-keto

ring substitutions, with the highest level of binding observed

for CAN.

Because the yield of Nostoc HCP1Native was insufficient for crys-

tallization, the all1123 genewas overexpressed with a His-tag in a

DCrtR Syn6803 mutant (producing both CAN and ECN) and in a

background of Escherichia coli producing 100% CAN. LC-MS

of extracts of the protein purified from the Syn6803 background

(hereafter HCP1mixed) identified a mixture of deoxymyxoxantho-

phyll (56%–60%), ECN (15%–20%), CAN (2%–8%), and b-caro-

tene (14%–16%). In contrast, only CAN could be detected in

extracts of the protein isolated from the E. coli background (here-

after HCP1CAN). The visible appearance of HCP1mixed was

distinctly different from that of HCP1CAN (Figure 3), with multiple

peaks observed in the UV-visible absorbance spectrum of

HCP1mixed, characteristic of carotenoid vibronic structure

(Figure 3B). In contrast, the HCP1CAN spectrum lacked these

bands and was significantly red shifted, resembling the

synthetically truncated Syn6803 NTD-OCPCAN (Figure 3B).

Hydrophobic interaction chromatography (HIC) was used to
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Figure 4. Comparison of Carotenoid-Binding Residues in
Synechocystis OCP-NTDCAN and Nostoc HCP1CAN.
(A) CPC-R-like binding is observed in Nostoc HCP1CAN. Similar 40-keto
ring (B2 ring) binding residues are observed in both structures (with the

C84/R76 substitution being a notable difference), as is the s-trans

configuration of the 40-keto ring of CAN.

(B) Aromatic residues within 5 Å of the carotenoid constitute a key

difference in the binding pocket of the polyene.
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separate the apo- and holo forms of the HCP1CAN and produced

a homogeneous holoprotein suitable for crystallization and

subsequent structural analysis (see Supplemental Figure 6).

Structures of the HCP1 of Nostoc 7120

We grew crystals from Nostoc HCP1mixed and determined its

three-dimensional structure to 2.5 Å resolution (see Methods

and Supplemental Table 2 for additional details). The protein

crystallized with one molecule per asymmetric unit. Only sparse

electron density was observed for the portion of the carotenoid

that is exposed at face 1 of the protein (see Supplemental

Figure 7). While the electron density of the b-ionyl ring at face 2

is well defined, there is not enough information to conclusively

identify the carotenoid, which we modeled as b-carotene

because its structural features are shared among the three

other carotenoids detected by LC-MS.

Nostoc HCP1CAN was crystallized and the structure was deter-

mined to 3.2 Å resolution. An interaction between the two sepa-
Mo
rate protein chains in the asymmetric unit of HCP1CAN crystals

occurred across face 1 (see Supplemental Figure 8) indicating

proteolysis of a loop connecting the aC and aD helices of the

HCP (a region observed to be poorly ordered in OCP-NTD

structures). This suggests that the dimerization observed in the

crystal is unlikely to be physiological, as the presence of the

loops in the native protein would prevent such an association.

Moreover, no polar nor salt-bridging interactions were observed

at the dimer interface; the interaction appears entirely hydropho-

bic in nature. The interaction along face 1 includes a coplanar

stacking of the 4-keto rings of the CAN molecules, � 5 Å in dis-

tance. Both Nostoc HCP1 structures align well with the recently

reported structure of the Syn6803 OCP-NTDCAN (Leverenz

et al., 2015), with RMSD of 1.18 and 0.98 Å over 113 and 109 a

carbon pairs for HCPCAN and HCPmixed, respectively (Figure 3C).

Clear electron density is observed for the noncovalently bound

CAN molecule in each chain in the HCP1CAN structure (see

Supplemental Figure 7). The CAN is observed to bind in a CPC-

R-like binding pocket in the Nostoc HCP1CAN structure

(Figure 4), with the carotenoid in a similar configuration to that

observed in the NTD of the OCP structure (Leverenz et al.,

2015). An s-trans configuration of the 40-keto ring of CAN is

likewise observed in both structures. Positional sequence

conservation across all HCP sequences was mapped onto

the HCP1CAN structure (Figure 5), confirming the strong

conservation of the amino acids that line the carotenoid-binding

pocket and supporting the prediction that carotenoid binding is

a conserved structural feature of HCPs. In HCP1, these

carotenoid–protein interactions include the presence of two

additional aromatic residues (F146 and F117, Figure 4B); F146,

in helix aI, is highly conserved in HCP1 sequences (Figure 2;

Supplemental Figure 3). While the polyene is completely

surrounded by the hydrophobic binding pocket between the

two 4-helix bundles, the b-ionyl rings are solvent-exposed in

the HCP1 structures.
DISCUSSION

The HCPs Are a Family of Cyanobacterial
Carotenoid-Binding Proteins

Here we have shown that at least nine different clades of single-

domain homologs to the NTD of the OCP are encoded in cyano-

bacterial genomes. Due to the consistently strong sequence

conservation, particularly among amino acids homologous to

the carotenoid-binding tunnel residues of the NTD of the OCP

(Figures 2B and 5), we propose that all of these proteins bind

carotenoids. Structurally, we predict and demonstrate by

crystal structure determination (Figure 3C) that HCPs share the

all-helical fold of the pfam09150 domain/the RCP (Leverenz et

al., 2015). Literature mining for expression data (Table 2)

suggests that these proteins likely have diverse functions. The

HCPs constitute a new family of carotenoid-binding proteins.

Two structures of the Nostoc HCP1 were solved from different

protein preparations with distinct optical properties and different

carotenoid content; nevertheless, the tertiary structure of the pro-

tein remained nearly identical (RMSD of 0.47 or 0.46 Å for chain A

or B of HCPCAN, respectively) over 119 a carbon pairs, Figure 3D).

The structures demonstrate that the hydrophobic binding pocket
lecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1387



A

B

Figure 5. Amino Acid Sequence Conserva-
tion of HCPs Mapped on the Nostoc HCP1
Structure.
Positions on the Nostoc HCP1CAN structure are

shown as (A) a space-filling model and (B) a

cartoon model of secondary structure elements,

with important residues labeled according to

All1123 numbering. Conservation of positions

was colored according to percent identity, from

least conserved (yellow) to most conserved (red)

in accordance with the color bar.
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between the two four-helix bundles of HCPs can indeed support

binding of a variety of carotenoids in theCPC-R-like configuration

observed in the activated red form of the OCP (OCPR) (Leverenz

et al., 2015) (Figure 6). The solvent exposure of the b-ionyl ring

region(s) of the carotenoid in the HCP1 structures likely

contributes to the apparent preference for the binding of polar

carotenoids (e.g., xanthophylls), as confirmed by carotenoid

content analyses of HCP1. Moreover, our results suggest that

the different HCP subfamilies represent an ancient divergence

suggestive of functional diversification, reflected in clade-

specific conservation of features of their primary structures

(Supplemental Figures 3 and 4, Figure 2), which may influence

their relative affinities for different carotenoids.

Our data indicate that HCP1 is competent in binding more than

one type of carotenoid, leading to differences in optical proper-

ties (Figure 3B). It is possible that (in addition to its specific

primary structure), the chemical identity of the carotenoid may

also influence the functional properties of an HCP, as it does in

the OCP (Punginelli et al., 2009; Wilson et al., 2011; Bourcier de

Carbon et al., 2015). We posit that this flexibility in binding

different carotenoids may be one way to fine-tune the functional

properties of an HCP. For instance, the presence of an intramo-

lecular charge transfer state in 4-keto carotenoids has been sug-
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gested to play a role in the quenching func-

tion of OCPs (Berera et al., 2012), and this

could extend to the HCPs as well. In vivo,

cells might be able to maintain or control

the function of an HCP by regulating

the occupancy (i.e., which carotenoid is

bound) by availability and/or relative

abundance of particular carotenoids.

Although speculative, the carotenoid can

be thought of as an interchangeable

module for regulating the function of an

HCP (Figure 6C); this remains to be tested.

Our results also demonstrate that the pro-

tein environment influences the properties

of the carotenoid. This is apparent when

comparing the absorbance spectrum of

CAN in organic solvent to CAN bound by

the Syn6803 OCP-NTD or by Nostoc

HCP1CAN (Figure 3B), with the latter two

significantly red shifted. Likewise, the

absorbance maximum of HCP1mixed

(500 nm) is similarly red shifted from that

of free myxoxanthophyll (477 nm)
(Mohamed and Vermaas, 2004). Thus, a red shift of the

carotenoid’s ground-state absorbance appears to be a general

indicator of CPC-R-like carotenoid binding in these proteins.

The protein-induced red shift in CAN’s absorbance is also slightly

larger in HCP1 compared with the OCP-NTD; the additional aro-

matic binding residues (Figures 4B and 5) or non-conservative

substitutions in the vicinity of the 40-keto ring (e.g., C84 [OCP-

NTD] to R76 [HCP1]) (Figure 4A) could contribute to this

difference in the spectra by subtly altering the electrostatic

environment and the structure of the CAN molecule. The

underlying molecular basis of this red shift awaits elucidation by

advanced spectroscopic and computational studies. In much

the same way as soluble phycobiliproteins have become

valuable scaffolds for studying the effects of a protein

environment on a pigment’s spectroscopic properties (Wang

and Moerner, 2015), the HCPs should be a valuable tool for

studying the consequences of a protein matrix on the function

and properties of carotenoids, as well as the influences

different carotenoids may exert upon a particular protein

matrix. The single chromophore per protein chain as well as the

solubility of the OCP and the HCPs makes them an ideal

system for these studies, in comparison with the majority of

carotenoid-binding antenna complexes, which are membrane

bound and thus difficult to manipulate.
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Figure 6. Proposed Modularity of Soluble Carotenoid Proteins.
(A and B) Illustration of Carotenoid Binding and Modular Assembly of HCP (A) and OCP (B). The carotenoid is buried entirely within the pfam09150

domain in CPC-R (in HCP, OCP-NTD, and OCPR), whereas it is simultaneously bound by the NTD and CTD in CPC-O.

(C) The different HCP subtypes are suggested to have different biochemical properties such as carotenoid preference, optical properties, physiological

role, and/or interaction partners. As indicated by the question mark, it is hypothesized that some HCP subtypes may bind different carotenoid modules

and that a heterocomplex may form between CTDH and an HCP containing the N-terminal extension, resembling extant OCP.
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Predicted Functional Diversity Based on Differential
Expression and Primary Structure

The pfam09150 domain (as either the NTD of the OCP or as an

HCP) is confined to the Cyanobacteria. This domain is wide-

spread throughout the extant taxa of this phylum; HCPs are

present in the majority of cyanobacterial species (Table 1) and

in all phylogenetic subclades except C1 (alpha cyanobacteria)

and C2 (Synechococcus elongatus). Multiple HCPs are found

even in the Gloeobacter species, which are commonly

viewed as being the most ancient lineage among modern

cyanobacteria, preceding the last common ancestor of the

chloroplast (Criscuolo and Gribaldo, 2011; Shih et al., 2013).

The majority of genomes that lack both the OCP and HCP are

those of atypical cyanobacteria; this includes the Prochlorales,

which do not use PBS for their light-harvesting antenna

(Partensky and Garczarek, 2010), as well as many symbiotic

species such as strains of Richelia, Synechococcus

spongiarum, Moorea, Acaryochloris, and Atelocyanobacterium,

which exhibit either genomic streamlining attributed to co-

evolution with their host (Thompson et al., 2012; Hilton et al.,

2013; Gao et al., 2014) or genome expansion specifically

attributed to niche partitioning (Swingley et al., 2008; Engene

et al., 2012); in addition, some of these strains have atypical

PBS structures. The presence of fragmented OCP-like open

reading frames detectable by T-BLASTN in several genomes

that lack OCP-like homologs (for instance, Moorea 3L, Cyano-

bacterium aponinum PCC 10605, Synechococcus CC9616,

Leptolyngbya BDU 20041) suggests degradation of previously

functional genes and supports an ancestral presence of OCP

and/or HCP in these strains. The well-studied strain Synecho-
Mo
coccus elongatus PCC 7942 and its closely related sister taxon

PCC 6301 also lack OCP/HCP-homologs; although atypical

physiological features are not apparent in these strains, they

exist on a long branch (phylogenetic subclade C2) and thus

have divergent genomes. Among the 15 genomes containing

an HCP but lacking an OCP (Supplemental Table 1), the

majority contain an HCP4/HCP5-like sequence with a CTDH

gene at a nearby locus (Supplemental Figure 2), suggesting

that perhaps some functional aspects of the OCP could be

provided by a heterodimeric interaction between a CTDH and

an HCP4/HCP5 homolog (Figure 6C; see below). This is

consistent with generally accepted models for protein

evolution (Enright et al., 1999; Marcotte et al., 1999). On the

other hand, in light of the absence of blue-light-inducible phyco-

bilisome quenching in one of these strains, Thermosynechococ-

cus elongatus BP-1 (Boulay et al., 2008), the function of a

heterodimeric HCP–CTDH complex may differ substantially

from the photoprotective mechanism of the OCP, or may be

operational only under particular conditions.

There does not appear to be any biased co-occurrence between

the major HCP subtypes within genomes (Figure 1D and

Supplemental Figure 1). Nevertheless, the genomes with the

largest inventory of HCP paralogs are filamentous,

heterocystous N2-fixing species (subsections IV and V)

(Table 1); however, these strains also tend to have the largest/

most expanded genomes among cyanobacteria. Nevertheless,

it is a reasonable hypothesis that there exists an association

between HCP function and N2 fixation and/or morphological

differentiation. Recently, it was shown that the HCPs in Nostoc
lecular Plant 9, 1379–1394, October 2016 ª The Author 2016. 1389



Molecular Plant Helical Carotenoid Proteins
7120 are expressed in both vegetative as well as heterocyst cells

(López-Igual et al., 2016). HCP1 was downregulated (together

with OCP) during an N-deprivation time course in Nostoc

punctiforme ATCC 29133, whereas HCP3 was shown to be

highly upregulated in hormogonia (Christman et al., 2011)

(Table 2). Interestingly, an opposite trend was shown for the

same HCP subtypes in similar expression studies with Nostoc

7120, with increased expression of OCP, HCP1, as well as

HCP4 upon the first hours of N deprivation (Flaherty et al.,

2011). This discrepancy between strains might derive from

genetic changes in Nostoc 7120 occurring over decades of lab

cultivation (this strain has lost its ability to form akinetes or

homogonia; Jack Meeks, personal communication) or from

nuances in experimental methods between laboratories.

Nevertheless, these differential expression patterns for the

different HCPs in each study do support the proposition that

the members of the different clades have distinct functions.

In contrast to the highly conserved primary structure of the

OCP, the diversity of HCPs reflects a large amount of gene

duplication and divergence, reflecting subfunctionalization,

which has led to their maintenance in so many cyanobacterial

genomes (Figure 1). It is notable that even the evolutionarily

basal genus Gloeobacter contains both OCP and multiple

NTD homologs (Kerfeld, 2004a), although they exhibit

relatively greater divergence in primary structure (e.g., HCP9

in Figure 2B; Supplemental Figure 3). Furthermore, HCPs can

be found in all four members of phylogenetic subclade F

(Table 1), which was also shown to branch earlier than the

ancestor of the chloroplast (Shih et al., 2013). Thus, it appears

that HCPs are ancient proteins that may have had essential

roles because they were largely conserved and they are still

present in diverse, extant cyanobacteria species. Thus, it

appears that the evolution of HCPs (and possibly the OCP-

related photoprotective mechanism) may predate the rise of

modern cyanobacteria.

Inspection of published proteomic and transcriptomic datasets

shows that at least some of the HCP paralogs (identified as

hypothetical proteins) are expressed. Notably, all clades were

represented by at least one HCP subtype in global expression

studies, with the exception of HCP7 and HCP9, which are not

encoded in the genomes of any of the organisms used in these

studies (Ow et al., 2009; Christman et al., 2011; Park et al.,

2013; Voß et al., 2013; D’Agostino et al., 2014; Bernstein

et al., 2015; Zhang and Bryant, 2015) (Table 2). Furthermore, a

meta-analysis of these data clearly shows differential patterns

of expression in response to various growth conditions. For

instance, HCP5 was strongly upregulated (but OCP was down-

reguated) during the early phase of H2 evolution in Cyanothece

ATCC 51142 (Bernstein et al., 2015), which was induced by

abrupt starvation of all external electron acceptors (CO2, N2)

in NH4
+-deprived cultures. This early phase of H2 production

was characterized by a transient decline of photosynthetic

capacity (Melnicki et al., 2012) associated with elevated ROS

production (Natalie Sadler, unpublished results). Similarly,

photoheterotrophic supplementation with organic carbon to

cultures of Chlorogloeopsis PCC 9212 and Anabaena variabilis

ATCC 29413 led to higher levels of HCP1 and HCP3

transcripts, with Chlorogloeopsis also showing decreased

levels of both HCP4 and OCP in response to organic carbon
1390 Molecular Plant 9, 1379–1394, October 2016 ª The Author 2016.
supplementation (Park et al., 2013; Zhang and Bryant, 2015).

Collectively, these data suggest that HCPs have distinct

functions in cells.
The HCP4 Clade and the Evolution of the OCP

Because the Gloeobacter HCPs cluster together and are located

farthest from the OCP cluster (Figure 1), it can be inferred that the

pfam09150 domain was ancestrally derived from an HCP-like

protein. The HCP4 clade is found closest to the OCP-like se-

quences (Figure 1A) and has very short branches, indicating

strong conservation of primary structure. Interestingly, nearly all

of the genomes with an HCP4 representative also encode an

OCP homolog (Table 1), suggesting that a photoprotective role

for HCP4 would not be identical with that of OCP. HCP4

representatives are only found in species belonging to

phylogenetic subclade B1, which is characterized by the

filamentous, heterocystous morphotypes (subsections IV and

V); these organisms commonly exhibit complex life cycles such

as cell specialization, biofilm formation, anoxic diazotrophy,

and chromatic adaptation of the phycobilisome antenna. Thus,

perhaps the retention and strong conservation of HCP4 in these

strains is associated with particular physiological demands.

We can speculate that there may be situations in which

indiscriminant or long-duration PBS quenching could be advan-

tageous; for instance, conditions of stress leading to extreme

photosensitivity (e.g., desiccation of desert crusts) or upon differ-

entiation of a vegetative cell into specialized cell types no longer

performing oxygenic photosynthesis (e.g., heterocysts).

Several additional observations support the contention that the

HCP4 clade is ancestral to the NTD of the OCP. For example,

23 of the 26 members of the HCP4 clade are encoded at a locus

adjacent to an OCP-CTD homolog (CTDH) (Supplemental

Figure 2). Furthermore, HCP4 members tend to have a �20

amino acid extension with strong sequence similarity to the

OCP N-terminal extension a helix (aA in Figure 2A); this

extension helps stabilize the closed inactive OCPO form by

interacting with the CTD at the minor interface (Figure 6B).

Moreover, the position of the HCP4 clade is furthest from the

presumably ancestral HCP9 clade, and it is also the closest to

the OCP clade. The high degree of conservation in this clade

(short branches in Figure 1A) provides strong evidence

for evolutionary constraint, implying a structure–function

relationship that cannot be altered without a cost to fitness.

Thus, we suggest that at least some of these tandem HCP4–

CTDH pairs may interact to form a heterodimer that could

possibly constitute a primitive, modular OCP function (as

depicted in Figure 6C). The interaction with the CTD might have

enabled the acquisition of regulation of the HCP activity by light

and the FRP.

Due to the similarity in tertiary structure between the HCPs and

the NTD-OCP (Figures 3C and 5) and the conservation of

Arg155 (essential for PBS binding) (Figure 2B), it is possible that

the HCPs can interact with PBSs. Unless tightly regulated at

the level of expression (or by an alternate regulatory

mechanism), the HCPs would presumably then be constitutively

active in energy quenching. This interaction with the PBSs

could lead to irreversible quenching of PBSs even in light-

limited conditions; such a function could be desirable for strains
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experiencing dehydration while growing on exposed surfaces,

such as desert soil crusts (Rajeev et al., 2013).

Accordingly, a plausible scenario for the evolution of OCP-

mediated photoprotection involves a series of steps beginning

with an HCP and including recruitment of a CTDH, subsequent

domain fusion with an ancestor of the HCP4 clade, and finally

recruitment of the FRP. An interaction with the CTDH

(Figure 6C) and, subsequently, its interaction with the FRP,

might have conferred increasingly fine regulatory control on the

quenching activity of the OCP-NTD, which alone can be a consti-

tutively active quencher (Leverenz et al., 2014, 2015). Recently it

was demonstrated that the HCP4 from Nostoc (but not its HCP1,

HCP2, or HCP3) indeed acts as a constitutive quencher of PBSs

in vitro (López-Igual et al., 2016). Accordingly, we suggest that the

formation of an HCP4–CTDH complex would represent an

intermediate form in the evolution of contemporary OCP. The

initial establishment of such an association could have served

as a novel way to shut off a constitutively quenching HCP and

thereby minimize wasteful energy dissipation from the antenna

under favorable environmental conditions. It is well accepted

that one widespread mechanism for protein evolution is domain

fusion; proteins that functionally interact can become

genetically fused into a single polypeptide (Enright et al., 1999;

Marcotte et al., 1999). The fusion of an ancestral HCP4 to a

CTDH could have thus contributed a regulatory event by

providing its portion of CPC-O residues to stabilize the carot-

enoid in its orange, inactive form, leading to the ability to convert

from OCPO to OCPR (Figure 6B), effectively leading to ‘‘turning

on’’ quenching when necessary as opposed to turning it off.

The innovation of OCP photoactivation, which has quite a low

quantum yield and thus requires strong (blue) light, perhaps

provided some regulation for the activation of the OCP for

quenching only when light was in excess. Essentially, we

propose that fusion to a CTDH resulted in the gaining of a

sensor domain. Finally, recruitment of the FRP and its

interaction with the CTD would have afforded a new way to

‘‘shut off’’ (or minimize) quenching under conditions when it

would be energetically wasteful. This hypothesis is supported

by the observation that nearly all of the full-length OCP

sequences occur in genomes that also contain an FRP

(Figure 1C), usually located one or two loci away from the OCP

gene.
Summary and Outlook

This model for the evolution of the OCP from phylogenomic data

explains the structural and functional modularity of this recently

identified photoreceptor. Structural and functional modularity is

also a hallmark feature of several classes of photoreceptor pro-

teins such as phytochromes and light-oxygen-voltage sensors

(Möglich et al., 2010). These proteins consist of a regulatory

domain with a sensory function (e.g., the detection of light) and

a domain with an effector function (e.g., the selective

interaction with a small molecule or another protein that effects

a physiological response). It is plausible that one or more of the

distinct clades of HCP paralogs could function as an alternate

‘‘effector’’ module in an HCP–CTDH heterodimer. Moreover,

our structural analysis confirms that the predicted carotenoid-

binding residues are able to support interaction with diverse

carotenoids. The factors governing relative affinity for different
Mo
carotenoids remain to be elucidated; the carotenoid could

constitute a third interchangeable module that could influence

function. In addition to providing a tractable model system for

biophysical and spectroscopic analysis of carotenoid–protein

interactions, future detailed studies of HCP expression, the

effect of HCP gene knockouts, and in vitro activity assays will

be critical in establishing the precise functional role(s) of these

proteins and their potential uses in optogenetics.
METHODS

Phylogenetic Analysis

Protein sequences pre-assigned to contain the pfam09150 domain were

retrieved from IMG on March 30, 2015, and were supplemented by

BLAST searches within IMG using all1123 as a seed sequence and 1.0

as the E-value cutoff (Markowitz et al., 2012), resulting in 392 OCP-

related sequences (Supplemental Data 1). Twenty-four sequences

were removed because they belonged to duplicate genome entries in

IMG; rationale for genome de-duplication is documented in

Supplemental Data 2. An initial alignment with MUSCLE (Edgar, 2004)

was used for manual curation; 11 sequences were removed due to

poor alignment or incomplete sequence coverage. The remaining 357

sequences were realigned using MUSCLE, and the NTF2-containing

CTD was removed from full-length OCPs using Jalview (Waterhouse

et al., 2009) to delete all columns to the right of the MG(F/Y)D motif,

which marks the end of the pfam09150 domain and the beginning of

the inter-domain linker.

The HCPs and truncated OCP-NTDs were again realigned in MUSCLE, as

well as with MAFFT (Katoh and Standley, 2013) (run once with the

progressive G-INS-1 method and leavegappyregion option, and again

with the iterative G-INS-i method), and Probcons (Do et al., 2005).

A 50% consensus alignment was obtained from these four MSAs using

MergeAlign (Collingridge and Kelly, 2012), maintaining 95 positions for

columns that were present in at least two of the four alignments (the

100% consensus preserved only 18 positions). This consensus

alignment was used to build a phylogenetic tree using PhyML 3.1

(Guindon et al., 2010) with the LG substitution model, NNI tree topology

search settings, and the aBayes algorithm for branch supports. Clades

were determined by manual inspection and were colored using

Archaeopteryx (http://www.phylosoft.org/archaeopteryx). The resulting

phylogenetic tree is available in phyloxml format in Supplemental Data 3

(Han and Zmasek, 2009). HMMs were built with new MUSCLE

alignments for each clade using hmmbuild (HMMER 3.0/b, http://

hmmer.org), and sequence logos were calculated from these HMMs

using Skylign (Wheeler et al., 2014). The consensus sequences for each

HMM were aligned in MUSCLE. Biochemical properties of each

sequence were predicted using EMBOSS-PEPSTATS (Rice et al., 2000).

Area-proportional Euler diagrams for gene co-occurrencewithin genomes

were drawn with VennMaster (Kestler et al., 2008), using Boolean genome

incidences, as pivoted from data in Supplemental Data 1.

Cloning of Nostoc HCP1 in Nostoc sp. PCC 7120

The plasmid for the overexpression of Nostoc HCP1 in Synechocystis

6803, described previously (Sedoud et al., 2014), was digested using

NheI. The resulting 620-bp fragment, containing the all1123 30 sequence
with His-tag fusion and Km resistance gene, was cloned in the pRL277

plasmid (Cai and Wolk, 1990), digested with SpeI, and transferred to

Nostoc 7120 by conjugation using HB101 strains carrying helper and

methylation plasmid pRL623 (Elhai et al., 1997). The conjugation was

effected by the conjugative plasmid pRL443, carried in E. coli ED8654

(provided by Prof. C.P. Wolk) and performed as described previously

(Elhai et al., 1997), with selection for Sm/Sp resistance. We obtained a

KmSmSp-resistant mutant and confirmed homologous recombination of

the His-tag fusion at the native all1123 locus, as verified by sequencing.
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The all1123 gene with a sequence encoding for 6xHis in 30 was ampli-

fied by PCR using the restriction site-creating primers 1123NcoI

(50-GAT ATA CCA TGG GCA CTT TTA CAC AAA CAA ACG-30) and

1123NotI (50-CAT TAT GCG GCC GCC TAA TGA TGA TGA TGA TGA

TG-30) (and a previously described plasmid containing the all1123

gene under the control of the psbA2 promoter as template; Sedoud

et al., 2014). The PCR fragment was digested and cloned onto the

NcoI and NotI site of pCDFDuet-1 to create the pCDF-HCP-1123Ctag

plasmid. The production of holo-protein in a canthaxanthin-producing

strain of E. coli was described previously (Bourcier de Carbon et al.,

2015).

HCP1 Protein Purification

The 6xHis-tagged Nostoc HCP1mixed was purified from DCrtR Synecho-

cystis 6803 by IMAC as described previously (Sedoud et al., 2014), and

the same protocol was followed for the 6xHis-tagged HCP1Native in

Nostoc 7120. The 6xHis-tagged Nostoc HCP1CAN was purified from

canthaxanthin-producing E. coli by IMAC using a protocol similar to

that described in Bourcier de Carbon et al. (2015), resulting in a

mixture of apo- and holo-HCPs. The apo and holo forms of the protein

were separated by HIC as follows: the apo/holo mixture was exchanged

into 50 mM Tris-HCl (pH 7.4), 1.5 M (NH4)2SO4 using multiple cycles of

concentration and buffer exchange in an Amicon 15 centrifugal concen-

trator (10 kDa MWCO; Millipore). The protein was then loaded on a

Tosoh TSK-Gel Phenyl 5PW column and a decreasing linear gradient

of 1.5 M (NH4)2SO4 to 0 M (NH4)2SO4 in 50 mM Tris-HCl (pH 7.4) was

used to elute bound protein. Major fractions containing HCP1CAN
holoprotein (as judged by the 510 nm:280 nm absorbance ratio in the

UV-visible chromatogram; Supplemental Figure 6) were pooled and

further purified by SEC on a Superdex 75 pg HiLoad 16/60 column

(GE Healthcare) using 50 mM Tris-HCl (pH 7.6), 200 mM NaCl

running buffer.

Measurement of Carotenoid Content in HCPs

The carotenoid content of the isolated HCPswas analyzed by high-perfor-

mance liquid chromatography and mass spectrometry as previously

described (Sedoud et al., 2014).

Protein Crystallization and Structure Determination

Crystals of Nostoc HCP1CAN were obtained from sitting drop experiments

at room temperature bymixing 2 mL of protein solution (3 mg/mL in 10 mM

Tris-HCl [pH 7.4]) with 1 mL of reservoir solution containing 400mMammo-

nium citrate, 20% PEG 3350. Crystals were stabilized by adding 30%

ethylene glycol (in reservoir solution) to the drop, mounted on a nylon

loop (CrystalCap ALS HT, Hampton Research), and then frozen in liquid

nitrogen.

Crystals of Nostoc HCP1mixed were obtained from sitting drop experi-

ments at room temperature by mixing 0.2 mL of protein solution

(4 mg/mL in 20 mMNaCl, 20 mM Tris-HCl [pH 7.6]) with 0.2 mL of reservoir

solution containing 100 mM HEPES (pH 7.5), 10% 2-propanol, 25% PEG

4000. Crystals were transferred to nylon loops under oil (to prevent drop

evaporation) and were frozen directly in liquid nitrogen.

X-ray diffraction was measured at beamlines 5.0.2 and 5.0.3 of the

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory.

Diffraction data were integrated with XDS (Kabsch, 2010) and scaled

with SCALA (CCP4) (Winn et al., 2011). The HCP structures were

solved by molecular replacement with the NTD of Syn6803 OCP (PDB:

3MG1). Automatic building of a model into the density using

phenix.autosol (Afonine et al., 2012) was followed by manual

rebuilding/refinement cycles using COOT (Emsley and Cowtan, 2004)

and phenix.refine (Afonine et al., 2012). Statistics for diffraction data

collection, structure determination, and refinement are summarized in

Supplemental Table 2.
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