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Abstract To date, it has been assumed that the evolution of

a protein complex is different from that of other proteins.

However, there have been few evidences to support this

assumption. To understand how protein complexes evolve,

we analyzed the evolutionary constraints on ACTIN RELATED

PROTEIN 6 (ARP6), a component of the SWR1 complex.

Interspecies complementation experiments using transgenic

plants that ectopically express transARP6s (ARP6s from other

organisms) showed that the function of ARP6s is conserved in

plants. In addition, a yeast two-hybrid analysis revealed that this

functional conservation depends on its ability to bind with both

PIE1 and AtSWC6. ARP6 consists of 4 domains similar to

actin. Functional analysis of chimericARP6s (domain-swapped

ARP6s between Arabidopsis and mouse) demonstrated that

each domain of ARP6s imposes differential evolutionary

constraints. Domains 1 and 3 of ARP6 were found to interact

with SWC6 and PIE1, respectively, and domain 4 provides a

nuclear localization signal. Moreover, domains 1 and 3 showed

a slower evolution rate than domain 4, indicating that the

interacting domains have higher evolutionary constraints than

non-interacting domains do. These findings suggest that the

components of this protein complex have evolved coordinately

to preserve their interactions.

Keywords: Actin fold, ARP6, Molecular evolution, Protein

complex, SWR1 complex

Introduction

Evolutionary concepts have been recognized since at least

the time of Aristotle (384-322 BC); however, the mechanism

of evolution by natural selection was proposed by Charles

Darwin in 1859 (M.A. 1859). Since the advance in molecular

biology from the 1950s, evolutionary studies have expanded

from species to the DNA and protein levels. Increased

accumulation of the information of DNA and protein sequences

has revealed that the rate of evolution is not homogeneous

among proteins (Uzzell and Corbin 1971; Yang 1993).

Previous studies have suggested that the underlying evolutionary

features of proteins with slow evolution rates impose

geometrical constraints on three-dimensional (3D) structures

and biochemical constraints on enzyme and binding activity

preservation (Branden and Tooze 1999). Additionally, the

evolutionary properties of protein-protein interactions have

been intensively analyzed by computational approaches by

sequence comparisons of orthologous genes using high-

throughput protein interaction data (Papp et al. 2003; Mintseris

and Weng 2005). However, the evolutionary features of protein

complexes, which accompany many obligate protein-protein

interactions, have not yet been examined. Therefore, the

evolutionary properties of protein complexes should be

understood in the context of interactions among protein

components. To elucidate the molecular evolution mechanisms

of protein complexes, we examined the SWR1 complex

(SWR1C), a chromatin remodeling complex (CRC).

SWR1C, which catalyzes ATP-dependent replacement of

histone H2A with histone variant H2A.Z, has been intensively

studied in yeast (Mizuguchi et al. 2004; Zlatanova and

Thakar 2008). SWR1C is composed of 14 subunits, and
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SWR1, ARP6, SWC6 and SWC2 are core subunits forming

the sub-complex. In SWR1C, ARP6 coupled with SWC6

links SWR1 and SWC2, which are involved in histone exchange

by directly binding to H2A.Z (Wu et al. 2005; Nguyen et al.

2013). H2A.Z deposition by SWR1C is required for

transcriptional regulation, heterochromatic barrier formation,

and genome stability in yeast (Kamakaka and Biggins 2005).

Interestingly, during the evolution of eukaryotes, histone

variant H2A.Z is more highly conserved than H2A; H2A.Zs

found in yeast, humans, and Arabidopsis exhibit ~90%

sequence similarity (Iouzalen et al. 1996; Deal et al. 2007).

Components of SWR1C, especially core subunits (SWR1,

ARP6, SWC6, and SWC2), have also been highly conserved

during the evolution of eukaryotes, including humans and

Arabidopsis. Moreover, the interaction patterns among

components of core subunit have been sustained in eukaryotes

(Choi et al. 2007; Nguyen et al. 2013).

Until now, developmental roles of SWR1C in higher

eukaryotes have mainly been studied in Arabidopsis because

mutations in animal SWR1C components cause embryonic

lethality (Zlatanova and Thakar 2008). In Arabidopsis, all

four homologs of SWR1C core subunits have been

reported-these include PHOTOPERIOD-INDEPENDENT

EARLY FLOWERING 1 (PIE1), a homolog of SWR1; ACTIN

RELATED PROTEIN 6 (AtARP6)/SUPPRESSOR OF

FRIGIDA 3 (SUF3)/EARLY IN SHORT DAYS 1 (ESD1);

AtSWC6/SERRATED LEAVES AND EARLY FLOWERING

(SEF); and AtSWC2 (Noh and Amasino 2003; Deal et al.

2005; Kandasamy et al. 2005; Martin-Trillo et al. 2006; Choi

et al. 2007; Lazaro et al. 2008; March-Diaz and Reyes 2009).

Mutations in any of the core subunits cause similar

developmental defects such as early flowering, leaf serration,

and production of extra petals, short siliques, and weak apical

dominance. Functional analyses in Arabidopsis have revealed

that PIE1, AtARP6, AtSWC6, and AtSWC2 in SWR1C are

required for the deposition of H2A.Z (Choi et al. 2007; Deal

et al. 2007).

SWR1C provides an attractive system to study the molecular

evolution of protein complexes because the core components

are conserved in all eukaryotes and the interactions among

components are already known. In particular, ARP6 has

several useful features for studying molecular evolution.

Actin-related proteins (ARPs, ARP1~ARP10) are a branch

of the actin superfamily that share the same structural

architecture, known as the “actin fold” (Kabsch and Holmes

1995). In addition, ARP4~ARP10 have specific insertions or

deletions, whereas ARP1~ARP3 do not (Muller et al. 2005).

The actin fold in ARP6 is organized into four domains

(domain 1, 2, 3 and 4) and two insertion regions (insertion

region I and II) (Choi et al. 2005; Muller et al. 2005).

In the present study, we focused on the evolutionary

constraints of ARP6 proteins that bind to both SWR1s and

SWC6s. Our results showed that domains 1 and 3 of

AtARP6 interacted with AtSWC6 and PIE1 respectively,

and insertion region II in domain 4 provided a nuclear

localization signal. Moreover, we proposed that stronger

evolutionary constraints were imposed on domains 1 and 3

because they require coevolution with the interaction

partners in SWR1C; however, domains 2 and 4 are more

flexible to evolutionary changes. The present study provides

insight into the molecular evolution of protein complexes.

Results

ARP6s are Evolutionarily Conserved Among Eukaryotes

To provide a framework for ARP6 evolution, we first analyzed

the phylogeny based on the amino acid sequences from 13

species embracing three eukaryotic kingdoms: Fungi (budding

yeast Saccharomyces cerevisiae and fission yeast Schizo-

saccharomyces pombe), Animalia (Caenorhabditis elegans,

Drosophila melanogaster, Xenopus laevis, Gallus gallus,

Mus musculus, and Homo sapiens), and Planta (moss

Physcomitrella patens, monocots, rice Oryza sativa, and

maize Zea mays, and dicots, Populus tremula, and A.

thaliana). As a result, it was revealed that amino acid sequences

among eukaryotic ARP6s were highly conserved (Fig. 1A).

Interestingly, the maximum parsimonious phylogenetic

analysis of ARP6s from diverse eukaryotes exhibited three

distinct branches in the neighbor-joining tree, which exactly

recapitulated the phylogenetic tree of the three eukaryotic

kingdoms as Fungi, Animalia, and Planta (Fig. 1B). In

addition, all aligned ARP6s contained two major insertion

regions when they were compared to the relevant actins from

the same organisms (Fig. S1). Although the sequences and

the length of insertions were variable, the positions of two

insertion regions were relatively conserved and the second

insertion region was longer than the first insertion region

(Fig. 1C; Fig. S1). Therefore, our results showed that ARP6

proteins are conserved during eukaryote evolution, and the

two insertion regions in ARP6s are conserved features of

ARP6 distinguishable from actin and other ARPs.

ARP6s are Functionally Conserved in Kingdom Planta

To determine the extent of functional conservations of ARP6s,

we examined whether ARP6 genes from diverse organisms

(transARP6s) could complement suf3, a mutant in AtARP6.

We generated transgenic plants overexpressing transARP6s

(ScARP6, SpARP6, CeARP6, DmARP6, MmARP6, PpARP6,

and OsARP6) in the suf3 mutant using a strong constitutive

promoter, cauliflower mosaic virus (CaMV) 35S promoter.

35S-AtARP6 in suf3 was used as a positive control. Since
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suf3 mutations cause pleiotropic phenotypes, we firstly

determined whether the early flowering phenotype of suf3 is

rescued by 35S-transARP6s (Fig. 2). When 35S-AtARP6 was

introduced into suf3, all the transgenic plants flowered later

than suf3; the number of rosette leaves at flowering was 64.3

for the wild type (FRI), 12.5 for suf3, and 37.9 for 35S-

Fig. 1. Phylogenetic relationships among eukaryotic ARP6s. (A) Identities and similarities of amino acid sequences between AtARP6 and
other ARP6 homologs; dicots poplar (Populus tremula, Pt), monocots rice (Oryza sativa, Os) and corn (Zea mays, Zm), moss
(Physcomitrella patens, Pp), Animalia (Gallus gallus, Gg; Mus musculus, Mm; Xenopus laevis, Xt; Homo sapiens, Hs; Drosophila
melanogaster, Dm; Caenorhabditis elegans, Ce), fission yeast (Schizosaccharomyces pombe, Sp), and budding yeast (Saccharomyces
cerevisiae, Sc), (B) Phylogenic tree of ARP6 proteins, (C) Aligned amino acid sequences of planta ARP6s using the CLUSTAL W. The
boxed regions represent two insertion regions. Dotted residues represent the putative nuclear localization signals.
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AtARP6 (Fig. 2B). As a result of possible positional effect of

the transgene insertions, 35S-AtARP6 showed broad distribution

of flowering time, but 76% flowered with more than 30

leaves, 23% flowered with 15–30 leaves, and none of them

flowered with less than 15 leaves (Fig. 2C). Similarly, 35S-

OsARP6 showed a broad distribution of flowering time but

all flowered later than suf3, indicating almost complete

complementation. For 35S-PpARP6, most of the transgenics

flowered with 15–30 leaves (76%) and a few of them

flowered with less than 15 leaves (17%), thus, PpARP6 also

rescued suf3, although not completely. In contrast, the

overexpression of ScARP6, SpARP6, CeARP6, DmARP6,

and MmARP6 could not rescue the early flowering phenotype

of suf3 (Fig. 2A-C). Then, we analyzed the expression levels

of FLOWERING LOCUS C (FLC), a strong repressor of

flowering which is a direct target of Arabidopsis SWR1C,

and SUPPRESSOR OF OVEREXPRESSION OF CO1

(SOC1), a flowering activator that is negatively regulated by

FLC (Choi et al. 2007; Deal et al. 2007). Consistent with the

flowering phenotype, 35S-PpARP6, 35S-OsARP6, and 35S-

AtARP6 plants showed increased expression of FLC but

decreased expression of SOC1 similar to the wild type,

whereas 35S-ScARP6, 35S-SpARP6, 35S-CeARP6, 35S-

DmARP6, and 35S-MmARP6 showed similar expressions of

FLC and SOC1 with suf3 (Fig. 2D). The other phenotypes

such as leaf serration, extra petal production, and weak

apical dominance were also rescued completely by 35S-

AtARP6, and 35S-OsARP6, and partially by 35S-PpARP6,

whereas they were not rescued at all by 35S-ScARP6, 35S-

SpARP6, 35S-CeARP6, 35S-DmARP6, and 35S-MmARP6

(Table S1). Taken together, our results showed that moss and

rice ARP6s are capable of substituting Arabidopsis ARP6.

Considering that moss is the basal taxon in kingdom Planta,

it suggests that ARP6s are functionally conserved among

plants.

Interaction with Both PIE1 and AtSWC6 is Critical for

AtARP6 Function

Fig. 2. Complementation experiments using transARP6s. (A) Morphology of wild type (FRI), suf3, and T1 plants of 35S-transARP6s
suf3 grown for 30 d under long day conditions, (B) Flowering time of wild type (FRI), suf3, and 35S-transARP6s suf3 T1 plants grown
under long day conditions. Flowering time was measured by counting the rosette leaf number at the time of bolting (n=30), (C)
Distribution of flowering time among 35S-transARP6s suf3 T1 plants grown under long day conditions, (D) The expression of flowering
time genes, FLC and SOC1, in 35S-transARP6s suf3 transgenic plants. RNA was isolated from young leaves of 32-day-old plants. For
transgenic lines, RNA was extracted from leaves of at least 10 independent T1 plants. The expression of TUB was used as a quantitative
control. The expression of each TransARP6s (ARP6) was checked in its own transgenic plants.



J. Plant Biol. (2016) 59:467-477  471

The components of Arabidopsis SWR1 complex are

interconnected similarly to the yeast SWR1 complex; the C-

terminal region of PIE1, a homolog of SWR1, binds to both

AtARP6 and AtSWC6, and AtSWC6 interacts with AtARP6

and AtSWC2 (Choi et al. 2007). We reasoned that the

functional conservation of transARP6 reflects the conserved

interaction with PIE1 and AtSWC6. To confirm this, we

performed yeast two-hybrid analyses. The full length

cDNA sequences of transARP6s, PIE1, and AtSWC6

proteins were fused to the GAL4 DNA-binding domain

(BD) or GAL4 transcriptional activation domain (AD). As

expected, only PpARP6 and OsARP6 interacted with both

PIE1 and SWC6 (Fig. 3A, B). In contrast, the other

transARP6s failed to interact with PIE1, although they

interacted with AtSWC6 except ScARP6 (Fig. 3A, B).

Considering the functional conservation of moss and rice

ARP6s, it supports that the interactions with both AtSWC6

and PIE1 are critical for the function of transARP6s in

Arabidopsis.

Next, we addressed the general binding characteristics of

AtSWC6 to transARP6s. Similar to ARP6, SWC6, especially

the Zn-finger domain at C-terminus, is highly conserved

among eukaryotes (Fig. S2; Choi et al. 2007). To address if

this highly conserved Zn-finger domain is responsible for the

general binding characteristics of SWC6, we divided

AtSWC6 to AtSWC6N (1 to 123 aa) and AtSWC6C (124 to

171 aa), and performed yeast two-hybrid analyses. The

results showed that C-terminus of AtSWC6 binds to

AtARP6 (Fig. 3C, D), indicating that the general binding of

AtSWC6 to transARP6s is possibly due to the highly

conserved C-terminal Zn-finger domain. This suggests that

during the evolution of SWR1 complex, SWC6 has coevolved

with ARP6 and the C-terminus of AtSWC6 has been

conserved by geometrical constraint to maintain the Zn-

finger domain and biochemical constraint to maintain the

binding activities to ARP6 (Fig. 7C). Although AtSWC6

successfully binds to transARP6, allowing PIE1, AtSWC6,

and transARP6 to come together, the complex does not work

functionally because there is no interaction between PIE1

and ARP6. Therefore, the interaction of PIE1 and ARP6 is

critical for the biochemical activity of the SWR1 complex.

Four Domains of ARP6 Show Differential Evolution

To gain further insight into the molecular evolution of ARP6

in the SWR1 complex, we analyzed the domain-specific

functions of AtARP6 based on the 3D structure. Since ARP6

shares the actin fold and has two insertion regions compared

with actin, the 3D structure of AtARP6 was predicted with

a homology modeling method using multiple templates

(Fig. 4A). Similar to actin, ARP6 has four domains (domains

1, 2, 3 and 4) and insertion regions I and II (IRI and IRII) are

Fig. 3. Interactions between transARP6s, PIE1, and AtSWC6 by yeast two-hybrid. (A) Yeast two-hybrid analysis of protein interaction
between transARP6s and AtSWC6 (upper) or PIE1 (bottom). Clones containing each combination of bait and prey were grown on
selective medium (-His). Empty vectors, pGBKT7 for BD and pGADT7 for AD, were used as a negative control, (B) The same
interaction analysis with (A) but bait and prey were exchanged, (C) Interactions between AtARP6s or MmARP6 and AtSWC6 N-
terminus or C-terminus, (D) The same interaction analysis with (C) but bait and prey were exchanged.
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located in domains 3 and 4, respectively (Fig. 4A, B). In the

primary structure, ARP6 can be divided into 7 subdomains.

Domain 1 is organized with 3 separate subdomains (subdomains

1α, 1β, and 1γ), domain 3 is organized with 2 separate

subdomains (subdomains 3α, 3β), and domains 2 and 4 are

organized with single subdomains (subdomains 2 and 4,

respectively) (Fig. 4B).

To investigate if any domains in ARP6 are functionally

conserved during eukaryotic evolution, we swapped each

subdomain of AtARP6 with the corresponding subdomain of

MmARP6 for the complementation test. We constructed a

series of chimericARP6s (Fig. 4B) and produced transgenic

plants overexpressing chimericARP6s in suf3 background.

Then, we determined whether the various mutant phenotypes

of suf3 were rescued by 35S-chimericARP6s. The results

showed that R4 chimericARP6 had the strongest rescue

effect, although it had the lowest identity (Fig. 4D; Fig. 5).

Most 35S-R4 transgenic plants flowered with more than 15

leaves and only 7% flowered with less than 15 leaves.

Consistently, the representative lines showed increased FLC

expression and decreased SOC1 expression (Fig. 5D).

Similarly, 35S-R4 showed a reduced number of extra petals

and increased silique length (Table S2), indicating the other

phenotypes of suf3 were also rescued. R2 chimericARP6,

which shows 92% identity with AtARP6, also showed a

strong rescue effect in both flowering time and other

phenotypes of suf3 (Fig. 4D; Fig. 5; Table S2). The phenotypic

observation showed that R2 partially rescues and R4

completely rescues various mutant phenotypes of suf3,

which suggests that the R2 domain of mouse partially

substitutes that of Arabidopsis and the R4 domain of mouse

fully substitutes that of Arabidopsis. In contrast, R1α, R1β,

R1γ, R3α, and R3β chimericARP6s, which have more than

90% identity with AtARP6, failed to rescue suf3 mutant

(Fig. 4D; Fig. 5; Table S2). Especially, since R1α and R1γ

chimericARP6s showing more than 95% identity failed to

rescue suf3 suggests that domain-specific identity, and not

overall identity, is more critical for ARP6 function. Together,

our results demonstrate the importance of domains 1 and 3

for kingdom-specific functions and domains 2 and 4 for

generic functions.

Domains 1 and 3 of AtARP6 Interact with AtSWC6 and

PIE1, Respectively

Having established that AtARP6 binds to both PIE1 and

AtSWC6, we determined which domain is responsible for

each binding. We performed the yeast two-hybrid analysis

using the chimericARP6s and PIE1, AtSWC6. If a certain

domain is necessary for binding, the swapped chimericARP6

for that domain should fail to interact with the binding

partner. The result showed that R1α and R1β failed to bind

Fig. 4. Three-dimensional structure of ARP6 and constructions for
chimericARP6s. (A) The predicted structure of AtARP6 by
homology modeling. The four domains of the predicted structure
are colored in red (domain 1), blue (domain 2), green (domain 3),
and orange (domain 4). The two insertion regions (loop region I in
domain 3 and loop region II in domain 4) are colored in magenta,
and ATP is represented in gray spheres in its putative binding site,
(B) Schematic representations of chimericARP6s swapped between
AtARP6 and MmARP6, (C) Amino acid sequence identity of
subdomains between Arabidopsis and mouse ARP6s, (D) Identities
and similarities of amino acid sequences between AtARP6 and
chimericARP6s.
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to AtSWC6 although they interacted with PIE1 (Fig. 6A, B). In

contrast, R3α and R3β failed to bind to PIE1 but successfully

interacted with AtSWC6. Our results suggest that domain 1 is

responsible for binding to AtSWC6 and domain 3 is

responsible for binding to PIE1 (Fig. 7B). It is noteworthy that

the domains with kingdom-specific functions play a critical

role in the interaction with binding partners. It also indicates

that ARP6, SWC6, and PIE1 have coevolved to maintain their

interactions due to biochemical constraints (Fig. 7C).

It was unexpected that chimeric ARP6s failed to interact

with AtSWC6, because the full length protein of MmARP6

interacts with AtSWC6 (Fig. 3; Fig. 6A, B). In addition,

although R1γ successfully bound to both PIE1 and AtSWC6

the transgene failed to rescue the suf3 mutation (Fig. 5; Fig.

6A, B). Thus, it is possible that the replacement of subdomain

1 causes a malfunction of ARP6 through the alteration of the

overall 3D structure. 

ARP6 Domain 4 has a Nuclear Localization Signal

The domain swapping analysis indicated that domain 4 has

a generic function. Since it has insertion region II (IRII), we

determined if IRII is responsible for the generic function.

Compared with actin, ARP6 localizes in the nucleus (Choi et

al. 2005) and the IRII sequence is its most distinct feature

(Fig. S1). From the visual analysis, we recognized putative

nuclear localization signals in IRII (Fig. 1C). To determine if

IRII is required for nuclear localization, we generated a

fusion construct of GFP and AtARP6 with a deletion in IRII

(AtARP6ΔIRII-GFP). The transient expression of this

construct in Arabidopsis protoplasts showed that AtARP6ΔIRII-

GFP proteins were retained in cytoplasm (Fig. 6E), which

supports that IRII is necessary for nuclear localization. Then,

we checked if the replacement of Arabidopsis IRII with

mouse IRII effected the nuclear localization of AtARP6. The

protoplast transient expression of AtARP6:RIRII-GFP, which

has a replacement of IRII, showed that this protein localizes

in the nucleus similar to AtARP6-GFP (Fig. 4B; Fig. 6F).

Therefore, our results suggest that IRII provides a nuclear

localization signal and this function is conserved among

plant and animal kingdoms.

Finally, we checked if AtARP6:RIRII, a chimericARP6,

Fig. 5. Complementation experiments using chimericARP6s. (A) Morphology of wild type (FRI), suf3, and 35S-chimericARP6s suf3 T1
plants grown for 30 d under long day conditions, (B) Flowering time of wild type (FRI), suf3, and 35S-chimericARP6s suf3 T1 plants
grown under long day conditions. Flowering time was measured by counting the rosette leaf number at the time of bolting (n=30), (C)
Distribution of flowering time among 35S-chimericARP6s suf3 T1 plants grown under long day conditions, (D) The expression of
flowering time genes, FLC and SOC1, in 35S-chimericARP6s suf3 transgenic plants. RNA was isolated from young leaves of 32-day-old
plants. For transgenic lines, RNA was extracted from leaves of at least 10 independent T1 plants. The expression of TUB is used as a
quantitative control. The expression of each chimericARP6s (ARP6) was checked in its own transgenic plants.
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could complement the suf3 mutant (Fig. 4; Fig. 5). We

postulated that if the function of IRII is restricted to nuclear

localization, AtARP6:RIRII, whose protein localizes in the

nucleus, could functionally substitute AtARP6 despite its low

identity. Indeed, the result showed that 35S-AtARP6:RIRII

completely rescued the suf3 mutation (Fig. 5). Therefore, this

result indicates that IRII is replaceable as long as it retains a

nuclear localization signal, thus is under low evolutionary

constraint compared to the other regions. This also explains

why 35S-R4 rescues suf3 so completely although the amino

acid sequence identity is relatively low.

Evolution Rates of Domains 1 and 3 are Lower than That of

Domain 4

Our results suggested that the four domains of ARP6 are

under different evolutionary constraints, thus the evolution

rate for each domain is expected to be different. Since

domains 1 and 3 participate in protein-protein interactions,

whereas domain 4 provides a nuclear localization signal, we

hypothesized that domains 1 and 3 evolve more slowly than

domain 4. To test this hypothesis, we calculated the ratio of

the number of nonsynonymous substitutions (Ka) to that of

synonymous substitutions (Ks) as an indication of the evolution

rate in pairwise comparisons between Arabidopsis and poplar

ARP6s (Nei and Gojobori 1986). As shown in Fig. 7A, domain

4 showed the highest Ka/Ks value, indicating the greatest

degree of amino acid diversification and faster evolution

than the other domains. The subdomains of 1γ, 3α, and part

of 1β showed the lowest Ka/Ks value, indicating that these

regions are highly conserved (Fig. 7A). These results

strongly support our hypothesis that the four domains of

ARP6 evolve at different rates; domains 1 and 3 evolve more

slowly than domain 4.

Discussion

The molecular evolution of the protein complex must be

understood in the context of interaction among its components.

To gain insight into the molecular evolution of protein

complex, we investigated the evolution of ARP6, a component

of SWR1 complex, in Arabidopsis. We experimentally examined

the functionalities of transARP6s and chimericARP6s in vivo.

Our results revealed the precise domain-specific functions of

ARP6 and the evolutionary features of ARP6.

Functional Conservation of ARP6 in the Plant Kingdom 

Interspecies complementation experiments showed that moss

and rice ARP6s could rescue the phenotype of suf3 mutations

(Fig. 2). Moss is the basal taxon of kingdom Planta, and rice

and Arabidopsis belong to different taxa in angiosperms, that

is, monocot and eudicot, respectively. It suggests that ARP6

and SWR1C have been functionally conserved during the

past 450~700 million years of Kingdom Planta evolution

(Hedges 2002). Similar experiments were performed using

orthologs of LEAFY (LFY), a plant specific transcription

factor (Maizel et al. 2005). However, moss LFY was not

functional in Arabidopsis although PpLFY and PpARP6

showed similar amino acid sequence conservation, 49% and

50% identity, respectively, compared to Arabidopsis orthologs.

This suggests that amino acid sequence homology does not

directly reflect functional conservation.

Fig. 6. Domain-specific functions of ARP6. (A and B) Interactions between chimericARP6s and AtSWC6 or PIE1 by yeast two-hybrid
assays, (C-F) Subcellular localizations of GFP (C), AtARP6-GFP (D), AtARP6ΔIRII-GFP (E), and AtARP6:RIRII-GFP (F). ΔIRII means
the deletions of insertion region II (IRII), and RIRII represents the substitution of the mouse version IRII. GFP fluorescence is shown in
green, and chloroplasts are in red.
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Consistent with complementation results, only plant ARP6s

could bind to PIE1 (Fig. 3), suggesting that the interaction

capability with PIE1 is critical for ARP6 function. In addition,

chimericARP6s not interacting with AtSWC6 failed to rescue

suf3 mutants (Fig. 5; Fig. 6A, B). These results suggest that

ARP6 has evolved to maintain interactions with both PIE1

and SWC6, which possibly provides a strong evolutionary

constraint during the evolution of Kingdom Planta. Thus, our

study experimentally supports the concept that coevolution

between two interacting proteins occurs to maintain binding

specificity (Moyle et al. 1994).

Domain-specific Roles of ARP6 in the SWR1 Complex

In this study, the domain-specific functions of ARP6 were

revealed through swapping analysis (Fig. 4; Fig. 5; Fig. 6).

Domains 1 and 3 are required for interaction with AtSWC6

and PIE1 respectively, and domain 4 provides a nuclear

localization signal (Fig. 6). However, the function of domain

2 was not revealed. Since AtARP6 interacts only with PIE1

and AtSWC6 in Arabidopsis, domain 2 is not likely involved

in protein-protein interaction.

Domains 1 and 3 are composed of 3 and 2 segments,

respectively, which are dispersed in the primary structure of

ARP6. For domain 3, the substitution of either subdomain

(3α or 3β) disrupted interaction with PIE1. However, the

substitutions of three subdomains of domain 1 (1α, 1β, and

1γ) caused unexpected results. Although full length proteins

of MmARP6 successfully bind to AtSWC6, the substitutions

of 1α and 1β failed to interact with AtSWC6 (Fig. 3; Fig. 6A,

B). This indicates that an intradomain interaction also

imposes evolutionary constraint so that the proper interaction

of 1α and 1β is maintained to sustain the correct structure for

the interaction with SWC6.

Interestingly, although R1γ has the capacity to bind to

both AtSWC6 and PIE1, it could not rescue suf3 mutations

(Fig. 5; Fig. 6A, B). The replacement of 1γ possibly affects

the biochemical function of ARP6, such as ATP incorporation.

This is consistent with the fact that the 1γ region is highly

conserved based on the Ka/Ks ratio (Fig. 7A), thus a minor

change can cause a dramatic effect.

We observed that each domain of ARP6s has significantly

different Ka/Ks ratios, and domains involved in protein

interaction showed low Ka/Ks ratios (Fig. 7A). Thus, interacting

domains in ARPs are more evolutionarily conserved than

non-interacting domains, indicating that the binding property

of a protein can act as an evolutionary constraint. In addition,

this study provided evidence that ARP6, SWC6, and PIE1

have coevolved to maintain their interactions. For example,

fungi and animal ARP6s are incapable of binding to PIE1, an

Arabidopsis ortholog of SWR1, although ARP6 interacts

with SWR1 in their own species (Fig. 3A, B).

All nuclear ARPs (ARP4~9) have specific insertions or

deletions unlike cytoplasmic ARPs (Blessing et al. 2004;

Muller et al. 2005). Although nuclear ARPs function as the

components of chromatin remodeling complexes (CRCs) or

histone acetyltransferase (Olave et al. 2002; Shen et al. 2003;

Mizuguchi et al. 2004), the function of insertion regions has

never been examined or proposed so far. In this study, the

insertion region II of ARP6 placed in domain 4 is required

for nuclear localization. Similar putative nuclear localization

signals are also detected in domain 4 of AtARP4 and

AtARP5 (data not shown). Based on these observations, it is

proposed that the insertion of the nuclear localization signal

in domain 4 provides ARPs new functions, such as a

component of CRCs.

In conclusion, some principles for the molecular evolution

of protein complexes have been disclosed in this study: 1)

the functional conservation of the protein complex is

determined not by sequence homology, but by their roles in

the complex; 2) the interacting domains have higher

evolutionary constraints than the non-interacting domains;

and 3) the interacting domains coevolve with the interacting

partners to preserve their interactions.

Materials and Methods

Plant Materials and Growth Conditions

The wild type, named FRI, was the A. thaliana Col:FRISF2 strain, and
the suf3 mutant used in this study was suf3-1 (Choi et al. 2005). Plants
were grown in long day conditions (16 h light/8 h dark) at 22°C with
60% relative humidity. Flowering time was determined by counting

Fig. 7. Molecular evolution of ARP6 in SWR1 complex. (A) Ka/
Ks ratio of ARP6 comparing Arabidopsis and popular proteins.
Ka/Ks ratios were calculated using a sliding window analysis with
a window size of 90 bp and sliding size of 3 bp, (B) Model of
interaction of 4 domains of ARP6 with PIE1 and SWC6, (C)
Model of interaction of SWC6 and ARP6 through the zinc finger
region.
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the number of primary rosette leaves when plants bolted.

Plasmid Construction

To construct 35S-transARP6s, full length transARP6 cDNAs were
amplified by PCR, and were introduced into a binary vector myc-
pBA. The chimericARP6s between AtARP6 and MmARP6 were
generated by overlapping PCR, and they were cloned into a binary
vector myc-pBA to produce 35S-chimericARP6s. For yeast two-
hybrid assays, transARP6s, chimericARP6s, PIE1, AtSWC6, AtSWC6-N,
and AtSWC6-C were cloned into pGADT7 and pGBKT7 vectors. For
cellular localization experiments, AtARP6ΔIRII and AtARP6:RIRII
were amplified except stop codon by overlapping PCR and cloned
into p326-GFP. Primer sequences and details of cloning procedures
are available as Supporting information (Supplementary Experimental
Procedures).

Prediction of 3D Structure of AtARP6

The 3D structure of AtARP6 was predicted with a template-based
modeling method using MODELLER 9v2 (Sali 1995). The
experimental structures of five homologous proteins (PDB ID:
1qz5A, 1c0gA, 1yagA, 1k8kB, and 1dx4A) were used as templates
in the homology modeling with MODELLER. The structures of the
two insertion regions (loop region I: 145P-153Q and loop region II:
246L-290N) were generated by further loop modeling using a
method that employs fragment assembly and analytical loop closure
(Coutsias et al. 2004; Lee et al. 2008). The model with the best
DOPE score was used as the template for loop modeling (Shen and
Sali 2006). The candidate loop structures were generated by a
fragment assembly method satisfying the connectivity requirement
of the loop regions with the rest of the structure (Coutsias et al.
2004; Lee et al. 2008). Among candidates, the loop structures that
did not interfere with the interface between the loop region I by
domain 1 and 3 and the loop region II by domain 2 and 4 were
firstly chosen, and the loop structure with the best DFIRE-B score
was selected (Zhou and Zhou 2002). The putative ATP binding site
was predicted by a structure alignment of template protein
structures with a bound ATP, 1qz5, using the MatchMaker option in
CHIMERA (Pettersen et al. 2004).

Analysis of Gene Expression

Total RNA was prepared using TRIZOL (Sigma-Aldrich, St Louis,
USA ). Primers for FLC, SOC1, and TUB2 and the RT-PCR
conditions have been described previously (Choi et al. 2007).

Yeast Two-Hybrid Assay

The yeast strains and vectors were obtained from Clontech, and the
yeast two-hybrid assay was performed as previously described (Choi
et al. 2011).

Protoplast Transient Expression Assay

For the isolation and transformation of protoplasts, rosette leaves
from wild type plants were used as described previously (Choi et al.
2007). GFP-fusion constructs were prepared by the QIAGEN Plasmid
Midi Kit, and about 30 µg plasmid DNAs were transformed to
protoplasts. Protoplasts were observed 12 hours after incubation at
22°C in the dark.

Calculating the Ka/Ks Value

Ka/Ks ratios were calculated using a sliding window analysis with
window size of 90 bp and sliding size of 3 bp by a WSPMaker (http:/

/wspmaker.kobic.kr:8080/wspmaker/).
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