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The HMG-box is an approximately 75-amino acid
residue protein domain that occurs in all eukaryotic
organisms and was first identified as a characteristic
feature of the chromosomal high mobility group (HMG)
proteins of the HMGB type. Structural studies have
demonstrated that the L-shaped fold of the domain
formed by three a-helices is conserved to a greater
extent than expected from amino acid sequence simi-
larity between different HMG-boxes. The long arm
consists of helix Il and the N-terminal extended
strand, whereas the short arm of the L-shape is com-
posed of helices I and II forming an angle of approx-
imately 80° between the arms (Thomas and Travers,
2001; Stros et al., 2007). The HMG-box domain medi-
ates DNA binding primarily through the minor groove
of DNA. Hydrophobic residues of the concave face of
the L-shaped molecule partially intercalate between
the DNA bases, thereby widening the minor groove,
which results in unwinding and remarkable bending
of the DNA helix. Thus, the HMG-box domain binds
the outside of the DNA bend, compressing the major
groove (Thomas and Travers, 2001; Stros, 2010). Some
HMG-box proteins can interact with DNA sequence
specifically (e.g. mammalian transcription factors such as
SEX DETERMINING REGION OF Y [SRY] and LYM-
PHOID ENHANCHER-BINDING FACTOR1 [LEF-1]),
whereas other HMG-box proteins bind DNA sequence
independently (e.g. chromosomal HMGB proteins and
Structure-Specific Recognition Proteinl [SSRP1]). A
typical feature of both types of HMG- box domains is
their selective binding to certain DNA structures, in-
cluding four-way junctions and DNA minicircles
(Bustin, 1999; Thomas and Travers, 2001; Stros et al.,
2007; Wegner, 2010). Because HMG-box proteins in-
duce DNA bending upon binding to linear DNA, they
often act as architectural facilitators in the assembly of
nucleoprotein complexes involved in transcription,
recombination, or other DNA-dependent processes
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(Bustin, 1999; Thomas and Travers, 2001; Stros et al.,
2007).

HMG-box domains are found in a variety of proteins
that interact with DNA. In these proteins, the HMG-
box domain(s) occurs in combination with various
other protein domains of different function. Accord-
ingly, because of this structural variability and their
interaction with various other proteins, HMG-box
proteins are involved in different nuclear functions.
There are HMG-box proteins, for instance, that act as
architectural chromosomal proteins (HMGB proteins),
whereas others are transcription factors or subunits of
chromatin-remodeling complexes, or they modulate
DNA recombination/repair (Bustin, 1999; Stros et al.,
2007). In addition to the cell nucleus, HMG-box pro-
teins are found in mitochondria of animals and yeast,
where they serve as transcriptional regulators and
contribute to the organization of the mitochondrial
DNA (Bonawitz et al., 2006; Kucej and Butow, 2007).
Currently, there is no evidence for the occurrence of
HMG-box proteins in plant mitochondria. However,
an unusual HMG-box protein from Physcomitrella lo-
calizes to plastids in tobacco (Nicotiana tabacum) BY-2
cell protoplasts (Kiilerich et al., 2008), but no higher
plant HMG-box protein has been reported to occur in
plastids.

Various plant genomes were found to encode HMG-
box proteins, suggesting that they commonly occur in
plants (Riechmann et al, 2000; Stros et al., 2007).
Higher plant genomes encode 10 to 15 different HMG-
box proteins that range from approximately 13 to 72
kD. When compared with the human genome, which
encodes 47 HMG-box proteins ranging from approxi-
mately 15 to 193 kD, HMG-box proteins are less di-
versified in plants (Stros et al, 2007). Whereas in
humans, HMG-box-containing transcription factors
represent the largest subgroup (Stros et al., 2007;
Wegner, 2010), to date, it is unclear whether any of the
plant HMG-box proteins act as transcription factors.
No sequence-specific DNA interactions have been
reported for any of the plant HMG-box proteins. In
plants, the family of small chromosomal HMGB pro-
teins represents the most diversified subgroup of
HMG-box proteins (Stros et al., 2007).

We have searched various databases, including the
Plant Chromatin Database (www.chromdb.org/) and
that of MIPS (database from the Munich Information
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Center for Protein Sequences; http://mips.helmholtz-
muenchen.de/plant/), for plant proteins containing the
HMG-box motif. In addition to flowering plants, we
investigated the extent to which different types of
HMG-box proteins are encoded in the genome se-
quences of the lycophyte Selaginella moellendorfii, the
moss Physcomitrella patens, and the algae Chlamydo-
monas reinhardtii and Volvox carteri that became avail-
able in recent years. The filtered results of these
searches were used to compile a relatively compre-
hensive list of plant HMG-box proteins (Supplemental
Table S1). Based on their overall structure and amino
acid sequence similarity (Fig. 1), plant HMG-box pro-
teins can be subdivided into four distinct families:
chromosomal HMGB proteins, AT-rich interaction
domain (ARID)-HMG proteins, 3xHMG-box proteins,
and SSRP1. We used the amino acid sequences of
HMG-box proteins from nine species (three monocots,
three dicots, Selaginella, Physcomitrella, and Chlamydo-
monas) for a multiple sequence alignment that served
for the construction of a neighbor-joining tree (Fig. 1).
It clearly illustrates the four distinct families of plant

HMG-box proteins. Various studies performed in the
past few years suggest that members of the four HMG-
box protein families have different cellular functions,
and we discuss here the present knowledge about the
structural and functional characteristics of these pro-
teins.

CHROMOSOMAL HMGB PROTEINS

Originally, HMG proteins were identified as pro-
teins with unusual physicochemical properties when
calf thymus chromatin was extracted with 0.35 m NaCl
(Goodwin et al., 1973). Subsequently, based on their
characteristic amino acid sequences, they were sub-
divided into three structurally distinct families termed
HMGA, HMGB, and HMGN (Bustin and Reeves,
1996; Grasser et al., 2007a). In this article, we concen-
trate exclusively on the HMG-box containing HMGB
family. The HMGB proteins (1327 kD) of differ-
ent organisms exhibit a diverse overall structure. The
vertebrate proteins, for instance, consist of two
HMG-box domains, a basic linker region and an acidic
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C-terminal domain, whereas plant HMGB proteins
(Fig. 1) contain a single HMG-box domain that is
flanked by basic N-terminal and acidic C-terminal
domains (Thomas and Travers, 2001; Stros et al.,
2007). Database analyses revealed that HMGB-type
proteins apparently occur in all plants and also in
algae (Supplemental Table S1).

Plant HMGB proteins are structurally more diver-
sified than their animal counterparts (Stros et al., 2007).
Thus, the Arabidopsis (Arabidopsis thaliana) genome
encodes eight proteins that, according to their amino
acid sequences, can be classified as HMGB proteins.
However, experimental analyses demonstrate that the
protein encoded by the Arabidopsis Genome Initiative
locus At5g23405, despite marked sequence similarity
to well-characterized HMGB proteins, does not share
the features of bona fide HMGB proteins, including
predominant nuclear localization and DNA-binding
activity (Grasser et al., 2006). Therefore, it is required
to test experimentally the functionality of predicted
HMG-box domains, which may be of particular im-
portance for domains that display a lower degree of
sequence conservation such as the putative algal
HMG-box proteins. Plant HMGB proteins and their
counterparts from other sources essentially have in
common the characteristic DNA interactions such as
low affinity, sequence-independent binding to linear
DNA, but high-affinity interaction with DNA struc-
tures (four-way junctions, DNA minicircles, super-
coiled DNA) and pronounced DNA bending upon
binding linear DNA. We have previously reviewed
these aspects of DNA binding (Grasser et al., 2007a)
and pointed out that various HMGB proteins (e.g.
those occurring in maize [Zea mays] and Arabidopsis)
display differences in their DNA interactions and
posttranslational modifications. These differences in-
dicate that plants have a repertoire of architectural
chromatin-associated proteins. DNA-binding experi-
ments with full-length and truncated proteins also in-
dicated that interactions between the N-terminal basic
domain (which increases DNA binding) and the acidic
C-terminal domain (which reduces DNA binding)
regulate the DNA interactions of maize and rice (Oryza
sativa) HMGB proteins (Ritt et al., 1998; Wu et al,,
2003). Spectrometric measurements and cross-linking
experiments confirmed intramolecular interactions
between the terminal domains of plant HMGB pro-
teins and that the interactions are enhanced by the
phosphorylation of Ser residues within the acidic tail
(Thomsen et al., 2004). Consistent with these findings,
removal of the acidic tail of Arabidopsis HMGB1 and
HMGBS reduced the remarkable mobility of the pro-
teins within cell nuclei in living cells as measured by
fluorescence recovery after photobleaching (FRAP)
experiments (Launholt et al., 2006). The intramolecular
domain interactions appear to influence various
properties of plant HMGB proteins, including DNA
interactions, mobility within the nucleus, and subcel-
lular localization (Ritt et al., 1998; Wu et al., 2003;
Launholt et al., 2006; Pedersen et al., 2010).
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Although it is well documented that mammalian
HMGBI1 can be detected also outside the nucleus,
acting as a kind of cytokine (Miller et al., 2004; Yang
and Tracey, 2010), chromosomal HMGB proteins are
generally considered nuclear proteins (Grasser et al.,
2007a; Reeves, 2010). In line with that, plant HMG
proteins traditionally were purified from chromatin or
isolated nuclei (Spiker, 1984; Grasser et al., 1991).
Systematic examination of the subcellular localization
of Arabidopsis HMGB1, HMGB5, and HMGB6 pro-
teins as well as of the HMGB-type protein AtHMGB14
by analyzing the distribution of GFP fusions and by
immunofluorescence microscopy confirmed the nu-
clear localization (Grasser et al., 2004, 2006; Launholt
et al., 2006; Lildballe et al., 2008). In contrast to these
findings, recent experiments revealed that Arabidopsis
HMGB2/3 and HMGB4, in addition to being found
in the nucleus, are detected to different extents in
the cytosol. Monitoring the distribution of photo-
activatable GFP fused to HMGB2 and HMGB4 dem-
onstrated that both proteins can shuttle between
nucleus and cytoplasm, whereas HMGBI1 remained
nucleus localized (Pedersen et al., 2010). Currently, it
is unclear why some plant HMGB proteins are strictly
nuclear whereas others can shuttle between nucleus
and cytosol. An extranuclear/extracellular role like
that of HMGBI, which acts as a specific mediator in
injury and inflammation of mammals (Miiller et al.,
2004; Yang and Tracey, 2010), appears unlikely for
plants. In view of the interplay between HMGB pro-
teins and linker histones (see below), the nucleocyto-
solic partitioning of HMGB proteins may serve as a
means to regulate the nuclear content of these archi-
tectural proteins and thereby modulate the balance
with linker histones that may influence chromatin
structure.

Within the cell nucleus, HMGB proteins are highly
dynamic proteins that bind DNA/chromatin only
transiently before moving on to the next binding site
(Bianchi and Agresti, 2005; Catez and Hock, 2010).
Whereas linker histone H1 increases chromatin com-
paction, HMGB (and other HMG proteins) that share
chromatin-binding sites with H1 (but bind chromatin
more loosely than H1) reduce chromatin packaging,
facilitating the access of regulatory factors to chroma-
tin targets (Bustin et al., 2005; Catez and Hock, 2010;
Thomas and Stott, 2012). To study the interplay be-
tween H1 and HMGB proteins, Catez et al. (2004)
microinjected potential competitor proteins (e.g. HMGB1)
into cells expressing the other tested protein as a GFP
fusion (e.g. H1-GFP). The mobility (related to that
chromatin interaction) of the GFP fusion was measured
by FRAP in injected cells and uninjected control cells.
Interestingly, these experiments revealed that in living
mammalian cells, HMGB proteins (and other HMG
proteins) compete with linker histone H1 for chromatin
binding. In line with that, mammalian HMGBI interacts
in vitro with linker histones via its acidic C-terminal
domain, which may result in an enhanced DNA bind-
ing of HMGBI1 (Cato et al,, 2008). In the chromatin
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context, this could promote the displacement of H1 by
HMGB proteins, resulting in a more accessible chro-
matin structure that is competent for transcription
(Bustin et al., 2005; Catez and Hock, 2010; Thomas and
Stott, 2012). As determined by FRAP experiments,
Arabidopsis HMGB1 and HMGB5 are highly mobile
nuclear proteins with a high turnover on chromatin and
a very short residence time. Their chromatin-binding
dynamics is clearly higher than that of linker histone
H1.2. HMGB proteins lacking the acidic C-terminal
domain displayed in these experiments a reduced mo-
bility, suggesting that the increased affinity for DNA of
the truncated proteins stabilized their chromatin inter-
actions (Launholt et al., 2006). Therefore, in plant cell
nuclei, there is a range of mobile HMGB proteins that,
in collaboration with other chromosomal proteins, can
modulate chromatin structure.

In addition to the interplay with linker histones,
HMGB proteins as chaperones are involved in the as-
sembly of specific nucleoprotein complexes such as
enhanceosomes regulating transcription (Agresti and
Bianchi, 2003; Grasser et al., 2007a). The potential of
plant HMGB proteins to promote the formation of
specific nucleoprotein structures is evident from their
stimulatory architectural role in site-specific recombi-
nation reactions, which was observed in vitro and in
vivo (Stemmer et al., 2002). Moreover, HMGB proteins
can facilitate the binding of certain plant transcription
factors (basic Leu zipper, DNA binding with one fin-
ger [DOF]) to their DNA recognition sites by direct
interaction (in several instances via their HMG-boxes)
with these factors (Schultz et al., 1996; Yanagisawa,
1997). In the case of maize DOF2, the specificity of
the interaction is regulated by protein kinase CK2-
mediated phosphorylation and is mainly determined
by the terminal domains of the HMGB proteins
(Krohn et al., 2002; Grasser et al., 2007b). HMGB5
(which represents the most potent facilitator of DOF2
DNA binding) can assist target site recognition of
the transcription factor also in the nucleosomal con-
text (Cavalar et al., 2003). Studies with HMGB pro-
teins of different sources have indicated that they
are involved as architectural factors in various
DNA-dependent nuclear processes, including tran-
scription, recombination, and DNA repair. Due to their
abundance, dynamics, and versatile interaction with
DNA and other proteins, HMGB proteins have the
ability to facilitate these processes by modulating
chromatin structure and/or by assisting the efficient
formation of critical nucleoprotein complexes (Reeves,
2010; Stros, 2010).

In plants, it has become apparent that chromatin-
mediated regulation of gene expression plays an im-
portant role in the response to abiotic stress conditions,
and it appears that linker histones and HMGB proteins
are involved in the stress-induced reactions (Kim et al.,
2010). The expression of some Arabidopsis HMGB
genes is differentially regulated by abiotic stress
treatment (Kwak et al., 2007). Importantly, transgenic
Arabidopsis plants that overexpress Arabidopsis
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HMGB2 (or a cucumber [Cucumis sativus] HMGB
protein) upon different abiotic stress treatments
showed reduced seed germination (and subsequent
growth), whereas overexpression of HMGB4 had
no marked influence. The observed effects (in part)
may be due to the altered expression of a number of
germination-responsive genes (Kwak et al., 2007; Jang
et al., 2008). Both the absence and overexpression
of HMGBI in Arabidopsis resulted in an increased
sensitivity toward methyl methanesulfonate. When
exposed to elevated NaCl concentrations, the ger-
mination of HMGB1 overexpressors was reduced,
whereas the hmgbl mutant germinated normally.
Transcript profiling of hmgb1 plants compared with
control plants revealed that a large number of genes
were differentially expressed. Among the down-
regulated genes, the Gene Ontology category of stress-
responsive genes was overrepresented (Lildballe et al.,
2008). Exposure of plants to abiotic stress conditions
requires a switch in the gene expression program.
Chromatin rearrangements, presumably involving
HMGB proteins, linker histones, and other chromatin
modifiers may coordinate plant gene expression in
response to the different types of environmental stress
conditions (Kim et al., 2010). In cotton (Gossypium
hirsutum), a role of HMGB proteins in differentiation
and proliferation was reported. Reduced expression of
cotton HMGB3 (which is preferentially expressed in
embryonic tissue) altered the potential of cells to dif-
ferentiate and dedifferentiate during somatic embryo-
genesis. Some of the genes differentially expressed in
the HMGB3-deficient cells (versus control cells) were
found to encode putative plant components of the
pathway that in mammals is involved in B-catenin
signaling (Hu et al., 2011). The significance of this in-
teresting finding remains to be clarified. Another novel
role of plant HMGB proteins was identified in the
maintenance of Arabidopsis chromosome ends. Plants
lacking  HMGB1 displayed shortened telomeres,
whereas in plants overexpressing HMGBI, elongated
telomeres were observed. In contrast to mouse cells
lacking HMGBI, in Arabidopsis, shortening of the
telomeres apparently is not caused by reduced telo-
merase activity (Schrumpfova et al., 2011). Currently,
the mechanism of action of HMGB1 in Arabidopsis
telomere maintenance is obscure, but it is possible that
HMGB proteins other than HMGB1 influence the
telomeric chromatin structure. This adds another ex-
ample to the versatile functions of HMGB proteins in
plant cell nuclei.

ARID-HMG PROTEINS

Another group of HMG-box proteins that was
identified by sequence database searches are the pro-
teins containing in addition to an HMG-box a so-called
ARID (Riechmann et al., 2000; Stros et al., 2007). The
ARID is a DNA-binding module that was first identi-
fied in the mouse B-cell transcription factor Bright and
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the Drosophila Dead ringer protein. Later on, ARIDs
were found in a variety of animal transcription fac-
tors that regulate cell proliferation and differentiation.
The ARID consensus sequence spans approximately
100 amino acid residues that are organized in a mod-
ified helix-turn-helix fold (Kortschak et al., 2000;
Wilsker et al., 2002). ARIDs bind DNA through a novel
mechanism that involves major groove immobilization
of a large loop, which connects the helices of the helix-
turn-helix motif, and through concomitant structural
rearrangements adding stabilizing contacts from a
B-hairpin. The initially characterized ARID proteins
were found to bind preferentially to AT-rich sequences,
prompting the name of the domain. Analysis of
protein-DNA interactions of other ARIDs by various
methods revealed that ARIDs of different proteins
bind DNA nonsequence specifically (Iwahara et al.,
2002; Patsialou et al., 2005). Plant genomes en-
code various ARID proteins, and in most cases, the
ARID occurs in combination with other protein do-
mains, including Myb, PHD, and HMG-box domains
(Riechmann et al., 2000). Experimental analysis of the
ARID protein SIP1 from Lotus japonicus that contains
an ARID (but no other known domain) demonstrated
that it binds AT-rich elements of the NIN gene pro-
moter. It has been suggested that SIP1 plays a role in
nodule formation related to the Rhizobium-legume
plant symbiosis (Zhu et al., 2008).

The combination of an N-terminal ARID and a C-
terminal HMG-box in the ARID-HMG proteins (34-56 kD,
except a Physcomitrella protein with 82 kD; Fig. 1) is
specific for plants, occurring in flowering plants as well
as Selaginella and Physcomitrella, but apparently not in
algae (compare with Supplemental Table S1). ARID-
HMG proteins seem to be more diversified in dicot
species than in monocots. Comparing the amino acid
sequences of ARID-HMG proteins from various species
indicated the existence of distinct structural subgroups
(Supplemental Fig. S1). Two of the four Arabidopsis
ARID-HMG genes, termed ARID-HMG1/2, were found
to be widely expressed in the plant, albeit at different
levels. In BY-2 protoplasts, ARID-HMG1 and ARID-
HMG?2 localize primarily to the nucleus. ARID-HMG1
displays a slightly preferential binding to AT-rich DNA
(when compared with GC-rich DNA), and mediated by
its HMG-box domain it can bind DNA structure specif-
ically. Both the ARID and the HMG-box domain con-
tribute to the DNA interactions of ARID-HMGI1 (Hansen
et al., 2008). Because both the ARID and the HMG-box
occur in a variety of proteins with very different func-
tions, the role of the ARID-HMG proteins in plants is
unknown and requires further experimentation.

3xHMG-BOX PROTEINS

The 3xHMG-box proteins (43—-60 kD) are composed
of an N-terminal basic domain (which shows no sim-
ilarity to other proteins) and three copies of the HMG-
box domain in the C-terminal part (Fig. 1). According

Plant Physiol. Vol. 159, 2012

Plant High Mobility Group-Box Proteins

to database analyses, the 3xHMG-box proteins occur
exclusively in plants, but they are relatively conserved
among plants, because they are encoded in genomes
of lower plants and higher plants (compare with
Supplemental Table S1). Whereas some species encode
two proteins (e.g. Arabidopsis and Populus trichocarpa),
other species encode only a single 3xHMG-box protein
(e.g. rice and grape [Vitis vinifera]). We were unable
to find 3xHMG-box sequences from algae, but inter-
estingly, Chlamydomonas apparently encodes proteins
with two putative HMG-box domains, which do not
occur in plants. In the absence of experimental data, it
is unknown whether these proteins belong to the
HMGB family (vertebrate HMGB proteins have two
HMG-boxes) or whether they represent the “algal
version” of the 3xHMG-box proteins. We have used
the amino acid sequences of the individual HMG-box
domains of the 3xHMG-box proteins (BoxA-BoxC)
along with the sequences of the HMG-box domains of
HMGB, SSRP1, and ARID-HMG proteins to construct
a neighbor-joining tree. This analysis revealed that the
various HMG-box sequences, despite their overall
conservation, group strictly according to the protein
family they originate from (Supplemental Fig. S2).
Moreover, the different HMG-box sequences (termed
BoxA, BoxB, and BoxC) of 3xHMG-box proteins are
clearly distinguished, forming separate branches.
Recently, the two Arabidopsis 3xHMG-box proteins,
termed 3xHMG-boxl and 3xHMG-box2, which share
77% amino acid sequence identity, were analyzed ex-
perimentally. The 3xHMG-box proteins are widely
expressed in the plant, but in contrast to other HMG-box
proteins, they are expressed in a proliferation-dependent
manner preferentially in mitotic cells. Examination of
GFP fusion proteins and immunofluorescence studies
demonstrated that 3xHMG-box1 and 3xHMG-box2 as-
sociate with condensed chromosomes during different
stages of M phase (Pedersen et al.,, 2011). This finding
clearly discriminates the 3xHMG-box proteins from other
(plant) HMG-box proteins (e.g. Arabidopsis HMGB pro-
teins and SSRP1) that interact with interphase chromatin
but do not associate with mitotic chromosomes (Duroux
et al., 2004; Launholt et al., 2006; Lildballe et al., 2008;
Pedersen et al., 2010). 3xHMG-box2 generally binds the
condensed chromosomes, whereas 3xHMG-box1 associ-
ates with specific chromosomal regions, representing the
ribosomal DNA loci (Fig. 2). In addition to mitotic cells,
the 3xHMG-box proteins are expressed in meiotic cells
and interact with condensed chromosomes in pollen
mother cells (Pedersen et al., 2011). The association of the
3xHMG-box proteins with both mitotic and meiotic
chromosomes argues for a general role in chromosome
function related to cell division, such as chromosome
condensation and/or segregation. The reorganization
of chromatin into compact mitotic chromosomes is of
fundamental importance for faithful chromosome segre-
gation (Ohta et al., 2011). In line with a role in DNA/
chromatin condensation, the three HMG-box domains
as well as the basic N-terminal domain contribute syn-
ergistically to the DNA interactions of 3xHMG-box2
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3xHMG-box1

3xHMG-box2
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Figure 2. Arabidopsis 3xHMG-box proteins associate with mitotic
chromosomes. Root cells of Arabidopsis plants expressing 3xHMG-
box1-GFP (top row) or 3xHMG-box2 (middle row) under the control of
the cauliflower mosaic virus 35S promoter were examined by immu-
nofluorescence using an anti-GFP antibody (left) and for comparison a
4',6-diamino-phenylindole (DAPI) stain (middle), and the merge of the
two images is shown at right. Whereas 3xHMG-box2 generally asso-
ciates with the condensed chromosomes of a metaphase cell (arrows),
3xHMG-box1 is only detected at restricted chromosomal regions (that
by fluorescent in situ hybridization were identified as ribosomal DNA
loci; Pedersen et al., 2011). In wild-type cells (bottom row), an anti-
body raised against 3xHMG-box2 (that also recognizes 3xHMG-box1)
detects 3xHMG-box proteins bound to the condensed chromosomes
of a mitotic metaphase cell (arrows), but no signal is observed in in-
terphase cells (arrowheads).

(Pedersen et al., 2011). Therefore, basically the entire
3xHMG-box protein can interact with DNA and, perhaps
in combination with other factors, may contribute to the
condensation of DNA and chromatin during mitosis/
meiosis. Alternatively, it was suggested (Jerzmanowski
and Kotlinski, 2011) that during mitosis/meiosis,
3xHMG-box proteins may compete with linker histone
H1 (similar as described above for HMGB proteins in
interphase nuclei). This could relax the chromosome
binding of H1, enhancing its function in microtubule
nucleation, a feature that was described for plant H1.
However, there are other possible functions and open
questions that need to be addressed, such as the issue
of why some plants have two 3xHMG-box proteins
and other plants have only a single one.

SSRP1

SSRP1 together with the SPT16 protein forms the
dimeric facilitates chromatin transcription (FACT)
complex that was originally identified in yeast and
mammalian cells (Brewster et al., 1998; Orphanides
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et al., 1999; Wittmeyer et al., 1999). The FACT complex
modulates the repressive barrier that chromatin/
nucleosomes represent to transcription and other DNA-
dependent processes. It acts as a histone chaperone that
assists RNA polymerase Il-catalyzed transcript elonga-
tion of chromatin templates by disassembling nucleo-
somes in the path of the polymerase. Importantly, FACT
is also involved in transcript elongation-dependent re-
assembly of nucleosomes, thereby maintaining the ori-
ginal chromatin state repressing cryptic transcript
initiation from within the coding sequences. Evidence
from various systems indicates that these dynamic chro-
matin changes are mediated by FACT in collaboration
with other histone chaperones, ATP-dependent remod-
eling complexes, and histone-modifying enzymes
(Reinberg and Sims, 2006; Winkler and Luger, 2011;
Formosa, 2012).

Genes coding for SSRP1 are conserved in flowering
plants as well as Selaginella and Physcomitrella and
occur also in algae (compare with Supplemental Table
S1). Some plant species (e.g. Arabidopsis and maize)
have a single gene encoding SSRP1, whereas others
(rice and P. trichocarpa) have two genes encoding
closely related proteins (approximately 80% amino
acid sequence identity). Plant SSRP1 (61-78 kD) has an
overall structure (Fig. 1) similar to that of its animal
counterparts, with sequence similarity throughout the
N-terminal, middle, and acidic domains as well as the
C-terminal HMG-box domain, but lacking the ap-
proximately 80 amino acid residues that form the
C-terminal region of animal SSRP1 (Réttgers et al.,
2000). Interestingly, in yeast, the situation is somewhat
different, as POB3 (the yeast SSRP1) lacks an HMG-
box domain, whose function is provided by a separate
small HMGB-type protein termed NHP6 (Winkler and
Luger, 2011; Formosa, 2012). A short basic region N
terminal to the HMG-box domain is essential for the
nuclear localization of maize SSRP1. SSRP1 binds
DNA sequence independently, but mediated by the
HMG-box domain it recognizes the structure of
supercoiled and minicircle DNA as well as nucleosome
particles, and the DNA interactions are modulated by
the phosphorylation of SSRP1 by protein kinase CK2
(Rottgers et al., 2000; Lichota and Grasser, 2001; Krohn
et al., 2003).

The existence of the FACT complex consisting of
SSRP1 and SPT16 in Arabidopsis was demonstrated by
colocalization of the two proteins and by coimmuno-
precipitation with antibodies specific for SSRP1 and
SPT16 (Duroux et al., 2004). In line with its role in ac-
tive transcription, Arabidopsis SSRP1 (and SPT16) is
detected by immunofluorescence analyses in euchro-
matic regions of the nucleus but not in heterochromatic
chromocenters. Using chromatin immunoprecipitation,
FACT was found to associate with the entire transcribed
region of active genes in a transcription-dependent
manner, but not with nontranscribed genes or inter-
genic regions (Duroux et al., 2004; Perales and Mas,
2007). Arabidopsis SSRP1 is an essential gene (Lolas
et al., 2010), which reflects the situation in mouse and

Plant Physiol. Vol. 159, 2012


http://www.plantphysiol.org/cgi/content/full/pp.112.198283/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.198283/DC1

yeast, where inactivation of the SSRP1/POB3 genes (or
SPT16) proved critical for cell viability (Singer and
Johnston, 2004; Formosa, 2012). Reduced levels of SSRP1
(or SPT16) cause various defects in Arabidopsis vegeta-
tive and generative development. Thus, mutant plants
display an increased number of leaves and inflorescences,
show early bolting, have abnormal flower and leaf ar-
chitecture, and their seed production is severely affected
(Lolas et al., 2010). The transcript level of the central floral
repressor FLC is clearly reduced in ssrp1 and spt16 mutant
plants under both long-day and short-day conditions.
Consistently, the transcript level of the flowering-time
integrator SOC1 (which is regulated by FLC) is increased.
This indicates that the early-bolting phenotype of the
ssrpl/spt16 mutants in Arabidopsis is caused by reduced
FLC expression (Lolas et al., 2010). Examining purified
mammalian protein complexes in a reconstituted in vitro
transcription system revealed that histone H2B ubiquiti-
nation stimulated FACT function during transcript elon-
gation (Pavri et al., 2006). Moreover, H2B ubiquitination
and SPT16 collaborate in yeast to maintain the proper
nucleosome occupancy of transcribed genes that is
critical for the repression of cryptic transcript initia-
tion within the coding sequences of genes (Fleming
et al., 2008), but the exact mechanism of the interplay
between FACT and H2B ubiquitination is still unclear
(Laribee et al., 2007). In Arabidopsis, genetic interac-
tions were observed when double mutants affected in
the expression of FACT subunits and HUB1 (an H2B
monoubiquitinase) were comparatively analyzed with
the corresponding single mutants and control plants.
Hence, FACT and HUBI appear to act independently
in the induction of flowering, but they act synergisti-
cally in modulating leaf growth, and regarding the
control of the leaf venation pattern and silique devel-
opment, SSRP1/SPT16 were epistatic to HUB1 (Lolas
et al.,, 2010). These findings indicated multiple levels of
interaction between Arabidopsis FACT and HUBI dur-
ing transcript elongation and that the two factors co-
operate in the regulation of some target genes, whereas
they act independently at others. More detailed studies
of the interaction between FACT and HUBI1 (and other
chromatin modifiers/remodelers) may provide insight
into the interplay of factors that prime chromatin for
transcription.

A novel role of SSRP1 that was recently uncovered
in Arabidopsis is its involvement in parent-of-origin-
specific gene expression (genomic imprinting). SSRP1 is
required for DNA demethylation and for the activation/
repression of parentally imprinted genes in the female
central cell, which represents the progenitor cell of
endosperm before fertilization (Ikeda et al., 2011). The
authors propose that SSRP1 may be involved in
altering the chromatin state, which facilitates DNA
demethylation in the central cell by the DNA de-
methylase DEMETER. Interestingly, this function ap-
pears to be independent of SPT16, because, in contrast
to ssrpl mutants, no comparable effect could be ob-
served in spt16 mutants (Ikeda et al., 2011), although
the overall phenotype of ssrpl and spt16 mutants is
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similar (Lolas et al., 2010). It has been reported that
mammalian SSRP1 also has functions in gene regula-
tion that are independent of SPT16, for instance, as a
transcriptional coactivator (Spencer et al., 1999; Zeng
et al., 2002; Li et al., 2007). Still, the majority of SSRP1
functions appear to be related to the FACT complex.
In accord with that, the Arabidopsis FACT subunits
were found to colocalize (Duroux et al., 2004) and
the mRNA levels of SSRP1 and SPT16 throughout
the plant resemble each other quite substantially
(Supplemental Fig. 53). Therefore, it will be interesting
to examine not only the role of the HMG-box protein
SSRP1 as part of the FACT complex but also its SPT16-
independent functions.

STRUCTURALLY AND FUNCTIONALLY DISTINCT
HMG-BOX PROTEINS

Proteins containing HMG-box domain(s) occur in
very different forms and sizes. Moreover, there are the
HMGB proteins and SSRP1, which apparently occur in
all eukaryotes, whereas HMG-box transcription factors
seem to be specific for animals and the 3xHMG-box
and ARID-HMG proteins appear to be plant specific.
In addition to their structural variability, the versatile
interactions with DNA and other proteins contribute
to the multiple functions that HMG-box proteins adopt
in the cell nucleus. Their HMG-box domains often act
as architectural elements mediating (transient) altera-
tions in chromatin structure and/or facilitating the
proper three-dimensional assembly of higher order
nucleoprotein complexes as a prerequisite for biologi-
cal functionality. Hence, many DNA-dependent pro-
cesses in the nucleus are modulated or regulated by
HMG-box proteins, including the initiation and elon-
gation stages of transcription, DNA replication and
repair, chromatin remodeling, and DNA recombina-
tion (Bustin, 1999; Thomas and Travers, 2001; Reeves
and Adair, 2005; Stros et al., 2007; Wegner, 2010;
Formosa, 2012). Still, additional functions of HMG-box
proteins are discovered also from studies in plants, such
as the role of SSRP1 in genomic imprinting (Ikeda et al.,
2011) or the specific association of 3xHMG-box proteins
with mitotic/meiotic chromosomes (Pedersen et al.,
2011). Therefore, it can be expected that research in
plants will continue contributing to a better under-
standing of the mode of action of the different HMG-box
proteins as well as to the elucidation of novel functions.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Amino acid sequence similarity of HMG-ARID
proteins.

Supplemental Figure S2. Amino acid sequence similarity of the individual
HMG-box domains.

Supplemental Figure S3. Similar expression of the genes encoding the
FACT subunits.

Supplemental Table S1. Plant proteins containing HMG-box domain(s).
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