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Abstract
DNA super-coiling and architectural proteins are the key players that maintain the chromatin in its compact state. Genomic 
DNA needs to be packaged such that it takes minimum space and can simultaneously be accessed for various DNA dependent 
processes. Architectural proteins are instrumental in organizing the dynamic higher order chromatin structure by effectuat-
ing a concerted effort among themselves and other nuclear proteins across spatio-temporal scales. The regulation of these 
proteins and their interaction with DNA modify the cellular phenotype by the modulation of gene expression. This review 
focuses on the structure–function relationship of three broad families of High mobility groups (HMGs) of protein, namely 
HMGA, HMGN and HMG-Box which are major chromatin architectural components of the eukaryotes. These nuclear ele-
ments not only act as architectural proteins but also play a multifaceted role in chromatin dynamics by facilitating interaction 
with nucleosomes, nucleosome-remodeling machines, transcription factors and histones.
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Introduction

In eukaryotes, nuclear DNA are packaged tightly to be 
accommodated in the small nucleus which is accessible to 
the DNA dependent processes and at the same time space 
effective [61]. This versatile packaging of DNA makes the 
architecture of the genome extremely fascinating and one of 
the most studied aspect of genome biology in the last few 
decades.

Primarily, this packaging starts with wrapping of DNA 
strand around the histone octamer involving 1.7 turns 
encompassing 147 bps. The arrays of nucleosomes that con-
stitute “beads on a string arrangement” structure are fur-
ther packaged into the 30 nm fibre by coiling around itself. 
The stability of the higher order chromatin structure needs 

the involvement of histone H1 that binds the linker DNA 
between two nucleosomes [92]. Although the exact organi-
zation of H1 is not known, but it is well established that 
H1 globular domain contacts the DNA near the nucleosome 
dyad axis and the adjacent linker DNA, thus stabilizes the 
wrapped DNA-histone octamer structure [27, 100, 119]. The 
highly basic C-terminal domain of H1 protein actually inter-
acts with the negatively charged linker DNA and facilitates 
the chromatin compaction. But binding to DNA is not solely 
determined by the distribution of positive charged residue at 
the C-terminal of histone H1, rather specific residues play an 
essential role in maintaining the specificity of the interaction 
[9, 63, 104]. Importance of H1 is further accentuated by the 
fact that loss of H1 results in change in gene expression by 
regulating the access of transcriptional regulators.

However, disruption of the local and higher order nucleo-
some structure is the primary requisite for proper access 
of DNA sequences by different nuclear machinery. This 
disruption can be of two types: (1) transient unwrapping 
of DNA at certain position followed by re-wrapping at the 
same entry/exit point and (2) migration of the nucleosome 
complex along the DNA involving simultaneous unwrapping 
and reestablishment of new DNA protein contact with a new 
sequence. Thus, DNA packaging begins with supercoiling 
and then aided by macromolecular crowding which in turn is 
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stabilized by DNA binding proteins such as histones. These 
DNA binding proteins that help to stabilize the DNA struc-
ture within the cell form the ‘Architectural proteins’ that 
are grouped as wrappers, benders and bridgers [56]. One 
such modifier is the High Mobility Group (HMG) class of 
proteins which are well known for their roles as architectural 
DNA binder in the nucleus and mitochondria, as signaling 
regulators in the cytoplasm and as inflammatory cytokines 
in the extracellular space [5].

HMG protein superfamilies are one of the major groups 
of architectural protein present in the eukaryotic cells. The 
HMG terminology is coined due to their unusual solubility, 
along with smaller size and migration properties in compari-
son to chromatin proteins during gel electrophoresis [85]. 
Intriguingly, recent evidences of live cell imaging also reval-
idated their rapid migration properties within the nucleus 
where they play the role of an essential partner among the 
dynamic network of architectural proteins that structurally 
modulate the chromatin to affect the downstream DNA-
dependent activities [5]. Being the second most abundant 
protein next to histones, in the last decade a lot of effort 
has been put forward to decipher its mode of action during 
eukaryotic development. This review is a concerted effort to 
summaries the recent advancement in deciphering the role of 
3 groups of HMGs namely HMGA, HMGN and HMG-Box 
(HMGB) in animals and plants.

HMG protein superfamily: an overview

The HMG proteins belong to three families (HMGA, HMGB 
and HMGN), while members of each family are structur-
ally divergent they share significant functional similarity. 
They do not possess any intrinsic transcriptional activity but 
due to its ability to modify the chromatin structure it allows 
binding of transcription factors (TFs) at the promoter and 
enhancer sequences [85]. As a result, they are often regarded 
as architectural TFs and are classified into three families 
with systematic reference to the DNA binding domains they 
contain:

• HMGA proteins contain AT-hooks, nine amino acid seg-
ments that are unstructured in solution but bind AT-rich 
DNA stretches in the minor groove.

• HMGB proteins contain HMG-Boxes, 80 amino acid 
domains that bind into the minor groove of DNA with 
limited or no sequence specificity.

• HMGN proteins bind inside nucleosomes, between the 
DNA spires and the histone octamer.

HMGA superfamily

In mammals, HMGAs are coded by two genes namely 
HMGA1 and HMGA2. HMGA1 gives rise to splice vari-
ants HMGA1a, HMGA1b and HMGA1c in certain rare 
cases [18]. All of these HMGAs have a canonical DNA-
binding domain that recognizes the palindromic amino 
acid motif called the ‘AT-hook’. Except for HMGA1c, all 
HMGA proteins contain three such short basic AT-hook 
motifs and a C-terminal acidic tail (Fig. 1). The amino acid 
sequence of the AT-hook motif is K/RXRGRP (X = gly-
cine or proline) with positively charged residues on both 
sides and it specifically recognizes the minor groove of 
AT-rich DNA stretches and binds to nucleosomes in a 
cooperative manner [18, 50, 113]. A distinguishing fea-
ture of HMGA proteins is their disordered random coils 
form as free molecules and the ability to take any defined 
secondary structure in the DNA bound form. This unique-
ness in intrinsic flexibility and the ability of disordered-
to-ordered structural transition following substrate binding 
makes it an essential player in a wide variety of biological 
processes. Along with its ability to recognize the structure 
of the narrow minor groove of A/T-rich DNA, HMGA 
proteins can also effectively recognize and bind to DNAs 
other than B-form. List of such binding substrates include: 
synthetic four-way and three-way junctions [29, 30], bent 
and supercoiled DNAs [73], base-unpaired regions of A/T-
rich DNA [53] and distorted or flexible regions of DNA 
on isolated nucleosome core particles [83, 87]. In case 
of nucleosomes, the HMGA can bind in an ATP-inde-
pendent process where it can induce localized changes in 
the rotational setting of DNA on the surface of reconsti-
tuted core particles [87]. Domain swap experiments using 
hybrid recombinant proteins revealed that the AT-hooks 
regions are responsible for nucleosome binding. HMGA1a 
and HMGA1b are highly homologous to each other, with 
HMGA1a having 11 more amino acids in mammals [89]. 
Irrespective of their high level of sequence homology, 
they are functionally quite distinct. While overexpres-
sion of HMGA1b in the human breast epithelial cell line 
MCF7 resulted in rapid proliferation into a metastatic and 
highly malignant phenotype, overexpression of HMGA1a 
did not result in such abnormality [84]. Such functional 
discrepancy between these HMGA1s is probably due to 
post transcriptional modifications or it could be due to 
variation in the spacing of AT-hook domain [16]. Unlike 
in animals, plant HMGA members contain a typical GH1 
domain along with the canonical AT-hook motif [44]. 
Structurally these proteins have a highly conserved cen-
tral globular domain (GH1), 2 less conserved unstructured 
tail fragments: a short (~ 20 aa) N-terminal domain (NTD) 
and a considerably longer (~ 100 aa) and highly positively 
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charged C-terminal domain (CTD). The GH1 domain com-
prising of ~ 80 aa, belongs to the ‘winged helix’ family of 
DNA-binding proteins. As this fusion of GH1 domain to 
AT-hook motif is primarily found in angiosperms, evo-
lutionary this protein structure might have evolved much 
later to the canonical HMGA proteins. In Arabidopsis 
thaliana there are 3 such proteins (GH1-HMGA1-3) that 
possess 4 to 6 AT-hook motifs. And interestingly, apart 
from plants fusion of GHI and AT-hook is reported from 
primitive fish like Trichoplax adhaerens (the only extant 
representative of the phylum Placozoa), some yeast, nem-
atode and insect species [44]. The proteins encoded by 
fish and T. adhaerens genomes are very large (up to 2900 
amino acids) where GH1 and AT-hook motifs cooccur 
with RING and PHD domains.

Transcriptional regulon of HMGA

Inside the mammalian cell, HMGA1 proteins were found 
to co-localize with histone H1 at the scaffold attachment 
regions (SARs) [97]. HMGA proteins compete with histone 
H1 for binding to the linker DNA to destabilize the higher 
order chromatin structure and to make it accessible for 
transcription factor binding. As demonstrated by different 
biochemical techniques, this competition between HMGA1 
and H1 resulted in loosening of the chromatin structure [13, 
42, 118]. Post-translational modifications of H1 also play 
an important role in H1-HMGA interaction and exchange 

[38]. Although, the exact mechanism of H1 replacement by 
HMGA is not known but similar post-translational modifi-
cation dependent replacement is possible. Moreover, sev-
eral motifs for kinases are also present inside the globular 
domain which interact with the linker DNA and phospho-
rylation of these sites affects its binding affinity [17], which 
might have a role during replacement of histone H1 by 
HMGA proteins. Such interactions of HMGA with differ-
ent chromatin remodelers [59], possibly play an essential 
role in opening up the chromatin for the recruitment of TFs.

Transcription of genes are regulated by the core promoter 
elements in concert with regulatory elements like enhancers 
and silencers often present several base pairs upstream or 
downstream to the promoter sequence. During transcription, 
under the influence of defined signals, specific proteins bind 
to the enhancer sequence and form a complex called enhan-
ceosome [66, 76, 117]. HMGA proteins by their intrinsic 
ability to bend DNA causes looping that bring the enha-
ceosome and the core promoter in close proximity resulting 
in the enhanced gene transcription [7, 15]. One of the best 
known examples is the regulation of interferon β (IFN-β) 
promoter where HMGA binding introduce bending of the 
DNA causing association of GCN5(General Control Non-
derepressible 5), a histone acetyl transferase. GCN5 binds 
to this enhanceosomes and acetylate histones without alter-
ing their position helping binding of SWI/SNF factor which 
in turn shifts the second nucleosome 37 bps downstream 
to expose the TATA box [1, 117]. Thus, HMGA proteins 

Fig. 1  Domain organization and salient features of High Mobil‑
ity Group protein A (HMGA) of animal and plants The grey box 
denotes AT-hook motif and purple circle denotes domain similar to 

globular domain of histone H1 (GH1). GH1 domain is only found in 
plant HMGA family
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through DNA bending and by formation of enhanceosome 
complex cause chromatin rearrangements so that it can pro-
vide a conducive environment at the transcription start site 
(TSS) for the assembly of transcription initiation complex. 
Similar complex formation is also reported in plants, where 
rice HMGA protein PFI stimulates binding of transcription 
activator GT-2 to PHYA (phytochrome A) gene promoter 
to regulate its activity in a light dependent manner [102]. 
HMGA like protein NAT1 and LAT1 isolated from leaf 
and nodule nuclei, interact with different AT motifs in soy-
bean nodulin promoter [36]. Recent study by Charbonnel 
et al. [14], has identified that a telomeric interacting protein 
called GH1-HMGA1 is involved in telomere stability and 
DNA repair. The A. thaliana gh1-hmga1 mutant showed 
developmental and growth defects like, increased telomere 
instability, increased mitotic anaphase bridges, and higher 
sensitivity to DNA damaging agents like mitomycin-C and 
γ-irradiation.

HMG‑Box protein super family

HMG-box domain containing proteins are the largest sub-
family of high mobility group proteins that not only plays 
an essential role as architectural protein in DNA-dependent 
processes but also acts as an extracellular cytokine and an 
important component of autophagy pathway. HMG-Box is 
primarily comprised of 75aa containing domain which is 
ubiquitously found in all eukaryotes and was first reported 
to be present in high mobility group proteins, HMGB. Struc-
tural studies have shown HMG-box forms a L-shaped struc-
ture comprising of 3 α-helices which is conserved among all 
HMGBs irrespective of their amino acid sequence homology 
[102, 105]. The long arm consists of helix III and the N-ter-
minal extended strand, whereas the short arm of the L-shape 
is composed of helices I and II at ~ 80° angle between them. 
The HMG-box binds the minor grove of the DNA where 
the hydrophobic residues of the L-shape intercalate between 
the DNA bases leading to widening of minor groove and 
unwinding of the DNA [41, 100]. HMG-box shows both 
sequence specific DNA binding (mammalian TFs such as 
SEX DETERMINING REGION OF Y [SRY] and LYM-
PHOID ENHANCHER-BINDING FACTOR1 [LEF-1]) as 
well as non-specific DNA binding (chromosomal HMGB 
proteins and Structure-Specific Recognition Protein1 
[SSRP1]), but their affinity for certain DNA structures like 
four-way junctions and DNA minicircles are noteworthy [10, 
102, 105, 110].

DNA binding properties of HMG‑box protein

In vertebrate, HMG1 and HMG2 are the two major HMG-
box proteins that contain two HMG-box domains (A and 

B) in tandem and a long acidic tail in the C-terminal end 
(Fig. 2). Both the A and B domain of HMG protein have 
relatively similar folded structure with subtle change in the 
orientation of helix I and II and the loop region between 
helix I and II [57, 111]. However, both the domains can 
bind with the DNA through minor groove. While domain 
A prefer to bind distorted DNA structure, domain B bind-
ing to DNA introduces almost 90° bend into the struc-
ture. The primary hydrophobic residue (Phe) present in 
the hydrophobic wedge of the DNA binding surface of 
B-type domain intercalates the DNA minor groove which 
produces a kink in the bound DNA backbone resulting in 
the widening of the minor group [103]. The second kink 
was introduced two bases away from the primary kink by 
the intercalation of second hydrophobic residue (Ile) in 
the minor groove. The basic extension present in many 
HMG-box proteins stabilizes this structure by binding 
to the compressed major groove present opposite to the 
widened minor groove. Domain A on the other hand does 
not have the primary intercalating residue; as a result can 
produce less bending angle compared to B domain after 
binding to the DNA [105]. Single HMG box domain con-
taining proteins also shows sequence specific DNA bind-
ing except for few like HMGD of Drosophila, NHP6A of 
Saccharomyces cerevisiae. In these cases the DNA binding 
mechanism was very similar to that of HMG-box B.

In contrast to HMGB1 and HMGB2, mitochondrial 
transcription factor A (TFAM), which contains two tandem 
HMG-box domains, show both sequence specific and non-
specific DNA binding properties [57]. In contrast to HMG-
box domain of HMGB1, the primary intercalating residue 
of TFAM is non-polar whereas the second interacting resi-
due is a polar residue that forms hydrogen bond with the 
DNA. The box A domain of TFAM has Leu as primary 
residue that intercalates DNA and the polar residue Thr 
as second intercalating residue which forms the hydrogen 
bond. The box on the other hand has an inverted motif with 
Asn as primary intercalation site that forms hydrogen bond 
and Leu as second intercalating residue. Together these 
two HMG-boxes of TFAM forms an “inverted tail to tail” 
type of configuration that create an 180° bend in the DNA 
[71, 96]. The overall bended structure is supported by the 
formation of additional α-helix in the linker region (region 
between the two HMG-box domains) that binds the minor 
groove of the DNA to neutralize the negative charge of the 
DNA backbone. Additional information from the crystal 
structure of TFAM-promoter DNA sequence revels that 
the sequence specific binding of TFAM is governed by 
the complex network of interaction of the two HMG-boxes 
and the linker region with the DNA, that create additional 
sequence specific contact points to stabilizes the highly 
bent conformation of the DNA.
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HMG‑box protein and transcription regulation

The architectural activity of HMG-box protein makes it a 
good candidate to interact with various sequence specific 
TFs to form a ternary complex with DNA [57]. In most of 
the cases, the role of HMG-box proteins is to pre-bend the 
DNA structure to favor the binding of TFs. HMGB1 has 
been shown to facilitate the binding of TF p53 by provid-
ing a favorable DNA bent structure as substrate [60, 94]. 
The ability of HMGB1 protein to bind distorted DNA struc-
tures in vivo provides an important feature that also facili-
tates transcription process. The class I steroid receptors has 
been shown to bind the DNA with less affinity and bend 
it moderately. The C-terminal extension of class I receptor 
recruit HMGB1 which binds this bended structure with high 
affinity and stabilizes the binding of class I receptor [62, 
108]. Unlike HMGA, very few enhanceosomes formation 
was observed with HMGB: in BHLF-1 gene of Epstein-
Barr virus, one enhanceosome is formed at the promoter 
and another on the enhancer. In this case, HMGB protein 
promotes the binding of a b-Zip protein called ZEBRA and 
Sp I to the DNA to form the enhanceosome which later 
recruit TFIID and TFIIA [2, 20, 64]. Inspite of having higher 

abundance and efficient architectural function, the reason 
for having low HMGB enhanceosome inside the cell is not 
well understood. One possible reason may be because of its 
dynamic nature, to bind with different DNA sequences and 
to interact with various nuclear factors it rarely stays within 
the complex.

HMG-box proteins were shown to facilitate nucleosome 
remodeling presumably by interfering the DNA-protein 
interaction. HMGB1 in collaboration with ATP-dependent 
chromatin remodelers has been shown to promote nucleo-
some sliding. In this case, HMGB1 binds to the nucleosomal 
DNA at the entry/exit point and create a bend structure. This 
bend structure is stabilized by the basic region of the HMGB 
protein that neutralizes the negative charge of the sugar-
phosphate backbone of the opposite strand. The acidic tail 
of HMGB further stabilizes the positive charges of histones 
thereby decrease the affinity of the DNA towards histone 
core [54, 78, 105]. The distorted DNA structure facilitates 
the binding of chromatin remodeler ACF, which slides the 
DNA bulge around the surface of nucleosome core. In the 
whole process it was believe that formation of initial bend 
by HMGB1 is the rate limiting step. Further involvement 
of the HMG proteins with the chromatin modulation comes 

Fig. 2  Domain organization and salient features of High Mobility Group protein B (HMGB) of animal and plants The grey box denotes 
HMG-box motif. The basic and the acidic region is denoted by (+) and (−)
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from the fact that it is found to be associated with a number 
of remodeling complexes such as SWI/SNF complexes of 
Drosophila (BRM,brahma complex) [77], mammalian SWI/
SNF complex BAF complex and histone chaperone FACT 
(facilitates chromatin transcription) complex [109].

Other than acting as transcription activator, HMG-box 
protein has been shown to regulate transcription by acting 
as transcription repressor. The best example in this case is 
the regulation of Wnt signaling by HMG protein. The Wnt 
signaling pathway is an important signal network that regu-
lates cell fate determination, cell migration, cell polarity, 
stem cell pluripotency and organogenesis during embryonic 
development [74]. Studies have shown that the misregulation 
of Wnt signal can cause various diseases including cancer. 
The T cell factor/lymphoid enhancer-binding factor (TCF/
LEF) family of proteins is important HMG domain contain-
ing proteins that play a role in the Wnt signaling cascade. 
TCF/LEF proteins bind to the promoters of Wnt target genes 
and keep them shut down in the absence of signaling ques. 
In the absence of Wnt signaling, β-catenin is captured by 
the destruction complex [Axin and adenomatous polypo-
sis coli (APC), the Ser/Thr kinases GSK-3 and CK1, pro-
tein phosphatase 2A (PP2A), and the E3-ubiquitin ligase 
β-TrCP] and is phosphorylated for subsequent proteosomal 
degradation [101]. As the Wnt signaling pathway is turned 
on, the β-catenin is released from the destruction complex 
and cytosolic β-catenin builds up. The cytosolic β-catenin 
then shuttles to the nucleus and interacts with the TCF/LEF 
proteins where it removes the co-repressors and brings in 
the co-activators to turn on the transcription of Wnt target 
genes [12]. The transcriptional repression role of HMG-box 
protein in Wnt signaling has also been demonstrated in lower 
organisms like Xenopus, Drosophila and Caenorhabditis 
elegans [43]. The Xenopus HMG-box proteins SOX17a/b 
and the SOX3 proteins physically interact with β-catenin 
and repress the Wnt signaling. Human HBP1 is a HMG-box 
protein that acts as a cell cycle repressor [98]. Studies have 
shown that HBP1 binds to the promoter of Cyclin D1 and 
inhibits the expression of the gene, thereby functioning as 
transcriptional repressors of Wnt signaling.

HMG proteins promote de‑condensation of chromatin 
by antagonizing the role of H1

About 147 bp of DNA wraps around a nucleosome 1.7 times. 
The first and last point of contact between the nucleosome 
and the DNA wrapping are known as the entry and exit site 
of the nucleosome which mark the most accessible regions 
of the nucleosome due to the transient association with DNA 
at these sites [28]. The H1 and HMG proteins have similar 
DNA binding properties and bind at entry or exit site of the 
nucleosome and at linker DNA dyad [3, 72]. While H1 pro-
teins were known for chromatin compaction and stabilisation 

of 30 nm fibre, HMG proteins were shown to compete with 
H1 to facilitate chromatin opening and remodeling [92]. 
Thus the H1 histones and the HMGs play an antagonistic 
role in the chromatin dynamics. This reciprocal relation-
ship is best elucidated by the studies on embryogenesis of 
Xenopus oocytes and Drosophila [70, 72]. While H1 lev-
els are barely detectable at the early stages, with progress 
in development the expression of H1 increases and it can 
also replace HMGs in some places. For programmed cel-
lular development selective silencing of gene locus is an 
important aspect. Experimental evidences in Drosophila 
have shown that antagonistic binding of HMG and H1 to 
genomic locations can bring about transcriptional changes 
of various gene loci [69]. Studies have also shown that HMG 
and H1 proteins compete for specific DNA binding sites and 
HMGs can weaken the H1 binding considerably.

Plant HMG‑box proteins

While human genome encodes for 47 HMG-box proteins 
having molecular weight ranging from 15 to 193 kD, higher 
plant genomes encode for only 10 to 15 different HMG-
box proteins of approximately 13 to 72 kD [102]. While in 
humans, HMG-box domain was found in many TFs which 
represent the largest subgroup, in plants no such TFs have 
been reported which clearly indicates that HMG-box TFs 
are more diversified in mammalian system in comparison to 
land plants [110]. Phylogenetic analysis of all the HMG-box 
containing proteins present in land plants and primitive spe-
cies like Selaginella moellendorfii (Pteridophyte), the moss 
Physcomitrella patens, and algae like Chlamydomonas rein-
hardtii and Volvox carteri indicate them to be classified into 
four distinct families: chromosomal HMGB proteins, AT-
rich interaction domain (ARID)-HMG proteins, 3xHMG-
box proteins and SSRP1 [4].

Chromosomal HMGB proteins

Plants express a higher number of HMGB variants in com-
parison to other eukaryotes and they are structurally differ-
ent from mammalian HMGB proteins [102]. While animal 
HMGB proteins have two HMG-boxes with an intermedi-
ate basic linker and C-terminal flanking acidic region, plant 
HMGB proteins have one HMG-box flanked with N-termi-
nal basic and C-terminal acidic region (Fig. 2). A search in 
database indicates that all land plants to code for HMGBs 
and A. thaliana genome codes for 8 such proteins [4]. The 
DNA binding studies have indicated that both the N-terminal 
basic domain (which increases DNA binding) and the acidic 
C-terminal domain (which reduces DNA binding) regulate 
the DNA-protein interaction [91]. Like animal counterpart, 
plant HMGB proteins also binds to different DNA topologi-
cal structures and can produce bend in the DNA backbone. 
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Although there is no clear evidence of plant HMGB medi-
ated enhanceosome formation, but like mammalian HMGB, 
plant HMGB has been shown to interact with TFs like DOF 
(DNA binding with one finger). Interestingly, the prior 
interaction between DOF2 and HMGB facilitate the DNA 
binding of DOF2 protein whereas CK2 mediated phospho-
rylation of HMGB1 abolishes the interaction and negatively 
regulates the DNA binding [99, 115].

While mammalian HMGB1 is reported to be located out-
side nucleus acting as cytokines [65, 116], plant HMGB 
proteins like AtHMGB1/5 are mostly nuclear localized [24, 
85]. Moreover, efficient nuclear localization of AtHMGB1/5 
requires the basic N-terminal region whereas C-terminal 
acidic region interfere with nuclear targeting. Immunolo-
calization of AtHMGB1 in the meristematic root tip cells 
shows spotted distribution pattern associated with interphase 
chromatin but not with condensed mitotic chromosomes. 
Fluorescence recovery after photobleaching experiments 
revealed highly dynamic nature of AtHMGB1/5 protein in 
the nucleus where they bind chromatin transiently before 
moving to the next binding site. Apart from AtHMGB1/5, 
other HMGB protein such as AtHMGB2/3 and AtHMGB4 
were found to be shuttling between the nucleus and cytosol 
[80]. The nucleo-cytoplasmic distribution of these groups 
of protein depends upon the amino acid sequence of the 
N-terminal basic and C-terminal acidic region of the protein, 
where C-terminal acidic tail is largely responsible for the 
shuttling of the protein between nucleus and cytoplasm. Cur-
rently it is unclear why HMGB shuttles between nucleus and 
cytoplasm in plants and there is no evidence for the occur-
rence of HMG protein in plant mitochondria or chloroplast.

Exposure of plants to environmental signals require a 
switch in the gene expression program which is needed for 
immediate stress response and later on for the adaptabil-
ity of plant to environmental conditions. The induction of 
these arrays of stress response genes requires changes in the 
chromatin structure to facilitate the machinery to initiate 
transcription. It has been found that the expression of Arabi-
dopsis HMGB genes is differentially regulated by abiotic 
stress treatment [40, 47], indicating their essential role in 
modulating chromatin structure to facilitate gene expres-
sion [37, 47]. Transcriptomic profiling of hmgb1 revealed a 
large number of cell cycle-related factors downregulated in 
comparison to col-0 plants, which is in concert with reduced 
root length in hmgb1 mutants [52]. Moreover, several salt 
stress-responsive genes were also downregulated in hmgb1 
mutants as compared to control plants, indicating a rela-
tionship between HMGB driven expression of genes under 
salinity stress.

HMGB protein is also found to play an important role 
in plant differentiation. Cells having reduced expression of 
cotton HMGB3 gene which is preferentially expressed in 
embryonic tissue show altered potential of differentiation 

and dedifferentiation during somatic embryogenesis [32]. 
These cells having reduced expression of HMGB3 show 
differential expression of genes involved in pathway simi-
lar to β-catenin signaling. Recently a new role of HMGB 
protein has been identified in the maintenance of chromo-
somal ends where A. thaliana mutant hmgb1 shows short-
ened telomeres and plants overexpressing HMGB1 have 
elongated telomeres [82]. Although there is no change in 
the activity of telomerase in these plants, it is possible 
that HMGB1 influence the telomere chromatin structure 
in order to maintain the chromosomal ends.

AT‑rich interaction domain ARID‑HMG proteins

ARID-HMG is a unique group of plant proteins belong-
ing to the HMG-box superfamily having two DNA bind-
ing domains, one N-terminal ARID and a C-terminal 
HMG-box, which together codes for a 34–56 kD protein 
(except for Physcomitrella where it is 82  kD) [4, 90] 
(Fig. 3). Uniquely this family of proteins are absent in 
mammalian system and among the angiosperms are more 
diversified in dicots (sixteen) in comparison to monocots 
(five). Comparison at the amino acid level shows ARID-
HMG proteins can be phylogenetically classified into 4 
subgroups. Of these four subgroups, AtARID-HMG1/2 
belonging to two different subgroups was found to be 
more widely expressed than the other ARID-HMGs and 
found to be nuclear localized in BY-2 protoplasts [26]. 
Although independently both ARID and HMG domain are 
reported for DNA binding capability, recent in silico dock-
ing simulation for AtHMGB11 indicated ARID domain 
is specifically responsible for DNA binding [95]. ARID-
HMG proteins prefer to bind AT-rich sequence in compari-
son to GC-rich sequence and can also binds to different 
DNA structures like supercoiled and mini-circles [10, 25, 
26]. Interestingly, these proteins can also induce negative 
supercoiling in the relaxed plasmid and can bend the DNA 
[95]. In A. thaliana HMGB15 interacts with TFs AGL66 
and AGL104 in vitro and hmgb15 mutants showed delayed 
pollen tube germination indicating its role in seed develop-
ment [114] Comparative transcriptomic analysis between 
hmgb15 and WT (Col-0) revealed that genes involved in 
cell wall synthesis, osmoregulation, solute transporter, 
lipid synthesis, carbohydrate synthesis and stress response 
were transcriptionally affected in the mutant. Extensive 
analysis showed Lotus japonicus ARID protein SIP1 bind 
AT-rich elements of the NIN promoter and has been sug-
gested to play an essential role during Rhizobium-legume 
plant symbiosis [120]. However, whether there is any role 
of ARID-HMG protein in plant-bacteria symbiotic path-
way is not yet known.
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3xHMG‑box proteins

3xHMG-box codes for protein of 43–60 kD with unique 
N-terminal basic domain followed by three HMG-box 
domain in tandem (Fig. 3). Like ARID-HMG, 3xHMG 
class of proteins is exclusively found in plants and unlike 
ARID-HMG is equally represented in monocots and dicots 
[4]. In Antosch et al. [4] except A. thaliana and Populus 
trichocarpa where two 3xHMGs are found, all other plants 
species have only one gene coding for 3xHMG protein. An 
exclusive phylogenetic analysis of only HMG-box domains 
from different HMG proteins including 3xHMGs indicated 
that irrespective of their functional similarity they have 
diverged uniquely. In contrast to other HMG-box proteins, 
3xHMG-box proteins are widely expressed in the plant, 
specifically in the proliferative mitotic cells. Immuno-
fluorescence studies for At3xHMG-box1 and At3xHMG-
box2 indicated their association with condensed chromo-
somes during different stages of M-phases [79]. Unlike 
other HMG group proteins that specifically bind interphase 
chromatin, 3xHMG always associate with mitotic chro-
mosomes [49, 79]. Even in meiotic cells, 3xHMG-box 
proteins were found to interact with condensed chromo-
somes in pollen mother cells [79]. This close associa-
tion of 3xHMGs during mitosis and meiosis lead to the 

proposition that they are involved in chromosomal con-
densation during segregation.

SSRP

SSRP1 is the fourth type of chromatin modifiers from the 
HMG-box superfamily which functions with another pro-
tein SPT16 by forming dimeric facilitates chromatin tran-
scription (FACT) complex [8, 75]. FACT complex, first 
identified in yeast and mammalian system, behaves like a 
histone chaperone by assisting RNA Polymerase II during 
transcription elongation by initiating nucleosome disas-
sembly. Interestingly, FACT complex are also responsible 
for re-assembling of chromatin post transcription and thus 
maintain a homeostasis by preventing cryptic transcript ini-
tiation [21, 88, 112].

SSRP1 is a highly conserved protein coded by a single 
gene in most flowering plants and as well as in Selaginella, 
Physcometrella and algae. Plant SSRP1 is of 61–78 kD and 
shows overall structural similarity to animal SSRP1 with 
homology in N-terminal, middle acidic and C-terminal 
HMG-box domain but unlike animal SSRP1 lacks a C-ter-
minal tail of 80 amino acid [93] (Fig. 3). Evidences sug-
gest that in maize, N-terminal of HMG-box is responsible 
for nuclear localization of SSRP1. Like any other HMGs, 

Fig. 3  Domain organization and salient features Plant HMG‑box variants The grey box denotes HMG-box motif
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HMG-box is responsible for recognition of DNA, but unlike 
other HMGs, SSRP1 recognition of DNA is sequence inde-
pendent. Moreover, SSRP1 recognizes nucleosome particles 
and the super coiled and minicircle DNA by its structure 
where the specificity of DNA binding is regulated through 
CK2 dependent phosphorylation of SSRP1 [45, 51, 93]. A. 
thaliana mutants of SSRP1 resulted in various defects in 
vegetative and generative development with marked increase 
in number of leaves, inflorescence showing early bolting and 
lack of seed production [55].

Role of SSRP in genome imprinting

Another interesting aspect of SSRP1 is its role in paren-
tal-specific trans-generational memory through genome 
imprinting. SSRP1 is responsible for DNA demethylation 
which causes repression of parentally imprinted genes in the 
female central cell before fertilization [35]. Although lack 
of demethylation in ssrp1-3 mutant resulted in decrease in 
expression of maternally expressed genes, paternally inher-
ited genes showed upregulation defying the usually known 
mechanism of methylation dependent gene silencing. Similar 
observations were made for maternal alleles of HDG3 and 
VIM5 that are upregulated in both PRC2 and DNA demethy-
lase mutants [31]. Most of the functional aspect of SSRP1 
is studied in association with SPT16 in FACT (facilitates 
chromatin transactions) complex, where it is involved in 
the DME (DEMETER)-dependent regulation of genomic 
imprinting in A. thaliana endosperm [35]. Recent evidences 
show that DME in association to FACT complex is respon-
sible for genome wide DNA-demethylation of GC-rich het-
erochromatin domains with high nucleosome occupancy 
enriched with H3K9me2 and H3K27me1 [22].

HMGN superfamily

HMGN is a group of high mobility proteins that are exclu-
sively found in mammalian system which can specifically 
bind nucleosome to induce chromatin modifications and epi-
genetic changes [46]. HMGN protein family is comprised of 
five proteins with a conserved nucleosomal binding domain 
(NBD), unique bipartite nuclear localization signal (NLS) 
at the N terminal, a nucleosomal binding domain and an 
acidic C-terminal chromatin regulatory domain (CHUD) 
[11] (Fig. 4). The nucleosome binding domain of HMGN 
contains a conserved sequence RRSARLSA that promote 
the binding of the protein to the nucleosome [107]. Sequence 
analysis of HMGN1-4 shows that they are small proteins 
with ~ 90 aa whereas HMGN5 has unique structure with 
unusual long C-terminal region (~ 200 aa residue in human) 
[23]. In vitro and in vivo studies show that all five HMGNs 
can bind to chromatin with similar affinity and the binding 

is not dependent on the DNA sequence. None of the plants 
have yet been found to code for any HMGN homologue.

Recent results from methyl-TROSY NMR spectroscopy 
indicate that one molecule of HMGN protein binds to each 
side of the nucleosome core through Nucleosome binding 
domain (NBD) [39]. The conserved sequence of NBD inter-
acts with the acidic patch formed by group of non-histone 
H2A-H2B dimer. The C-terminal region of NBD interacts 
with DNA near the entry/exit region of nucleosome core 
facilitating the C-terminal region of HMGN to interact with 
the linker DNA by interfering with the binding of proteins 
that can specifically bind inside nucleosome between his-
tone H1. Surprisingly, HMGNs do not displace the H1 from 
nucleosomes and instead bind simultaneously with H1 [67]. 
They however directly alter both, the nucleosome-dependent 
condensation of the H1 CTD and core histone tail inter-
actions. HMGN1 and HMGN2 reduce the propensity of 
nucleosome arrays to undergo self-association into higher 
order chromatin structures, in an H1-dependent manner. In 
case of HMGN5, which has unusual longer negative charged 
C-terminal region, interact with the positive charged H1 
more efficiently than other HMGN [58]. HMGN not only 
interact with histone H1 but also affect the interaction of N 
termini of histone H3 and H4 with the neighboring nucleo-
some. Thus by interfering with the binding of histone H1 
and affecting the inter-nucleosomal interaction, HMGN 
reduces the compaction of the chromatin to increase the 
accessibility of nucleosomal DNA to different regulatory 
factors of different DNA-dependent processes.

HMGN regulates epigenetic modifications of chromatin 
landscape

Apart from the architectural nature of HMGN in altering 
the chromatin structure, evidence has shown its role in 
modulating histone modifications. Since HMGN interact 
with nucleosome and interact with different tail residues in 

Fig. 4  Domain organization and salient features of animal nucleo-
some binding High Mobility Group protein (HMGN)
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the nucleosome, it is likely that histone modifications can 
be affected by this interaction. HMGN1 has been shown to 
enhance H3K14 acetylation, acetylation and methylation of 
H3K9 residue, phosphorylation of H3S10 and H2AS1 [46]. 
HMGN induced H3K14ac at the promoter region of Hsp70 
gene is an important epigenetic modification for its tran-
scription, as hmgn1 plants showed lowered transcript density 
and H3K14ac marks HMGN1 binding to nucleosome has 
been shown to reduce the H3S10 phosphorylation by inter-
fering with the ability of the kinase to phosphorylate H3. 
H3S10 phosphorylation is an important epigenetic mark that 
alters chromatin structure during many cellular processes 
such as transcription activation to chromatin condensation 
during mitosis [46]. Recent study has shown that HMGN in 
embryonic stem cells (ESC) of mouse plays an important 
role in their differentiation along the neuronal pathway. Dur-
ing stem cell differentiation the loss of HMGN1 affects the 
expression of two transcription factor OLIG1 and OLIG2 
required for oligodendrocyte lineage specification [19]. 
Loss of HMGN1 lead to increase binding of histone H1 and 
increase of H3K27me3 repressive mark at Olig1 and Olig2 
genes leading to transcriptional repression. Genome-wide 
studies have shown that HMGN1 occupancy in the genome 
overlaps with DNase I hypersensitive sites which includes 
promoter, enhancer and transcription factor binding site. It 
will be interesting to investigate whether HMGN1 binding 
and its influence to modulate histone modifications promote 
and maintain the DHS sites in the chromatin.

Role of High Mobility Group protein proteins in DNA repair 
process

Efficient repair of damaged DNA is a major challenge in 
eukaryotic cells because of the constrain imposed due to 
complex chromatin structure. The major pathway of repair 
from UV damage and bulky abducts from DNA is by the 
nucleotide excision repair (NER) system. Studies have 
revealed that recovery rate from UV damage is faster in 
naked DNA in comparison to nucleosome bound DNA [68]. 
Also disruption of histones and DNA contact or change in 
global compaction of chromatin can lead to faster UV repair 
[48]. The inability of the repair machinery to repair the dam-
age site can lead to diseases such as xeroderma pigmento-
sum, trichothiodystrophy.

HMGN proteins have been shown to enhance NER in the 
context of chromatin. HMGN proteins affect the stability 
of the higher order chromatin structure by targeting histone 
H1 and the H3 N terminal tail leading to a decompaction of 
structure [106]. Studies have shown that HMGN1 mutant 
mice and mouse embryonic fibroblasts are more sensitive to 
UV irradiation in comparison to normal. The sensitivity can 
be returned to normalcy upon the expression of wild type 
HMGN1 in the mutant [6]. The study proposed that HMGN1 

reduces the compaction of chromatin fibers in irradiated 
cells, and facilitates the accessibility of NER machinery to 
repair the DNA lesion caused by UV damage.

HMGA and HMGB have been shown to behave differ-
ently during damage repair response in contrast to HMGN. 
HMGB1 preferentially binds to damaged DNA isolated from 
cisplatin treated cells that induces 1,2-intrastrand d(GpG) 
and d(ApG) cross-links [34, 81]. This cisplatin induced cross 
linking induces a bend in the DNA backbone. Studies have 
shown that HMGB1 binds to the cisplatin induced bended 
structure and inhibit the repair process by preventing the 
accessibility of NER proteins [33]. Similar to HMGB pro-
tein, HMGA proteins have been shown to inhibit the UV-
induced CPDs (Cyclobutane pyrimidine dimer) probably 
because of tight binding of the protein to distorted DNA 
that shield the damage from repair processes [86]. Since 
plant genome does not code for HMGN, it will be interesting 
to investigate whether plant HMGA or HMG-box proteins 
plays an important role in DNA damage accessibility, repair 
process and subsequent restoration of chromatin structure.

Outlook

The ubiquitous presence of high mobility group proteins 
inside the cell suggests that they are involved in important 
biological function. By virtue of having versatile DNA 
binding ability, these groups of proteins have widely been 
reported to regulate various DNA dependent processes 
inside the nucleus that involves transcription regulation, 
chromatin remodeling, DNA replication, repair and recom-
bination. Recent studies in animal and plants have demon-
strated additional role of these proteins inside the cell such 
as genomic imprinting, chromosome condensation and seg-
regation. Despite numerous studies in animal as well as in 
plant, the exact biological function of architectural protein 
remains an important area of research in chromatin biology. 
Especially for plants, the presence of diverse HMG-box pro-
teins is a unique feature. Plant genome does not code for any 
HMGN group of protein. The question remains, whether any 
of these HMG-box proteins can substitute the role of HMGN 
in plants. Another important aspect of plant architectural 
proteins is to understand the role of these HMG proteins 
in modulating the epigenetic language of cell. This is also 
an unexplored territory which needs further investigation. 
Recent advancement in genomics and proteomics along with 
genetic studies in animal and plant can provided us with 
novel insight into their mode of actions.
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