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Abstract

High mobility group (HMG) box proteins are abundant and ubiquitous DNA binding proteins with
a remarkable array of functions throughout the cell. The structure of the HMG-box DNA binding
domain and general mechanisms of DNA binding and bending have been known for more than a
decade. However, new mechanisms that regulate HMG-box protein intracellular translocation, and
by which HMG-box proteins recognize DNA with and without sequence specificity, have only
recently been uncovered. This review focuses primarily on the Sry-like HMG box family,
HMGB1, and mitochondrial transcription factor A. For these proteins, structural and biochemical
studies have shown that HMG-box protein modularity, interactions with other DNA binding
proteins and cellular receptors, and post-translational modifications are key regulators of their
diverse functions.
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High mobility group box proteins

Since the discovery of the high mobility group (HMG) proteins nearly forty years ago [1],
their roles in the nucleus and mitochondria as architectural DNA binding proteins, in the
cytoplasm as signaling regulators, and in the extracellular milieu as inflammatory cytokines
have earned them a reputation as the ultimate utility player of the cell. The term ‘high
mobility group’ originates from their discovery as proteins in the acid extracts of
mammalian cellular chromatin that had high electrophoretic mobility [1]. The HMG proteins
comprise three families [2, 3]: HMG-A [4], HMG-N [5], and HMG-box (HMGB) ([6-10])
proteins. The HMGB proteins are by far the largest group, playing essential roles in
recognition and maintenance of DNA in DNA-dependent cellular processes [10, 11]. By
contrast, it was especially surprising when, a dozen years ago, HMGB1 was found to act as
an extracellular cytokine [12] and function in autophagic processes (reviewed in [13-15]).
Here we review recent work that provides new insights into the mechanisms of molecular
recognition and regulation that determine how the HMGB proteins can interact with
different binding partners in such diverse cellular processes.
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A conserved sequence of approximately 75 amino acids defines the HMG-box found in
many transcription factors and chromosomal proteins [16]. HMGB proteins have single
(Figure 1a) or multiple HMG boxes (Figure 1b). They are classified as either DNA
sequence-specific or non-sequence-specific based on their ability to produce DNasel
footprints on specific DNA sequences [17]. Generally, transcription factors are sequence-
specific and contain a single HMG box (Figure 1a, Table 1) [18]. However, non-sequence-
specific single HMG boxes exist in Drosophila melanogaster (HMGD) [19], Saccharomyces
cerevisiae (NHP6A) [20] (Figure 1a), and humans (PMS1) [21]. Tandem HMG box proteins
(Figure 1b, Table 1) include HMGBL1 through HMGB4, and mitochondrial transcription
factor A (mtTFA/TFAM), among others (reviewed in [10, 22]). These generally recognize
DNA non-sequence-specifically, except for TFAM, which interestingly has both sequence
specific and non-sequence specific DNA binding properties [23, 24].

The ability of the HMG-box proteins to bend DNA is requisite for their functions as
transcription factors, DNA chaperones, and DNA repair agents. Much of the current
understanding of the bending mechanism comes from studies of single HMG boxes
(reviewed in [10, 18, 25]). To summarize, HMGB proteins preferentially bind to the minor
groove of DNA using the HMG-box domain, characterized by three alpha helices forming
an ‘L’ shaped structure [26] (Figure 1, Figure 2a, b). The HMG-box severely bends and
underwinds DNA, using electrostatic and hydrophobic interactions to widen the minor
groove and induce a bend towards the major groove. Importantly, HMG-box residues that
intercalate DNA aid in stabilizing the distorted DNA structure (reviewed in [19]). The HMG
boxes of both sequence-specific and non-sequence-specific proteins typically contain a non-
polar DNA intercalating residue in the 1° site at the N terminus of alpha helix 1 (in red)
(Figure 1, Figure 2). Non-sequence-specific HMG boxes have an additional non-polar
intercalating residue in the 2° site at the N terminus of alpha helix 2 (in red). A residue at the
same position in the HMG box of the sequence-specific HMGB proteins forms base-specific
hydrogen bonds (in cyan) (Figure 1, Figure 2a, b). The presence of N-terminal and/or C-
terminal tails composed of disordered stretches of basic and/or acidic residues can enhance
the DNA binding and bending ability of HMGB proteins [22, 27, 28].

Tandem HMG box proteins

The majority of the non-sequence-specific HMG-box proteins have tandem HMG boxes
whose structures have been notoriously difficult to study. However, the structure of the Sex
determining region Y-HMGBL1 box B chimera (Sry.B) bound to DNA [29], and two
structures of mitochondrial transcription factor A (TFAM) DNA complexes [30, 31] have
provided insights into DNA recognition by tandem HMG-box proteins. The Sry.B chimera
structure was the first glimpse at tandem HMG-box DNA recognition. In it, the HMG boxes
adopt a head-to-head configuration on the DNA and the ten amino acid linker region tracks
loosely along the DNA minor groove (Figure 2¢). The Sry HMG-box interactions with DNA
resemble those in the Sry-DNA complex [32]. By contrast, the interactions of the HMGB1
HMG box B with DNA resemble HMGD and NHP6A bound to unmodified DNA, because
intercalating residues 1° Phe 97 and 2° lle 116 both contribute to DNA bending [20, 33].
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This differs from the complex of HMGB1 box A with cisplatin-treated DNA, which lacks
the 1° intercalating residue [34]. Each HMG box individually bends the DNA by
approximately 90°, but the overall bending is only 101.5°, and thus is not additive; this is
due to the spacing between the 2° intercalation sites, which are out of phase with the helical
repeat of the DNA helix (Figure 2c¢). The lack of direct interactions between the two HMG
boxes [29] might be due to the construction of the chimera, which includes a hybrid linker
between the HMG boxes. This informative view of a tandem HMG-box-DNA complex does
not exclude the possibility that the linker will function differently and the HMG boxes will
bind interdependently in a native context.

Unlike the independence of Sry.B HMG-box interactions with DNA, the HMG boxes in
TFAM bind to DNA in a highly cooperative fashion. TFAM induces a large DNA bend of
approximately 180° on short segments (22 bp [30] and 28 bp [31]) of mitochondrial light
strand promoter (LSP) DNA (Figure 2d). Although previous solution spectroscopic studies
revealed the large DNA bend induced by TFAM [28], the finding that both HMG box A and
box B bind to the DNA was somewhat surprising (Figure 2d), because box B does not bind
with any observable affinity, independent of the rest of the protein [35, 36]. By contrast,
other HMG boxes can bind to DNA independently of the other domains of the proteins in
which they reside [37]. Two distinctive properties of TFAM, the phased intercalation
mechanism and the structure of the long linker, might explain these unique features of DNA
recognition.

Analysis of the HMG box intercalation motifs provides insight into the contributions of each
HMG box to the structure of the TFAM-DNA complex. As indicated earlier, non-sequence-
specific HMG boxes typically have non-polar 1° and 2° intercalating residues, whereas the
sequence-specific HMG boxes have a non-polar 1° intercalating residue and a polar residue
at the 2° site (Figure 1, 2a, b). By this classification, box A of TFAM would be sequence-
specific, because 1° Leu 16* (numbering of starred [*] residues considers residue 1 to be the
first residue of TFAM that is after the 42 amino acid mitochondrial localization sequence)
intercalates the DNA and 2° Thr 35* forms hydrogen bonds with the DNA (Figure 1, Figure
2d) [36]. However, in box B of TFAM the 1° intercalation site (Asn 121*) forms hydrogen
bonds with the DNA, and the 2° site (Leu 140%*) intercalates the DNA. Therefore, TFAM
overall does not conform to either HMG-box classification and is unique among HMGB
proteins in its intercalation motif. The term “inverted motif’ was used to describe the DNA
sequence of the motifs found at the major intercalation sites but can also be applied to the
inverted tail-to-tail configuration of the HMG boxes that is requisite for creating the 180°
bend in the DNA. This configuration generates a symmetry within the complex such that
each HMG box bends the DNA by approximately 90° at positions along the DNA that are in
phase with the DNA helical screw, and thus are additive [30]. The overall 180° bend is also
supported by the formation of an additional alpha helix in the long (25 residue) linker region
(Figure 1b). This basic helix binds to the minor groove of the DNA and neutralizes the
negatively charged and compressed DNA phosphate backbone [30, 31]. The linker
facilitates the interaction of box B with the DNA and might promote the internal
cooperativity between box A and box B in the final structure. Thus, the structures of the
Sry.B-DNA and the TFAM-DNA complexes revealed two key mechanisms for DNA
recognition by tandem HMG boxes: the former showed how HMG boxes can bind DNA
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independently, and the latter revealed how a unique linker and an inverted motif can
facilitate the cooperative assembly of tandem HMG boxes on DNA.

New mechanisms for specificity of DNA recognition in HMGB proteins

The thermodynamic basis of HMGB protein recognition of DNA has been well described
(reviewed in [18, 25, 38]), and the determinants of sequence specificity for most
transcription factors are generally guided by a simple model of base sequence independence
[39]. However, recent studies of TFAM and Sry-related HMG-box (Sox) proteins have
revealed more complex mechanisms for modulating sequence specificity. Although Sox
proteins preferentially bind to a core sequence element, TTGT, high throughput protein
binding microarray experiments found that secondary binding motifs, which differ among
Sox family members, are governed by nucleotide “position interdependence’ [40]. For
example, in the sequence XgYTTGT14, if nucleotide ‘Y’ is a T, Sox4 will have high affinity
when nucleotide ‘X" is a C, whereas if position ‘Y’ is an A, then A is preferred in the ‘X’
position [41]. An illustration of secondary motif recognition by position interdependence
can be found by comparing the crystal structures of Sox4 to Sox17 bound to the same DNA
sequence (Figure 2b, Figure 3a) [41, 42]. In Figure 3b, both proteins have similar
interactions with the TTGT core sequence (shown in black), but subtle structural differences
exist at the “XY” secondary recognition site of the protein-DNA interface, as seen in the
altered protein-DNA contacts shown for Sox17 in green [42, 43]. Specifically, Arg 74 and
Asn 86 of the two proteins make different contacts with the X’ and “Y’ nucleotides,
respectively (Figure 3b). Differences in DNA recognition extend outside of the XYTTGT
motif, where His 85 interacts with Gy, and in Sox17 His 85 contacts A13 (Figure 3a). The
molecular origins of this rearrangement in contacts are unclear, but differential sequence
recognition through position interdependence might be key to distinguishing between
secondary DNA binding motifs in the Sox protein family [41].

TFAM is unique among HMGB proteins in that it both binds promoter DNA sequence-
specifically and genomic DNA non-specifically [28, 31]. TFAM coats the entire
mitochondrial genome and protects the DNA from oxidative stress by compacting the DNA
into nucleoids [44]. In addition, TFAM specifically recognizes three promoter sequences in
the mitochondrial genome: the LSP, the heavy strand promoter 1 (HSP1), and the heavy
strand promoter 2 (HSP2), which bear little sequence similarity. Despite the observations
that the promoter regions have different abilities to drive transcription [45], TFAM does not
have significantly greater affinity for LSP DNA than for HSP1 or non-specific DNA [28], as
the Kp values are all in the 5-10 nM range. Spectroscopic studies have shown that TFAM
bends 25 bp LSP and HSP1 promoter DNA with an estimated overall change in end-to-end
distance of ~23 A, and this distance for non-promoter DNA is ~15 A, which gives estimated
bend angles of 86°-180° and 63°-120°, respectively, depending on whether the DNA bend
is modeled as a kink or a smooth bend [28]. Furthermore, deletion of the C-terminal tail of
TFAM results in loss of promoter specificity [46] and a decrease in the DNA bend angle
similar to that observed for TFAM bound to non-sequence-specific DNA [28]. Thus,
binding affinity alone is not the driving force for determining the ability of TFAM to form a
‘specific complex’ capable of being footprinted on DNA.
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The crystal structures of TFAM sequence-specifically bound to promoter DNA illustrate
how a “specific complex’ can form when the correct base sequence is present [30, 31].
Given that the individual HMG boxes do not by themselves have sequence specificity, the
intricate network of interactions between the two HMG boxes, the linker, and the DNA must
be responsible for generating site-specificity. Figure 2d shows where Thr 35* at the 2°
position in box A forms hydrogen bonds with a DNA base, and Asn 121* at the 1° position
in box B forms hydrogen bonds with two adjacent thymines. The 1° intercalating residue in
box A, the 2° intercalating residue in box B, and the alpha helical linker would be expected
to stabilize the distorted DNA structure. Thus, the sequence-specific hydrogen bond contacts
potentially ‘lock in’ a cooperatively formed highly bent conformation of the DNA, which is
a hallmark of a “specific’ TFAM-DNA complex [30, 31]. How the C-terminal tail of TFAM,
which promotes transcription [32] and bending of specific promoter DNA [28], also
stabilizes the formation of this specific complex is not completely clear from the structures.
However, if these special protein-DNA contacts do not form, such as for the incorrect DNA
sequence, then TFAM can recognize a wide range of DNA sequences with comparable
affinity and the conformation of the DNA adopts a less bent form [28]. Indeed, recent single
molecule analysis of TFAM binding to much longer DNA sequences revealed that sliding,
DNA melting and DNA compaction accompany the non-sequence specific binding mode of
TFAM, and this also did not require the C-terminal tail [47]. Structural studies of TFAM
with non-promoter DNA and further mutagenesis studies will provide needed insights on
this mechanism.

Sequence positional interdependence could explain subtle differences in the DNA
recognition, bending, and binding affinities of Sox and TFAM HMGB proteins for different
DNA sequences. Interestingly, the Asn residues that occupy the 2° intercalation site in
several Sox proteins are key sequence interdependence regulators (Figure 2b, Figure 3),
which makes it tempting to speculate that Thr 35* of TFAM could play a similar role in
regulating the sequence specificity through a sequence-positional-interdependence
mechanism. Finally, the DNA recognition mechanisms discussed here also are likely to be
influenced by other proteins.

HMG-box interactions with other proteins and chromatin

HMG box proteins are involved in a myriad of protein-protein interactions that regulate
transcription, chromatin dynamics, immune response, development, and other cellular
functions. Both the sequence-specific (Sox) and non-sequence-specific (HMGB1) HMG box
proteins can facilitate the interactions of other transcription factors with DNA. For instance,
several Sox proteins partner with Oct family members to function as key regulators of cell
fate determination (Table 1) [48, 49]. The classical mechanism for co-regulation proposes
that the HMG-box protein bends promoter DNA to bring other transcription factors in closer
proximity [50]. However, structural analysis of the Oct1/Sox2/DNA complex revealed
different molecular determinants of HMG box DNA recognition in conjunction with an Oct
protein (Figure 3c) [51]. This crystal structure was obtained using the same Sox primary
DNA recognition motif, CTTTTGT, as was used for Sox4 and Sox17 (Figure 3b, ¢) [41, 42].
The POU domain of the Oct protein class binds to a ATGCAAAT motif, and the relative
spacing from the TTGT motif and the secondary DNA motifs determines the specificity of
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the Sox/Oct pair for DNA. Sox and Oct bind to DNA at adjacent sites and have a small
protein-protein interaction interface, which explains how spacing could influence their
cooperation. However, the Sox interactions with DNA are similar in the presence and
absence of Oct proteins (Figure 3a, ¢). Further insights into the mechanism of this
cooperation came from NMR studies of the Sox2 and Oct1 interactions with DNA, which
showed that Sox2 binding to the adjacent DNA site stabilized the interaction of the POUg
domain of Octl through combinatorial control involving direct protein-protein interactions
on the DNA [51, 52]. Thus, a direct protein-protein interaction model operates in the Sox-
Oct system for HMG-box mediated transcriptional enhancement in cells.

By contrast, HMGB1 co-regulates a wide variety of sequence-specific transcription factors
by means that include the formation of ternary complexes with transcription factors and
DNA, and ‘hit and run’ mechanisms whereby the HMG box pre-bends DNA to favor the
binding and/or interaction of transcription factors with DNA or with each other (reviewed in
[10]). Specific protein-protein interactions between the HMG boxes of HMGB1 and the C-
terminal extension domain of progesterone receptor (PR) have been found to enhance PR
promoter DNA binding [53]. Interestingly, this activity did not require the DNA bending
capacity of HMGBL. However, the enhanced transcriptional activity of PR in cells did
require the ability of HMGB1 to bend DNA. These results suggested a two phase synergistic
recruitment model for HMGB1 activity, whereby the interaction of the two proteins in the
vicinity of the specific promoter can increase the local concentration of HMGBL for its
subsequent activities in nucleosome remodeling [53].

HMG boxes and HMGB protein involvement in chromatin remodeling is widespread but is
not well understood at the molecular level. Models for the action of HMGB proteins within
the chromatin context focus on their ability to assist the activity of chromatin modifiers
presumably by loosening the histone-DNA contacts within the nucleosome [10, 54] (Figure
4). HMGB1 can assist a variety of ATP-dependent chromatin remodeling machineries and
histone chaperones in the process of ‘nucleosome sliding’, by a mechanism that involves
HMGB1 binding and bending nucleosomal DNA [55]. By contrast, the nucleosome
remodeling complexes, switching defective or sucrose nonfermenting (SWI/SNF in S
cerevisiae) or Brgl-associated factor (BAF in metazoans) [56], and histone chaperone
FACT (facilitates chromatin transcription) complex, incorporate HMGB proteins as subunits
within much larger remodeling machinery [54]. The complexity of subunits and tissue-
specific distributions of the BAF family of remodelers is staggering, and the role of the
HMG-box containing subunit is not clear [56]. However, the HMG box subunit (BAF57),
which was not essential for the human BAF complex to function in remodeling and
activation of many genes, was intriguingly necessary for the recruitment of calcium-
calmodulin and the stimulation of specific TLR-4 gene expression in macrophages [57].

FACT facilitates Pol Il transcription elongation through nucleosomes and is important for
eviction and redeposition of histones onto DNA [54]. In metazoans, FACT is composed of
the Spt16 and SSRP subunits, of which SSRP has an HMG-box at its C terminus (Figure 1).
The equivalent subunit to SSRP in S. cerevisiae, called Pob3, lacks the HMG-box motif, but
the DNA binding and bending function is provided by the HMGB protein NHP6A (Figure
4). NHP6A promotes the association of Spt16/Pob3 with nucleosomes, which then become
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‘remodeled’ into a looser form that has increased accessibility of the nucleosomal DNA to
nucleases [58]. Biophysical analyses of metazoan FACT revealed that nucleosome
remodeling occurs through multiple synergistic binding events [59]. Moreover, additional
regulation of HMG-box activity has been observed within the larger metazoan protein,
SSRP1 (in Drosophila melanogaster), in which the HMG box intramolecularly associates
with an acidic intrinsically disordered region (AlID), but can still interact with nucleosomal
DNA [60]. Interestingly, phosphorylation of the AID region better competes with the HMG
box and reduces the association of the HMG box with DNA, illustrating how this post-
translational modification could influence the activity of FACT during embryogenesis [60].

The multiplicity of interactions of HMGB proteins with transcription factors, nucleosomes,
and chromatin remodeling machinery is quite remarkable. For these functions, the DNA
binding activity of the HMG box is almost certainly functionally relevant to HMGB protein
activity within the nucleus.

Modulation of HMG-box cellular location through post-translational
modification

Post-translational modification of DNA binding proteins has long been recognized as an
important modulator of DNA binding activity, and the HMG box family of proteins is no
exception [10]. Numerous posttranslational modifications have been identified in HMGB
proteins (Table 1), including acetylation, phosphorylation, methylation, and oxidation [10].
However, the functional consequences of these modifications are only recently becoming
understood. Here, we focus on the best understood posttranslational modifications of
HMGBL.

HMGB1 is modified on several residues, with varying consequences on DNA binding and
bending ability. Acetylation of Lys 3 in bovine HMGB1 increased the affinity for cis-
platinated or UV damaged DNA, but decreased the DNA bending ability [61], and
acetylation of Lys 82 in the linker region also influenced DNA bending [62]. Interestingly,
phosphorylation of HMGB1 at Ser 181 by cyclin-dependent kinase 5 requires prior
acetylation at Lys 3 [63]. This phosphorylation decreases DNA end-joining activity, which
is normally promoted by Lys 3 acetylation alone, but had no effect on the HMGB1 DNA
binding affinity [63]. Other modifications to HMGB1 have been identified (Table 1), and
certainly other cases where modifications regulate HMGB1 function in a combinatorial
manner remain to be discovered.

Perhaps most surprising is how HMGB1 post-translational modifications influence HMGB1
cellular location. Whereas acetylation of HMGBL at Lys 3 increases DNA binding affinity,
general lysine hyperacetylation and specific methylation of Lys 43 decrease its DNA
binding activity and correspond with a change in its cellular location from the nucleus to the
cytoplasm [64, 65]. Acetylation of Lys 75 (K73 in humans) in Sox 2 was also shown to
promote transport from the nucleus to the cytoplasm (Figure 5), suggesting that acetylation
of HMG boxes might serve as a transport signal for this entire class of proteins [66].
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In addition to enzyme-catalyzed modifications, HMGB1 function and cellular location are
also modulated by the redox state of three conserved cysteine residues (Figure 1, Figure 5).
HMGB1 contains two cysteines in box A, Cys 23 and Cys 45, and a third cysteine, Cys 106,
in box B. Mutagenesis studies demonstrated that Cys 106 is a regulator of cellular
localization [67]. A C106S substitution resulted in HMGB1 localization to the cytoplasm,
whereas wild-type HMGB1 and mutants with the C23S and C45S substitutions localized to
the nucleus, suggesting that oxidation of C106 regulates the nomadic behavior of HMGBL.
Cys 23 and Cys 45 readily oxidize to form a disulfide bond that alters the structure of the
HMG box [68] and results in a 10-fold decrease in the affinity (0.70 nM vs. 7.58 nM) for
cis-platinated DNA [69]. This weaker binding affinity for damaged DNA has a different
structural basis than oxidation of the HMGD primary intercalating methionine, which not
only decreased binding affinity but altered the protein-induced DNA bend [70].
Interestingly, the Cys 23 and Cys 45 residues are conserved in HMGB1, HMGB?2, and the
Drosophila protein DSP1 (Figure 1b), and so it will not be surprising if these and potentially
other HMG box proteins are regulated in a similar fashion.

Post-translational modifications and oxidation regulate HMGB translocation out of the cell,
where it serves as a cytokine regulator of the immune response, tissue regeneration,
chemotaxis, and inflammation [71]. Hyperacetylation of HMGBL1 lysine residues leads to
extracellular translocation of HMGBL1 [72]. The hyperacetylation of HMGBL1 is thought to
be due to decreased histone deacetylase activity [65]. Active transport of HMGBL also
occurs in cells undergoing oxidative stress [73] or apoptosis [15], whereas necrosis allows
HMGBL to diffuse to the extra cellular space in a passive manner [74, 75].

Once in the extracellular space, the function of HMGBL1 as a signaling molecule appears to
be largely regulated by the oxidative state of the protein. The presence of extracellular
reduced Cys 106 HMGB1 promotes interaction with the receptor for advanced glycation end
products (RAGE) to induce autophagy, whereas oxidized HMGB1 induces apoptosis though
a caspase-3/9 mitochondrial mediated mechanism [76]. Interestingly, cytoplasmic oxidized
HMGB1 with a Cys 23/Cys 45 disulfide bond promotes autophagy by competing with the
anti-apoptotic protein Bcl-2 for binding to the autophagy regulator Beclin-1 (Figure 5).
Moreover, once outside of the cell, HMGBL1 can interact with RAGE and Toll-like receptor
2 (TLR2) and TLR4, with the latter requiring reduction of Cys 106 [77, 78], thus eliciting a
myriad of signals for immune response and inflammation. As these mechanisms of
cytoplasmic and extracellular HMGBL regulation by post-translational modification and
oxidation are slowly being uncovered, it is clear that these are not unique to HMGB1.
TFAM has recently been identified as a cytokine protein that interacts with RAGE and
TLR9 [79]. Furthermore, several other members of the HMG-box family have the potential
to function as immune modulators, and it will be interesting to see whether the redox state of
these proteins also promotes changes in cellular distribution and or cytokine activity.

It is clear that post-translational modifications and redox state can drastically influence the
function of HMGB proteins. Although a general mechanism of how posttranslational
modifications alter HMG box protein function is emerging, the molecular mechanisms are
not known.
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Concluding remarks

The HMG box is a simple yet remarkably versatile DNA- and protein-binding module.
Much is now known about the biophysical and structural aspects of single- and di-HMG box
protein recognition of DNA and the mechanisms of DNA bending. Bending DNA not only
involves DNA intercalation, but disorder-to-order transitions in linkers and tails that
neutralize the negative charge of the distorted DNA. Specificity of DNA recognition is
achieved not only through sequence-specific hydrogen bonding but also through sequence
interdependence of DNA bases, as seen for the Sox family of HMG-box proteins. Future
work investigating sequence-specific HMG box interactions with other secondary
recognition sites should reveal how this occurs for other HMG-box family members.
Another future challenge is to attain this level of insight into the molecular mechanisms of
DNA recognition of the native tandem HMG box proteins, such as the HMGB1-4 and UBF.
Although numerous interactions between HMG-box proteins and other proteins have been
identified, there is still very little known about the nature of the interactions because they
tend to be weak or have only been investigated in cells. Furthermore, how the HMG box
functions in chromatin remodeling is still a mystery despite the initial discovery of HMGB1
as a chromosomal protein several decades ago. Similarly, an understanding of the effects of
HMG-box protein posttranslational modifications on their interactions with DNA and other
proteins is only beginning to emerge. With further proteomic analysis, the number of
posttranslational modifications identified in HMG box proteins will continue to grow, as
will the need for a better understanding of the molecular basis by which they alter HMG box
functions within different cellular compartments and regulate translocation among them.
The amazing range of activities of the HMG box proteins has truly earned them the title of
the utility players of the cell.
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Figure 1. Alignments of single- and dual-domain high mobility group (HM G)-box proteins
(a) Sequence alignment of the HMG domains of selected single HMG box proteins:

structure specific recognition protein 1 (SSRP1), sex-determining region Y (SRY) [80], and
the SRY-like box (Sox) family of HMGB proteins [81]. Primary site (1°, red font)
intercalating residues and secondary site (‘2°’, green font) intercalating/hydrogen bonding
residues are indicated. Conserved residues are shown in blue font. Green cylinders below the
sequence alignment illustrate the regions of the proteins that form the alpha helices of the
HMG box. (b) Sequence alignment of the HMG domains of selected dual HMG box
proteins including mitochondrial transcription factor A (TFAM); the Saccharomyces
cerevisiae homologue of TFAM, ABF2 (*numbering here begins after the 42 or 35 amino
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acid residue mitochondrial localization sequence for TFAM or ABF2, respectively); the
Drosophila melanogaster dorsal repressor DSP1, and HMGB1-4. Primary and secondary
intercalating residues and conserved residues are indicated as in (a). The cysteine residues
that have been shown to form an intramolecular disulfide bond in HMGB1 are shown in
magenta. The green unbroken cylinders below the sequence alignment indicate the amino
acids that form the helical structures comprising the HMG boxes of TFAM, when bound to
DNA. The broken green cylinder represents the linker region of TFAM that forms an alpha
helix upon binding to DNA.
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Figure 2. Structures of high mobility group (HM G)-box-DNA complexes
(a) Non-sequence-specific HMGD bound to an unmodified DNA decamer (PDB ID 1QRV)

[33]. (b) Sequence-specific Sox4 bound to a 16 base pair DNA oligomer from the Lama 1
gene (PDB ID 3U2B) [41]. The structure is orientated as if it was superimposed onto the
HMG box of HMGD in panel (a). (c) Dual HMG box Sex determining region Y-HMGB1
Box B chimera (Sry.B) bound to 16 base pair DNA oligomer containing the cognate Sry
binding site (PDB ID 2GZK) [29]. SRY is in green and the HMGB.1 box B is in pink. (d)
Native dual HMG box mitochondrial transcription factor A (TFAM) bound to a 28 base pair
segment of the human mitochondrial light strand promoter (PDB ID 3TMM) [31]. The
numbering for TFAM is based on the residual protein after loss of the 42 amino acid residue
long mitochondrial localization sequence, indicated by a *. The structure is oriented as if
box A was superimposed onto the SRY HMG box from the SRY.B chimera in panel (c).
The non-polar intercalating residues are shown in red, and polar residues at the 1° or 2°
intercalation sites are shown in cyan.

Trends Biochem Sci. Author manuscript; available in PMC 2015 May 19.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Malarkey and Churchill Page 17

amy aans (C)  gou0i00t1

4i{— Asn86
)~ Asn86

Ser90 Arg74
——GIn71
Arg74
Lys98 -~ Lys60
Trp9 - Hiss8
Arg6l
Pro130
Arg61 -1 — A~6(— Tyr128

Sugar / Backbone
@ numbering

Phosphate group
@)

Figure 3. Specificity of DNA recognition

(a) Sox17-DNA complex. The primary intercalating residue is shown in red, and the residue
at the secondary intercalating site is shown in cyan. The bases ‘XY’, for which nucleotide
interdependence has been observed, are shown in black, and the primary recognition site
sequence is colored orange. (b) Two dimensional representation of the amino acids that
contact the DNA in the crystal structures of Sox4 (PDB ID 3U2B) and Sox17 (PDB ID
3F27). The primary intercalating residue is Met 67 (red), and Sox17 amino acids that differ
in DNA contacts from the Sox4 structure are indicated in green. Amino acid numbering is
based on the Sox4 structure. Hydrogen bonds to the bases are indicated with blue lines and
van der Waal’s contacts are shown as broken beige lines. The figure was generated using the
program NUCPLOT [82]. (c) Sox2 (green) and the POU domains of Octl [51] (PDB ID
1GTO). The protein-protein interaction interface is circled in red. The DNA is colored as in

@).
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Figure4. High mobility group (HMG) boxesin nucleosome remodeling
The diagram summarizes and combines findings from S. cerevisiae and other eukaryotes.

HMGB proteins in metazoans (yellow) and NHP6A in S cerevisiae (red), in their individual
cellular contexts can bind to nucleosomal DNA and assist ATP-dependent chromatin
remodelers (grey) in loosening DNA and providing access to other DNA dependent
machineries. Related SWI/SNF (in S. cerevisiae) and BAF (in metazoans) complexes harbor
an HMG box containing subunit BAF57 (orange) that promotes nucleosome remodeling, in
some cases requiring binding of calcium calmodulin (CaC in black). The histone chaperone
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FACT has three subunits in S. cerevisiae (Spt16, Pob3, NHP6A), of which NHP6A
promotes the association of the FACT complex with nucleosomes to facilitate remodeling.
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Figure5. High mobility group box 1 (HMGB1) interactionsin the cell
The diagram summarizes and combines findings from studies of post-translational

modifications and cysteine oxidation of HMGBL that correlate with different functions and
localization of HMGB1. The DNA-bound nuclear form of HMGBL1 (yellow) is generally
reduced, but phosphorylation (green “P’), methylation (cyan ‘Me’) and acetylation (blue
‘Ac’) can regulate DNA (in blue) binding activity. The cytoplasmic and extracellular forms
of HMGB1 are generally more highly acetylated and oxidized than the nuclear form.
Cytoplasmic HMGB1 can compete with Bcl-2 (grey) for binding to Beclinl (blue), which
promotes autophagy. Release of HMGBL to the extracellular space, where it can act on
receptors of the same as well as neighboring cells, results in different responses, depending
on the receptor; receptor for advanced glyclation end products (RAGE, purple) promotes
autophagy, whereas toll-like receptor 4 (TLR4, green) promotes cytokine release, and
oxidized forms of HMBG1 can promote apoptosis. Reduced Cys 22, Cys 44 and Cys 106 are
indicated by a black ‘C’. The oxidized Cys 22 and Cys 44 form a disulfide bond indicated
by red ‘C-C’ and the oxidized C 106 sulfinic acid is represented by a black ‘C’ that has a red
star outline. The specific placement of the marks is not meant to indicate where they are
located in HMGBL1.
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