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Abstract

The high-mobility group (HMG) domain containing proteins regulate transcription, DNA
replication and recombination. They adopt L-shaped folds and are structure-specific DNA binding
motifs. Here, | define the L-motif super-family that consists of DNA-binding HMG-box proteins
and the L-motif of the histone mRNA binding domain of Stem-Loop Binding Protein (SLBP). The
SLBP L-motif and HMG-box domains adopt similar L-shaped folds with three a-helices and two
or three small hydrophobic cores that stabilize the overall fold, but have very different and distinct
modes of nucleic acid recognition. A comparison of the structure, dynamics, protein-protein and
nucleic acid interactions, and regulation by PTMs of the SLBP and the HMG-box L-motifs reveals
the versatile and diverse modes by which L-motifs utilize their surfaces for structure-specific
recognition of nucleic acids to regulate gene expression.

Keywords

HMG-box domain; Stem-Loop Binding Protein (SLBP); RNA binding domain; phosphorylation;
DNA binding domain; protein-nucleic acid interaction

1. INTRODUCTION

Nucleic acid binding motifs in proteins generally recognize specific sequences in the
cognate RNA or DNA using modular domains. While the structural basis for sequence-
specific recognition of DNA and RNA is easier to understand, it is quite challenging to
understand the mechanism of structure-specific recognition or “shape readout” of both DNA
and RNA (1). Tertiary interactions between secondary structure elements in RNAs such as
the tetraloop-receptor interaction (2), A-minor interactions (3), kissing hairpin loops (4),
pseudoknots (5), ribose zippers (2), adenosine wedges (6) etc can result in a infinite number
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of unique RNA folds (7-10). Noncanonical DNA structures are also present as intermediates
in DNA recombination, repair, and replication and are frequently stabilized by proteins (11—
15). Nucleic acid binding proteins that are structure-specific either recognize a pre-formed
structure in RNA and DNA, or can induce DNA bending, DNA looping, helical distortions
and unfolding of RNA (16). One functional consequence of structure-specific nucleic acid
recognition is to facilitate the formation of higher-order multi-protein DNA/RNA complexes
whereby binding of one protein triggers conformational changes in the nucleic acid that are
recognized by another protein in the macromolecular complex.

Here | highlight the structure and mechanism of RNA recognition of a new RNA binding
fold, the L-motif, that is present in the histone mRNA specific processing factor, Stem-Loop
Binding Protein (SLBP) (17-19), also known as Hairpin Binding Protein (HBP) (20) and
compare it to the canonical L-motif observed in HMG-box domains (21) that bind DNA.
The high mobility group (HMG) proteins are abundant non-histone nuclear proteins that
associate with chromatin, as has been summarized in some excellent recent reviews (22-24).
In 1990, R. Tjian and colleagues proposed that the HMG-box motif from Upstream Binding
Factor or UBF is a novel DNA binding motif (25). Since then, the HMG-box domain has
been identified in plants, yeast and vertebrates and is involved in transcription, DNA
replication, recombination and repair (22, 26). The L-shaped scaffold is quite versatile and
can bind and bend DNA in the minor groove. It also plays a role in DNA looping (27).
These boxes have high affinity (Kgs ~10~° M) towards four-way junction DNA (28),
cruciform DNA (29-31), cisplatin-modified DNA (32-34) as well as tRNA (30), double-
stranded RNA (35, 36) and single-stranded RNA (37). There are two broad subfamilies of
HMG-box containing proteins: those that bind bent or distorted DNA in a non-sequence-
specific manner and have two or more tandemly arranged HMG-box domains followed by
an acidic tail that has a regulatory function; and a second class of sequence-specific single
HMG-box containing transcription factors usually with no acidic tail (38, 39). HMG-box
proteins from the former class such as HMG1 (40), HMG2 (41), HMGD (42), and NHP6a
(43) bind pre-bent DNA such as Holliday junctions or cisplatin-modified DNA (34, 44).
HMG-box proteins from the second class, such as lymphoid enhancer-binding factors TCF-1
and LEF-1 (45-47), sex-determining region Y (SRY) (48), and the SRY-related HMG box
(Sox) family (49), are observed frequently in transcription factors that bend specific DNA
sequences. The HMG domains are highly selective but in a subtle fashion such that it is
difficult to predict DNA binding preferences. For example, the HMG1 box A binds four-
way junction DNA with a Kq of 200 nM, but the UBF box has low affinity (Kq 1.5 pM)
towards the same DNA (50). The sequences and structures of HMG-box domains from both
subgroups are remarkably similar.

Interestingly, recent crystal structures of the histone mRNA specific RNA processing factor,
Stem-Loop Binding Protein (SLBP) (18) bound to histone mMRNA stem-loop and the
exonuclease 3’hExo/ERI1 reveal that its RNA binding domain (RBD) is structurally related
to the HMG-box domain. SLBP recognizes the structure of the A-form RNA hairpin and
distorts and unfolds the RNA tetraloop. There is no sequence similarity between the SLBP
L-motif and HMG-box domains, indicating they are evolutionarily distant. However the
overall folding topologies and their architectural functional roles are similar. The similarities
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in structure, dynamics, and regulation by posttranslational modifications of the SLBP RNA
binding L-motif and the DNA-binding HMG-box domains lead to new hypotheses. Do
HMG-box proteins bind RNA, and do they play a role in RNA processing? There is some
experimental evidence in the literature that this may be a plausible idea. Does SLBP play a
direct role in DNA replication? No functional roles for SLBP besides its role in histone
MRNA metabolism have been described. Herein | compare the SLBP L-motif with HMG-
box domains and discuss their distinct modes of structure-specific recognition of RNA and
DNA, respectively.

2. THE HMG-BOX L-MOTIF FOLD

High-resolution structures of several HMG-box domains have been solved by NMR
spectroscopy (21, 51-58) and X-ray crystallography (59, 60). The HMG-box domain is an
L-shaped DNA-binding motif (Figure 1A, 1B) consisting of ~75-80 amino acids and three
a-helices (21). The angle between the two arms (helix-2 and helix-3 or the major wing) of
the “L” shape is ~80° and can show ~20° variation between different HMG-box structures
(61). The long arm of the “L” (also known as the minor wing) consists of helix-3 and the
extended N-terminus, whereas the short arm is made up of helix-1 and helix-2. An extended
N-terminal strand packs against helix-3. The orientation of helix-1 differs slightly in many
HMG-box structures. The loops that connect the helices can vary in length. The position of
helix-2 and helix-3 to form the L-shape is maintained by interactions between conserved
aromatic and aliphatic residues that form a compact hydrophobic core (Figure 1C, 1D). The
solution NMR structure of the B domain of HMG1 (PDB code 1HME) (21) shows stacking
interactions between Phel4, Phel7, Trp45, Lys53, and Tyr56 side chains to form the major
tightly packed hydrophobic cluster (HC1) (Figure 1C). In addition, Pro7 and Pro10 form a
second hydrophobic core (HC2) in the N-terminal extension that stack against Tyr67 of
helix-3, thereby stabilizing the overall fold (Figure 1D).

Proteins belonging to the non-sequence-specific subclass i.e. HMGI1A (51, 62), HMG1B
(21, 52), and HMG-D (53) have structures that are quite stable in the absence of DNA. In
contrast, members of the sequence-specific subclass such as the HMG-box domains of
LEF-1 (63), Sox-4 (57), and Sox-5 (58, 64) show significant conformational freedom, and
are either disordered or partially ordered in the absence of DNA. These HMG-box domains
undergo a disorder-to-order transition upon DNA binding. NMR studies of the Sox-4 HMG-
box (57) indicate that in the absence of DNA, the N-terminal strand is disordered and does
not pack against helix-3 via HC2. The major hydrophobic core, HC1, is well defined, but
HC2 is absent in the structure of free Sox-4 (57, 65). DNA binding leads to packing of HC2
and an ordered complex. The solution NMR structure of Sox-5 (58) shows increased
flexibility of helix-3 and a dynamic equilibrium between partially unfolded and folded
states. Thermodynamic analysis of Sox-5 unfolding (64) demonstrates that the HMG-box
domain unfolds in two separate transitions. The first melting transition is assigned to HC2
(Tm = 34°C) and the second cooperative transition to the melting of HC1 (T, = 46°C). The
HMG-box of LEF-1 is also unstable in the absence of DNA and tends to self-associate as a
function of temperature (63). Only partial NMR assignments were obtained for the LEF-1
HMG-box due to exchange broadening of a significant number of resonances (63). Cis-trans
isomerization of Pro68 that lies towards the C-terminus of helix-3 and close to HC2, leads to
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doubling of backbone resonances for several residues and is at least in part responsible for
the observed conformational heterogeneity (63). Pro68 adopts a well-ordered trans
configuration in the LEF-1/DNA complex. It has been suggested that the increased
conformational mobility of the sequence-specific class may be required to bind, distort, and
bend a sequence of DNA via a induced fit mechanism in which both the protein and the
DNA co-fold to form a stable, low energy complex.

3. THE L-MOTIF OF SLBP

The L-motif of human SLBP (Figure 1E, 1F, G) (PDB codes 4Q0Z and 4L8R) has an
overall fold that is remarkably similar to that of the L-shaped HMG-box domain (18). The
SLBP L-motif is ~73 amino acids across species and consists of three a-helices. In the
crystal structures of the human SLBP L-motif bound to the histone mRNA stem-loop and
the exonuclease 3’hExo (PDB codes 4Q0Z and 4L8R) (18), the L-motif is made up of a-
helix-1 and a-helix-2 that lie orthogonal to each other to form the L-shape (Figure 1E).
Helix-2 is connected to helix-3 by a long loop of 20 amino acids (Val158-Tyr178) that is
constitutively phosphorylated at Thr171 (17, 66). Helix-3 is the RNA recognition helix and
is slightly bent when bound to RNA. The orientation of helix-3 is parallel to helix-1. In the
presence of RNA, the L-shape is stabilized by a major hydrophobic core (HC1) at the
junction of the long and short arms of the “L”, similar to HMG-box domains (Figure 1H).
The aromatic and aliphatic side chains of Lys146, Tyr151, Tyr154, lle155, Trp190 Leul94,
and Trp197 pack against each other at the junction of the two arms to stabilize the fold
(Figure 1H). In addition, several van der Waals and salt bridge interactions are observed
between helix-1, helix-3 and the loop connecting helices 2 and 3 that maintain the
orientation of the helices. The Prol172 ring, which is in the trans configuration in the crystal
structure, shows van der Waals interactions with Trp183, 11187, and Trp190 to form a
hydrophobic core (HC3) (Figure 11). The guanidinium side chain of Arg138 in helix-1
hydrogen bonds to the backbone carbonyl oxygens of Tyr178 and Lys176 in the loop
locking the turn in place thereby orienting helix-3 (Figure 1J). The side chain of Trp183
packs between the aliphatic side chains of Arg138 and 11187 to form a second minor
hydrophobic core (HC2) (Figure 1K).

In spite of these extensive interactions in the crystal structure of the RNA bound complex,
similar to the sequence-specific family of HMG-box domains, the free SLBP L-motif is not
a stable fold in solution (17, 67, 68), and is disordered in the absence of RNA. The domain
has a hydrodynamic radius that is characteristic of a pre-molten globule (67) and although it
has helical secondary structure by circular dichroism, it lacks a stable tertiary fold by NMR
(67). NMR studies also show that the free SLBP L-motif exhibits cis-trans proline
isomerization about the Thr171-Pro172 bond (17). Isomerization of Pro172 from the trans
configuration, to the cis-configuration would disrupt the hydrophobic core of the L-motif,
thereby destabilizing the domain in the absence of RNA. Consistent with this, mutation of
Pro172 to Gly gives one major conformation of the free SLBP L-motif in NMR studies (17).
However the source of severe destabilization of the fold in the RNA-free state is unclear.
Unlike globular domains that are stabilized by a major central hydrophobic core, SLBP is
stabilized by three small hydrophobic core elements, which may be one reason for the
observed instability. Similar to LEF-1, Sox-4, and Sox-5, the SLBP L-motif undergoes a
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disorder-to-order transition upon binding RNA (17). As discussed below, there are
significant conformational rearrangements in the histone mRNA tetraloop in the bound
complex (18). Therefore co-folding of SLBP and histone mMRNA stem-loop via an induced
fit mechanism is necessary to form a stable and specific complex.

4. RECOGNITION OF DNA AND RNA BY L-MOTIF SCAFFOLDS
(A) DNA RECOGNITION BY HMG-BOX TYPE L-MOTIFs

HMG-box domains from both sub-classes have been shown to bind DNA in the minor
groove using the concave face of the L-shape with a pincher like hold on the DNA (Figure
2A). A hydrophobic amino acid is intercalated between bases in the minor groove and
extensive non-sequence-specific protein-DNA contacts are made with a hydrophobic
interface of the HMG-box, as well as hydrogen bonding interactions with the phosphate
backbone. The DNA is bent and underwound with positive roll angles, resulting in a shallow
and wide minor groove and a compressed major groove. The determinants for DNA
sequence-specificity are generally believed to lie in the minor wing of the HMG-box
consisting of helix-3 and the N-terminal strand (61, 69).

An example of a structure from the sequence-specific class of HMG-box proteins is the
solution NMR structure of the LEF-1 HMG-box domain bound to a 15 bp oligonucleotide
from the TCRa enhancer (Figure 2B, 2C) (PDB code 2LEF). The structure reveals that the
DNA is bent by ~117° towards the major groove. A tyrosine residue (Tyr75) anchors the
protein by inserting into one end of the minor groove. DNA bending results in formation of
a wide and shallow minor groove in a 9 bp recognition site, with an overall geometry similar
to A-DNA, that accommodates helices 1 and 2 of LEF-1. The side chain of Met10, which is
located near the N-terminus of helix-1, is partially inserted between the A23 and A24 bases
in the center of the DNA recognition element, disrupting base stacking (but not base pairing)
in this region. Met13 contacts the A24 base and the side chain of Phe9 packs against the T8
ribose on the opposite strand (Figure 2B). The interactions of Met10, Met13, and Phe9
stabilize the minor groove of the bent DNA. The average minor groove width 5’ from the
site of intercalation between A23 and A24 nt is 11 A, with a depth of only 1 A, and becomes
narrower, with an average width of 5 A and a depth of 4.6 A on the 3’ end (Figure 2C). In
addition to extensive interactions with the minor groove, the basic C-terminus of the HMG-
box interacts with the phosphates that lie in the major groove. It is proposed (61) that an
important difference between LEF-1 and HMG-box domains from the non-sequence-
specific family lies in the length of helix-3, which is kinked at Pro67, and this kink appears
to be important for orienting the C-terminal basic region so that it can make extensive
contacts with the phosphate backbone.

An example of a structure from the non-sequence-specific sub-class of HMG-box domains
consists of the 2.5 A crystal structure of the complex of HMG1A bound to a 16 base pair
DNA duplex modified with cisplatin (PDB code 1CKT) (70). Similar to LEF-1, the HMG1A
binds with the concave face facing toward the minor groove of DNA. The DNA is bent by
61° and the minor groove resembles A-DNA. The aromatic side chain of Phe37 inserts into
the G8-G9 base pair step (formed by cisplatin) and is located at the N-terminus of helix-2.
Small conformational changes are observed in the HMG domain around Phe37. A
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noteworthy difference between HMG1A and LEF-1 is the location of the DNA bend, which
lies two base pairs away from the HMG1A binding site. The register of Phe37 is also
different from Met10 of LEF-1, which is located at the N-terminus of Helix-1 of the HMG
domain. This mode of binding is confirmed in solution, as the Phe37Ala mutant is severely
impaired in its ability to bind cisplatin-modified DNA (70). Position 37 is always conserved
as a hydrophobic amino acid in the non-sequence-specific sub-class of HMG domains, but is
a polar residue in the sequence-specific sub-family. The loop preceding Phe37 (residues 28—
37) is dynamic in solution and remains flexible in the crystal in the presence of DNA, as can
be ascertained by high B-factors and weak electron density in this region. Cisplatin
modification destacks G8-G9, bending the DNA and exposing these bases into the minor
groove. The role of Phe37 appears to be to act as a wedge by stacking onto the solvent
exposed face of G9. Extensive non-specific contacts to DNA are observed with the N-
terminal strand, helix-1 and helix-2 of the HMG1A box. Helix-1 contacts the sugar-
phosphate backbone of the unmodified strand and helix-2 contacts the backbone of the
cisplatin-modified strand.

Several HMG-box containing proteins, such as human UBF and HMGB1 have more than
one copy of the HMG-box domain that are arranged in tandem. How do multiple boxes
influence DNA bending? The solution NMR structure of two tandem HMG boxes, i.e. the
HMG box of SRY linked to the HMGB box from HMGB1 complexed to DNA provides
insight into the mode of DNA recognition via multiple HMG-boxes (PDB code 2GZK)
(Figure 2E). HMGB1 has two HMG-box domains (A and B boxes) with an intervening
linker that binds non-sequence specifically to DNA. Since non-sequence-specific binding
leads to heterogeneity of the NMR sample, box-A was replaced with the HMG-box of SRY
to give a hybrid molecule SRY-HMGB (SRY.B) and a stable, well-defined complex with a
16 bp DNA duplex. The SRY.B box binds a 119 bp DNA with a K4 of ~10 nM in EMSA
assays, which is ~2-3 fold higher than observed for the single SRY box/DNA complex. The
Kq for interaction of SRY.B with the shorter 16 bp DNA used for NMR studies was
determined to be ~120-140 nM.

The structure of the DNA in the complex is bent by 101.5 £ 9.1° with each HMG-box
contributing equally to the overall bend. The DNA is underwound and is between A-DNA
and B-DNA. The minor groove is shallow and wide and the major groove is compressed as
is observed in the structure of the single HMG-box/DNA complex. The average twist angle
is 31.4 £ 0.4° compared to a twist angle in B-DNA of 35.8° and a positive roll angle of 7.75
+ 0.7° is observed, compared to a roll angle of —3.65° typically observed in B-DNA. The
DNA bend in the SRY portion is due to intercalation of Ile13 between two adenine bases
causing a positive roll at this base step (A12 and A13). Phel2 also packs against the
deoxyribose and base of T20 and T21 similar to that observed in the SRY/DNA complex
(71). Extensive hydrogen bonding and electrostatic interactions are observed with the
backbone phosphates and the deoxyribose groups. In the HMGB-box region there are two
sites of intercalation made by Phe97 and 1le116 (Figure 2E). Phe97 inserts into the G3-
C30/A4-T29 base step and contacts all four bases. 1le116 intercalates into G1-C32/G2-C31,
also contacting all four bases. The overall structures of the HMG-boxes are similar to those
observed in the single domain/DNA complexes (21, 51, 52, 72). The r.m.s.d. between the
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structure of free SRY and the DNA bound protein in SRY.B is 1.7 A, and that between the
HMGB-box portion (of protein and DNA backbone) and the B-box/DNA structure is 2.5A.
The linker between the two boxes lies in the minor groove and is anchored into place by a
specific base contact between Thr79 and A10. The structure explains how tandem HMG-
boxes can bind longer DNA stretches to structurally distort the DNA backbone. While the
HMG-boxes act independently to bend DNA, the interactions of the individual domains are
enhanced by extensive contacts between the linker and the minor groove of DNA.

(B) HISTONE mRNA RECOGNITION BY THE SLBP L-MOTIF

The crystal structures of the SLBP L-motif bound histone stem-loop RNA reveal three
features that are shared with the mode of DNA recognition exhibited by sequence-specific
HMG-box domains, such as Sox-4, Sox-5, SRY, and LEF-1. First, as discussed earlier, the
HMG-boxes recognize DNA in a structure and sequence-specific manner and are capable of
distorting and bending DNA. SLBP also distorts the RNA structure, particularly in the
tetraloop. Second, many HMG-box proteins are partially disordered especially in the minor
wing of the L-motif. Similar to SLBP, these proteins undergo a disorder-to-order transition
upon binding DNA. Third, both SLBP and the HMG-box domains make sequence-specific
contacts in the minor wing of the L-motif in addition to interaction of a hydrophobic residue
from the major wing with the minor groove of DNA. Other than these observations, the
mode of RNA recognition by SLBP is quite different compared to the HMG-box/DNA
complexes.

SLBP forms a specific complex with a 16 nt stem-loop that is highly conserved in the 3’
untranslated region (3” UTR) of replication-dependent histone mRNAs. Human, Drosophila,
and Xenopus SLBP proteins bind histone mRNA stem-loops with a Kg ~1-10 nM (17, 73—
75). The stem is capped by a UYUM tetraloop that is unique to histone mRNAs. Solution
NMR structures of the stem-loop from the histone H4-12 gene has been solved in the
absence of SLBP (74, 76). The six base pair RNA stem is A-form and starts with a G-C base
pair at the base and ends in a U-A closing base pair. The tetraloop is well ordered in both
structural ensembles, however the uridine at position 12 adopts different conformations. In
one NMR structure, U12 is stacked onto the other uridines of the loop (76), and in the
second structure (74) it is flipped out to solvent. Therefore unlike tetraloops of the GNRA,
UNCG, and CUYG sub-families (1), the loop is conformationally flexible and sensitive to
solution conditions and the environment.

In the crystal structures of human SLBP in a ternary complex with histone mRNA stem-loop
and 3’hExo (18), SLBP binds the stem-loop in an inverted L-shape via the outer surface of
the SLBP L-motif (Figure 3A, 3B). Almost all RNA contacts are made by helices 1 and 3.
Helix-3 is the RNA recognition helix and approaches the major groove, extending from the
base of the stem to the tetraloop (Figure 3C). No contacts are made in the minor groove of
the RNA. The only residue that makes sequence specific contacts, Arg181, is located in the
minor wing of the L-motif in helix-3 (Figure 3C, 3D). The guanidinium group of Arg181 is
involved in three hydrogen bonds: to the O6 of guanines G6 and G7 at the base of the RNA
helix, and the G6 phosphate (Figure 3D). These hydrogen bonds anchor the minor wing of
the SLBP L-motif to the base of the stem, positioning the major wing and the N-terminal
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end of helices 1 and 3 near the tetraloop. In addition, there are extensive nonspecific
interactions made by helices 1 and 3 with the RNA backbone. Tyr144 of helix-1 forms -7
stacking interactions with U12 of the RNA tetraloop, and shows a T-shaped stacking
interaction with U14 in the tetraloop (Figure 3E). Tyr144 likely triggers a conformational
change in the tetraloop causing it to distort and unfold. Intriguingly, C.elegans SLBP has an
arginine at position 144 and position 12 in the tetraloop is a cytosine instead of a uridine
(75), suggesting a different mode of recognition of the tetraloop for C.elegans SLBP as
compared to human SLBP. It has been shown that C.elegans SLBP is very specific for the
C.elegans histone mRNA and will not bind the human histone H4.12 stem-loop mRNA in
EMSA assays (75). In addition, His-195 from helix-3 stacks against C15 in the tetraloop
(Figure 3E). While histidine is conserved at position 195 in human, xenopus, sea urchin,
ciona, and Drosophila SLBPs, it is a tyrosine in C. elegans SLBP. These stacking
interactions alter the structure of the RNA and stabilize a new unfolded tetraloop
conformation (Figure 3F). The distorted tetraloop contacts the SAP domain of 3’hExo/ERI1
in this structure, thereby facilitating formation of a higher order complex.

A unique feature of the SLBP L-motif is that it is phosphorylated at a conserved threonine
(Thrl71 in human SLBP and Thr230 in Drosophila SLBP) in its L-motif, and also at several
sites C-terminal to the L-motif (discussed in more detail in the next section). Thrl71 is
located in the concave face of the L-motif, in the flexible 20 amino acid loop that links
helices 2 and 3. Phosphorylation at this site increases the affinity of the SLBP L-motif for
the histone stem-loop by 7-11 fold (17, 66) when measured by nitrocellulose filter binding
assays or SPR. Although the overall effect on the Ky is small, mutation of Thr230 to alanine
or dephosphorylation increases the off-rate for the RNA by ~100-fold while increasing the
on-rate (of the more basic L-motif) by 10-fold (17). Therefore, the Thr171/Thr230
dephosphorylated form is characterized by rapid on-off kinetics, yielding an unstable
complex. Comparison of the crystal structures of T171 phosphorylated and
dephosphorylated SLBP bound to histone MRNA (PDB codes 4Q0Z and 4L8R) (18) shows
that phosphorylation stabilizes helix-2 and the loop via a network of five hydrogen bonds
that helps stabilize the complex. The T171 phosphate stabilizes that protein-RNA complex
in solution and the phosphate moiety has a depressed pKa (< 4.5) measured by 31P NMR
(77), consistent with its involvement in a network of electrostatic interactions. 3P NMR
studies also indicate that the phosphate at this position experiences torsional strain in
solution (77). This is a likely consequence of the phosphate bringing together secondary
structure elements to stabilize the flexible L-motif fold.

The role of the flexible loop between helix 2 and 3 in modulating RNA binding affinity
remains unclear, and the biological data on loop mutants cannot be rationalized solely based
on the crystal structures. For example, the amino acid sequence following the 171 TPNK

is 15FKKY in human and xenopus SLBPs and in particular Lys177 is conserved in most
SLBPs, except sea urchin and C.elegans SLBPs, where the sequence is FQVT and LINE,
respectively. Mutagenesis studies have shown that replacing this sequence in both sea urchin
and C.elegans SLBPs with FKKY results in a dramatic improvement in histone mRNA
binding (75, 78), however surprisingly no contacts are made with the RNA by this sequence.
In addition, although one conformation is observed for the loop in the crystal, NMR studies
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suggest that the loop, especially around the phosphate, may fluctuate between two slowly
interconverting conformers (77). Future structural studies on cognate and non-cognate
SLBP-RNA complexes should provide greater mechanistic insight into the precise mode of
RNA recognition by the SLBP L-motif.

5. MODULATION OF L-MOTIF FUNCTION BY POST-TRANSLATIONAL
MODIFICATIONS

Several L-motifs, especially those of HMGB1 and HMGB?2 are posttranslationally modified
by serine/threonine phosphorylation, lysine methylation, lysine acetylation, glycosylation,
and poly (ADP)-ribosylation (for reviews see (22, 23, 79) ) (Figure 4). These
posttranslational modifications (PTMs) may play important functional roles in regulating
subcellular localization, DNA binding, as well as protein-protein interactions, although the
biological roles are just beginning to be understood.

HMGAla and HMGBLI are extensively acetylated on lysine residues in Box A and close to
the acidic tail (Figure 4) by the histone acetyltransferases CBP (CREB-binding protein) and
PCAF (p300) in vitro as well as in vivo (80, 81). Remarkably, 17 out of 43 lysines of
HMGB1 are acetylated (82). Constitutive acetylation of Lys2 in the N-terminus of HMGB1
enhances the ability of the L-motif to bind bent DNA substrates such as cisplatinated DNA
(83), DNA ends (84), and also enhances HMGB1 mediated stimulation of enzymatic
ligation of DNA fragments (85, 86). Acetylation of both Lys2 and Lys11 has been reported
to enhance binding of HMGB1 to four-way junctions and DNA minicircles (87). Acetylation
of HMGB proteins also enhances protein-protein interactions with the nucleosome as well as
the SWI/SNF chromatin remodelling complex (88). Acetylation of Sox2 at Lys75 is an
export signal and promotes translocation of Sox2 from the nucleus to the cytoplasm (89).

In contrast to acetylation, methylation of HMGBL1 at Lys42 weakens its affinity for DNA
(90) and also alters its subcellular localization by promoting its export into the cytoplasm
(90). The HMGA proteins are also methylated on lysines and arginines and increased levels
of arginine methylation are observed in leukemias and prostate tumors (91).

Phosphorylation of the HMGB proteins occurs in the Box A L-motif at Ser34, Ser38, Ser41,
Ser45, and Ser52. These sites lie close to two nuclear localization signals and may regulate
nucleocytoplasmic shuttling of HMGB proteins. Although the kinases that phosphorylate the
specific serines have not been identified, calcium/phospholipid-dependent protein kinase can
phosphorylate HMGB proteins in vitro (92). As mentioned in section 4, the SLBP L-motif
phosphorylated at Thr171/Thr230 (human/Drosophila SLBP) and phosphorylation at this
site regulates RNA binding. Thr171 phosphorylation is also important for subcellular
localization of SLBP into the nucleus in both human (93) and Drosophila SLBPs (94) and
regulates histone pre-mRNA processing in Drosophila (94) and mRNA decay of human
SLBP (93) by regulating the stability of the SLBP-histone mRNA complex (93). It is also a
binding site for the prolyl isomerase Pinl which catalyzes dissociation of the SLBP L-motif
from the histone stem-loop by promoting trans-to-cis isomerisation of the phospho-Thr-Pro
bond in the TPNK sequence (93). The effects of Pinl on mRNA stability in mammalian
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cells have been well characterized on a genome-wide scale (95). Besides phosphorylation,
no other PTMs have been reported for the SLBP L-motif.

HMGB1 has also been reported to undergo glycosylation and poly (ADP)-ribosylation
(PAR) (96). The physiological role of glycosylation is not clear. PARylation of HMGB1 has
been linked to its subcellular localization during necrosis but the functional relevance in
normal cellular function is unclear (97).

6. PHOSPHORYLATION OF THE ACIDIC TAIL

Some HMG-box containing proteins like human HMG4L, HMG1-3, HMG1L.10, SP100-
HMG, UBF, SSRP-1(26), Drosophila HMG-D (98) and plant HMGB, have HMG-box
domains that are followed by a short basic linker and a ~20-30 residue unstructured acidic
tail that is rich in Asp and Glu residues and is also phosphorylated (Figure 4). The structural
and functional consequences of phosphorylation of the tail have been particularly well
studied. The acidic tail has been shown to lower the affinity of HMGB1 for DNA by directly
interacting with the DNA binding interface on the HMG-boxes, thereby auto-inhibiting the
protein (99-104). This acidic region has diverse functional roles in the abundant non-histone
HMG proteins. In the case of HMGB1, the acidic tail is required for transcriptional
activation, and for preferential binding to DNA minicircles and four-way junctions as
compared to linear DNA (31, 105). It interacts with other proteins such as the basic N-
terminus of histone H1, thereby increasing the affinity of HMGB1 for DNA while lowering
the affinity of H1 (106, 107). This is a potential mechanism that allows HMGB1 access to
certain promoters. The acidic tail also facilitates a chaperone function of HMG proteins via
protein-protein interactions with transcription factors such as p53 (108).

Maximal transcription activation of UBF proteins also requires its acidic C-terminal tail.
Phosphorylation of UBF by CKII (109) in its C-terminal tail stimulates Pol1 transcription by
stabilizing the interaction of UBF with the TATA-binding protein complex SL1 (110, 111).
SL1 is a complex composed of TBP and three TBP-associated factors namely TAF;48,
TAF163, and TAF,110. Besides participating in protein-protein interactions, the acidic tail
of xenopus UBF interacts directly with the N-terminal HMG-box of XUBF (112). This
interaction is required for folding of the promoter DNA promoting negative DNA
supercoiling, DNA looping, and the formation of a disc like structure called the
enhancesome that is optimal for recruitment of the TATA-box protein complex (112).

Drosophila and human SLBP proteins also have an acidic region that is separated from the
L-motif by a short (9-15 amino acid) linker (Figure 4). In Drosophila SLBP, the acidic
region is phosphorylated at four serines and phosphorylation of the C-terminal tail is
important for RNA processing (113). It is also important for increasing binding of dSLBP to
the stem-loop RNA by ~30-fold (17, 67) although the mechanism by which this occurs in
not clear. Comparison of the kinetics of binding by Surface Plasmon Resonance (SPR) of
the C-terminally truncated L-motif that lacks the four phosphorylated serines (but is
phosphorylated at Thr230), to that of the full length phosphorylated dSLBP protein shows
that the effect is not on the on-rate but on the off-rate of binding (17). This is consistent with
previous stability measurements (67) that showed that dSLBP phosphorylated in the C-
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terminus forms a more stable complex with RNA. It is possible, therefore, that the
phosphorylated C-terminal tail may interact with the L-motif to form a higher affinity
complex with the RNA. In human SLBP, three phosphorylation sites have been mapped in
the acidic region at Ser221, Ser222, and Thr226 in vivo by mass spectrometry (93). However
the functional role of phosphorylation at these sites, its effect on RNA binding, or pre-
mRNA processing are currently unknown.

7. PROTEIN-PROTEIN INTERACTIONS MEDIATED BY L-MOTIFs

As expected from their diverse functional roles in the cell, HMG-box containing proteins
interact with a plethora of proteins that regulate transcription such as transcription factors
and chromatin. For example, the HMG boxes of HMGB1 interact with the C-terminal
domain of the progesterone receptor to promote the receptor binding to DNA (114). HMG-
box containing proteins have also been shown to be part of the chromatin remodelling
complexes SWI/SNF, BAF, and FACT (115, 116), but the roles of the L-motifs in these
interactions are unclear.

The SLBP L-motif has been proposed to interact with proteins involved in histone pre-
mMRNA processing, MRNA decay, and mRNA translation. The best-characterized interaction
of the SLBP L-motif is with the prolyl isomerase Pinl (93). NMR chemical shift mapping
experiments show that Pinl interacts only with the phospho-Thr171 form of the SLBP-L-
motif and not with the unphosphorylated protein (93). The interaction requires the N-
terminal WW domain of Pin1 as well as the prolyl isomerase domain. Pinl acts with the
phosphatase PP2A to dephosphorylate SLBP in vivo at a number of sites, including T171.
Chemical inhibition of Pin1 by the inhibitor PiB in vivo showed significant (2—3 fold)
phosphate enrichment of human SLBP at seven sites (Ser7, Ser20, Ser23, Thrl171, Ser221
Ser222, Thr226) by mass spectrometry (93). The interaction of the SLBP L-motif with Pinl
is also important for SLBP ubiquitination, particularly via the Ser20/Ser23 phosphodegron
sequence in the N-terminus (93). The SLBP L-motif has also been reported to directly
associate in vivo and in vitro with the Lsm4 subunit of the Lsm-1-7 complex that is
important for mMRNA degradation of all eurkaryotic mMRNASs (117). The SLBP L-motif also
interacts directly with the h subunit of elF3 in directed yeast two-hybrid assays (118),
although the functional role of this interaction in stimulating translation of histone mRNAs
is uncharacterized.

8. FUNCTIONAL ANALOGIES BETWEEN HMG DOMAIN PROTEINS AND

SLBP

There is no obvious sequence similarity between the SLBP L-motif and HMG domains
indicating they are evolutionarily unrelated. However, they share common structural
features and function. These are structural or architectural proteins that bend and distort the
nucleic acid to facilitate formation of higher order nucleic acid-protein complexes. The “L”
shape is particularly suited in this regard as it offers different modes of nucleic acid
recognition. The inner concave face has a large surface area so it can wrap around the minor
groove of DNA. The long arm of the “L” can act as a molecular ruler to anchor to the base
of an RNA A-helix and distort the loop. Another common feature is that at least a subset of
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L-motif containing proteins are regulated by posttranslational modifications.
Phosphorylation of the L-motif and in an acidic domain C-terminal to the L-motif modulates
affinity of the L-motif for the nucleic acid, and in turn regulates nucleic acid-protein
assembly.

9. OTHER DNA AND RNA BINDING PROTEINS (DRBPs)

There are many examples of multifunctional transcription factors or their sub-domains that
can bind both DNA and RNA (DRBPs) (for reviews see (119, 120)). Proteins such as the
zinc finger containing protein TFIIA from Xenopus (121, 122), human p53 (123, 124), the
Wilms tumor protein (WT1) (125-127), the Bicoid homeodomain (128, 129), and others are
known to bind DNA and RNA. However, double-stranded B-form DNA and A-form RNA
have very different structures, and not surprisingly, few proteins recognize both ds-DNA
and ds-RNA. On the other hand, there are several examples of proteins that recognize
single-stranded DNA and RNA as well as Z-DNA and Z-RNA. Such interactions may be
particularly relevant during transcription, when DRBP transcription factors bind DNA and
may also associate with long non-coding RNAs or the nascent mMRNA transcript for pre-
MRNA processing.

Crystal structures of the Za—domain of RNA adenosine deaminase 1 (ADAR1) bound to
left-handed Z-DNA (130) and Z-RNA (131) reveal a similar mode of interaction of the Z—
domain with the phosphate backbone in a sequence-independent manner. The Z—-domain of
ADAR1 has also recently been reported to bind the G-quadruplex of the c-Myc promoter
(132) and NMR studies indicate that the mode of interaction is likely to be similar to the
interaction of the Za-domain of Z-DNA and Z-RNA.

Although the RNA-recognition motif (RRM) is very specific for binding single-stranded
RNA (133) and may also be involved in protein-protein interactions (133), the RRMs of
TBP-associated factor 15 (TAF15)(134), and TAR DNA-binding protein 43 (TDP43)(135,
136) can bind both single-stranded DNA and single-stranded RNA. Crystal structures of
RRM3 of TDP43 bound to sSDNA and ssRNA show similar n—stacking interactions of
aromatic residues of TDP43 with RNA and DNA bases (135, 136). These structural studies
reveal that several RNA and DNA binding proteins may have dual selectivity towards
distinct conformations of both DNA and RNA.

10. SUMMARY

The goal of this review was to highlight the varied roles of L-motifs in DNA and RNA
metabolism. The functional roles of HMG domain containing proteins in transcription and in
other nuclear processes such as DNA replication and repair are well established. However, a
possible role in RNA processing has not been investigated. In view of the structural
comparison between the SLBP L-motif and HMG domains presented here, and the ability of
HMG-box domains to recognize A-form DNA, a testable hypothesis is that HMG domains
could also bind RNA with high affinity, although they may utilize a different recognition
mode for RNA recognition compared to their mode of DNA association. Consistent with
this hypothesis, there are several reports that HMG-box containing proteins can bind RNA
substrates in vitro. UBF has been demonstrated to bind tRNA in EMSA assays (30).
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HMGBL can associate with branched RNA substrates such as 5S rRNA and the L-3
ribozyme in vitro with high affinity (36). Binding of HMGBL to the L-3 ribozyme also
impaired its RNA cleavage activity (36). HMG-D has been shown to bind the double-
stranded HIV-1 TAR and RBE RNA substrates (35). In these studies, it is not clear whether
the observed association with RNA is non-specific or if HMG-box domains have functional
roles in RNA metabolism in vivo. Another intriguing question is: does SLBP play a direct
role in DNA metabolism, especially in DNA replication? Although SLBP does not bind B-
form DNA (137), it is conceivable that it may recognize branched non-B DNA intermediates
during replication. Such a speculative model is intriguing because SLBP is expressed only
during S-phase of the cell cycle, and is one of two cell cycle regulated factors involved in
histone mMRNA metabolism whose expression is correlated with that of histone mMRNA
(138). The only other protein that is cell cycle regulated during S-phase is CstF64 (139), a
component of the heat-labile factor (HLF) complex (composed of CPSF, CsfF64 and
symplekin) (140). The signals that coordinate histone protein biogenesis and histone mMRNA
expression with DNA replication are not understood. In summary, | suggest the possibility
that L-motifs, by nature of their structure, may act as double agents in both RNA and DNA
metabolism. Future studies may unveil additional roles of L-motifs in binding structured
nucleic acids and in regulating gene expression.
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Figure 1.
(A) Structure of the HMG-box fold from HMG1A (PDB code 1HME) is shown. The

location of the two hydrophobic cores, the major core 1 (HC1) and minor core 2 (HC2) are
labeled. a-Helices 1 and 2 form the major wing and Helix-3 along with the N-terminal
strand forms the minor wing. (B) Schematic of the L-shape fold of the HMG-box domain is
depicted. (C) Interaction between hydrophobic side chains in HC1 of HMG1A located in the
major wing. (D) Interaction between Y67, P7, and P10 in HC2 of HMG1A is depicted. (E)
Structure of the L-motif of SLBP from the structure of the T171 phosphorylated SLBP-
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Page 23

histone mMRNA stem-loop-3’hExo ternary complex (PDB code 4Q0Z) is shown. The
phosphothreonine is shown in green stick. The location of the three hydrophobic cores,
HC1, HC2, and HC3 is labeled. The front view is shown in (E) and the side view is shown
in (F). (G) Schematic of the L-motif fold of SLBP is depicted. (H) Interaction between
hydrophobic side chains in HC1 of SLBP located in the major wing. Interaction between
hydrophaobic side chains in HC2 and HC3 of SLBP located in the minor wing is shown in (1)
and (K). (J) A stabilizing salt bridge interaction made by the side chain of R138 with the
backbone carbonyl oxygens of Y178 and K176 locks the turn in place in the minor wing.
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Figure 2.
Structures of HMG-box domains bound to DNA. (A) Summary schematic of the binding

interface of DNA and the L-motif of HMG-box domains. All HMG-box domains bind DNA
in the minor groove using the concave face of the L-shape. (B) Mode of interaction of the
HMG domain from LEF-1 complexed to 15 bp DNA oligonucleotide observed in the
solution NMR structure (PDB code 2LEF). Three side chains that intercalate between DNA
bases are shown. The HMG domain wraps around the DNA minor groove resulting in a
significant conformational change in the DNA. (C) Sequence of the 15 bp DNA
oligonucleotide showing the site of Met10 intercalation. (D) Structure of HMG1A bound to
a 16 base pair DNA duplex modified with cisplatin (PDB code 1CKT) is shown. The
cisplatin is shown in cpk. (E) Structure of the SRY.B tandem HMG boxes bound to 16 bp
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DNA (PDB code 2GZK) is depicted. Only the hydrophobic side chains that intercalate and
distort the DNA are depicted in stick. The linker connecting the two boxes is in green.
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Figure 3.
(A) Summary schematic showing the mode of histone mRNA stem-loop recognition by the

SLBP L-motif. (B) Crystal structure of the Thr171 phosphorylated SLBP-histone mRNA
stem-loop-3"hExo/ERI-1 ternary complex (PDB code 4Q0OZ). SLBP is in purple, the RNA
in yellow, and the exonuclease 3’hExo in blue. The SAP domain of 3’hExo contacts the
tetraloop on the opposing face from SLBP. The orientation shown is from the 5’ end of the
RNA to the 3’ end. (C) The back view (180° rotation from (B)) of the SLBP RNA complex
is shown. For clarity, 3’hExo is not displayed. The three side chains (R181, Y144, and
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H195) that contact RNA bases or make stacking interactions are shown in green. (D)
Hydrogen bonds mediated by the guanidinium group of R181 to the O6 of G6 and G7 at the
base of the stem and the phosphate of G6 is shown. (E) Base stacking interactions with U12
and U14 of the RNA tetraloop are depicted. (F) Superposition of the tetraloop structure of
free RNA tetraloop (PDB code 1JWC) (in red) and the tetraloop in the RNA complex
(4Q02) (in yellow). The uridines are flipped out and the tetraloop structure unfolded in the
protein bound state.
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Figure 4.
Structural organization of L-motif containing proteins that have C-terminal acidic tails is

shown as a schematic. The sequence of the acidic tail is depicted. Asterisks highlight serines
and threonines that are phosphorylated in vivo, lysines that are acetylated in HMGBL1 are
designated “Ac”, and lysines that are methylated are designated “Me”.
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