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LxxLL motifs participate in many protein—protein inter-
actions associated with different aspects of transcrip-
tional regulation. These motifs are present in many
transcription factors and cofactors, mediating inter-
actions that can activate or repress transcription.
Several recently reported 3D structures of protein-
LxxLL motif complexes and an intriguing novel inter-
action implicated in leukaemia have further highlighted
the diversity and regulatory importance of this seem-
ingly simple motif.

Introduction

Protein—protein interactions involved in cell signalling,
cell adhesion and regulation of transcription or transla-
tion often use short peptide-recognition motifs. Examples
include the polyproline o-helix, which interacts with
Src-homology 3 (SH3) domains [1], and the array of
peptide sequences that bind calmodulin [2]. The Leu-Xaa-
Xaa-Leu-Leu (LxxLL) motif was originally observed in
cofactor proteins that interact with hormone-activated
nuclear receptors [3]. Functionally active examples of
LxxLL motifs have also been documented in proteins that
do not directly interact with nuclear receptors, including
several transcription factors [4,5], calcium response
element-binding protein (CREB)-binding protein (CBP)
and p300 [6], and mediator subunits. Two recent 3D
structures by Zor et al. [7] and Razeto et al. [8] indicate
that there are differences in the binding mode of the
LxxLL motif with nuclear-receptor- and non-nuclear-
receptor-based complexes. Furthermore, a LxxLL motif
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has recently been implicated in a leukaemia-associated
transcription-silencing mechanism that exhibits parallels
with the role of LxxLL motifs in transcriptional regulation
by activated nuclear receptors [9].

Nuclear receptor-cofactor interactions use LxxLL motifs
The LxxLL sequence was originally identified in proteins
that bind the activation function-2 (AF-2) region of nuclear-
receptor ligand-binding domains (LBDs) [3,6]. Subse-
quently, these conserved motifs were shown to have a
key role in nuclear-receptor regulation with many
nuclear-receptor-binding proteins, including the p160
family of co-activators (NCoA-1, 2 and 3), CBP/p300 and
co-repressors such as receptor-interacting protein-140
(RIP140), which contains several functional examples.
Many proteins that interact with AF-2 regions have
multiple LxxLL motifs. For example, NCoA proteins each
contain three well-defined LxxLL motifs, also called
nuclear-receptor boxes (Figure 1la). RIP140 also contains
multiple motifs [3] (Figure 1a). Analysis of these LxxLL
motifs has revealed a preference for a hydrophobic residue
at position —1 [10] (Figure la). In most cases, motifs
lacking a non-polar —1 residue bind with lower affinity
to AF-2 regions. For example, the general co-activator
CBP/p300 has three LxxLL motifs that interact with
nuclear receptors, although at lower affinity compared
with NCoA proteins [10]. Each motif in CBP/p300 is pre-
ceded by a polar residue (Figure 1b). A phage display
analysis has demonstrated the role of residues that flank
the LxxLL motif by identifying subclasses of motif that
bind the oestrogen nuclear receptor with different affini-
ties [11] (Figure 1a). Different ligands can also alter
cofactor-binding specificities of nuclear receptors,
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Figure 1. Importance of flanking residues in LxxLL-motif interactions. The chemical nature of the residue at —1 position can determine the binding orientation of the LxxLL
motifs. Numbering of residues in LxxLL motifs designates the first conserved leucine as +1. (a) Amino acid sequence alignment of a selection of proteins with nuclear-
receptor-binding LxxLL motifs reveals a residue with hydrophobic character in the —1 position. The +1, +4 and +5 leucine residues (blue) and the —1 residue (green) are
highlighted. (b) Sequence alignment of a second subset of LxxLL motifs that are not directly implicated in nuclear-receptor binding shows the tendency for a small or polar
residue at position — 1 (pink). (¢) The 3D structure of a subunit of PPARy (gold ribbons) in complex with NCoA-1 nuclear-receptor box 1 (white surface) [12] shows that the four
side-chain CH, groups of lysine at —1 partake in non-polar interactions with helix 3 of the PPARy LBD. The —1 residue is similarly involved in the 3D structures of other
LBD-co-activator peptide interactions. The conserved leucine residues and —1 position are represented as sticks, and labelled and coloured as described in (a). The 3D
structures of PAS-B domain of NCoA-1 with STAT6 (d) [8] and the CBP/p300 KIX domain bound to c-Myb (e) [7] reveal that the hydrophilic — 1 residue is exposed to the solvent

and does not participate in the interface. The 3D structures in (d) and (e) highlight the conserved leucine residues (blue) and the hydrophilic residue at —1 (pink).

generating a complex array of competing cofactor proteins
with differential nuclear-receptor selectivity that is
dependent on the type of nuclear receptor, the agonist
and the LxxLL motif involved (Figure 2a).

The elucidation of several 3D structures of apo-nuclear
receptor LBDs and LBD-co-activator complexes has
revealed much about the mechanism of ligand-activated
co-activator recruitment and the role of LxxLL motifs
[12,13]. Interaction of a LxxLL motif with AF-2 is agonist-
dependent. The apo-LxxLL motif is unstructured but, on
binding AF-2, forms a short, amphiphatic o helix. The
termini of the co-activator o helix are locked in place by a
‘charge clamp’ involving two conserved AF-2 residues [12].
Leucine residues from the co-activator LxxLL motif line
one face of the binding o helix and provide the mainstay of
the van der Waals contact (Figure 1c). A co-crystal struc-
ture of a NCoA-1 peptide containing two LxxLL motifs
bound to homodimeric peroxisome proliferator-activated
receptor-y (PPARY) reveals that each motif interacts with
a different subunit [12]. The same 3D structure shows
that the —1 residue is buried in the interface
supporting the preference for a hydrophobic residue
at this position (Figure 1c). Although the —1 residue
in the first motif of NCoA-1 is a lysine, it essentially
acts as a hydrophobic residue because the four side-
chain methylene groups participate in non-polar inter-
actions with AF-2 (Figure 1c).
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LxxLL motifs are not limited to nuclear-receptor
signalling

Outside of nuclear-receptor signalling there are numerous
examples protein—protein interactions involving LxxLL
motifs. Again, many centre on interactions between
activated transcription factors and co-activator proteins.
Some co-activators are bi-functional, containing LxxLL
motifs and also domains that bind them. For example, a
PAS-B domain in NCoA-1 interacts with a LxxLL motif
in the C-terminal transactivation domain of signal trans-
ducer and activator of transcription factor 6 (STAT6),
which is a transcription factor involved in regulating the
response to interleukin-4 [5]. Unlike the LxxLL motifs of
NCoA cofactors, the —1 residue of the STAT6 motif is
polar (Figure 1b). The recent 3D structure of this inter-
action shows PAS-B to adopt a mixed o/f structure with
the a-helical STAT6 peptide binding in a shallow hydro-
phobic groove [8] (Figure 1d). The 3D structure also
reveals several mechanistic differences in the LxxLL-
motif-binding mode compared with previous, nuclear-
receptor-based complexes. For example, PAS-B does not
employ a ‘charge-clamp’ mechanism to tether the LxxLL o,
helix. Furthermore, the — 1 residue does not contribute to
the complex interface (Figure 1d). Interestingly, although
many of the residues lining the LxxLIL-binding site of
PAS-B are conserved throughout the NCoA family, only
NCoA-1 interacts with STAT6. Razeto et al. [8] attribute
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(b) E-protein-mediated activation and silencing
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Figure 2. Cofactor-exchange mechanisms in transcriptional regulation. (a) Transcriptional regulation by nuclear receptors involves LxxLL-motif-mediated interactions
between nuclear receptors and cofactor proteins (left). In the absence of an agonist, nuclear receptors interact with co-repressor proteins [e.g. RIP140, nuclear receptor
co-repressor (NCoR) and silencing mediator of retinoid and thyroid hormone receptor (SMRT)] and, indirectly, with histone deacetylases (HDACs), all of which repress basal
transcription by producing chromatin. Upon agonist binding, nuclear receptors recruit co-activator proteins that act as interaction platforms that enable the assembly of
multi-component protein complexes. These complexes possess intrinsic histone acetyltransferase (HAT) activity and initiate transcription by relieving chromatin repression
and recruiting the RNA polymerase Il (Pol Il) pre-initiation complex (right). (b) E-proteins activate transcription by recruiting CBP/p300 and other factors to E-box elements
(right). E-proteins bind DNA using a basic helix-loop-helix (bHLH) domain and interact with co-activators, such as CBP/p300, via two activation domains, AD1 and AD2. The
aberrant expression of ETO following t(8;21) silences E-protein-driven transactivation (left). The TAFH domain of ETO (or AML1-ETO) binds to the LxxLL motif in E-protein
AD1, thereby preventing CBP/p300 binding. Sequences in the C-terminal domain of ETO recruit co-repressor and HDAC proteins culminating in the inhibition of transcription.

this to a ‘surface complementarity’ between NCoA-1
PAS-B and STATS6.

CBP/p300 also possesses the capacity to recognize
LxxLL motifs. The KIX domain of CBP interacts with a
LxxLL motif in the transactivation domain of c-Myb,
which, like STAT®6, contains a polar — 1 residue that is not
involved in the interaction (Figure 1le). The c-Myb motif
binds to the same interface on KIX as the phosphorylated
kinase-inducible domain (pKID) of CREB [7,14] (Figure 1e).
Interestingly, no sequence similarity exists between
pKID and c-Myb.

E-proteins are another family of transcription factors
that interact with CBP/p300 via LxxLL motifs. E-proteins
[i.e. E2A, HeLa E-box-binding (HEB) and E2-2] are involved
in regulation of cell growth, differentiation and apoptosis
[15]. In E-protein transactivation, CBP/p300 is recruited
by a LxxLL motif in the N-terminal activation domain 1
(AD1) [9]. This functionally crucial interaction is inhibited
in the presence of AML1-ETO, a fusion protein commonly
associated with acute myeloid leukaemia (AML) [9]. Zhang
and co-workers demonstrated that AML1-ETO specifically
targets the E-protein LxxLL motif, thereby, directly
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preventing the binding of CBP/p300 [9]. AML1-ETO is a
fusion protein that results from t(8;21) chromosomal
translocations [16]. The protein product of t(8;21) contains
the DNA-binding domain of AML1 fused to an unrelated,
multidomain protein called eight twenty-one (ETO). The
LxxLL-binding activity of AML1-ETO was localized to the
TATA-binding protein (TBP)-associated factor (TAF)
homology (TAFH; also called nervy-homology region 1,
NHR1) domain from the fusion partner ETO [9]. The
TAFH domain family — which has examples in several
TAFs from transcription factor IID (TFIID), other
ETO-related proteins and the Drosophila protein nervy
[17,18,19] — had been functionally annotated, albeit
loosely, as a protein—protein interaction module. The
results of Roeder and colleagues suggest the TAFH
domain functions as one of a growing number of non-
nuclear-receptor LxxLL-binding domains [9].

Parallels between E-protein silencing and
nuclear-receptor regulation

Mechanistic similarities, in addition to differences, exist
between ‘cofactor-exchange’-mediated silencing of
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E-proteins [9] and regulation of nuclear-receptor signal-
ling [20] (Figure 2). Both systems repress basal transcrip-
tion by promoting histone and chromatin formation rather
than by directly acting on transcription machinery.
Activation or repression is achieved via interactions with
co-activator and co-repressor proteins. These interactions
are mediated by short peptide motifs. However, in nuclear-
receptor signalling, these interactions are commonly
transient and can be modulated by agonist or antagonist
binding and subunit exchange. The interaction between
ETO and E-proteins is not thought to be ligand-depen-
dent, but might be regulated by mechanisms yet to be
determined.

Concluding remarks and future perspectives

The LxxLL sequence is a protein-recognition motif widely
used in transcriptional regulation. It is also worth noting
that many non-functional examples of LxxLL sequences
can be found in proteins that are involved in transcrip-
tional regulation or other cellular processes. Like many
short recognition sequences, the ‘LxxLL nomenclature’
fails to communicate the complexity of the system. Many
factors, including o-helical propensity, availability for
interaction and the composition of the flanking residues,
contribute to determining the binding affinity and permit
discrimination between potential binding partners.

Commonly, proteins that interact with LxxLL motifs
are required to undergo structural changes, thus provid-
ing a mechanism for modulating binding. Indeed, both
nuclear receptors and CBP/p300 bind multiple, unrelated
target sequences at the same interfaces used for LxxLL-
motif interaction, presumably, requiring some plasticity of
the 3D structure. Many LxxLL-binding domains, includ-
ing nuclear receptor [12], KIX [14] and TAFH [9], adopt —
or are predicted to adopt — a-helical folds, which are well
suited to execute such conformational adaptability. Inter-
estingly, of the published 3D structures of LxxLIL-contain-
ing complexes, only the PAS-B domain of NCoA-1 adopts a
more structurally rigid mixed o/f fold, which perhaps
contributes to the high specificity of the STAT6 LxxLL
motif for NCoA-1 [8].

The presence of TAFH domains in subunits of TFIID
raises the possibility of direct regulation of the pre-
initiation RNA polymerase II complex by LxxLL-carrying
proteins. Such a system has already been established for
certain nuclear receptors that can interact with LxxLL
motifs in Med1, a subunit of the mediator complex [21].
Currently, it remains to be established whether other
members of the TAFH family are capable of interacting
with LxxLL motifs.

The observations of Zhang and co-workers [9] raise the
exciting possibility of using modified LxxLL-containing
peptides as targeted inhibitors of the AMLI1-ETO-
E-protein complex or other LxxLL interactions involved
in disease. Potentially, such molecules would not only
provide substantial insight into the functional importance
of regulatory interactions involving these motifs, but
might also represent promising therapeutic strategies.
However, given the continuing uncertainty over the role
of flanking sequences in determining binding
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specificities, further biochemical and structural charac-
terization of LxxLL-motif interactions are required before
such avenues are opened.
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