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Background:Nucleophosmin (NPM1, B23) is a multifunctional protein that is involved in a variety of fundamen-
tal biological processes. NPM1/B23 deregulation is implicated in the pathogenesis of several human malignan-
cies. This protein exerts its functions through the interaction with a multiplicity of biological partners. Very
recently it is has been shown that NPM1/B23 specifically recognizes DNA G-quadruplexes through its C-
terminal region.
Methods: Through a rational dissection approach of protein here we show that the intrinsically unfolded regions
of NPM1/B23 significantly contribute to the binding of c-MYC G-quadruplex motif. Interestingly, the analysis of
the ability of distinct NPM1/B23 fragments to bind this quadruplex led to the identifications of distinct NPM1/
B23-based peptides that individually present a high affinity for this motif.
Results: These results suggest that the tight binding of NPM1/B23 to the G-quadruplex is achieved through the
cooperation of both folded and unfolded regions that are individually able to bind it. The dissection of NPM1/
B23 also unveils that its H1 helix is intrinsically endowed with an unusual thermal stability.
Conclusions: These findings have implications for the unfolding mechanism of NPM1/B23, for the G-quadruplex
affinity of the different NPM1/B23 isoforms and for the design of peptide-based molecules able to interact with
this DNA motif.
General observation: This study sheds new light in the molecular mechanism of the complex NPM1/G-
quadruplex involved in acute myeloid leukemia (AML) disease.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nucleophosmin (NPM1, also known as B23, No38 and numatrin)
is an abundant multifunctional protein, initially identified as a phos-
phoprotein, which is present in high quantities in the granular
region of nucleoli [1,2]. NPM1/B23 is, however, capable of shuttling
between nucleus and cytoplasm [3]. NPM1/B23 plays a plethora of
functions including the regulation of ribosome biogenesis, chroma-
tin remodeling, DNA replication, recombination, transcription, re-
pair and the control of centrosome duplication [4,5]. This protein

has been found over-expressed in tumors of different histological
origins, including gastric, ovarian, bladder and prostate carcinomas
and in various hematological malignancies [6–9]. Notably, NPM1/
B23 has been identified as the most frequently mutated gene in
acute myeloid leukemia (AML) patients, accounting for approxi-
mately 30% of cases [10–14].

NPM1/B23 belongs to the nucleophosmin/nucleoplasmin family of
proteins [15]. Three distinct isoforms of the protein have been reported
to be expressed in human cells. B23.1, the longest and the most abun-
dant, is also the best characterized isoform. B23.2 and B23.3 are splicing
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variants that lack the C-terminal 35 amino-acids and a 29 amino-acid
stretch (residues 195–223) in the basic region, respectively [16].

Structural characterizations of B23.1 have shown that the protein is
endowed with a modular structure (Fig. 1). The N-terminal domain ex-
tends for approximately 100 residues and displays an eight-stranded
beta-barrel fold. Five N-terminal domains oligomerize to form a crown-
shaped pentamer [17]. Two or more of these pentamers may associate
to form decamers or higher oligomeric species [18]. The central portion
of NPM1 is characterized by the presence of two acid domains (residues
119–133 and 161–188) and a basic region (residues 198–239). The C-
terminal domain (CTD) of B23.1 forms a globular structure consisting of
a three helix bundle. The destabilization of this structural unit abolishes
the nucleolar localization of the protein [19]. The C-terminal region of
the protein has also been the subject of a number of intriguing investiga-
tions aimed at unveiling its foldingmechanism [20–23]. Despite the struc-
tural heterogeneity of the different regions of the protein, recent
biophysical studies have highlighted their mutual stabilization upon
treatments with temperature or chemical denaturants [21,24].

The analysis of the NPM1/B23 sequence also shows that the protein
shuttling abilities between intracellular compartments rely on several sig-
naling sequences: i) a NES (nuclear export)motif with two leucines in the
N-terminal domain, ii) NLSs (nuclear localization) between the two acidic
stretches and, iii) a NoLS (nucleolar localization) with aromatic-rich resi-
dues at the C-terminal domain [20]. NPM1/B23 exerts its functions essen-
tially through interactions with a variety of biological partners. NPM1
interactions with other proteins (e.g. p53, p14arf, Fbw7γ, APE-1)
[25–29], ribosomal proteins RPL5, RPS9, RPL23, HIV proteins REV TAT)
[30] are generally mediated by the N-terminal domain, whereas the C-
terminal moiety regulates the binding of DNA/RNA.

NPM1was shown to bind both DNA and RNA oligonucleotides, with
a preference for single stranded structureswith respect to those double-
stranded, independently of the sequence [31,32].

Recently, it is has been shown that the C-terminus of NPM1 is able to
specifically recognize G-quadruplex DNA motifs [33,34]. This finding is
of great interest since thesemotifs are attractive targets for tumor treat-
ment for their selective localization on promoters of several oncogenes
and on telomeric regions [34,35]. In particular, it has been demonstrat-
ed that the NPM1 C-terminal domain recognizes in vitro a well-
characterized G-quadruplex forming sequence present at the NHEIII re-
gion of the c-MYC oncogene promoter [33]. This promoter region
adopts a G-quadruplex structure both in vitro and in vivo, regulating
up to 90% of the total c-MYC transcriptional rate [36]. NMR studies
have shown that this G-quadruplex is recognized by NPM1 primarily
by residues belonging to the helices H1 and H2 of the three-helix bun-
dle. Nevertheless, mutagenesis analyses have shown that a fundamen-
tal contribution to the G-quadruplex binding is provided by the
residues Lys 229 and Lys 230 [34]. Intriguingly, the region embedding
these residues is disordered in the NMR structure of the complex.
Attempts to explain these puzzling findings were based on the observa-
tion that the presence of an unstructured segment adjacent to the
interacting domain could provide a larger platform for long-range elec-
trostatic interactions or transient physical contacts [34].

In order to gain further insights into this intricate recognitionmech-
anism, here we evaluated the ability of individual fragments of NPM1 to
bind this G-quadruplex. Interestingly, the dissection of NPM1 led to the
identification of distinct protein segments that present high affinity for
this motif. The structural characterization of these fragments provides
new clues about the folding/unfolding process of the triple helix bundle
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Fig. 1. Schematic representation of NPM1 protein. (A) Themodular structure of NPM1, functional, structural domains andprimary structure of C_107NPM1are pointed out and (B) primary
sequences of C_107NPM1-based peptides were analyzed in this study.
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