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1 Introduction

1.1 Nucleophosmin
Nucleophosmin (NPM1, also known as B23, Numatrin or NO38; Grisendi et
al. 2006), was first identified as a nucleolar phosphoprotein expressed at high
levels in the granular region of the nucleolus (Spector et al. 1984). NPM1
was soon recognized to play a role in the regulation of cell growth,
proliferation and transformation (Feuerstein et al. 1988), based on the
observation that its expression rapidly increases in response to mitogenic
stimuli, and that increased amounts of the protein are detected in highly
proliferating and malignant cells (Chan et al. 1989). Since then, the
understanding of NPM1 biology has considerably increased, revealing a
complex scenario: NPM1 proved to be a multifunctional protein that is
involved in many cellular activities, and which has been related to both
proliferative and growth-suppressive roles in the cell (Di Fiore 2008).
Furthermore, in the mouse, NPML1 is an essential gene whose inactivation in
the germ line leads to a series of developmental defects and embryonic
lethality at mid-gestation (Grisendi et al. 2005).
Much of the interest in NPM1 has been fostered by the fact that this gene is
implicated in human tumorigenesis. On the one hand, NPM1 is frequently
over-expressed in solid tumors of diverse histological origin, whereas on the
other hand, the NPML1 locus is involved in chromosomal translocations or
deleted in various kinds of haematological malignancies and solid tumors.
Strikingly, NPML1 has also been found mutated and aberrantly localized in the
cytoplasm of leukaemic blasts in a high proportion (around 35%) of patients
1



with acute myeloid leukaemia (AML) (Falini et al. 2005). This makes of
NPM1 the most frequently mutated gene in AML.

1.2 Nucleophosmin is a nuclear-cytoplasmic shuttling protein

NPML1 is a ubiquitously expressed protein belonging to the nucleoplasmin
family of nuclear chaperones (Frehlick et al. 2007). It is encoded by the
NPM1 gene that, in humans, maps to chromosome 535 (Chan et al. 1989).
Three nucleophosmin isoforms are generated through alternative splicing.
NPM1 (or B23.1), the dominant isoform (accession n. NM_002520) (Wang
et al. 1993), is a 294-amino acid phospho-protein of about 37 kDa that is
expressed in all tissues. NPM1.2 (or B23.2) uses an alternative terminal exon
compared with variant 1, resulting in a 259-amino acid protein (accession n.
NM_001037738) with a distinct C-terminus and it accounts for minimal
nucleophosmin content in tissues. A third variant (accession number
NM_199185) lacks an alternate in-frame exon compared with variant 1,
resulting in a shorter protein whose functions and expression pattern are still
under investigation. Interestingly, NPM1 (B23.1) and NPM1.2 (B23.2) have
different subcellular distribution patterns (Wang et al 1993): while NPM1
protein is localized mainly in the nucleolus (Spector et al. 1984, Cordell et al.
1999), NPM1.2 is only found in the nucleoplasm (Dalenc et al. 2002). NPM1
contributes to build-up the nucleolar compartment of which it is one of the
most abundant protein components among the approximately 700 identified
by proteomics (Ahmed et al. 2009).

Despite its nucleolar localization, experiments on NPM1 migration provided

conclusive evidence that the protein shuttles constantly back and forth



between nucleus and cytoplasm (Borer et al. 1989). However, the flux of
nucleophosmin at the nucleolus—nucleoplasm interface is unbalanced towards
the nucleolus. This is the consequence of the very efficient nucleolar-
localization signal (NoLS) that NPM1 contains at its C-terminus.

Nuclear-cytoplasmic shuttling of NPML1 is critical for most of its functions,
including regulation of ribosome biogenesis and control of centrosome
duplication (Grisendi et al. 2006). NPM1 shuttles across cytoplasm and
nucleoplasm as well as between nucleoplasm and nucleolus. Distinct NPM1
functional domains regulate its different activities as well as its shuttling

properties.

1.3 Nucleophosmin functional domains

The NPML1 polypeptide chain has a modular structure containing distinct
sequence motifs. Various functional domains that reside in mainly
independent, but slightly overlapping segments, have been identified within
the protein (Fig. 1.1).
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(NLS: 152-157; 190-197)

Fig. 1.1 Structural and functional organization of NPM1, the different portions of
the protein and their respective function are depicted in a colour coded
representation. (adapted from Grisendi et al., 2006)



Starting from the N-terminus, the protein contains a nucleoplasmin-like
domain that is involved in protein oligomerization and chaperone activities,
followed by two acidic stretches that are important for binding to histones.
The central portion between the two acidic stretches is required for
ribonuclease activity, together with the C-terminal domain, which contains
basic stretches involved in nucleic-acid binding (Hingonari et al. 2000). The
basic clusters are followed by an aromatic stretch, which contains two
tryptophan residues (288 and 290) that are required for nucleolar localization
of the protein (Nishimura et al.2002). In addition, NPM1 includes a nuclear-
localization signal (NLS), and a nuclear-export signal (NES) (Wang et
al.2005). As stated above, the N-terminal domain of NPM1 share 50%
homology with the Xenopus laevis protein nucleoplasmin (Chan et al. 1989;
Borer et al. 1989). Nucleoplasmins are nuclear chaperone proteins that
function as histone assembly and chromatin decondensation factors. Their
main function is to bind to core histones and transfer DNA to them in a
reaction that does not require ATP. All the members of this protein family
share a similar core region in the N-terminal half (nucleoplasmin domain),
and one or more acidic domains rich in aspartic and glutamic acid residues.
Compared with other members of the family, NPM1 possesses additional
domains and functions in the C-terminal region, such as ribonuclease

enzymatic activity and a nucleic-acid binding domain.



1.4 Nucleophosmin: Physiological role

By shuttling between cellular compartments, NPM1 takes part in various
cellular processes. These include the transport of pre-ribosomal particles and
ribosome biogenesis (Olson et al. 1986), the response to stress stimuli such as
UV irradiation and hypoxia (Li et al. 2004; Wu et al. 2002), the maintenance
of genomic stability through the control of cellular ploidy (Naoe et al. 2006)
and the participation in DNA-repair processes (Wu et al. 2002), and the
regulation of DNA transcription through modulation of chromatin
condensation and decondensation events (Wang et al. 1994; Dumbar et al.
1989).

Finally, NPML1 is involved in regulating the activity and stability of crucial
tumour suppressors such as p53 and p14ARF (Bertwistle et al. 2004; Kurki et
al. 2004; Colombo et al. 2006; Bolli et al. 2009) and oncogene products such
as c-MYC (Boon et al. 2001; Yung 2004; Zeller et al. 2001).

One main feature of NPML is its ability to function as a molecular chaperone
for both proteins and nucleic acids (Szebeni and Olson 1999; Okuwaki et al.
2001). In vitro experiments on various protein substrates have shown that
NPM1 is active in preventing the aggregation of proteins in the congested
cellular environment (Szebeni and Olson 1999), and that it functions as a
histone chaperone that is capable of histone assembly, nucleosome assembly
and increasing acetylation-dependent transcription (Okuwaki et al. 2001).
Through its molecular domains, NPML1 is able to bind to many partners in
distinct cellular compartments, including nucleolar factors (for example,
nucleolin, fibrillarin and snoRNPs), transcription factors (for example,
interferon regulatory factor 1 (IRF1), YY1 and nuclear factor kB (NFkB)),



histones (for example, H3, H4 and H2B), proteins involved in cell
proliferation (for example, DNA polymerase), mitosis (for example NUMA)
and proteins involved in response to oncogenic stress (for example, p14ARF
and p53) (all reviewed in Grisendi et al. 2006). In addition NPM1 has been
reported to bind both the oncogenic protein c-MYC (Boon et al. 2001) and its
E3-ubiquitin ligase Fbwy [1(Bonetti et al. 2008(1) in the nucleus while, in the
cytoplasm, interactions with caspases 6 and 8 (Leong et al. 2010) and with
proteins belonging to the Fanconi anemia complex have been reported (Li et
al. 2007).

Eventually, NPM1 is able to associate with the second messenger
phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) in the nucleus in response
to anti-apoptotic factors (Ahn et al. 2005).

The diversity of the cellular activities in which NPM1 is involved in makes it
both a potential oncogene and a potential tumour suppressor, depending on

the expression levels and the cellular context.

1.5 Structural features of Nucleophosmin

Under native conditions, NPM1 exists as an oligomer (Herrera et al. 1996):
the structure of the Xenopus laevis nucleoplasmin family member NO38
(Spector et al. 1984), a nucleolar histone chaperone that is highly
homologous to human NPM1, appears to be able to form pentamers and
decamers (Naboodiri et al. 2004).

More recently the crystal structure of human NPM1 N-terminal domain was
determined and confirmed that a crown-shaped pentamer is formed by this

core domain, with two pentamers loosely associating to form a head-to-head



dimer of pentamers that account for the fairly large molecular weight of
appromatively 300 KDa (Lee et al. 2007) (Fig. 1.2).

Fig. 1.2 Organization of Nucleophosmin N-terminal domain.

The ability of NPM1 N-terminal domain to form oligomers is involved in its
translocation to the nucleolus. Indeed, artificial NPM1 mutants that contain
the nucleolar-binding domain but are unable to form oligomers cannot enter
the nucleolus, suggesting that the NoLS load of the particle has to reach a
threshold to enable nucleolar localization (Bolli et al. 2007).

The structure of NPM1 C-terminal domain was solved by NMR
spectroscopy (Grummitt et al. 2008) and consists of a well-defined 3-helix
right-handed bundle (Fig. 1.3).



Fig. 1.3 NMR 3D structure of NMP1-Cter (pdb code, 2VXD). The two tryptophans
at positions 288 and 290 are highlighted in sticks.

The central region of NPM1, which is endowed with many protein’s function
including histone binding and ribonuclease activity, is predicted to be
natively unstructured by the vast majority of predictive algorithms (Hingonari
et al. 2000).

Finally and importantly, several post-translational modifications have
been reported, including phosphorylation, ubiquitination and SUMOylation,
and may contribute to the final shape of the protein, regulate the cellular
traffic of NPM1 and its functions (Colombo et al., 2011).



1.6 NPML1 is altered in human cancer
NPM1 has been directly implicated in human tumorigenesis. The NPM1
protein is overexpressed in a variety of tumours, and it has been proposed as
a marker for gastric (Tanaka et al. 1992), colon (Nozawa et al. 1996), ovarian
(Shields et al. 1997) and prostate carcinomas (Subong et al. 1999). In some
cases, the expression levels of NPM1 have been correlated with the stage of
tumour progression. For instance, overexpression of NPM1 mRNA is
independently associated with the recurrence of bladder carcinoma and
progression to a more advanced stage of disease (Tsui et al. 2004). On the
other hand, NPM1 is one of the most frequent targets of genetic alterations in
haematopoietic tumours. Two well-characterized genomic events that involve
the NPM1 gene are chromosomal translocations in both lymphoid and
myeloid disorders (Raimondi et al. 1989, Redner et al. 1996), and mutations
in Acute Myeloid Leukemia (AML) (Falini et al. 2005).
NPML1 alterations lead to the formation of either oncogenic fusion proteins or
mutant NPM1 products, and to the concomitant loss of one functional allele
of the gene (Berger et al. 2006). The role of the NPM1 moiety in the various
chimeric products (NPM1-ALK (anaplastic lymphoma kinase), NPM1-RAR
(retinoic acid receptor) and NPM1-MLF1 (myelodysplasia/myeloid
leukaemia factorl)) is not fully characterized, and it is conceivable that
NPM1 might serve as a homo- or heterodimerization interface (Bischof et al.
1997).

In 2005, Falini and coworkers identified heterozygous NPM1
mutations as the most common genetic lesion in adult acute myeloid
leukaemia (AML) (about 30% of cases) (Falini et al. 2005). They



subsequently provided evidence that AML with mutated NPM1 exhibits
distinctive biological and clinical features (Falini et al. 2007) that supported
its inclusion as a provisional entity in the new WHO classification (Falini et
al. 2009).

Approximately 40 NPM1 mutations have been identified to date (Falini et al.
2009), and despite their heterogeneity they all lead to similar abnormalities in
the mutated protein. Mutations all consist of short base sequence duplications
or insertions at the terminal exon of the gene (Fig. 1.4). These lead to a shift
in the reading frame, and a consequent alteration in the protein sequence
which is longer by four residues and different in the last seven of the
reference one. Notably both W288 and W290 are replaced in the most
common mutants, while W288 is retained in less frequent mutations (Fig.
1.4).

Type of .
Mutation Sequence Protein

None (wild type) GATCTCTG....GCAGT....GGAGGAAGTCTCTTTAAGAAAATAG -DLWQWRKSL
Mutation A GATCTCTGTCTGGCAGT. . . . GGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSLRE
Mutation B GATCTCTGCATGGCAGT. . . . GGAGGAAGTCTCTTTAAGAAAATAG -DLCMAVEEVSERK
Mutation C GATCTCTGCGTGGCAGT. . . . GGAGGAAGTCTCTTTAAGAAAATAG -DLCVAVEEVSLRE
Mutation D GATCTCTGCCTGGCAGT. . . . GGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSERK
Mutation E GATCTCTG. . . . GCAGTCTCTTGCCCAAGTCTCTTTAAGAARATAG -DLWQSLAQVSERE
Mutation F GATCTCTG. . . . GCAGTCCCTGGAGAAAGTCTCTTTAAGAAAATAG -DLWQSLEKVSERK

Fig. 1.4 Representative NPM1 mutations and their consequences on protein
sequence.
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The salient feature of all mutated genes is that they generate a variant protein
that is aberrantly localized in leukaemic blast cytoplasm (Nakagawa et al.
2005) (Fig. 1.5). This varied distribution of NPM1 mutants in AML cells is
due to the concerted action of tryptophans loss, with the alteration of the so-
called nucleolar localization signal, and the generation of a new nuclear
export signal (NES) motif at the NPM1 protein C-terminus (Falini et al.
2006). Under normal conditions, the two tryptophans are critical for keeping
the C-terminus globular domain of wild-type NPM1 folded (Grummitt et al.
2008, Scaloni et al., 2009-2010), and this in turn appears essential for NPM1
binding to the nucleolus. In leukaemic cells, mutation-induced tryptophan
changes unfold the domain and consequently impair NPM1 targeting to the
nucleolus (Grummitt et al. 2008).

The expression of NPM1 fused to GFP in mammalian cells allowed the direct
observation of its sub-cellular localization (Dundr et al. 2000). This approach
proved to be extremely powerful to evaluate the effect of leukaemic
mutations on the cellular distribution of the protein. In particular, two
designed point-mutants, W288A and W290A, were shown to lead to loss of
nucleolar localization and to the accumulation of the protein in the
nucleoplasm (Falini et al. 2006; Nishimura et al. 2002). Indeed, it was later
shown that the NPM1 C-terminal domain with W288 and W290 mutated to
alanine lacked any distinct tertiary structure and did not undergo a
cooperative unfolding transition when heated (Grummitt et al. 2008). This
suggested that mutation of these residues prevents nucleolar localization
simply by preventing the correct folding of the C-terminal domain of NPM1.

In order to test this hypothesis other mutations in the C-terminal domain that

11



would be expected to disrupt its structure whilst retaining the tryptophans
were produced (Grummitt et al. 2008). The sub-cellular localization of these
mutants transfected into NIH-3T3 cells was indeed nucleoplasmic and not
nucleolar, suggesting the fundamental role of correctly folded C-terminal
domain for nucleolar localization (Falini et al. 2006).

Cytoplasmic accumulation of NPM1 leukaemic mutants also depends upon
the NES motifs. Two of them are physiological and are located at the N-
terminus (corresponding to residues 42-49 and 94-102) (Wang et al.2005).
The third motif is introduced by the mutational event at the NPM1 C-
terminus (residues 287-296) (Falini et al. 2005). However, it is not yet clear
how much each of the three NES motifs contributes to mutant protein nuclear
export (Bolli et al. 2009) (Fig. 1.4).

Fig. 1.5 Ectopic aberrant localization of mutated NPM1 in the cytoplasm. Left
panel: GFP-tagged wild-type NPM1 localizes in nucleoli inside the nucleus. Right
panel: GFP-tagged mutated NPM1 aberrantly localizes outside the nucleus in the
cytoplasm. Red stain highlights the nuclear membrane.

One important feature to be highlighted is that, although NPM1 mutations are
always heterozygous, the mutated protein has a dominant negative effect on
wild-type localization. In fact, mutated NPML is still capable to interact with

12



the wild-type protein, through its unchanged N-terminal domain, and to form

mixed oligomers that are, in great part, localized in the cytoplasm.

1.7 Nucleophosmin interacts with nucleic acids

The NPM1 C-terminal domain is responsible for the nucleic acid binding
activity. NPM1 was shown to bind both DNA and RNA oligonucleotides
with a preference for single-stranded structures over double-stranded DNA B
structures, in a sequence-unrelated manner (Wang et al.1994; Dumbar et al.
1989). Accordingly, a role for NPM1 as a single-stranded binding protein
(ssb) was proposed (Dumbar et al. 1989), a property that may be linked to the
export of ribosome subunits from the nucleus (Falini et al. 2009). NPM1 was
also reported to have endoribonuclease activity on ribosomal RNA (rRNA)
(Savkur and Olson 1998; Herrera et al. 1995). Recently, the protein was also
identified as a cofactor in the transcriptional activation of the mitochondrial
superoxide dismutase 2 (SOD2) gene; in particular it was shown that full-
length NPM1 binds a G-rich region at the SOD2 promoter (Xu et al. 2007),
shedding new light on NPM1 possible role in transcriptional regulation
through its interaction with G-rich promoter regions.

G-rich sequences have the potential to form non-canonical DNA secondary
structures, called G-Quadruplexes, under physiological conditions (Gellert et
al. 1962). Different studies are increasing our attention on non-canonical
DNA conformations, describing their structures, interacting partners and
potential biological roles (Phan et al. 2006, Sen and Gilbert 1988). As well as
on the non-canonical secondary structures (with particular attention to G-

quadruplexes), different studies in the last few decades underlined the
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increasingly important role of DNA G-rich binding proteins focusing
attention on how they interact, and how this interaction may regulate
different cellular processes (Fry 2007). In fact experimental evidence
corroborates the reasonable assumption that regulated interactions of G-rich
DNA sequences with different proteins may alternatively cause formation,
stabilization, destabilization, unwinding or selective nucleolytic digestion of
G-quadruplex sequences, suggesting key roles for these interactions in the
cell (Fry 2007).

1.8 G-Quadruplex

Nowadays, it is becoming increasingly evident that non-Watson-Crick
interactions between bases and non-canonical DNA secondary structures
have biological roles, with particular reference to Guanine-rich nucleic acid
sequences that are able to form higher order secondary structures: the so
called guanine-quadruplexes (G-Quadruplexes). Observations starting from
1960s established that a synthetic guanosine 5’-monophosphate (GMP) has
the ability to form helical aggregates under physiological-like in-vitro
conditions of pH, temperature and salt concentrations (Gellert et al. 1962).
These initially inexplicable finding was explained in the late 1980s when
biochemical experiments demonstrated that oligonucleotides containing runs
of three or four adjacent guanines (G-tracts), spontaneously can fold in a
valet of four-stranded formations called tetraplex or quadruplex (Sen and
Gilbert 1988, Williamson et al. 1989).
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Fig.1.6 (A) Watson—Crick base-pairing. (B) Four guanines can hydrogen bond in a
square arrangement to form a guanidine tetrad. There are two hydrogen bonds on
each side of the square.

These non-canonical structures are composed of four or more Guanine-tracts
(G-tracts), which are able to form stacking guanine tetrads, where the tetrads
stack on top of each other. The guanines within the tetrad interact via
Hoogsteen hydrogen bonds between the N1, N7, O6 and N2 guanine atoms
and are stabilized by monovalent cations such as potassium or sodium (Qin et
al. 2008) (Fig.1.6B). These guanine tetrads are the basic building block of G-
Quadruplexes, and contribute to their secondary structure and stability by
guanidine tetrads’ large m-surfaces, that tend to stack on each other due to =-
n stacking interactions, with stabilizing monovalent cation intercalated
between tetrads (Gilbert et al. 1999) (Fig.1.7).

By definition G-Quadruplex is a DNA secondary structure that consist of
multiple vertically stacked guanidine tetrads stabilized by alkali ion, most

commonly K" or Na* (Sen et al. 1990). K" and Na" effectively bind to and
15



stabilize many G-Quadruplex structures and in particular K shows a higher
stabilizing activity, with respect to Na*, due to the better coordination of K*
with the eight carbonyl oxygen atoms present in the adjacent stacked tetrads
(Sen et al. 1990). Moreover K and Na" are the prevalent alkali ions in the
cell environment underlining that physiological conditions are favorable for
G-Quadruplex formation. A variety of G-Quadruplex structures have been
determined using X-ray crystal diffraction and NMR analysis (Kang et al.
19992, Smith and Feigon 1992, Wang and Patel 1993, Kettani et al. 1995).
These studies led to classify quadruplexes into three majors groups:
unimolecular, bimolecular and four-molecular Quadruplexes. Furthermore,
depending on direction of the strands, may assume different topologies

described as parallel, antiparallel or mixed.
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Fig. 1.7 Structure of a G-tetrad and an example of the folding pattern of
intramolecular G-quadruplex
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1.9 G-Quadruplexes: biological role

Data gathered in last decades are focusing attention on G-Quadruplexes, and
in particular mounting evidence indicates that these secondary structures
exist in vivo and play a number of biological functions.

For many years there was minimal evidence pointing towards biological role
of G-Quadruplex structures, until it was discovered that the ends of human
chromosomes, the telomeres, are composed of tandem repeats of G-rich DNA
sequence: d(TTAGGG) (Moyzis et al. 1988). Subsequent work demonstrated
the ability of these sequences to form intramolecular G-Quadrupexes, and
how these structures can regulate Telomerase activity (Wang and Patel 1993,
Zahler et al. 1991). In fact formation of quadruplexes at telomere’s ends
directly inhibits Telomerase activity, preventing telomeres elongation and
impacting on cellular senescence and cell cycle regulation. Telomerase
activity is directly implicated in more then 85% of cancer processes, where it
is over-expressed contributing to cancer cells immortalization. These data
describe a direct regulating role of a G-Quadruplex structure in pathological
process, shedding a new light and suggesting a possible functional role for
this non-canonical secondary structure.

Starting from studies of G-Rich 3’overhanging in human telomere and
Telomerase relationship, both in pathological and physiological conditions,
extensive research effort has been devoted to investigate the relevance of
potential function of DNA G-Quadruplex in biology.

Many computational studies have been carried out to identify G-rich
sequences with potential to form G-Quadruplex secondary structures

(Putative Quadruplex Sequence, PQS) in the human genome and other
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genomes. These studies showed that the human genome contains as many as
376000 PQS (Putative Quadruplex Sequence; Huppert and Balasubramanian
2005). Although the occurrence of PQS in genomes is a third less than
expected by chance (Huppert and Balasubramanian 2007), their location
seems to be non-random (Zhao et al. 2007). The highest occurrence of PQS is
in non-coding repetitive DNA regions such as telomeres, hyper-recombining
sites and, interestingly, in promoter regions of eukaryotic genes with over
40% of human gene promoters containing at least one PQS, emphasizing G-
Quadruplex potential regulatory role (Huppert and Balasubramanian 2007).
Different studies identified PQS that are able to form G-Quadruplex in vitro,
in promoter regions of different human genes, with particular attention to
important proto-oncogenes like c-Myc (Suddiqui et al. 2002), VEGF (Sun et
al. 2005), HIF-1a (De Armound et al. 2005), Ret (Guo et al. 2007), KRAS
(Cogoi et al. 2006), Bcl-2 (Dexheimer et al. 2006), c-Kit (Rankin et al. 2007),
PDGF-A (Qin et al. 2007) and c-Myb (Lee et al. 2008). Generally the
proximal regions of these promoters are GC-rich regions and usually are
hypersensitive to nuclease and may form an altered structure with a single
stranded character which is often a feature of transcriptionally active genes
(Sun et al. 2005).

This association of G-Quadruplex with gene promoters was consistent with
the hypothesis of linking G-Quadruplexes formation with transcriptional
control of genes (Simonson et al. 1998). Subsequently, different studies
showed that mutations that destabilize G-Quadruplex structure in promoter
regions led to an increased in transcription activity (Siddiqui-Jain 2002). This

has led to suggestions that G-Quadruplexes play a key-role in the regulation
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of gene expression through formation or resolution of specific Quadruplex
structures, thus describing these DNA non-canonical secondary structures as
a cis-acting regulatory elements.

One of the better characterized G-Quadruplex forming sequence is the one in
c-Myc oncogene promoter region. The c-Myc protooncogene encodes a
multifunctional transcription factor that plays a critical role in different
cellular processes such as regulation of cell cycle progression, cell growth,
differentiation, transformation, angiogenesis, and apoptosis (Oster et al.
2002). c-MYC is able to activate a number of genes by forming complexes
with other transcription factors such as MAX or MAD that interact with
specific DNA sequences, such as the E-box sequence (Grandori et al. 2000).
Overexpression of c-MYC is associated with a significant number of human
malignancies, including breast, colon, cervix, and small-cell lung cancers,
osteosarcomas, glioblastomas, and myeloid leukemias (Facchini et al. 1998).
c-Myc transcription is usually subject to tight transcriptional regulation and it
is under the complex control of multiple promoters. The promoter region of
c-Myc contains a number of cis-elements that have been shown to assume
either a single-stranded or a non—-B-DNA conformation; in particular there
are seven nuclease hypersensitive elements (NHES) in the c-Myc promoter,
and one of these, the NHE 111, region, has been shown to have the ability to
form non-B-DNA structures. This region is located from -1 to —115 base
pairs upstream of the P1 promoter and has been shown to control up to 90%
of the total c-MYC transcription (Berberich et al. 1995). The NHE Ill; in c-
Myc contains a 27-base pair G-rich sequence (c-Myc-27-mer) at the non-

coding strand that is capable of engaging in a slow equilibrium between B-
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form duplex DNA, single-stranded DNA, and G-Quadruplex (Gonzales et al.
2010). Quadruplex formation in NHE Il1; induce a complete silencing of c-
Myc transcription (Siddiqui-Jain et al. 2002), suggesting the importance of
this regulatory mechanism based on equilibrium between formation and
resolution of this DNA non-canonical secondary structures. Biological
significance of the intramolecular G-Quadruplex structure formed in c-Myc
NHE Ill; has been evaluated also in two Burkitt’s lymphoma cell lines,
confirming G-Quadruplex transcriptional inhibitory activity (Siddiqui-Jain et
al. 2002).

Furthermore, different proteins contribute to transcriptional regulation
favoring G-Quadruplex formation or resolution. Different studies identified
many proteins that could functionally interact with non-canonical DNA
conformation shedding light on the importance of these structures with
particular attention to G-Quadruplex (Fry 2007).
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2 Aim of the thesis

The Nucleophosmin C-terminal domain is the portion of the protein that is
altered by NPM1 gene mutations in Acute Myeloid Leukemia. This domain,
which consists of a three-helix bundle, as recently revealed by NMR
spectroscopy (Grummitt et al. 2008), is largely destabilized or totally
unfolded in the leukogenic variant protein, due to a change in the gene
reading frame that results in a protein that is longer by four residues and with
a different sequence in the last seven. Two main variations result from the
mutational event: i) the loss of one or both of two critical tryptophan residues
in the hydrophobic core of the three helix bundle, which accounts for the
dramatic loss of stability of the domain (Scaloni et al. 2010) and ii) the
appearance of a new Nuclear Export Signal at the C-terminus of the protein.
Both variations concur to the aberrant translocation of the protein in the
cytosol, which is the hallmark of this kind of leukemia.

The NPM1 C-terminal domain has been known for a long time to be
responsible for the nucleic acid binding properties of the protein. It was
shown that NPM1 binds both RNA and DNA, with a preference for single
stranded nucleic acids and with no specific sequence requirements (Hingorani
et al., 2000).

Because leukemic mutant NPM1 is stably localized in the cytoplasm,
we decided to further investigate the DNA binding properties of the protein,
assuming that some important function related to nucleic acid binding in the

nucleus might be impaired in these mutants.
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This task, which was the initial aim of my Ph.D. work, was tackled through
the combination of different spectroscopic techniques and probing NPM1 C-
terminal constructs of different lengths and a variety of site-directed mutants.
Importantly these studies revealed that, although capable of binding any
DNA oligo with low affinity, NPM1 C-terminal domain displays higher
binding affinity for oligos capable of assembling as G-quadruplexes. Since
the first rather serendipitous observation of this feature, my experimental
work was directed towards the full characterization of NPM1 as a novel G-
quadruplex binding protein.
Having established the preference of NPM1 for G-quadruplex DNA regions,
the next step of my experimental work was to structurally characterize the
complex formed by the NPM1 C-terminal domain and a representative G-
Quadruplex from the oncogene c-MYC promoter. This aim was particularly
intriguing to us, both because of its possible implications in understanding
NPM1 biology, but also because structural information about how proteins
recognize G-quadruplex DNA is very limited. This task was achieved with
the use of several NMR techniques and working in collaboration with Prof.
Ivano Bertini and Prof. Lucia Banci, at CERM-University of Florence, where
| spent the last year of my Ph.D. period.

In summary this thesis reports a detailed characterization of NPM1
DNA binding properties and a structural investigation of a representative
NPM1-G-quadruplex complex.

| believe that these studies may provide a useful conceptual

framework to better understand some of the biological functions played by
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this highly pleiotropic protein and their loss in the aberrantly cytoplasmic

localized variant protein.
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3 Results

3.1 NPM1 interaction with DNA

It is well known that NPM1 C-terminal domain is able to bind both DNA and
RNA, with a preference for single stranded oligonucleotides over duplexes
and with no specific sequence requirements (Hingorani et al., 2000). This
behavior suggested that NPM1 nucleic acid binding activity may serve for
NPM1-mediated ribosome transfer to the cytosol.

Recently, however, it was demonstrated that full-length NPM1 can interact
with a specific G-rich sequence present in SOD2 promoter region and it was
suggested that, through this recognition event, the protein is directly involved
in the transcriptional activation machinery, functioning as a positive regulator
of the SOD2 gene, by mediating the interaction between enhancer and
promoter regions (Xu et al. 2007). This promoter region is predicted to fold
in a hairpin with a five paired-bases stem and a stretch of ten consecutive
Guanines that form a loop (hereby named G-10 loop; Fig. 3.1B). By
interfering with base-pairing in the wild type sequence or eliminating the
loop, NPM1 is unable to bind the promoter region, preventing gene
transcription, and thus indicating a direct connection between promoter
region structure, NPM1 binding and gene transcription (Xu et al. 2007).

Our first aim was to confirm that the DNA binding activity of the G-10 loop
could be mapped to the C-terminal domain of the protein, as previously
reported in literature for unstructured oligos (Hingorani et al., 2000), and to
better define the boundaries of the DNA binding domain. To this purpose, a
biotynilated version of the G10-loop was immobilized on a streptavidin chip
and used as bait in Surface Plasmon Resonance analysis. Two different
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constructs of the NPM1 C-terminal domain were used as the analytes:
NPM1-C70 comprising the last 70 C-terminal residues, and NPM1-C53
comprising the last 53 residues, (Fig. 3.1 A). The first construct was chosen
because previous binding data on truncated proteins mapped the NPM1
nucleic acid binding activity to this segment (Wang et al. 1994; Hingorani et al.
2000), whereas NPM1-C53 was chosen because it is the minimal folding unit
of the C-terminal domain (Scaloni et al. 2009), which adopts a stable three
helix bundle structure (Grummitt et al. 2008).
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Fig. 3.1 Protein constructs and DNA oligos used in this study. A) Sequence of the
C-terminal domain of NPML1. The region differentiating NPM1-C70 from NPM1-
C53 (whose 3D structure is shown in the inset) is underlined. Mutated lysines are
shown in bold. The PSIPRED prediction is also shown (C=coil, H=a-helix, E=p-
strand).B) Oligos used in this study are shown both in sequence and in putative
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structure.

When testing NPM1-C70 as the analyte we obtained a Kp = 7.2 uM (Fig. 3.2
A, Table 3.1) while with NPM1-C53 we obtained a Kp = 169 uM (Fig. 3.2 B,
Table 3.1). Interestingly, both the association and dissociation rate constants
could be determined when NPM1-C70 was the analyte (Fig. 3.2 A), while
they were too rapid to be determined with NPM1-C53 (Fig. 3.2 B).

This result suggests that the nucleic acid binding site is altered in the shorter
protein construct and that, in this case, binding is mainly dictated by
electrostatic interactions of the positively charged protein domain (Fig. 3.1)

with the negatively charged G10-loop.
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Fig. 3.2 SPR sensorgrams of the interaction between G10-loop and NPM1
constructs. The oligo, biotynilated at its 5’ end, was immobilized on a SA
(streptavidin) sensor chip. A) experimental curves (dashed lines with circles)
represent different concentrations of NPM1-C70 used as the analyte and were fitted
according to a single exponential binding model with 1:1 stoichiometry (continuous
lines). B) experimental curves represent different concentrations of NPM1-C53.
Both on and off rates were too rapid to be resolved, C) Scatchard plot used to
determine the dissociation constant with NPM1-C53.

Next, we wanted to determine the structural properties of the DNA hairpin
necessary for binding NPM1. To this end we first tested a so-called T10-loop,
where the ten guanines at the loop of the G10-hairpin are replaced by ten
thymines, while all the other bases are conserved (Fig. 3.1 B). With NPM1-
C70 we obtained a Kp = 307 uM that increased to Kp = 1.17 mM with
NPM1-C53 (Table 3.1). This experiment indicates that a sequence that forms
a hairpin structure resembling that of the native G10-loop but with thymines
instead of guanines at the loop is poorly recognized, with a 42-fold lower
affinity. NPM1-C53 is indeed poorly competent for binding.

To explore the dimensional requirements of the hairpin for high affinity
recognition, we next immobilized a G5-loop, which maintains the same
hairpin arrangement of the G10-loop but with only five guanines in the loop
(Fig. 3.1 B). With this oligonucleotide, we obtained a Kp = 40 uM with
NPM1-C70 and of 224 uM with NPM1-C53. These experiments indicate that
both the presence of guanines at the hairpin loop and their number contribute, to
the global affinity, suggesting that the 3D-structure of the G10-loop plays an
important role.

To further assess the DNA binding properties of NPM1, we next tested an

oligo made only of T-bases (38-mer), hereby named poly-T (Fig. 3.1 B), and
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measured a Kp = 120 uM with NPM1-C70 and a Kp = 520 pM with NPM1-
C53 (Table 3.1). This suggests that the increased flexibility of the polyT
linear oligo with respect to the T10-loop can partly compensate for the
absence of guanines.

A further experiment was designed to establish the role played by guanines in
a DNA sequence that does not necessarily form hairpin structures. We
reasoned that if the protein preferentially recognizes with high affinity a
hairpin loop made of guanines, it might also be able to induce such loop
formation in a poly-G oligo and recognize it with good affinity (Figure 3.1 B).
Thus with poly-G we expected to find a Kp for NPM1-C70 higher than that
found with the G10-loop but lower than that found with the poly-T oligo.
Interestingly enough, with NPM1-C70 we obtained a Kp = 5.8 upM,
comparable to that of the physiological substrate G10-loop; with NPM1-C53
we obtained instead a Kp = 31 pM, the lowest measured so far with this
protein construct (Table 3.1). These results suggest that the recognition of a
poly-G oligo is far more specific than we might have anticipated. This may
be rationalized by hypothesizing that this oligo is not linear but has the
potential to form a structure that resembles that of the G10-loop. Indeed, by
investigating the literature, we realized that a polyG oligo, if long enough,
such as our 38-mer, has the potential to form 3D-structures known as G-

quadruplexes (Huppert and Balasubramanian, 2005; Neidle, 2009).
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Ligand Analyte Kp (UM) Kon (M's™) Kofr (5™)
, |198

NPM1-C70 72+0.2 2.8+0.1x10 5
G10-loop 10

NPM1-C53 1695 - -

NPM1-C70 3077 - -
T10-loop

NPM1-C53 1170 £ 40 - -

NPM1-C70 40+ 3 - -
G5-loop

NPM1-C53 224 +6 - -

NPM1-C70 120 + 26 - -
Poly T

NPM1-C53 520 £+ 30 - -

NPM1-C70 58+0.8 - -
Poly G

NPM1-C53 31+4 - -

. | 137

NPM1-C70 1.9+0.1 7.4+03x10 5
cMyc 10

NPM1-C53 82+ 15 - -

Tab. 3.1 Dissociation constants and kinetic parameters as determined by SPR

analysis




3.2 NPM1 C-terminal domain binds a sequence known to form a G-
quadruplex

G-quadruplexes are formed by sequences displaying at least four stretches of
at least three guanines, with no sequence requirements for the intervening
loops that are usually one to seven nucleotides long (G3N1-7G3N1.7G3N1.7G3)
(Huppert, 2008). The guanines interact with each other in an arrangement
different from the classical B DNA pairing, forming planar tetraeds stabilized
by the so-called Hoogsteen type H-bonds (Neidle, 2009; Huppert, 2008). These
structures are greatly stabilized by Na* or K" ions that intercalate in the rings
formed by the four guanines in the tetraed. Repetitive G-rich sequence
stretches are highly represented in the human genome and are clustered at
gene promoters, suggesting their functional importance.

We decided to investigate whether one well-characterized G-quadruplex
might interact with our NPM1 constructs. We focussed our attention on a
sequence contained in the NHE;, (nuclease hypersensitive element I11) region
of the c-Myc promoter that is known to regulate up to 90% of total c-MYC
expression. This is a well-characterized example of a parallel G-quadruplex
forming region, both in vitro and in vivo (Gonzales et al., 2010). An oligo
representing the G-quadruplex forming region of this promoter (hereby c-
MYC oligo) was therefore immobilized on a chip for SPR analysis (Fig. 3.1
B).

Interestingly, we found that NPM1-C70 binds the c-MYC quadruplex with a
Kp = 1.9 uM (Fig. 3.3 and Table 3.1), confirming that NPM1-C70 has high

affinity for a sequence that adopts a G-quadruplex structure. Similarly to the
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G10-loop, and contrary to the other oligos, both the association and
dissociation rates could be calculated, suggesting that c-Myc G-quadruplex
recognition is specific. Moreover, the experiment performed using NPM1-
C53 as the analyte led to a Kp = 82 uM, confirming reduced affinity with this
shorter domain (Fig. 3.3 and Table 3.1).
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Fig. 3.3 SPR sensorgrams of the interaction between ¢c-MYC and NPM1
constructs. A) experimental curves (dashed lines with circles) represent different
concentrations of NPM1-C70 used as the analyte and were fitted according to a
single exponential binding model with 1:1 stoichiometry (continuous lines). B)
experimental curves represent different concentrations of NPM1-C53. C) Scatchard
plot referring to curves in panel B for dissociation constant determination.
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3.3 The G10-loop forms a G-quadruplex structure in Vitro

The results reported so far suggest that the NPM1 C-terminal domain
recognizes with particularly high affinity sequences known to form G-
quadruplex three-dimensional arrangements. Under this light, it is interesting
to note that the G10-loop sequence, which is predicted to form a hairpin
according to conventional Watson-Crick pairing (Fig. 3.1B), also matches the
above mentioned folding rule for G-quadruplexes and, accordingly, is
predicted to form a G-quadruplex by the Quadparser algorithm (Huppert and
Balasubramanian 2009). Therefore, when annealing, this oligo has the
potential to form at least two alternative structures. To infer which of these
two structures is the most likely to be populated, we first collected the CD
spectra of G10-loop and c-MYC, for comparison. It is well known that
circular dichroism is diagnostic of G-quadruplex formation (Huppert 2008).
In particular, by comparing the spectra of the c-MYC oligo annealed in the
absence or presence of 100mM NaCl or 100mM KCI, respectively, we
observe a red-shift and increase in intensity of the peak at around 260 nm and
the formation of a through at 240nm(Fig. 3.4A). Importantly the same
features are observed in the case of the G10-loop spectra (Fig. 3.4B). These
variations are both considered hallmarks of parallel G-quadruplex formation
(Huppert 2008, Gonzalez et al. 2009). A second indication of a G quadruplex
structure for the G10-loop is derived from denaturation experiments. In Fig.
3.4C the thermal melting profiles of G10-loop in the 25-105 °C interval are
shown, whereas their corresponding static spectra are reported in Fig. 3.4D.
These data indicate that the melting transition is still not complete at 105 °C

for the G10-loop in the presence of 100mM KCI or NaCl, whereas a poorly
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cooperative transition with a Tm centered at around 65-70 °C is observed
when the same experiment is performed in the absence of monovalent
cations. The predicted melting temperature for a G10-loop adopting hairpin
structure is Tm =69.1 °C in 100 mM monovalent cations, according to the
mfold server. Conversely the Quadpredict algorithm predicts higher Tm
values, i.e. 94.9 and 77.1 °C, in the presence of 100 mM KCI or NaCl,
respectively. These higher values are in better agreement with our
experimental data, suggesting a G-quadruplex structure in these conditions.
Thermal melting profiles were also collected for the c-MYC oligo (Fig.
3.4E), as a control, and found to be similar to those obtained with the G10-
loop oligo (Fig. 3.4C).
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Fig. 3.4 G-10 loop adopts a G-Quadruplex fold in vitro. A, CD spectra of the c-
MYC oligo annealed in the absence (gray continuous line) or presence of 100 mM
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NaCl (dashed line) or 100mM KCI (black continuous line), respectively. B, CD
spectra of the G10-loop oligo. The line format is the same as in A. C, thermal
denaturation profiles of G10-loop in the 25-105 °C interval and in the absence (gray
continuous line) or presence of 100mM NaCl (dashed line) or 100mM KCI (black
continuous line). D, CD spectra of the G10-loop in the absence (gray continuous,
gray dashed dotted, and gray dotted at 25, 95, and 105 °C, respectively) or presence
of 100 mM KCI (black continuous, black dashed dotted, and black dotted at 25, 95,
and 105 °C, respectively). E, thermal denaturation profiles of c-MYC oligo in the
25-105 °C interval, collected in the absence (gray continuous line) or presence of
100mM NaCl (dashed line) or 100mM KCI (black continuous line).

Finally we analyzed the binding of the porphyrin TmPyP4 to our oligos, by
means of SPR. This molecule is known to bind G-quadruplex structures with
high affinity and a complex stoichiometry involving at least two binding sites
with different affinities (Freyer et al. 2007, Wei et al. 2006, Wei et al. 2010).
The interaction of TmPyP4 with poly(T) oligo (Fig. 3.5A) determines a series
of sensorgrams that, in the concentration range explored, always reach
equilibrium before the end of the contact time between analyte and ligand,
allowing both kinetic analysis, with a simple 1:1 model interaction (Fig.
3.5A), and the construction of a Scatchard plot (Fig. 3.5B). The average value
for this double determination is Kp=345+15 nM and is compatible with the
presence of a single binding site (Table 2). When analyzing the T10-loop
data, again we observed a single binding site with a lower dissociation
constant (Kp=35+15 nM) (Fig. 3.5, C and D, and Table 2). Conversely, when
analyzing TmPyP4 binding to the c-MYC oligo (Fig. 3.5, E and F) a more
complex behavior was observed, depending on the TmPyP4 concentration.
At low concentrations (bottom curves of Fig. 3.5E) the dissociation phase is
characterized by a single process corresponding to the off-rate constant of a

high affinity binding site. By increasing the TmPyP4 concentration, the off-
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rate becomes clearly biphasic (upper curves of Fig. 3.5E) reflecting the
titration of a second binding site with lower affinity.

Moreover, not all the traces reach the equilibrium, so that the corresponding
Scatchard plot is determined for a subpopulation of the porphyrin
concentrations studied. As a result, the equilibrium analysis performed via
the Scatchard plot is not compatible with a single binding site (see the dashed

line in Fig. 3.5F), whereas an excellent agreement is obtained assuming two
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Fig. 3.5 SPR sensorgrams of the interaction between the porphyrin TmPyP4
and different oligos (panels A, C, E, and G for poly(T), T10-loop, c-MYC, and
G10-loop, respectively) and their corresponding Scatchard plots (panels B,D, F,
andH). A, poly(T), from bottom to top of the panel [TmPyP4]=1600, 800, 400, 200,
100, 50, and 25 nM. Experimental data are reported as dashed lines with circles
(where the concentration was measured twice, also as dashed line with squares);
best fit assuming a 1:1 interaction is reported as a solid line. B, poly(T), Scatchard
plot, open circles are experimental data points and the solid line is the fit assuming a
single binding site. C, T10-loop, from bottom to top of the panel [TmPyP4]_1600,
800, 400, 200, 100, 50, and 25 nM. Symbols used are the same as in panel A. D,
T10-loop, Scatchard plot, the continuous line represents the best fit according to 1:1
interaction model. E, c-MYC, from bottom to top of the panel [TmPyP4]=1600, 800,
400, 200, 100, 50, 25, 12.5, 6.25, and 3.125 nM. Experimental data are reported as
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solid lines. F, c-MYC, concentrations used in the Scatchard plot are
[TmPyP4]=1600-25 nM. Open circles are experimental data points and the dashed
line represents the best fit assuming a single binding site, whereas the solid line is
the best fit assuming two independent binding sites. G, G10-loop, from bottom to
top of the panel [TmPyP4]=1600, 800, 400, 200, 100, 62.5, 31.25, 25, and 15.625
nM. Experimental data are reported as solid lines. H, G10-loop, the concentrations
used in the Scatchard plot are [TmPyP4] =1600-31.25 nM. Symbols used are the
same as in panel F.

binding sites (solid line in Fig. 3.5F and see Table 3.2 for the corresponding
KD values). Importantly, the experiments performed with the G10-loop
indicated that TmPyP4 binding to this oligo follows the same behavior as
observed with c-MYC, with the same stoichiometry and similar dissociation
constants for the high and low affinity sites, respectively (Fig. 3.5, G and H,
and Table 3.2). In conclusion, TmPyP4 binding data obtained with the G10-
loop are in agreement with those obtained with c-MYC and with previous
work on G-quadruplex forming oligos (Freyer et al. 2007, Wei et al. 20086,
Wei et al. 2010), whereas data obtained with the hairpin T10-loop are not.
Taken together, our results suggest that, in the presence of physiological
amounts of monovalent cations, the G10-loop folds as a G-quadruplex in
vitro and might also have this structure when recognized in vivo by NPM1
(Xu et al. 2007).

Ligand | Kp (M) Kon (M) Kofr (5™)
o 1.013 + 0.001 x
330.9£ 0.4 x 10™ (Kinetics) . 33.52£0.02
Poly T 10

360 + 30 x 107 (Scatchard) - -
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345 15 x 107 (Average

value)

20 + 10 x 10 ® (Kinetics) 2.9+0.8x 10" 6.2+2x10°

T10-loop | 50 + 8 x 10”° (Scatchard) - -

35 + 8 x 10°(Average value)

Site1: 8+ 14x10° - -
c-Myc

Site2: 1.3+0.2x10° - )

Site 1: 26 +3x10° - -
G10-loop

Site 2: 1.9+0.9x10° - 3

Tab. 3.2 Dissociation constants and kinetic parameters of TmPyP4 binding to

selected DNA, determined by SPR analysis

3.4 NPM1-C70 induces the Formation of G-quadruplex Structures

Having established that NPM1-C70 binds with high affinity preformed G-
quadruplex structures, we next investigated whether it is able to induce G-
quadruplex formation in vitro. In Fig. 3.6A we report CD spectra of the not
annealed c-MYC oligo titrated with NPM1-C70, in the absence of
monovalent ions. By progressively increasing the amount of NPM1-C70 we
observe, once again, a red-shift and increase in signal of the 260 nm peak and
the progressive formation of a through at 240 nm, which indicates that a G-
quadruplex is formed upon protein binding. The same effect, albeit less
evident, is obtained when using the G10-loop oligo (Fig. 3.6B). In a mirror

experiment, using pre-annealed c-MYC or G10-loop oligos (Fig. 3.6, C and
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D, respectively) we checked whether NPM1-C70 might have the property to
destabilize pre-formed G-quadruplex structures. In both cases increasing
amounts of protein had no effect on the CD signal of oligos pre-annealed in
the presence of monovalent cations. Thus NPM1-C70 is able to induce G-
quadruplex formation in unstructured oligos, whereas it does not unwind pre-

structured oligos.
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Fig. 3.6 NPM1-C70 is able to promote the formation of G-quadruplex
arrangement in unstructured oligos, whereas it does not unfold G-
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quadruplexes. A, not annealed c-MYC oligo (20uM) in the absence (gray solid
line) and presence of increasing amounts of NPM1-C70 (gray dots, black dots, and
black solid line for 10, 20, and 30 uM, respectively); the red shift and increase in
amplitude at 260 nm and the formation of a through at 240 are indicative of G-
quadruplex formation. B, not annealed G10-loop oligo (20 M) in the absence (gray
solid line) or presence of increasing amounts of NPM1-C70 (gray dots, black dots,
and black solid line for 70, 100, and 150 puM, respectively). C, spectra of c-MYC
oligo (20 pM), pre-annealed in the presence of 100 mM NaCl, and incubated with
increasing amounts of NPM1-C70 (same amounts as in panel A). D, same
experiment as in panel C performed using the G10-loop (20 uM). Amounts of
NPM1-C70 are the same as in panel B.

3.5 Identification of key residues in the NPM1-quadruplex interaction
Data reported so far strongly suggest that the NPM1 region comprised between
the longer NPM1-C70 construct and the shorter NPM1-C53 construct (aa
225-241) is necessary for high affinity binding. This region contains five
lysine residues that we hypothesized might play a role in the specific
recognition played by NPM1-C70 vs NPM1-C53 (Fig. 3.1). To test this
hypothesis we mutated each of them into alanine. The K229A-K230A double
mutant was also prepared. With these variant proteins we performed a
complete set of SPR experiments to measure the binding affinities with the
G10-loop and c-MYC oligos. Interestingly, none of the single mutants
significantly affected the interaction when the variant proteins were tested
against both oligos (Table 2.5). However, when testing the double mutant
K229A-K230A, we observed a marked reduction in affinity and obtained a
Kp= 135 puM for the G10-loop and Kp= 78 uM for the c-MYC oligo. These
values are very close to those obtained when testing the two oligos with
NPM1-C53 (compare Table 3.1 with Table 3.3) and suggest that residues
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K229 and K230 cooperate to the specific and high affinity recognition played

by NPM1-C70 on both oligos. Besides that, they also suggest that the mode

of recognition of the c-MYC and G10-loop is likely to be similar, pointing

again to a G-quadruplex structure for the G-loop oligo.

G10-loop cMYC
Ko (UM) | Kon (M5 Kot () Ko (UM) | Kon (M5 Kot ()
1.98 + 0.03 1.37 + 0.03
72402 | 28+0.1x10? 19+01 | 7.4+03x10°
NPM-C70 X x 103 X x 102
K229A 147+08 | 16+02x102 | 230004 1631009 [73+04x102 | /P * 03
x 10°° x10°3
K230A 109403 | 150 * 002 x| 160 £002 ., , 28+01x102 | 43 * 01
10? x10° x10°3
K233A 75405 |45+02x102 |3 E0LX ) 175406 |30+01x102 |22 * 01
108 x10°3
K236A 81402 |33+01x102 |270%£002) 5,9 28+02x102 | &7 * 02
x 10°° X102
K239A 198405 | 104 £ 002 x 12052002 50,09 |g7407x102 |20 ¥ 03
10? x10° x10°3
K229A-
135+8 | - ; 7847 ; ;
K230A

Tab. 3.3 Dissociation constants and kinetic parameters of different NPM1-C70

mutants binding as determined by SPR analysis
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3.6 Structural characterization of NPM1 C-terminal binding domain

By the experiments showed above we have investigated the NPM1 C-
terminal domain DNA binding activity trying to identify specific
requirements for high affinity recognition both at the protein and DNA level.
Our data suggest that the two protein constructs we analyzed, i.e. NPM1-C70
and NPM1-C53, have a markedly different DNA binding activity. The
shortest one, NPM1-C53, that was shown by Grummitt et al. to fold in a three
helix bundle, is poorly competent for DNA binding, compared to the longest
construct, NPM1-C70. Experimental evidence also suggests that NPM1-C70
binds with high affinity specific DNA sequences that are able to fold in G-
Quadruplexes. This feature was initially characterized with a well-known a
G-quadruplex forming region, both in vitro and in vivo, present in c-Myc
promoter region (Gonzales et al.,, 2010) and later extended to the
physiological NPM1 target found at the SOD2 promoter region used for
initial experiments fold as a G-Quadruplex. Finally to definitively establish
NPM1 as a bona fide G-quadruplex binding protein, we also showed that
NPM1-C70 is able to induce G-quadruplex folding in the absence of
stabilizing cations, and started to map residues important for G-quadruplex
recognition in the N-terminal tail of the NPM1-C70 construct.

Therefore NPM1 can be added to the increasing list of G-Quadruplex binding
proteins. Even though the importance of G-quadruplex recognition for a
variety of physiological processes is now clear, only very little structural
information is available concerning the molecular recognition mechanism of
complex formation (Sissi et al. 2011). To the best of our knowledge, only two

structures are available: i) thrombin in complex with a synthetic aptamer that
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folds as a G-quadruplex (Padmanabhan et al. 1993), and ii) the Oxytricha
nova TEBP heterodimer bound to its telomeric sequence (Horvath et al.
2001).

Therefore we decided to analyze the interaction of NPM1 DNA binding
domain with the G-quadruplex sequence from the NHEm region of the c-
MYC promoter, using NMR techniques. This work was performed in
collaboration with Prof. Ivano Bertini and Prof. Lucia Banci, at CERM
laboratories, University of Florence.

For NMR experiments we used the NPM1-C70 protein construct, having
previously shown that the shorter NPM1-C53 is poorly competent for DNA
binding and that the 17-residue lysine-rich region at its N-terminus (residues
225-241) that differentiate NPM1-C70 from NPM-C53 is necessary for high
affinity.

As a first step we determined, by a combination of standard NMR techniques,
the structure of NPM1-C70, since only the structure of NPM1-C53 was
known (Grummitt et al., 2008). The protocol used for structure determination
Is detailed in the Materials and Methods section while statistics about
structure determination are shown in Table 3.4.

The structure depicted in Figure 3.7A comprises a well-defined 3-helix
bundle, similar to the NPM1-C53 construct (Grummitt et al. 2008), in terms
of length, relative orientation and hydrophobic interactions between all the
helices in pair (Fig. 3.7A). On the other hand, the lysine-rich region (residues
225-241) that enhances DNA binding is unstructured, as indicated by high
values of *N-'H R1 (Fig. 3.7B) and low values for *N-'H R2 (Fig. 3.7C) and

heteronuclear NOEs (Fig. 3.7D), with no secondary structure elements, nor
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any propensity to fractionally take them as clearly shown from the chemical
shift index analysis (Fig. 3.7B-C). Conversely, the folded part of the NPM1-
C70 construct shows *N-'H R1 and “N-'H R2 values typical of an 8 kDa
protein (Fig. 3.7B-C) and positive values for heteronuclear *N{*H} NOEs
values (Fig. 3.7D), even though the latter are lower than those of a rigid
protein, thus indicating the occurrence of fast internal motions.
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Fig. 3.7 NPM1-C70 quadruplex-binding C-terminal domain, encompassing
residues 225-294. A) NMR solution structure of NPM1-C70 showing the twenty
lower-energy structures. A lysine-rich natively unstructured segment (aa 225-242)
precedes the terminal three-helix bundle. B) N-'H R, NOE values and C) **N-'H
R, NOE values. Low R; and high R, values for segment 225-242 are consistent with
the N-terminal tail being unstructured. D) Heteronuclear >N{*H} NOEs are positive
but smaller than expected for a 8 kDa protein, indicating fast internal motion in the
three-helix bundle. Red lines indicate average values for the 225-242 and the 243-
294 segments, respectively.

43



AMBER 10.0*

RMS deviations per meaningful distance (20 structures)
constraint (A)]’:

Intraresidue (189) 0.0065 +0.0063
Sequential (279) 0.0208 + 0.0062
Medium range (220)° 0.0198 £ 0.0031
Long range (40) 0.0106 £ 0.0122
Total (728) 0.0178 +0.0015

RMS violations per meaningful dihedral angle
constraints (deg) b

Phi (42) 1.20+1.01
Psi (42) 6.17 £4.19
Average no. of NOE violations larger than 0.3 A 005+022
Average NOE deviation (A°) d 0.01 +0.03
Average angle deviation (rad®) ¢ 0.66 +0.10
RMSD to the mean structure (A) (BB) © 080x0.21
RMSD to the mean structure (A) (HA) © 140+0.15
Structural analysis

% of residues in most favorable regions *# 96.5%

% of residues in allowed regions "2 33%

% of residues in generously allowed regions 2 0.1%

% of residues in disallowed regions 8 0.0%
G-factor * ¢ 0.03
Structure Z-scores ="

1st generation packing quality 1.27
2nd generation packing quality 45
Ramachandran plot appearance -1.50

¥ 1/%2 rotamer normality -3.04
Backbone conformation -0.50

*AMBER indicates the energy minimized family of 20 structures.

®The number of meaningful constraints for each class is reported in
parenthesis.

‘Medium range distance constraints are those between residues (11+2),
(i4+3), (ii+4) and (i.i+5).

UNOE and torsion angle constraints were applied with force constants of 20
keal mol?® A2, 20 keal mol™ rad?, respectively.

*The RMSD to the mean structure is reported considering the sezment 20-68.
As it results from the Ramachandran plot analysis. For the PROCHECK
statistics. an overall G-factor larger than -0.5 are expected for a good quality
structure.

£The statistic analysis is reported considering the segment 20-68.

"Values based on WHAT-IF output. A Z-score is defined as the deviation
from the average value for this indicator observed in a database of high-
resolution crystal structures, expressed in units of the standard deviation of
this database-derived average. Typically. Z-scores below a value of -3 are
considered poor, those below -4 are considered bad.

Table 3.4 Statistical analysis of the energy minimized family of conformers of
NPM1-C70

3.7 The complex of NPM1-C70 with c-MYC G-quadruplex DNA
We have already shown that NPM1-C70 binds a DNA oligonucleotide
resembling a specific sequence found at the NHEm region of the c-MYC

promoter and that this 27-mer region (c-MYC Pu27) of sequence, 5’-
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TGGGGAGGGTGGGGAGGGTGGGGAAGG-3’, is known to form a
parallel G quadruplex structure in the presence of K* at physiological
concentration (100- 150 mM) (Gonzalez and Hurley 2010). Pu27 contains
five runs of three or more consecutive guanines and therefore can, in
principle, populate several G-quadruplex structures with different topologies
(Huppert 2008). These multiple conformations are indeed observed in the
free state, as monitored by multiple sets of NMR signals in slow exchange in
the 1D 'H NMR spectra (Fig. 3.8A, blue line). Moreover, Pu27 maintains
different G-quadruplex topologies also when bound to NPM1-C70 (Fig.
3.8A, red line). The structural heterogeneity of the Pu27 sample complicates
the analysis of its interaction with NPM1-C70.

However, recently, Patel and coworkers showed that a c-MYC derived shorter
oligonucleotide of 24 residues, containing a guanine to inosine substitution in
one of the guanine runs, populates only one of the possible G-Quadruplex
conformations (called Pu24l: 5’-TGAGGGTGGIGAGGGTGGGGAAGG-
3’) (Phan et al. 2005). Therefore we decided to use this oligonucleotide for
further studies that were greatly facilitated by the availability of the *H nuclei
assignment for the Pu241 oligonucleotide, gently provided to us by courtesy
of Anh Tuan Phan and Vitaly Kuryavyi (Phan et al. 2005).

First, by comparing the 1D 'H NMR spectra of Pu24l in the free state
and bound to NPM1-C70, we confirmed that Pu24l, differently from Pu27,
displays only a single G-quadruplex topology that is retained after NPM1-
C70 binding (Fig 3.8B). Then, to assess whether Pu24l undergoes major
conformational changes upon NPM1-C70 binding, we performed

intramolecular NOEs experiments for the bound state of Pu24l and compared
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it to its free state. To characterize the bound state a w1 “*C-filtered, w2-"*C-
filtered NOESY experiment was recorded in a 2D plane (*H-'H plane) while,
in the case of Pu24l free state, a standard 2D NOESY was performed. As
shown in Figure 3.8C, no major variations are visible in the superimposition
of the two spectra, indicating that the G-quadruplex structure of Pu24l is

maintaining its conformation when bound to NPM1-C70.
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Fig. 3.8 Analysis of Pu27 and Pu24l G-quadruplex conformations. A)
Superimposition of the 1D *H NMR spectra of Pu27 in the free state (blue) and
bound (red) to C70-NPM1. Both spectra were acquired at 700MHz and at 290K. B)
Superimposition of the 1D *H NMR spectra of Pu24l in the free state (blue) and
bound (red) to C70-NPM1. Both spectra were acquired at 700MHz and 290K. C)
Details of the superimposition between w;-"C-filtered, w,-"*C-filtered NOESY
experiments in a 2D plane (*H-'H plane) of Pu241-NPM1-C70 complex (black) and
a classical 2D NOESY of Pu24l in its free state (red). Both spectra were acquired at
700 MHz and 290K.
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To further investigate the interaction of NPM1-C70 with Pu24l, we titrated
N-labeled NPM1-C70 with increasing amounts of unlabeled Pu24l,
following *H-"N HSQC spectra of labeled NPM1-C70. (Fig. 3.9).
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Fig. 3.9 'H-"*N HSQC spectra of °N-labeled NPM1-C70. *H-""N HSQC spectra
of labeled NPM1-C70 before (green) and after addition of unlabeled Pu24l,
respectively 50% (red) and 100% (blue) of NPM1-C70 concentration. Spectra were
acquired at 700MHz and 290K.

The NMR titration results confirm the interaction between the NPM1-C70
and Pu24l and, by analyzing *H-"N HSQC spectra, we observed both the
appearance of new peaks and the disappearance of others, indicating the
formation of a new species that exchanges slowly with the free protein on the
NMR time scale, i.e. < 10% s™ (Fig. 3.9 and 3.10A). The ratio of the intensity

of the signals, for a given resonance in the two species, changes linearly with
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the amount of Pu24l, and reaches a plateau upon addition of stoichiometric
amounts of Pu24l, consistently with a 1:1 protein- Pu241 complex (Fig. 3.9).
In particular some signals of the protein experience a significant change in
chemical shift (dun). To define which residues are interacting residue the
CSP (Chemical Shifts Perturbation) should be higher than the average
variations plus one standard deviation (<opn> = 0.043 + 0.025 ppm, Black
line in Fig. 3.10B). Also signals that broaden their linewidth or disappear
during the titration were taken under consideration.

This analysis shows that NPM1-C70 interacts with Pu24l mainly via
hydrophilic residues, located in helices H1 and H2 and exposed on the same
side of the protein (Fig. 3.10B and Fig 3.10C). Interestingly, also a few
residues located on helix H3 display chemical shifts variations (Fig. 3.10B
and Fig. 3.10C). Since the latter are buried and interact with helices HI and
H2, we conclude that a strong coupling is present among the 3 helices. In the
protein-Pu241 complex, no chemical shift variations are detected for residues
belonging to the NPM1-C70 N-terminal unstructured segment, indicating that
this tail is not directly involved in the complex (Fig. 3.10B). This surprising
result is confirmed by analysis of the **N-heteronuclear relaxation data in the
complex, where the N-terminal tail is still characterized by high values for
heteronuclear *N-'H Ri1 (Fig. 3.10D) and low values for heteronuclear **N-'H
R2 (Fig. 3.10E) and heteronuclear NOEs (Fig. 3.10F), consistent with a
natively unstructured state. Conversely, the folded C-terminal region of
NPM1-C70 shows *N-'H R1 and *N-'H Rz values typical of a complex of 16

kDa molecular weight (in agreement with the sum of the molecular weights
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of NPM1-C70 and Pu24l) and positive values for heteronuclear “*N{*H}
NOE values (Fig. 3.10E-D-F).

Both results suggest that the complex between NPM1-C70 and Pu24l is
stable, consistent with the high affinity described in previous observation for
the Pu27 oligonucleotide. The relaxation data analysis also pointed out that
the heteronuclear “N{*H} NOE values increase in the folded region of
NPM1-C70, indicating an increasing rigidity for the three-helix bundle of
NPM1-C70 upon binding of Pu24l (Fig. 3.10F).
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Fig. 3.10 Interaction of NPM1-C70 with the Pu241 G-quadruplex. A) N HSQC
spectra of the protein before (black) and after addition of stoichiometric amounts of
unlabeled Pu24l (red). Representative chemical shift variations are labeled
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indicating relevant residues. B) Chemical shift variations cluster in the three-helix
bundle while they are not found at the N-terminal 225-242 segment. The horizontal
black line indicates the average chemical shift variation plus one standard deviation
upon Pu24l addition. C) Residues experiencing chemical shift variations higher than
the average plus one standard deviation are highlighted on the structure of the
protein. Residues belonging to helices H1 and H2 are solvent exposed. A few
hydrophobic residues belonging to helix H3 are also affected indicating coupling
between the helices upon Pu24l binding. D) Heteronuclear 15N-1H R1 and E)
heteronuclear 15N-1H R2 values for NPM1-C70 in complex with Pu24l indicate
that the N-terminal region flanking the three-helix bundle remains unstructured after
Pu24l binding. F) The increase of heteronuclear 15N{1H} NOE values in the three
helixbundle upon Pu24l binding (see Figure 3.7D for comparison) suggests increate
rigidity.

3.8 Experimentally restrained molecular docking of the NPM1-C70 —
Pu241 complex

To gain additional information on the structure of the complex, “*C-filtered
NOESY experiments were performed. Six intermolecular NOEs were
detected between NPM1-C70 and Pu24l in the complex (Table 3.5). An
example of assignment of NOE cross-peaks is shown in Figure 3.11A. They
involve Lys and Asn residues of the protein (whose sidechains are let free to
rotate during the subsequent docking calculation) and sugar backbone
protons on Pu24l. These distance restraints, together with the chemical shifts
perturbations defined as Ambiguous Interaction Restraints (AIRs; also listed
in Table 3.5), were used to calculate a structural model of the NPM1-
C70/Pu241 complex, within the data-driven HADDOCK docking program

(see the Experimental section for details about the protocol used).

50



Intermolecular NOEs

NPM1-C70 atoms Pu24I atomns Distance (A)

Lys 250-HGI/HG2 G13-H3 401
Gl11-H5S 5.83
Al2-HI' 5.53
TI-H72 4.03
Asn 270-HD22/HD21 G15-H5" 452
Asn 274-HD22/HD21 G23-H21 3.12
Ambiguous Interaction Restraints
Active Residues of NPM1-C70 Active Residues of Pu241
Glu245 Gua5
Lys248 Gual3
Lys250 Gual?
GIn252 Gual0

Ser254
Te255

Lys257
Val264
Phe268
1269

Asn270
Asn274
Phe276
Thr279
Te284

Leu287
Trp290

Table 3.5 Intermolecular NOEs and AIRs used for HADDOCK docking
calculations

Importantly, HADDOCK calculations identified a single cluster of docking
poses. In particular, 184 final complex structures were obtained at the end of
the procedure with a RMSD from the lowest energy solution of 1.5 + 0.9 A.
As an example, the twentieth lower Energy docking poses are reported in
Figure 3.11B. As shown in Figure 3.11C the interaction surface involves one
side of the three-helix bundle, the interacting residues being all located on
helices H1 and H2, with a buried area of 1358.6 +/- 92.2 A2. Based on the
assignment of the intermolecular NOEs (Figure 3.11A and Table 3.5), the
interaction involves side chains of NPM1-C70 residues Lys250, Lys257,
Asn270 and Asn274. On the Pu24l side, intermolecular NOEs indicate the
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involvement of protons of the backbone (mainly the deoxyribose ring) of
nucleotides T1, G11, Al12, G13, G15 and G23. From the structure model

analysis, a linear stretch of nucleotides (from G11 to G16) located on one
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Fig. 3.11 Intermolecular NOEs and HADDOCK calculations and structural
model of the NPM1-C70/Pu24l complex. A) An example of NOE cross peaks
assignment from 0-"C-edited, ©,-"C-filtered NOESY experiments in a 2D plane
(1H-1H plane) of the NPM1-C70-Pu241 complex acquired on a **C,"®N NPM1-
C70/unlabeled Pu24l sample. B) The twentieth lower energy complex structures
obtained by NMR-data restrained molecular docking calculations using the
HADDOCK protocol. NPM1-C70 is represented in blue and Pu24l in green. C)
Ribbon representation of the lowest energy model, showing helices H1 and H2 of
NPM1-C70 approaching the G-quadruplex “laterally” and interacting with a specific
segment of the backbone (in orange). D) NPM1-C70 is represented with its
electrostatic surface (blue for positive and red for negative, respectively), while
Pu24l is in ribbon. The Pu24l structure is shown in transparency to highlight the
small positively charged groove in between helices H1 and H2 that accommodates a
stretch of Pu24l nucleotides (G11-G16, colored in orange). The long unstructured
tail is also positively charged and may play a role in long range electrostatic
interactions with the approaching oligonucleotide.
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the G-quadruplex scaffold (Fig 3.11C), intercalates into a groove formed by
helices H1 and H2 (Fig. 3.11D). Interestingly, this stretch contributes to the
formation of each of the three stacked guanine tetrads in the G-quadruplex
scaffold. By analyzing the twentieth lower energy docking solutions it
appears that residues Lys250, Lys257, Asn270 and Asn274 always
participate to the formation of salt bridges or hydrogen bonds with backbone
phosphates belonging to the G11-G16 linear stretch. In addition, residues
Lys267 and Cys275 are always found at the interface, where they contact
phosphate groups in the G11-G16 stretch, in all twentieth lower energy

docking poses.
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4 Discussion

The initial aim of this work was to better understand the DNA binding
features of NPM1, starting from foundations already established by others,
that described the NPM1 C-terminal domain as responsible of DNA binding
with a increased affinity for single-stranded structures over duplexes and no
sequence requirements (Wang et al. 1989, Dumbar et al. 1994).

Since binding experiments reported so far were rather qualitative, we resorted
to develop binding assays with the Surface Plasmon Resonance (SPR)
technology in order to quantitatively describe the NPM1-DNA binding
reaction.

Our first SPR experiments indicate that, besides the shorter NPM1-C53
construct being able to recognize any oligonucleotide tested with low
affinity, high affinity recognition is achieved only with NPM1-C70, thus
establishing that the lysine rich tail located at the N-terminus of the C-
terminal three-helix bundle of the protein plays a role in DNA recognition
(Hingonari et al., 2000).

Moreover, rather than just being a single stranded binding protein as initially
suggested, NPM1’s preferential binding is for oligonucleotides with defined
3D structure. Indeed this is the case of the G10-loop, a sequence found at the
promoter of the SOD2 gene, which is bound by NPM1 in vivo and was
predicted to form a hairpin based on conventional Watson-Crick pairing (Xu
etal., 2007).

However, a predicted hairpin structure is not sufficient to confer high binding
affinity, as shown by the results obtained with an alternative oligonucleotide,

(T-10 loop), or modifying the oligonucleotide in the hairpin by reducing the
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number of guanines in the loop (G-5 loop). We showed that in both cases
affinity is reduced (Fig. 3.1, Tab. 3.1). These experiments suggest that both
the presence of guanines and their number (table 3.1) in the loop contribute to
the global affinity, indicating that the 3D structure adopted by the G-10 loop
oligo plays a critical role in recognition.

Further investigations suggested that not only the predicted hairpin
structure of the G10-loop is not per se sufficient to confer protein high
affinity recognition but also indicated that the expected hairpin might not be
the real structure adopted by the G10-loop in vitro and possibly also in vivo.
First, we showed that NPM1-C70 is able to recognize with high affinity
oligos characterized by G-rich sequences, and specifically those obeying the
G-Quadruplex folding rule (Huppert and Balasumbramanian 2005). This was
shown first using a poly(G) oligo of the same length of the G-10 loop and,
importantly, further confirmed with the well-characterized G-Quadruplex
forming sequence located at the Nuclease Hypersensitive Element IlI;
(NHEIII,) of the c-MYC promoter (Pu27), a 27-mer region that is known to
adopt a G-quadruplex conformation both in vitro and in vivo.

Since the G-10 loop sequence obeys itself to the G-quadruplex folding rule,
we started investigating whether this might be the real structure adopted by
the oligonucleotide.

First, CD spectroscopy shows that the G10-loop presents all the hallmarks of
parallel G-Quadruplex formation in the presence of physiological
concentrations of K or Na" ions. Moreover we found that the thermal
unfolding of this oligo in the presence of monovalent cations is still not

complete at temperatures as high as 105°C, reflecting the enhanced stability
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conferred to G-Quadruplex structures by K* and Na™. Finally we showed that
the G10-loop, contrary to the T10-loop, is capable of binding the porphyrin
TmPyP4 with the same stoichiometry and similar dissociation constants of
the Pu27 c-MYC oligo, behaving as expected for a G-Quadruplex forming
oligo.

Taken together, these data strongly suggest that the G10-loop is indeed
folded as a G-Quadruplex in vitro. Moreover they suggest that NPM1 rather
that recognizing specific sequences, shows a preference for specific 3D
structures and in particular for G-quadruplexes. This was further confirmed
by experiments showing that NPM1-C70, besides binding G-quadruplex
forming regions, is also capable of promoting G-quadruplex formation in
vitro. This property may be relevant for NPM1 regulatory functions in the
cell and needs to be further investigated, especially in light of a putative more
general role of the protein, than originally expected, in transcriptional
regulation. For instance, it was shown that NPM1, through its interaction
with the G-10 loop, promotes the transcriptional activation of the SOD2 gene
(Xu et al. 2007) and it is thus possible to hypothesize that other genes,
containing G-quadruplexes in their promoter genes, might be regulated by
NPML1.

Under this light it is interesting to note that a large number of promoter
regions have been investigated and shown to contain regions capable of
forming fully folded G-Quadruplexes at least in vitro (Qin and Hurley 2008).
In particular these regions are frequently associated to oncogene promoters
while they are generally absent in tumor suppressor genes promoters. This

association of G-Quadruplex with gene promoters was consistent with the
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hypothesis of linking G-Quadruplexes formation with transcriptional control
of genes (Simonson et al. 1998).

One of the best characterized G-Quadruplex regulating activity is
represented by the NHEIII; region at the c-MYC promoter, that is able to
suppress up to 90% of c-MYC gene in vivo transcription when adopting a G-
Quadruplex structure, thus inhibiting tumor growth in xenograft tumor mouse
models (Grand et al. 2002). In other cases G-quadruplex stabilization may be
associated to gene activation, possibly through protein binding (Huppert
2008), as already shown for the SOD2 promoter (Xu et al. 2007).

The selective localization at oncogene promoters and telomeres makes
of G-quadruplex DNA an attractive target for tumor treatment, and the
structures of several G-quadruplex regions alone and in complex with drugs
have been reported (Neidle 2009). Conversely, although the list of proteins
that bind G-quadruplex DNA is rapidly increasing and the importance of
such interactions for a variety of physiological processes is now clear, very
little structural information is available concerning the molecular recognition
mechanism (Sissi et al. 2011). To the best of our knowledge, only two
structures are available: (i) thrombin in complex with a synthetic aptamer that
folds as a G-quadruplex (Padmanabhan et al. 1993) and (ii) the Oxytricha
nova telomere-binding protein heterodimer bound to its telomeric sequence
(Horvath et al. 2001).

Thus, in the second part of my Ph.D. work, we decided to characterize
the NPM1-G-quadruplex interaction from a structural point of view, both
because such data could shed new light on the roles played by NPML1 in the

cell that are lost in the leukemic blasts, and also, more in general, because
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they would contribute to better understand protein-G-quadruplex interaction
properties. Among the several oligonucleotides tested, we focused our
attention on the interaction of NPM1-C70 with the G-quadruplex at the
NHEIII region of the c-MYC promoter, because this is the DNA sequence
bound with the highest affinity whose structure is known (Linge et al. 2003).

The structure of NPM1-C70 alone and bound to the DNA fragment
was investigated by a combination of NMR experiments and docking
calculations guided by experimental restraints. As shown in Figure 3.11,
NPM1-C70 binds the Pu24l G-Quadruplex through a specific surface at the
interface between helices H1 and H2. Several positively charged and polar
residues establish interactions mainly with phosphate groups of a linear
stretch of nucleotides, which fits the small groove at the H1-H2 interface.
Interestingly, this stretch contributes to the formation of the main G-
Quadruplex scaffold while the interactions with nucleotides belonging to the
connecting loops appear marginal. This may explain why NPM1 recognizes,
with comparable affinity, several G-Quadruplexes, which differ in loop
length and distribution.

Analyzing NPM1-C70 residues involved in the interaction, much
interest was generated by Lys257 and Lys267, because they are acetylated in
vivo by p300 and deacetylated by SIRT1 (Shandilya et al. 2009). NPM1
acetylation results in dislocation of the protein from nucleoli to the
nucleoplasm, where NPM1 interacts with transcriptionally active RNA
Polimerase Il. Our finding that these two residues are at the interface with
Pu24l DNA suggests that loss of nucleolar localization may be due to

impaired DNA binding at the nucleoli coupled to acetylation.
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Interestingly, we also found from docking simulations that Cys275 is always
located at the center of the surface buried by Pu24l. Cys275 is targeted and
alkylated by the natural antitumoral compound (+)-avrainvillamide (Wulf et
al. 2007). Treatment of LNCaP or T-47D cells with (+)-avrainvillamide leads
to an increase in cellular p53 concentrations and promotes apoptosis. It is
therefore conceivable that these effects may be linked to (+) avrainvillamide
mediated impairment of NPM1 nucleic acid binding efficiency.

When we investigated the structure of NPM1-C70, both alone and in
complex with the c-MYC quadruplex, we were particularly interested in
analyzing the arrangement of the N-terminal tail of NPM1-C70 construct, the
lysine-rich 17-residue region that differentiate NPM1-C70 from NPM1-C53.
Indeed we had previously shown that this region is i) required for high
affinity binding and ii) does not form any particular secondary structure
element, neither before nor after binding. To our surprise we showed that this
region is completely unstructured both before binding and in complex with
Pu24l and, more importantly, it does not contribute to the final complex.

By inspecting the literature, however, we realized that this finding parallels
previous observations in other systems. For instance, the affinity of the
CAMP- responsive element-binding protein KID domain for the KIX domain
of the cAMP-responsive element-binding protein- binding protein is
significantly reduced when an unstructured portion of the domain that does
not participate directly to the complex contact surface is deleted (Zor et al.
2002). Similarly, the interaction of splicing factor 1 with the large subunit of
the U2 small nuclear RNA auxiliary factor (U2AF65) is affected by flanking

unstructured regions that do not physically contact the partner (Selenko et al.
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2003). This phenomenon, which is more frequent than previously anticipated,
has been termed “flanking fuzziness” (Tompa and Fuxreiter 2008).
Furthermore, it was shown recently that a large fraction of transcription
factors are characterized by the presence of unstructured regions that flank
the DNA-binding domain, at one or both ends, and that these regions may
impact the affinity for specific or nonspecific DNA sequences (Gao et al.
2012).

What could the role of this unstructured N-terminal tail of NPM1-C70 be?
Although this issue is still under investigation, it is conceivable that the
presence of an unstructured segment adjacent to the interacting domain may
provide a larger platform for long range electrostatic interactions or even
transient physical contacts that facilitate the fine tuning of binding (Tompa
and Fuxreiter 2008). This is supported by our observation that two
concomitant Lys to Ala substitutions (Lys229-Lys230) in the unstructured
segment of NPM1-C70 result in a dramatic decrease of global affinity.
Furthermore, exposed unstructured regions may be modified by post-
translational modifications, driving regulatory changes. Several residues in
the unstructured segment may be modified, such as Lys229 and Lys230 that
are among the lysines acetylated by p300 and deacetylated by SIRT1
(Shandilya et al. 2009). A number of putative phosphorylation sites are also
present in the tail, including Ser227, Thr234, Thr237, and Ser242; among
these, the phosphorylations of Ser227 by PKC and of Thr234-Thr237 by the
Cdk1l-cyclinB complex were experimentally validated (Beckmann et al.

1992, Okuwaki et al. 2002). Both acetylation and phosphorylation may

60



therefore interfere with NPM1 nucleic acid binding and play a role in NPM1
activ- ity and trafficking throughout the cell cycle.

In conclusion, in this work we have undertaken a rigorous analysis of the
DNA binding activity of the NPM1 C-terminal domain, which is largely
destabilized in Acute Mieloyd Leukemia patients bearing mutations at the
NPM1 gene. We initially focused on defining both the domain boundaries
necessary for high affinity recognition and on the DNA sequences and
structures that could be recognized efficiently. These studies led to the
identification of NPM1 as a novel G-quadruplex binding protein. Then we
analyzed the structure of NPM1 C-terminal domain in complex with a
representative G-quadruplex and i) identified residues directly involved in the
binding, and ii) provided a structural explanation for the higher affinity
displayed by NPM1 for G-quadruplex sequences.

Leukemia-associated NPM1 mutations cause dramatic destabilization up to
total unfolding of the terminal three-helix bundle that is responsible for the
aberrant cytosolic transloca- tion of the protein. Scaloni et al. (Scaloni et al.
2009, Scaloni et al. 2010) showed that a malleable “native-like” structure that
accelerates folding is retained in the denatured state of the wild-type NPM1-
C53 three-helix bundle and involves helices H2 and H3 (H3 is also the site of
leukemic mutations), whereas helix H1 is totally unfolded in the denatured
state. A possible strategy to rationally target NPM1 for the treatment of this
type of leukemia might be that of developing a drug able to stabilize in the
leukemic variant a native-like structure by altering through binding the
folding-unfolding equilibrium in favor of the native state. Our folding studies

suggested that such a drug should preferentially target helix H1. Because we
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have shown here that G-Quadruplex DNA specifically binds a region in
between helices H1 and H2 of NPM1- C70, we may attempt to rationally
design aptamers or other smaller molecules that by mimicking the binding
properties of G-quadruplexes to NPM1 C-terminal domain might stabilize a

native-like state in the leukemic variant.
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5 Experimental Procedures and Methods

5.1 Cloning and expression of Cter-NPM1 construct: NPM1-C53 and
NPM1-C70.

NPM1-C53 (Nucleophosmin AN-242) gene was obtained by gene synthesis
(GeneART, Ragensburg, Germany) and was cloned into a pET28+(a) vector
(Novagen, San Diego, CA) between restriction sites Ndel and BamHI (New
England Biolabs, Hitchin, UK).

NPM1-C70 (Nucleophosmin AN-225) gene was obtained by gene synthesis
(GeneART, Ragensburg, Germany) and was cloned into a pET28+(a) vector
(Novagen, San Diego, CA, USA) between restriction sites Ndel and BamHI
(New England Biolabs, Hitchin, UK).

Both protein construct were expressed fused to thrombin cleavable His6-tag at
N-terminus, using E.coli BL21(DES3) strain as expression system.

Expression of NPM1-C53 and NPM1-C70 is similar and provide transformed
cells growth Agp=0.5 in LB medium supplemented with Kanamycin at 37 °C.
At this point ImM isopropyl 1-thio-B-D-galactopyranoside (Inalco, Milan, Italy)
was added and cells were further grown at 20 °C for 16 h under vigorous flask

shaking.

5.2 Protein purification.

Also purification protocols of NPM1-C53 and NPM1-C70 are similar and begin
with cells harvesting and resuspending in lysis buffer (Hepes 20 mM pH 7.0,
150 mM NaCl, 25 mM Imidazole, 5 mM B-mercaptoethanol). Cells were

supplied with a protease-inhibitor cocktail (Roche, Basel, Swiss).
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Sonicated cells were centrifuged and supernatants were recovered.

Proteins were purified using a 5ml Ni** chelating affinity column (GE-
Healthcare, Boston, USA) loaded at 1 ml/min and washed with three column
volumes with lysis buffer. Elutions were performed with a linear gradient
from 0 to 100% elution buffer (Hepes 20 mM pH 7.0, 150 mM NaCl, 1 M
Imidazole, 5 mM B-mercaptoethanol) with a flow rate of 2 ml/min. Peak
fractions were pooled and fractions containing the protein, as judged from
SDS-PAGE, were collected, diluted 10-fold with lysis buffer, and incubated
with thrombin .

The fusion proteins were cleaved by thrombin digestion with 1 U enzyme per
2 mg fusion protein, at 4°C for 2h.

After thrombin cleavage the reaction mixture was supplemented with
protease inhibitors (Roche Applied Science) and loaded on a Ni?* affinity
column, pre-equilibrated with lysis buffer, to remove the thrombin clave N-
terminal His tag and uncleaved protein. Protein was recovered from the flow-
through, diluted 10-fold with 20mM Hepes, pH 7.0, 5 mM -
mercaptoethanol, and loaded on a SP-Sepharose column pre-equilibrated
with the same buffer. Protein was eluted using a NaCl linear gradient, from 0
to 100% elution buffer (Hepes 20 mM pH 7.0, 1 M NaCl, 5 mM f-
mercaptoethanol) with a flow rate of 2 ml/min. Peak fractions were pooled
and buffer was exchanged to remove the salt, concentrated up to 600mM,
with 20 mM Hepes buffer, pH 7.0, 5SmM B-mercaptoethanol, by using
concentration tubes with cut-off of 3000 Da according to the manufacturer
instructions (Millipore, Billerica, MA, USA), and stored at -20 °C.

64



For isotope enrichment of protein sample, cells were grown in a minimal
medium with (*NH,4),S0,4 and [**C]glucose, using same unlabeled protocol

both for expression and purification.

5.3 Site-direct mutagenesis

NPM1-C70 protein variants were obtained through site-directed mutagenesis
and using the QuikChange Il kit (Stratagene, La Jolla, CA), following the
manufacturer’s instructions. Forward oligos used for PCR are the following:
K229A,

5
CATATGCAGGAAAGCTTCGCGAAACAGGAAAAAACGCCGAAAAC
C-3;

K230A, 5’-
ATATGCAGGAAAGCTTCAAAGCGCAGGAAAAAACGCCGAAAACC
- 3’,

K229A/ K230A, 5’-
CATATGCAGGAAAGCTTCGCGGCGCAGGAAAAAACGCCGAAAAC
CCCGAAAGGCCCG- 3,

K233A, 5-CAGGAAAAAACGCCGGCGACCCCGAAAGGCCCGAGC-
3%

K236A, 5’-CCGAAAACCCCGGCGGGCCCGAGCAGCGTG-37;

and
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K239A,

5’-
GAAAGCTTCAAAAAACAGGAAGCGACGCCGAAAACCCCGAAAGG
C-3.

NPM1-C70 protein variants were expressed and purified as the wild-type

construct.

5.4 Oligonucleotides

Oligonucleotides used (Fig.3.1B) were purchased from PRIMM s.r.I (Milan,
Italy) and purified by HPLC. Oligonucleotides used for SPR analysis were
biotinylated at the 5’-end. Prior to use, lyophilized oligos were resuspended
in the appropriate buffer (20 mM Hepes, pH 7.0, with or without 100mM
NaCl or KCI (according to the different experiments), quantified
spectrophotometrically and annealed. For annealing, oligos were heated to 95
°C for 15 min and slowly cooled down at RT, overnight.

Oligonucleotides used in NMR experiments studies are Pu27 of sequence 5’-
TGGGGAGGGTGGGGAGGGTGGGGAAGG-3’ and Pu24l of sequence
5’- TGAGGGTGGIGAGGGTGGGGAAG G-3’. Pu27 and Pu24l were
purchased from PRIMM (Milano, Italy) and from IDT (San Jose, CA),
respectively, and were both HPLC-purified. Lyophilized oligos were
dissolved in Phosphate buffer 20 mM pH 7.0, KCI 100 mM and annealed, as

described for other Oligos.
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The parallel G-quadruplex assembly of both oligos, after annealing, was
assessed by inspecting CD spectra collected with a Jasco J-710

spectropolarimeter.

5.5 Surface Plasmon Resonance

The interactions between biotynilated DNA constructs (ligands) with the purified
proteins NPM1-C70 or NPM1-C53 (analytes), were all measured by SPR
technique using a Biacore X100 instrument (Biacore, Uppsala, Sweden). Each
biotynilated DNA construct was immobilized on a Sensor Chip SA, pre-coated
with streptavidin from Biacore AB (Uppsala, Sweden). Capturing procedure on
biosensor surface was performed according to manufacturer’s instructions and
setting the aim for ligand immobilization to 1000 RU. Running buffer was
HEPES-buffered saline-EP (HBS-EP), which contains 10 mM HEPES (pH 7.4),
0.15 M NaCl, 3 mM EDTA, 0.005% (v/v) Surfactant P20 (Biacore AB, Uppsala,
Sweden). Analytes were dissolved in running buffer and binding experiments
were performed at 25°C with a flow rate of 30 ml/minute. The association phase
(kon) was followed for 180 s, while the dissociation phase (ko) was followed for
300 s. The complete dissociation of active complex formed was achieved by
addition of 10 mM Hepes, 2 M NaCl, 3 mM EDTA, 0.005% (v/v) P20, pH 7.4
for 60 s before each new cycle start. Analytes were tested in a wide range of
concentrations, in order to reach at least a two-fold increase from lower
concentration tested. When experimental data met quality criteria, kinetic
parameters were estimated according to a 1:1 binding model using Biacore X100
Evaluation Software. Conversely, an affinity steady state model was applied to
fit the data. In this latter case two possible situations were exploited:
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a) single binding site, using the equation y = Rmax*[Analyte] / ([Analyte] +
KD)

b) Double independent binding site, using the equation

y = Rmax*[Analyte] /([Analyte] + KD) + Rmax1*[Analyte] /([Analyte] + KD1)

5.6 Circular Dichroism

All circular dichroism experiments were performed using a Jasco J710
instrument (Jasco Inc., Easton, MD) equipped with a Peltier apparatus for
temperature control. Static spectra of G10-loop and c-MYC oligos were
collected at 25 °C, using oligos annealed in the appropriate buffer and
concentrated to 20 uM. Spectra were collected using a quartz cell with 1-mm
optical path length (Hellma, Plainview, NY) and a scanning speed of 100
nm/min. The reported spectra are the average of five scans. To measure
NPM1-C70 induced G-quadruplex formation, oligos dissolved in buffer
(without additional salts) but not annealed, and concentrated to 20 uM, were
incubated for 1 h with appropriate amounts of NPM1-C70 and spectra
collected as above. To monitor NPM-C70 induced unfolding, oligos were
annealed in Hepes buffer supplemented with 100 mM NaCl and incubated
with NPM1-C70 increasing amounts. The spectral contribution of buffers and
proteins was subtracted as appropriate. To measure the effect of the c-MYC
and G10-loop oligos on NPM1-C70 structure, CD spectra of the protein
(20uM) in 20mM Hepes, pH 7.0, alone or incubated with pre-annealed oligos
(20 uM) were recorded. The spectral contribution of the oligo alone was then
recorded and subtracted as appropriate. Thermal denaturation experiments

were performed using a quartz cell with 1-mm optical path length and
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monitoring the variation of CD signal at 260 nm. Temperature was
progressively increased, in 1 °C/min steps, from 25 to 105 °C. The

Kaleidagraph software was used for CD spectra analysis and representation.

5.7 Structure calculations of the free protein

The 1H, 13C, and 15N resonance frequencies of NPM1-C70 were assigned
using all classical NMR experiments. NMR experiments used for resonance
assignment and structure calculations were performed on 13C, 15N labeled
NPM1-C70 sample containing 10% D20. NMR spectra were collected at 298
K, processed using standard Bruker software (TOPSPIN 2.1), and analyzed
with CARA (Keller 2004). Structure calculations were performed with the
software package UNIO, using as input the amino acid sequence, the
chemical shift lists, and three 1H-1H NOE experiments: two dimensional
NOESY, three-dimensional 13C-edited NOESY, and three-dimensional 15N-
edited NOESY, recorded at 900 MHz with a mixing time of 100 ms. The
standard protocol, included in UNIO, with seven cycles of peak picking using
ATNOS (Herrmann et al. 2002), NOE assignment with CANDID (Herrmann
et al. 2002), and structure calculation with CYANA-2.1 (Gunter 2004) was
used. ¢ and y dihedral angles were obtained from the chemical shift analysis
using TALOS+ software (Wishart et al. 1994, Eghbalnia et al. 2005, Shen et
al. 2009).

In each ATNOS/CANDID cycle, the angle constraints were combined with
the updated NOE upper distance constraints in the input for subsequent
CYANA-2.1 structure calculation cycle.
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The 20 conformers with the lowest target function values were subjected to
restrained energy minimization in explicit water with AMBER 11.0 (Bertini
et al. 2011, Case et al. 2010). NOE and torsion angle constraints were used.
The quality of the structures was evaluated using the programs PROCHECK,
PROCHECK NMR (Laskowski et al. 1996) and WHATIF (Vriend 1990).
Statistics about the energyminimized family of conformers are reported in
Table 3.4. The atomic coordinates and structural restraints for NPM1-C70
have been deposited in the Protein Data Bank with accession code 2llh.
Resonance assignments are also available at the BioMagResBank (accession
number 18048).

5.8 Structure calculations of the complex
To identify intermolecular NOEs in the NPM1-C70/Pu24l complex, a o;-
BCedited, w,-"*C-filtered NOESY experiment was recorded in a 2D plane
(*H-"H plane) on *C,">N NPM1-C70/unlabelled Pu241 (Zwahlen et al. 1997).
The selected temperature was 290 K and the mixing time used was 120 ms.
'H, C, N backbone resonances of NPM1-C70 in the complex were
assigned performing all the typical experiments for backbone assignment.
To calculate a structural model for the interaction between NPM1-C70 and
Pu24l, a data-driven molecular docking was performed using the
HADDOCK protocol. HADDOCK comprises a series
of Python scripts that run on top of the structure determination programs
ARIA and CNS (Dominguez et al. 2003, Brunger et al. 1998, Linge et al.
2001, Linge at al. 2003, de Vries et al. 2010). The method relies on the
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definition of Ambiguous Interaction Restraints (AIRs) derived from
experimental data. For our docking calculations we defined as unambiguous
restraints residues resulting from intermolecular NOEs cross-peaks on both
protein and DNA. Furthermore we defined as AIRs: i) residues experiencing
chemical shifts variations above the average variations plus one standard
deviation (<HN> = 0.043 + 0.025 ppm, Black line in Fig. 3.10B), ii)
Residues whose signals broadened their linewidth (Glu245, Lys248, Phe268)
and/or disappeared during the titration (Phe276) and iii) DNA atoms
interacting with the protein, identified also by chemical shift perturbation, as
detected in homonuclear experiments (1D and 2D). Residues used as AIRs
are listed in Table 3.5. The HADDOCK docking protocol consists of: (i)
randomization of orientation and rigid body minimization, (ii) semirigid
simulated annealing in torsion angle space, (iii) final refinement in Cartesian
space with explicit solvent. The rigid body docking step was performed five
times, with 1000 structures generated at each stage, the best 200 of which
were refined in the semiflexible stage and subsequently in explicit water.
Electrostatic and van der Waals terms were calculated with a 8.5 A distance
cutoff. (Dominguez et al. 2003). For the docking procedure, the structures of
NPM1-C70 and Pu24l (PDB code 2A5P) were used as starting points.

Heteronuclear relaxation experiments were performed on *Nlabeled samples
of NPM1-C70 at 700 MHz. The N backbone longitudinal (R;) and
transverse (Ry) relaxation rates as well as heteronuclear *N{"H} NOEs were

measured using a standard protocol (Orekhov et al. 1994, Farrow et al.1994).
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Abstract

Glutathione S-transferases (GST) constitute a superfamily of
enzymes with diversified functions including detoxification
In many human cancers. Pi class T
(GSTP1-1) is overexpressed and contributes to multidrug
ng chemotherape In addition,
GSTP1-1 displays antiapoptotic activity by interacting with
c¢-Jun NH,-terminal Kinase, a key regulator of apoptosis.
Therefore, GSTP1-1 is considered a promising target
pharmaceutical treatment. a potent inhibitor of
GSTs, 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol
(NBDHEX), was identified and tested on several tumor cell
lines demonstrating high antiproliferative activity. To
establish the structural basis of NBDHEX aclivily., we
determined the crystal structure of NBDHEX bound to
either GSTP1-1 or GSTM2-2 (mu ss). NBDHEX in both
cases binds to the H-site but occupies different positions.
Furthermore, the compound is covalently attached to the
GSH sulfur in the G forming a o-complex,
although it is bound but not conjugated in the GSTPI-1
crystal. Several differences the H-sites of the two
isozymes determine the higher affinity of NBDHEX for
GSTM2-2 with respect to GSTP1-1. One such difference is
the presence of e'™ in GSTPI-1 clo: to the bound
NBDHEX, whereas the corresponding position is occupied
by an alanine in GSTM2-2. Mutation of He'®*
frequent GSTP1-1 polymorphism and we show here that the
He'**Val and Ile'™ variants display a 4-fold higher
affinity for the compound. Remarkably. the GSTP1-1/
Ile'™Ala structure in complex with NBDHEX shows a
considerable shift of the compound inside the H-site. These
data might be useful for the development of new anticancer
compounds. [Cancer Res 2009:69(20):8025-34]
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Introduction

Multidrug resistance in cancer treatment is commonly defined
as the capacity of a cancer cell to develop simultaneous resistance
to several chemotherapeutic agents. One common mechanism
through which cancer cells may achieve multidrug resistance is the
overexpression of glutathione S-transferases (GST; refs. 1, 2).
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GSTs constitute a superfamily of enzymes with diversified
functions (3, 4). These enzymes are known to decrease the
pharmacologic activity of a wide range of structurally unrelated
drugs through their conjugation with glutathione (GSH).
Furthermore, the GS-conjugated compounds may be actively
extruded from the cell through specialized pumps; principally,
the multidrug resistance proteins MRP-1 and MRP-2 (ABCCI,
ABCC2; ref. 1).

In humans, several GST isoforms are differentially expressed
and are subdivided into different classes (5). The Pi class GSTP1-
1 is overexpressed in a variety of different human malignancies
including lung (6), colon (7), stomach (8), kidney (9), ovary (10),
mouth (11), and testis (12) cancers. Furthermore, in some cases,
GSTP1-1 overexpression has been linked to acquired multidrug
resistance to chemotherapeutic agents including cisplatin,
adriamycin, etoposide, thiotepa, chlorambucil. and ethacrynic
acid (1, 13). This phenotype may arise from the conjugating
activity of the enzyme but also because GSTPI-1 displays a
“nonenzymatic” antiapoptotic activity through its interaction
with the c-Jun NHy-terminal kinase (JNK). a key enzyme in the
apoplotic cascade (14, 15). Because GSTP1-1 binds JNK through
its COOH-terminal region. which contributes to shaping the
hydrophobic substrate binding site (H-site), inhibitors that tar-
get this site, together with inactivating the enzyme, might also
dissociate its complex with JNK and activate the JNK apoptotic
pathway (16, 17). Therefore, GSTP1-1 is considered as a promising
target for inactivation in cancer treatment and numerous groups
have spent considerable effort finding potent inhibitors of this
enzyme (18, 19).

Recently, a new class of nonpeptidomimetic inhibitors of human
GSTs has been identified based on 7-nitro-2,1,3-benzoxadiazole
ring derivatives (20). Among these, the compound 6-(7-nitro-
2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) has been shown
to inhibit GST isoforms at micromolar or submicromolar amounts
and to induce apoptosis in several tumor cell lines by dissociating
the GSTP1-1/JNK complex (20, 21). Moreover NBDHEX is able to
overcome the P-glycoprotein and MRP1 associated resistance in
leukemia (22, 23) and small cell lung cancers (24) and also to
overcome the GSTP1-1-related cisplatin resistance in osteosarcoma
(25). suggesting that it might be used to treat a number of cancers
in combination with other drugs.

A detailed functional analysis of the mode of action of
NBDHEX indicated that this compound behaves like a suicide
substrate of GSTs through the formation of a o-complex with
GST-bound GSH. In this complex, the GSH sulfur is thought to
conjugate the NBDHEX benzoxadiazole ring at its C4, which
assumes a tetrahedral conformation by retaining the hexanol
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Figure 1. A, ism of pl ion between NBDHEX and the GST-bound GSH on the basis of kinetics data (20). B, crystal structure of the
GSTP1- 1/GSH/NBDHEX complex. Sereovlew of the GSTP1-1 active site (chain A). GSH and NBDHEX (sticks); the oa-weighted 2Fo-Fc map, contoured at 1.0 o
(blue mesh). No continuous electron density was observed between the NBDHEX molecule and the GSH sulfur atom. Furthermore, electron density accounts

for a double conformation of the GSH sulfur atom. C, detailed view of the active site architecture. NBDHEX and GSH (sticks with green carbons). The GSH sulfur atom
is represemed only in its main ion (75% of ) for clarity. Residues in the proximity of NBDHEX (sticks with white carbons). The water molecule
bridging Arg'® with the benzoxadiazole nitro group (red sphere).
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Crystal Structures of Human GSTs in Complex with NBDHEX

moiety (Fig. 14; ref. 20). This intermediate is stable into the
GSTPI-1, but also into the mu class GSTM2-2 active sites and
thus inactivates both enzymes (20).

One of the issues raised by the use of GST inhibitors is their
specificity (18). In principle, because the major role in cancer is
played by GSTP1-1, a specific inhibitor for this particular isozyme
would be desirable. Unfortunately, NBDHEX seems to be less
specific for GSTP1-1 (IC5y = 0.80 pmol/L) than for GSTM2-2 (1C5, <
001 pmol/L; 20). In this work, we investigated how NBDHEX binds
to both GSTP1-1 and GSTM2-2, and we present the crystal
structures of the GSTP1-1/GSH/NBDHEX and GSTM2-2/GSH/
NBDHEX complexes.

NBDHEX binds tightly to the enzymes' H-sites, but occupies
different positions due to the molecular architecture of the H-site
in the two isozymes. Furthermore, whereas a o-complex was
observed in the GSTM2-2 isozyme, a preconjugation slale was
observed with GSTP1-1. Finally, we investigated the role played in
GSTP1-1 by the common lle'™Val polymorphism (26) and by the
Tle'"™Ala mutation, that mimics the residue occupying this position
in GSTM2-2. We determined the structure of the GSTP1-1/Tle'™'Ala
variant in complex with NBDHEX and we show that this mutation
is sufficient to cause a considerable shift of the NBDHEX position
within the H-site. Our data provides a rational basis for explaining
the differential affinity of NBDHEX towards GST isoforms and
paves the way for the rational design of new derivatives with
increased affinity and specificity for GSTP1-1.

Materials and Methods

Site-directed mutagenesis, expression, and purification. The GSTP1-
1/Val'"' and GSTPI-1/Ala'"" variants were obtained using the QuickChange
kit (Stratagene) and plasmid pGSTI (27). The following forward primers
were used:

1104V Fw 5-CCTCCGCTGCAAATACGTCTCCCTCATCTACAC-3'
T104A Fw 5-GACCTCCGCTGCAAATACGCCTCCCTCATCTACACCAAC-3

Human GSTM2-2, GSTP I-1/Tle'"", GSTP1-1/Val"*, and GSTP I-1/Ala"* were
expressed in Escherichia coli and purified as previously described (28).

Crystallization. GSTP1-1 and GSTM2-2 were concentrated to 10 mg/mL
in 10 mmol/L of Hepes (pH 7.0). Experiments were performed after
pretreating the protein solution with 5 mmol/L of GSH (Sigma), alone or in
combination with NBDHEX (100-500 pmol/L). NBDHEX was synthesized as
previously described (20).

GSTM2-2/GSH/NBDHEX cocrystals were obtained by vapor diffusion
using the following mother liquor: PEG8000 16% w/v, 100 mmol/L of MES
(pH 6.0), and 200 mmol/L of NaCl. Crystals were cryoprotected by transfer
into a mother liquor containing the appropriate amounts of GSH and
NBDHEX plus 20% ethylene glycol.

GSTP1-1/GSH/NBDHEX cocrystals, grown using PEG8000 as a pre-
cipitating agent, were of poor quality and did not diffract satisfactorily.
Therefore, GSTPI-1/GSH crystals were grown and then soaked with
NBDHEX. GSTPI-1/GSH cocrystals were grown at 40°C using 1.8 mal/L
of ammonium sulfate as a precipitating agent in 100 mmol/L. of MES buffer
(pH 6.0). Crystals were then soaked with NBDHEX (100-500 pmol/L). A
mother liquor solution containing the appropriate amounts of GSH and
NBDHEX plus 20% glycerol was used for cryoprotection. GSTP1-1/Ala""
crystals were grown, soaked, and eryoprotected using the same protocols as
the wild-type protein.

Data collection and processing. GSTM2-2 complete data were
collected to 25 A resolution at the BL14-1 beamline of the BeSSY
Synchrotron (Berlin, Germany). The crystals belong to the orthorhombic
space group P2,2,2, and contain two GSTM2-2 dimers in the
asymmetric unit.

GSTPI-1 data were collected to 1.55 A resolution at the ID14-1 beamline
of the European Synchrotron Research Facility (ESRF, Grenoble, France).
Crystal belongs to the space group C2 and contains one GSTPI1-1 dimer in
the asymmetric unit. GSTP1-1/Ala""' data were collected to 1.8 A resolution
at the ID14-2 beamline of the ESRF Synchrotron. Crystals were isomorphous
to wild-type protein crystals. Data were processed with Denzo and scaled
with Scalepack (29). Statistics about data collection and processing are
reported in Table 1.

Structure determination and refinement. The GSTM2-2/GSH/
NBDHEX complex structure was determined by molecular replacement
using the program MOLREP (30) and the GSTM2-2 dimer (in the absence
of GSH; pdb code:IHNC; ref. 31) as a search model. After initial re-
finement using the program REFMAC (32), electron density maps were
examined using the program COOT (33). Positive electron density in the
Fo-Fc map was found in all four subunits, accounting for the presence of
GSH. Additional positive electron density was found in the H-site of
subunits A and C. This electron density was continuous between the
GSH sulfur and the H-site suggesting the presence of a o-complex
between NBDHEX and GSH, which was modeled in chain C with full
occupancy and in chain A with half occupancy. The model was refined
to 25 A resolution by several stages of restrained refinement in REFMAC,
maps inspection, and model adjustments. The final model has an Rpacor
of 21.3% and an Rg.. of 27.3%.

The GSTP1-1/GSH/NBDHEX-soaked crystal was isomorphous with the
native GSTP1-1 crystal (pdb code: 6GSS; ref. 34). Therefore, the native
GSTP1-1 dimer was used for refinement using REFMAC in the absence of
any ligand. Inspection of the Fo-Fc positive difference map indicated the
presence of GSH and NBDHEX in both subunits, which were not covalently
bound. The structure was refined to 1.55 A resolution iteratively by using
REFMAC and COOT. The final model is refined with an R, of 16.9% and
an Ry of 19.5%. The GSTP1-1/Ala'™ structure in complex with NBDHEX
and GSH was obtained using the same procedure as the wild-type protein
and refined to a final Rryoe of 17.9% and an Rge. of 20.9%.

The quality of all models was assessed using COOT and Procheck (35).
Table 1 reports statistics on refinement and model quality. Model
coordinates and structure factors have been deposited in the PDB with
accession codes: 3GUR (for the GSTM2-2 structure), 3GUS (for GSTPIL-1),
and 3IE3 (for GSTP1-1/Ala"™).

Binding of NBDHEX to GSTs. GST activity was assayed at 25°C as
previously reported (36). The affinities of NBDHEX for GSTP1-1/1le"™" (wild-
type). GSTP1-1/Val'""!, and GSTPI-1/Ala""" were determined in the presence
of 1 mmol/L of GSH. The quenching of the intrinsic fluorescence of the
protein (excitation at 295 nm and emission at 340 nm) was measured in a
single photon counting spectrofluorometer (Perkin-Elmer LS50B) at 25°C
after the addition of variable amounts of NBDHEX to 4 pmol/L GST in 0.1
mol/L of potassium phosphate buffer (pH 6.5), containing 1 mmol/L of
GSH. Fluorescence data were corrected for inner filter effects and fitted to
Eq. A, which yields the apparent dissociation constant (Kp) for the NBDHEX
bound to GST,

AF = AFuax/(1 + Kp/[NBDHEX]") (4)

where AF is the protein fluorescence change observed in the presence of a
given amount of NBDHEX, AF,,. is the maximum fluorescence change
observed at saturating NBDHEX concentration, and nH is the Hill
coefficient.

Spectrophotometric analysis. The interaction of NBDHEX with GSTs
and GSH was analyzed as previously reported (20). The UV-visible spectrum
of NBDHEX (50 pmol/L) in 0.1 mol/L of potassium phesphate buffer (pH
6.5), containing 1 mmol/L of GSH was recorded at 25°C before and after the
addition of GSTP1-1/1le"", GSTP1-1/Val'"', or GSTP1-1/Ala""" (100 pmol/L).

Results

Structure of the GSTP1-1/GSH/NBDHEX complex. We
obtained the crystal structure of the GSTP1-1/GSH/NBDHEX
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Table 1. Data collection and refinement statistics

NBDHEX-GS o-complex

Rms deviation length (A) 0,009

Rms deviation angle (degrees) 145
Ramachandran statistics

Residues in favored regions (%) 91.5

Residues in allowed regions (%) 85

Residues in disallowed regions (%) 0.0

GSTM2-2 GSTP1-1 GSTP1-1/A12"™
Data collection
Beamline BeSSY BLI14-1 ESRF ID14-1 ESRF 1D14-2
Wavelength (A) 09184 09340 0.9330
Resolution (A)* 29.43-2.5 (2.59-2.5) 30.0-1.55 (L61-1.55) 29.21-1.80 (1.86-1.80)
Space group P2,2,2, c2 Cc2
Unit cell dimensions (A) a = 56.75 a =7859 a = 7787
b = 7802 b = 89.35 b = 89.53
¢ = 21936 € = 69.26 c = 6892
[ = 98.36 degrees fi = 98.04 degrees
Unigue reflections 32,108 67,852 42,435
Redundancy 48 26 40
Completeness (%)* 93.2 (83.1) 96.8 (96.5) 99.1 (99.0)
Average (I/0)* 18.32 (7.01) 9.47 (5.06) 17.38 (8.05)
Runerge (%)% 8.6 (10.0) 5.3 (26.0) 58 (17.8)
Refinement
Resolution range (A) 30.0-155 29.21-1.80
Ry (%) 169 179
Rigee (%) 195 209
Mean B factors (A)*
Protein main chain 26.0 130
Pratein side chain 264
Waters 20.6
GSH 25.1 (chains B and D)
NBDHEX

34.1 (chains A and C)

0.008 0.007
149 1.37
93.3 93.0
6.7 7.0
0.0 0.0

*Numbers in parentheses refer to the last resolution shell.

1 Riee was calculated on 5% of data excluded before refinement.

T Ruerge = 2aai2a|[I; - <I>|/|<1>|, with I, being the intensity for the ith measurement of an equivalent reflection with indices /.k.l.

complex at 1.55 A resolution from a crystal that was grown in the
presence of protein and GSH only, and subsequently soaked with
NBDHEX, because cocrystallization experiments with both
NBDHEX and GSH did not lead to well-diffracting crystals.
Figure 18 shows NBDHEX bound to the protein H-site in proximity
to the bound GSH. The crystal asymmetric unit contains a
physiologic GSTPI-1 dimer and clear density for NBDHEX was
observed in both monomers. The NBDHEX molecule was clearly
visible in the electron density, including most of the 6-mercapto-
hexanol moiety atoms (Fig. 18). The two NBDHEX benzoxadiazole
rings occupy the same position in the H-sites of both chains with
rms deviations between equivalent atoms of <0.15 ;\_ whereas the
hexanol moiety atoms have a rms deviation of 0.62 A.

NBDHEX is oriented in the H-site with the nitro group placed
deep inside the interior of the protein and the hexanol moiety
facing the active sile opening to the solvent (Fig. 1B). Several
hydrophobic interactions were found involving residues shaping
the H-site including Ter, Phe®, val™, Trp“, GIn™, 1le'™, and above
all, Tyr'®, which engages an aromatic ring stacking interaction
with the NBDHEX benzoxadiazole ring (Table 2; Fig. 1C). The main
contribution to the molecule stabilization and orientation in the

H-site is likely provided by interaction of the benzoxadiazole ring
NO, group with Arg'®, This interaction was not direct but was
mediated by a water molecule (red sphere, Fig. 1C). This water
molecule is found in exactly the same position in both monomers
and its structural role is confirmed by an average B-factor of
1305 A% a value in the range of main chain protein atoms’
B-factors. The water molecule is hydrogen-bonded both to Arg™
Ne, being at a distance of 2.9 :‘-\, and to the benzoxadiazole NO,
group, being at a distance of 2,6 A from the closest oxygen.

In our maps, we did not find any trace of continuous electron
density connecting the GSH sulfur and NBDHEX. This finding
prompted us lo exclude the presence of a GSH/NBDHEX o-
complex in this crystal (Fig. 1B). Therefore, in our structure, we
observe a bound but not conjugated NBDHEX. This was quile
surprising because the formation of a GSH/NBDHEX o-complex in
the GSTP1-1 active site can be easily monitored in solution by
absorption spectra (20). However, it was previously suggested by
kinetic studies that, in the reaction between GSH and either CDNB
(37) or 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI; ref. 38), a
physical event, Le., a conformational change in GSTP1-1 structure,
follows the binding of the substrates and is crucial for the

Cancer Res 2009; 69: (20). October 15, 2009
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o-complex formation. This conformational transition is strongly
dependent on diffusion-controlled motion of active site regions.
Because NBDHEX retains the same benzoxadiazole ring as NBD-CI,
a similar conformational change might also be necessary in this
case Lo enable the o-complex formation, and this might be
prevented by a lack of structural flexibility in the crystalline
environment.

Nonetheless, the position of NBDHEX with respect to GSH is very
interesting. In fact, it has been hypothesized, on the basis of
kinetics data, that the formation of the o-complex, in which the
GSH sulfur is bound to the benzoxadiazole C4 (the same carbon
that binds the 6-mercapto-hexanol moiety sulfur) is the rate-
limiting step of a reaction that first involves the nucleophilic
addition of the GSH sulfur to the C6 atom of the benzoxadiazole
ring; this covalent complex then evolves to the more stable o-
complex (Fig. 14; ref. 20). Indeed, in our structure, we observe that
the GSH sulfur adopts two distinet conformations (Fig. 18). In the
main one, which accounts for 75% of total occupancy, the GSH
sulfur is at 3.1 A distance from the NBDHEX C6, whereas it is at 4.9
A distance from the C4. In the second conformation, which
accounts for the remaining 25% of occupancy, the GSH sulfur is
closer to the NBDHEX C4 (3.1 ﬁt]. Therefore, we can conclude that
(a) our electron density maps seem to be consistent with the
hypothesized mechanism and depict the position of a preconju-
gation state and (b) the formation of the stable o-complex may be
described without invoking major movements of the NBDHEX
benzoxadiazole ring from its current position. In fact, a simple
rotation of the GSH sulfur is consistent with its nucleophilic attack
to the benzoxadiazole C4.

Structure of the GSTM2-2/GSH/NBDHEX complex. The
structure of the GSTM2-2/GSH/NBDHEX complex was determined
at 250 A resolution. In this case, additional electron density
accountable for the presence of the compound was visible only in
one monomer for each asymmelric unit dimer (chains A and C). As
expected, NBDHEX binds to the H-site. Electron density maps
clearly indicate the position of the benzoxadiazole ring, whereas
the hexanol moiety is only partially visible (Fig. 24). The two
NBDHEX benzoxadiazole rings modeled in chains A and C occupy
exactly the same position with rms deviations among equivalent
atoms <0.20 A. NBDHEX is oriented in the same way as in the
complex with GSTP1-1, with the benzoxadiazole NO, facing the
interior of the protein and the hexanol moiety facing the H-sile
opening. A stacking interaction between the benzoxadiazole ring
and Tyr''® strongly contributes to the NBDHEX orientation and
stabilization (Fig. 2B). Several other hydrophobic interactions
involve residues shaping the H-site, including Tyr®, Trp, Gly'', and
Leu' (Table 2). As in the GSTP1-1 cocrystal, the main contribution
to NBDHEX stabilization is provided by interactions involving the
benzoxadiazole NO, group. In this structure in fact, the NO, group
is at close distance from two arginines, Arg'” and Arg'® (Fig. 2B).
In particular, the Arg'®® NHI atom is at 3.0 A distance from the
closest NO, oxygen, establishing a direct H-bond interaction,
whereas the same NO, oxygen atom is at 34 A distance from the
Arg'” NHI atom. Therefore, both residues cooperale to stabilize
the NO, group that is negatively charged when the o-complex
is formed.

Importantly, in this crystal, we could see continuous electron
density spanning from the GSH sulfur to the C4 carbon of the
benzoxadiazole ring (Fig. 24), indicating the presence of a o-
complex and thus providing an independent experimental clue to
the proposed mechanism of inhibition (20).

Comparison between the two complexes. The electrostatic
potential surfaces of GSTP1-1 and GSTM2-2 are shown in Fig. 34
and B, respectively. The NBDHEX molecule perfectly adapts to the
GSTP1-1 H-site profile, with its benzoxadiazole ring being parallel
to the active site “ceiling” that is made by Tyr'™. The hexanol
moiety also follows the active site shape because of its hydrophobic
interactions with Phe® and Trp®® and of a weak hydrogen bond (33
A distance) between GIn™ and the hexanol oxydryl group (Fig. 1C).
The H-site in the GSTM2-2 structure appears differently shaped
from that of GSTPI1-1, with a deeper cavity toward the core of the
protein, which is occupied by the NBDHEX nitro group (Fig. 3B).
This different H-site shape mainly results from the presence of
residues 1le'™ and Arg™ in the GSTP1-1 H-site, that face the
NBDHEX nitro group in the complex (Fig. 1C). GSTP1-1 Te'™
and Arg" are topologically replaced by an alanine (Ala''") and a

Table 2. Residues within 4.5 A from NBDHEX
Residue Distance® Interaction type
GSTM-2

Ty 25 Arom

Trp’ 4.3 Arom

1le” 44 Phob

Gly" 34 -

Leu" 35 H-Phob

Met™ 39 Phob

Arg® 4.5 H-Phob

Arg'? 34 HB

Al' 36 H-Phob

Ty''® 36 Arom

Arg'®® 30 HB

Phe’™ 34 Arom

Thr™” 31 Phob

Met*!! 44 Phob
GSTPI-1

Ty’ 39 Arom

Phe* 36 Arom

Arg" 44 HB (water-mediated)

Val® 40 Phob

Trp* 36 Phob

GIn™ 33 HB

Te'™ 34 H-Phob

Tyr'" 3.3 Arom
GSTPI-1/Ala"™

Ty’ 4.1 Arom

Phe’ 37 Phob

Arg" 29 HB (direct)

Val® 44 Phob

Trp*™ 4.3 Phob

Gln* 37 HB

Ala'™ 35 —

1o 32 Arom

Gly™* 39 H-Phob
NOTE: Interaction types: HB, hydrophilic-hydrophilic (H-bond}):
Arom, aromatic-aromatic; Phob, hydrophobic-hydrophobic; H-Phob,
hydrophilic-hydrophobic.
*Distances are the average of those relative to the different monomers
in the same structure and were calculated using the program LPC/
CSU (http://ligin.weizmann.ac.il/cgi-bin/Ipcesu/LpeCsu.cgi).
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A GSTM22

LY

R165

R107

R165

Figure 2. Crystal structure of the GSTM2-2/GSH/NBDHEX complex. A, stereoview of the GSTM2-2 active site (chain C). The o4-weighted 2Fo-Fc map, contoured at
1.0 o (blue mesh); GSH and NBDHEX (sticks). A o-complex is observed in this case in the electron density map, with the GSH sulfur atom covalently bound to

the benzoxadiazole ring C4, which assumes a tetrahedral conformation. B, detailed view of the active site architecture. The GSH/NBDHEX o-complex (sticks with
green carbons). Residues facing the active site (sticks with white carbons). Two positively charged residues (R107 and A165) are at binding distance from the

negatively charged nitro group of NBDHEX.

leucine (Leu'?), respectively, in the GSTM2-2 structure (Fig. 3C).
and the presence here of these less cumbersome residues allows
the NBDHEX molecule to move further and for its nitro group
to interact directly with the positively charged Arg'” and Arg'*®
(Figs. 28 and 3C). Arg'”" is conserved in GSTP1-1 (Arg'™) but its
access to the H-site is hindered by Te'™, whereas the GSTM2-2
Arg'™ is topologically replaced by an isoleucine (lle'™') in
GSTP1-1 (Fig. 3C).

The superposition between the two structures also highlights
that the NBDHEX molecules do not occupy the same position in
the two H-sites (Fig. 3C). The rms deviation among equivalent
atoms of the two NBDHEX benzoxadiazole rings is 4.25 A in the
superimposed structures, and a major shift plus a rotation are
required to superpose the free NBDHEX of GSTPI-1 to the one
covalently bound to GSH in the GSTM2-2 o-complex (Fig. 3C). This
movement, however, is unrealistic because the hydrophobic side
chain of le'® is only 3.4 A apart from the benzoxadiazole nitro
group in the GSTP1-1 complex and provides steric hindrance
(Figs. 1B and 3C). Taken together, our data suggests that the
GSH/NBDHEX o-complex in the GSTP1-1 structure would occupy a
different position from the one experimentally observed in the
GSTM2-2 cocrystal. This is confirmed by the observation that a
simple rotation of the GSH cysteine side chain in GSTPI-1 is

sufficient to place the sulfur atom in a position competent for
addition to the benzoxadiazole C4 (Fig. 158).

A He'™val allelic variation of GSTP1-1 increases the
isozyme’s affinity for NBDHEX. Residue Ile'™ of GSTP1-1 faces
the benzoxadiazole nitro group and constitutes a physical ob-
stacle to its movement towards the positive charges at the H-site
bottom (Figs. 1€ and 3C). This finding immediately captured our
attention because mutation of He'™ into valine is a common
polymorphism of human GSTP1-1 and is frequent in tumors (26).
To better assess the role of Tle'™ with respect to NBDHEX binding
and activity, we mutated it into valine (GSTP1-1/Val) and alanine,
which is the residue present at this position in GSTM2-2 (GSTP1-1/
Ala; Fig. 3C).

The specific activities for CDNB of the GSTP1-1/Val and GSTP1-
1/Ala mutant enzymes were 58 * 2 and 47 = 3 pmol/min/mg,
respectively. These values are approximately twice lower than
those obtained with wild-type GSTP1-1/Tle’® (100 £ 2 pmol/min/
mg;: ref. 39). Binding of NBDHEX, in the presence of 1 mmol/L of
GSH, followed a hyperbolic behavior (Hill coefficient nH 1.0) with
GSTP1-1/Ala'™ and a slight cooperative trend (Hill coefficient nH
0.8) with GSTP1-1/Val'™.

Remarkably, NBDHEX bound to GSTPI1-1/Val'* with a dissoci-
ation constant of 0.26 + 0.07 pmol/L, a value comparable to that of
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GSTPI1-1/Ala'™ (021 + 0.06 pmol/L) and approximately four times
lower than that of GSTP1-1/1le'™ (K}, = 0.90 £ 0.08 pmol/L; ref. 20;
Fig. 44). This indicates that replacement of Ile'® with a less bulky
residue increases the affinity of the enzyme towards NBDHEX.
As previously shown with GSTP1-1/Ile’™ (20), a remarkable
change in the NBDHEX spectrum was observed in the presence of
both Val and Ala GSTP1-1 variants. When NBDHEX was incubated
with two equivalents of GSTP1-1/Val'* or GSTP1-1/Ala'™ in the
presence of 1 mmol/L of GSH, the UV-visible spectrum of NBDHEX,
centered at 432 nm, completely disappeared and a new absorption
band appeared between 340 and 350 nm (Fig. 4B). No spectral
changes were observed in the absence of GSH. The extinction
coefficient was approximately the same for the Ala'", Val'™, and
Tle'™ GSTP1-1 variants, suggesting that NBDHEX forms a stable o-
complex with GSH in all cases. Interestingly, a blue-shift of ~6 nm
was observed for the maximum absorption in the GSTP1-1/Ala'™®
spectrum (Fig. 4B). This led us to hypothesize that the compound
might be slightly shifted in this mutant isozyme with respect to the
other two natural variants. To test this hypothesis, we determined
the structure of the GSTP1-Ala'*/GSH/NBDHEX complex to a
resolution of 1.8 A (Fig. 4C). As for the wild-type, we observe a
Michaelis complex with the compound bound but not conjugated
and a single conformation is found for the GSH sulfur that

corresponds to the main conformation observed in the wild-type
crystal. The main aspect of this structure is that, as hypothesized,
NBDHEX is shifted towards the interior of the site and its nitro
group is at hydrogen bond distance (2.9 A) from the Arg'® Ne,
whereas the water molecule that bridged the NBDHEX nitro group
and Arg" in the wild-type structure, is displaced. A superposition
of the GSTPI1-1/1le'™ and GSTP1-1/Ala'* structures (Fig. 4D)
highlights the different position occupied by the two NBDHEX-
bound molecules with an average distance of 1.87 A between the
same atoms of the two benzoxadiazole rings, whereas the rms
devia_tion among Ca in the two superimposed structures is only
0.14 A.

Discussion

In this work, we tackled the problem of specificity in GST
inhibition and focused our attention on NBDHEX, a compound
that is currently being investigated for the treatment of several
cancers (21-25). Our major goal was to understand the structural
basis of the different affiniies of NBDHEX for human GST
isozymes and gain the knowledge to rationally design molecules
that are specific for GSTP1-1. For this purpose, we determined the
crystal structure of NBDHEX in complex with GSTP1-1 but also

A GSTP1-1

1104/A111

Y108/Y115

RI3/LI2

L61/R165

RI100/R107

B GSTM2-2

1104/A111
1161/R165
!‘ RI00/R107

RI3/LI12

Y lxlyns%

GSH

Figure 3. Comparison between the GSTP1-1 and GSTM2-2 active sites. A, electrostatic potential surface representation of the GSTP1-1 active site. Positive charge
distribution (blue), negative charge (red), and hydrophobic surface (white). NBDHEX and GSH (sticks with green carbons). NBDHEX adapts to the shape of the
GSTP1-1 H-site ceiling with the benzoxadiazole ring nitro group facing a hydrophobic surface area contributed by GSTP1-1 lle’®“. B, electrostatic surface
representation of the GSTM2-2 active site. Surface color code is the same as in Fig. 4A, the GSH/NBDHEX (sticks with The H-site in this
case seems larger, with a deeper cavity towards the core of the protein that is occupied by the NBDHEX nitro group. C O\Ieﬂay of the GSTP1-1 and GSTM2-2
structures. GSTP1-1 residues (sticks with green carbons), GSTM2-2 residues with magenta carbons. The NBDHEX different in the two
active sites. This is the result of the presence, in the GSTP1-1 H-site, of lle'** and Arg "™, which gate the site and are topologically replaced by Ala'' and Leu'2 in
the GSTM2-2 active site, respectively.
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AF/AF max

1 L 1 L

2 4 6 8
INBDHEX] ¢ (mol/L)

C  GSTPI-1/Alal04

T/A104

Absorbance (a.u)

Wavelength (nm)

-

/A104

Figure 4. Analysis of the reaction of NBDHEX with GSTP1-1/lle’™, GSTP1-1/Val'™, and GSTP1-1/Ala"®". A, the binding of NBDHEX was studied at 25°C and
in the presence of 1 mmol/L of GSH, by following the quenching of the intrinsic fluorescence of the protein. Binding of NBDHEX to GSTP1-1/Val'™ (. ),
GSTP1-1/Ala'®* (.. .@. . ), and GSTP1-1/lle'% (- . .- - -). Points, mean; bars, SD (n = 4); lines, the best fit of experimental data to Eq. A. B, the UV-visible spectrum

of NBDHEX (50 pmol/L) in 0.1 mol/L of&otassnum phosphate buffer (pH 6.5), containil
(—), GSTP1-1/Val'® (- o GSTP1-1/Al;
or lle'®* (wild-type) variants showed a peak at 350 nm (a representative experiment out of

two equivalents of either GSTP1-1/lle”
centered at 344 nm, whereas that formed by either GSTP1-1/Val'

la’

ng‘1 mmol/L of GSH was recorded at 25°C before (- - -) and after the addition of

(- - -). The o-complex absorption band formed by GSTP1-1/Ala'® was

three performed with similar resuits). C, crystal structure of the GSTP1-1/Ala’®* variant in complex with GSH and NBDHEX. Stereoview of the protein active site.
The

2Fo-Fc map,

at 1.0 o (blue mesh), and GSH and NBDHEX (sticks). D, overlay of the structures of GSTP1-1 (green carbons) and of

GSTP1-1/Ala'* variant (orange carbons). The NBDHEX molecule in the GSTP1-1/Ala™* structure is shifted by ~2 A with respect to the wild-type structure

and establishes a direct H-bond interaction with Arg'?.

with GSTM2-2, which is the human GST isozyme that displays the
higher affinity for the compound (20).
In the case of GSTM2-2, we observe the | ofa o-¢

difference might be due to the lack of diffusion-controlled motion
of the active site region caused by the crystalline environment.
Hy » we propose that in the GSTP1-1 structure, the o-complex

and thus provide a structural clue to the hypothesized mechanism
of inhibition (see Fig. 14; ref. 20). On the other hand, with GSTP1-1,
we see a preconjugation state in which the NBDHEX molecule is
bound to the enzyme but not conjugated. The reason for this

would occupy the same position of the unbound NBDHEX. This is
suggested both by the shape of the H-site and by observing that a
simple rotation of the GSH sulfur would be consistent with its
addition to the benzoxadiazole ring C4 (see Fig. 1B).
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A comparative analysis of GSTP1-1 and GSTM2-2 structures
indicates that NBDHEX binds the two enzymes in a similar
orientation and is stabilized through stacking interactions with
aromatic side chains (Tyr'®® for GSTP1-1 and Tyr''® for GSTM2-2).
Aromatic stacking interactions with residues in the H-site are also
the main contributors to the stabilization of drugs like ethacrynic
acid and chlorambucil (40-42). However, unlike what happens with
ethacrynic acid and chlorambucil binding to GSTPL-1, in which
their polar groups point out of the H-site, in the case of NBDHEX,
the benzoxadiazole nitro group constitutes the main driving force
to dictate and stabilize binding to both GSTP1-1 and GSTM2-2, and
is likely responsible for the higher affinity towards this compound
(20, 41, 43). In the case of GSTM2-2, NBDHEX interacts directly
with two positively charged arginines located at the bottom of the
H-site. These residues provide stabilization when the o-complex is
formed and the nitro group acquires a net negative charge (see
Fig. 2B). Conversely, in the GSTP1-1 structure, Arg"* only provides
stabilization but indirectly via a water-mediated contact (see
Fig. 1C). Of the two GSTM2-2 arginines, only one is topologically
conserved in GSTP1-1 (Arg'™) but it is too distant from NBDHEX
to help stabilize the molecule (see Fig. 3C). This is a consequence of
the fact that Ile'™, a residue that is topologically replaced by an
alanine in G§TM2-2, is located between the NBDHEX nitro group
and Arg'™, and impedes further NEDHEX movement towards this
positively charged residue. If this does not prevent the o-complex
from forming, as it is monitored by absorption spectra in solution,
it certainly plays a role in diminishing the affinity of the compound
for GSTP1-1 (see Fig. 3C). These considerations are confirmed by
our mutagenesis data on residue Ile'™ We show here that
replacement of the bulky isoleucine with valine (natural allelic
variant) or alanine (the residue that replaces Ie'™ in GSTM2-2)
increases the affinity of GSTPI-1 for NBDHEX by 4-fold. This result
may be clinically relevant because it implies that NBDHEX would
be equally effective or better against those tumors in which the
allelic variant GSTP1-1/Val'™ is expressed. Moreover, when Ile'™ is
replaced by an alanine, not only does NBDHEX affinity for GSTP1-1
increase, but a blue-shift in the maximum absorption of the o-

References
1. Mefjerman I Befjnen JH, Schellens JH. Combined

1994:74:1230-36.

human gastric cancer cells

complex spectrum is also observed, suggesting that in this mutant,
NBDHEX finds a way to move further toward the positive charges
and get higher stabilization. We confirmed this hypothesis by
determining the structure of the GSTP1-1/Ala'™ variant in complex
with NBDHEX, which showed that the compound is shifted by
~2 A towards Arg"®, displacing the water molecule and establish-
ing a direct H-bond interaction between the benzoxadiazole ring
nitro group and the Arg" guanidine group (see Fig. 4D).

Can we infer from these data how to modify NBDHEX to inhibit
GSTPI-1 with higher affinity? A possible route would be that of
synthesizing molecules that retain the benzoxadiazole ring, to take
advantage of the aromalic stacking interaction with Tyr'™ and of
the intrinsic stability of its o-complex within the H-site. At the
same time, a newly synthesized inhibitor should interact directly or
more strongly with the positively charged Arg'®. This might be
achieved by substituting the nitro group with other functional
groups. Furthermore, because we showed that the NBDHEX
hexanol moiety is only weakly invelved in protein binding, a
concurrent strategy might be that of modifying this part of the
molecule with a different leaving group that has the potential to
interact strongly with H-site residues. Future work in our
laboratories will be aimed at testing several hypotheses suggested
by the structural framework provided here.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Received 4/8/09; revised 7/24/09; accepted 8/10/0% published OnlineFirst 10/6/09.

Grant support: BeSSYI-ELISA grant agreement no. 226716, the Italian Ministero
dell'Universita e della Ricerca (MIUR), Alleanza Contro il Cancro-1SS, and MIUR, FIRB
RBLAO3BIKC_004 (A. Di Matteo).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked adverfisement in accordance
with 18 US.C. Section 1734 solely to indicate this fact.

‘We thank the beamline scientists at the European Synchrotron Research Facility
(Grenoble, France) and at the “Helmholtz Zentrum Berlin fur Materialen und Energie-
BeSSYII" (Berlin, Germany) for heamtime allocation and support.

to cisplatin. Cancer 16. Adler V. Pincus MR. Effector peptides from glutathi-

transfi pi affect the activation of jun by jun-

action and regulation of phase I enzymes and
multidrug resistance proteins in multidrug resistance
in cancer. Cancer Treat Rev 2008:34505-20.

2. Townsend DM, Tew KD. The role of ghitathione-S-
transferase in anti-cancer drug resistance. Oncogene
2003:227369-75.

3. Hayes JD, Flanagan JU. Jowsey IR. Glutathione trans-
ferases. Annu Rev Pharmacol Toxicol 2005:45:51-88.

4. Oakley AJ. Glutathione transferases: new functions,
Curr Opin Struct Biol 2005;15:716-23.

5. Sheehan D, Meade G, Foley VM, Dowd CA. Structure,
function and evoluton of glutathione transferases:

lications for classification of no! lian mem-

bers of an ancient enzyme superfamily. Biochem ] 2001;
360:1-16.

6. Inoue T, Ishida T, Sugio K, Maehara Y, § hi K.

9. Grignon D), Abdel-Malak M, Mertens WC, Sakr WA,
Shepherd RR. Glutathione S-transferase expression in
renal cell carcinoma: a new marker of differentiation.
Mod Pathol 1994;7:186-9.

10. Green JA, Robertson L], Clark A H. Glutathione S-
transferase expression in benign and malignant ovarian
tumours. Br | Cancer 1993:68235-9,

11. Zhang L, Xiao Y, Priddy R Increase in placental
glutathione S-transferase in human oral epithelial
dysplastic lesions and squamous cell carcinomas. ] Oral
Pathol Med 1994:2%75-9.

12. Katagiri A, Tomita Y, Nishiyama T, Kimura M, Sato
S. Immunohistochemical detection of P-glycoprotein
and GSTP1-1 in testis cancer. Br | Cancer 1993£8:
125-9.

13. Ban N, Takahashi ¥, Takayama T, et al. Transfection

Glutathione $ transferase Pi is a powerful indicator in
chemotherapy of human lung squamous-cell carcinoma.
Respiration 1995;62: 7.

7. Ruiz-Gomez M], Souviron A, Martinez-Morillo M, Gil
L. P-glycoprotein, glutathione and glutathione S-trans-
ferase increase in a colon carcinoma cell line by
colchicine. ] Physiol Biochem 2000:56:307-12.

8. Okluyama T. Maehara Y, Endo K. et al Expression
of glutathione S-transferase-pi and sensitivity of

of ghitathi (GST)-pi anti comple-
mentary DNA increases the sensitivity of a colon cancer
cell line to adriamycin, cisplatin, melphalan, and
etoposide. Cancer Res 1996:56:3577-82.

14. Adler V, Yin Z, Fuchs SY, et al. Regulation of JNK

ignaling by GSTp. EMBO ] 1999:18:1321-34.

15. Wang T, Arifoglu P. Ronai Z, Tew KD. Glutathione S-
transferase P1-1 (GSTP1-1) inhibits c-Jun N-terminal
kinase (JNK1) signaling through interaction with the C
terminus. ] Biol Chem 2001:276:20999-21003.

N-terminal kinase. Ann Clin Lab Sci 2004:34:35-46.

17. Asakura T, Sasagawa A, Takeuchi H, et al Confor-
mational change in the active center region of GST P1-1,
due to binding of a synthetic conjugate of DXR with

GSH, enhanced JNK-mediated apoptosis. Apoptosis
200 269-80.

15. Mahajan S, Atkins WM. The chemistry and bialogy of
inhibitors and pro-dmgs targeted to ghutathione S
transferases. Cell Mol Life Sci 200562:1221-33.

19. Tew KD. Redox in redux: emergent roles for
glutathione S-transferase P (GSTP) in regulation of cell
signaling and S-ghitathionylation. Biochem Pharmacol
2007, 731257-69.

20. Ricci G, De Maria F, Antonini G, et al. 7-Nitro-2,1,3-
benzoxadiazole derivatives, a new class of suicide
inhibitors for glutathione S-transferases. Mechanism of
action of potential anticancer drugs. | Bial Chem 2005;
280:26397-405.

21. Turella P, Cerella C, Filomeni G, et al. Proapoptotic
activity of new glutathione S-transferase inhibitors.
Cancer Res 2005 51-61.

22, Turella P Filomeni G, Dupuis ML, et al. A strong
glitathione S-transferase inhibitor overcomes the

in-mediated resistance in tumor cells. 6

1.3-benzoxadiazol-4-ylthio)hexanol

(NBDHEX) triggers a caspase-dependent apoptosis in

97



Cancer Research

MDR1-expressing leukemia cells. | Biol Chem 2006
281:23725-32.

23. Ascione A, Cianfrigia M, Dupuis ML, et al The
glutathione S-transferase inhibitor 6-{7-nitro-2,1,3-
benzoxadiazol-4-ylthio jhexanol overcomes the MDRI-
P-glycoprotein and MRP1-mediated multidrug resistance
in acute myeloid leukemia cells. Cancer Chemother
Pharmacol 200964:419-24.

24. Filomeni G, Turella B Dupuis ML, et al 6(7-
Nitro-2,1,3-benzoxadiazal-4-yithio)hexanol, a specific
glutathione $-transferase inhibitor, overcomes the mul-
tidrug resistance (MDR)-associated protein 1-mediated
MDR in small cell hing cancer. Mol Cancer Ther 2008;7:
371-9.

25. Pasello M, Michelacci F, Scionti I, et al. Overcoming
glutathione S-transferase Pl-related cisplatin resistance
in osteosarcoma. Cancer Res 2008:68:6661-8.

26. Lo HW, AliOsman F. Genetic polymorphism and
function of glutathione S-transferases in tumor drug
resistance. Curr Opin Phammacol 2007:7:367-74.

27. Battistoni A, Mazzetti AP, Petruzzelli R, et al
Cytoplasmic and periplasmic production of human
placental gl hi; fi in Escherichia coli.
Protein Expr Purif 1995;6:579-87.

28. Lo Bello M, Battistoni A, Mazzetti AP et al. Site-
directed mutagenesis of human glutathione transferase
P1-1. Spectral, kinetic and structural properties of Cys-
47 and Lys-54 mutants. | Biol Chem 1995;27(:1249-53.

29. Otwinowski Z, Minor W. Processing of X-ray

diffraction data collected in oscillation mode. Methods
Enzymol 1997:276:307-26.

30. Vagin A, Teplyakov A. An approach to multi-copy
search in molecular replacement. Acta Crystallogr D
Biol Crystallogr 2000;56:1622-4,

31. Raghunathan S, Chandross R, Kretsinger RH, Allison

TJ, Penington CJ, Rule GS. Crystal structure of human

class mu glutathione transferase GSTM2-2. Effects of

lattice packing on conformational heterogeneity. ] Mol

Biol 1994;238:815-32

32, Murshudov GN, Vagin A,
macromalecular
method, Acta Crystallogr D Biol Crystallogr 19975324055,

. Emsley P, Cowtan K. COOT: model-building tools for
molecular graphics. Acta Crystallogr D Biol Crystallogr
2004:60:2126-32.

34. Oakley AJ, Lo Bello M, Battistoni A, et al. The
structures of human glitathione transferase P1-1 in
complex with glutathione and various inhibitors at high
resolution. ] Mol Biol 1997:274:84-100.

35. Laskowsky RA. MacArthur MW, Moss DS, Thornton
JR. PROCHECK: a program to check the stereachemical
quality of protein structures. | Appl Crystallogr 199326:
283-91.

36. Habig WH, Jakoby WB. Assays for differentiation of
shitathione S-transferases. Methods Enzymal 1981:77:
398-405.

37. Ricci G, Caccuri AM, Lo Bello M, et al. Structural
flexibility modulates the activity of human glutathione

Dodson EJ. Refinement of
the maximum-likelihood

transferase P1-1. Role of helix 2 flexibility in the catalytic
mechanism. ] Biol Chem 1996;27 1:16187-92

38. Caccuri AM, Ascenzi P, Antonini G, et al. Structural
flexibility modulates the activity of human ghitathione
transferase P1-1. Influence of a poor co-substrate on
dynamics and kinetics of human glutathione transfer-
ase. ] Biol Chem 1996:271:16193-8.

39. Johansson A-S, Stenberg G, Widersten M, Mannervik
B. Structure-activity relationships and thermal stability
of human glutathione transferase P1-1 governed by the
H-site residue 105. ] Mol Biol 1998:278:687-98.

40. Oakley AJ, Rossjohn ), Lo Bella M, Caccuri AM,
Federici G, Parker MW. The three-dimensional structure
of the human Pi class glitathione transferase P1-1 in
complex with the inhibitor ethacrynic acid and its
glutathione conjugate. Biochemistry 1997:36:576-585.

41. Parker L], Ciccone S, Italiano 1C, et al. The anti-
cancer drug chlorambucil as a substrate for the human
polymorphic enzyme glutathione transferase P1-1:
kinetic properties and crystallographic characterisation
of allelic variants. ] Mol Biol 2008;380:131-44.

42. Awasthi S, Srivastava SK, Ahmad F, Ahmad H, Ansari
GAS. I i of ghitathione S rr with
ethacrynic acid and its glutathione conjugate. Biochim
Biophys Acta 1993:1164:173-8.

43. Horton JK, Ray G, Piper JT, et al. Characterization of
a chlorambucil-resistant human ovarian carcinoma cell
line glutathione S mu. Bio-
chem Pharmacol 1999:58:693-702.

Cancer Res 2009; 69: (20). October 15, 2009

.

R S S [

8034

www.aacrjournals.org
s Anan

98



THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL 285, NO. 4B, pp. 37138-37149, Novambar 76, 2010
©2010 by The Amesican Sockety for Blochemistry and Moleculzr Biology, Inc. - Printed In the LIS A

Nucleophosmin C-terminal Leukemia-associated Domain
Interacts with G-rich Quadruplex Forming DNA*®

Received for publication, July 21, 2010, and in revised form, Septernber 8, 2010 Published, JBC Papers in Press, Septemnber 27, 2010, DOI 10.1074/bc M110.166736

Luca Federici*'*, Alessandro Arcovito®', Giovanni L. Scaglione®™, Flavio Scalonil, Carlo Lo Sterzol,

Adele Di Matteo**, Brunangelo Falini**, Bruno Giardina® *%, and Maurizio Brunoril

From the *Ce.S.1. Center of Excellence on Aging and Department of Biomedical Sciences, University of Chieti “G. D’Annunzio,”
66013 Chieti, the ®Institute of Biochemistry and Clinical Biochemistry and "Department of Internal Medicine, Haemostasis Research
Center, Universita Cattolica del Sacro Cuore, 00168 Rome, the llstituto Pasteur, Fondazione Cenci Bolognetti and Department of
Biochemical Sciences, “Sapienza” University of Rome, 00185 Rome, the **Institute of Biology and Molecular Pathology of the CNR,
00185 Rome, the *¥Institute of Hematology, University of Perugia, Perugia, and the *Sinstitute of Chemistry of Molecular

Recognition of the CNR, 00168 Rome, [taly

Nucleophosmin (NPM1) is a nucleocytoplasmic shuttling
phosphoprotein, mainly localized at nucleoli, that plays a key
role in ribogenesis, centrosome duplication, and response to
stress stimuli. Mutations at the C-terminal domain of NPM1 are
the most frequent genetic lesion in acute myeloid leukemia and
cause the aberrant and stable translocation of the protein in the
cytoplasm. The NPM1 C-terminal domain was previously
shown to bind nucleic acids. Here we further investigate the
DNA binding properties of the NPM1 C-terminal domain both
at the protein and nucleic acid levels; we investigate the domain
boundaries and identify key residues for high affinity recogni-
tion. Furthermore, we demonstrate that the NPM1 C-terminal
domain has a preference for G-quadruplex forming DNA
regions and ind the formation of G-quadruplex structures
in vitro. Finally we show that a specific sequence found at the
50D2 gene promoter, which was previously shown to be a target
of NPML1 in vive, is indeed folded as a G-quadruplex in vitro
under physiological conditions. Our data extend considerably
present knowledge on the DNA binding properties of NPM1 and
suggest a general role in the transcription of genes characterized
by the presence of G-quadruplex forming regions at their
promoters.

Nucleophosmin (also known as NPM1, B23, numatrin, and
hereby termed NPM1)? is an abundant phosphoprotein that
was originally identified as a non-ribosomal nucleolar protein
playing a key role in ribosome biogenesis: NPM1 is able to bind
RNA as well as DNA, and has intrinsic RNase activity that pref-
erentially cleaves pre-rRNA (1-4). NPM1is also involved in the
regulation of the important tumor suppressors p53 (5) and
pl4arf (6, 7) and therefore mutations at the NPMI locus or
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aberrant localization of NPM 1 may interfere with p53 or pl4arf
transcriptional programs and activities. Furthermore, NPM1
plays more than one role outside the nucleolus, including the
control of centrosome duplication (8). This function is con-
firmed by analysis of NPM1 knock-out mice showing unre-
stricted centrosome duplication, genomic instability, and
mid-gestation embryonic lethality (9). The multiple cellular
functions of NPM1 inside and outside the nucleolus are due to
its chaperone activity and ability to shuttle between the nucleus
and cytoplasm (10, 11). These properties are in turn dictated by
its modular organization. In fact, several distinct, although par-
tially overlapping, functional domains and signatures have been
identified in NPM1 (12, 13).

NPM1 was first identified in 2005 as the most frequently
mutated gene in acute myeloid leukemia, its mutations being
observed in about 30% of cases (14) that display distinctive
molecular and clinical features (13, 15, 16). Mutations are all
localized at the C-terminal end of the protein (exon 12) and
invariably result in the aberrant cytoplasmic localization of
NPMI (17). More than 40 alterations have been detected and
were found to be mutually exclusive with major chromosomal
abnormalities (13, 14). NPMI mutations, which are typically
heterozygous, have similar consequences on the mutated pro-
tein. The reading frame is altered, due to duplication of short
base sequences leading to a protein longer by 4 residues and
with a sequence different from the wild type in the last 7 resi-
dues. As a result, the novel C-terminal sequence in the mutated
proteins lacks the wild-type nucleolar localization signal and
acquires a newly formed, Crm1-dependent, nuclear export sig-
nal (LXXXVXXVXL) (17, 18). Furthermore, the protein C-ter-
minal domain appears greatly destabilized and partially or
totally unfolded, due to alteration of the protein hydrophobic
core (19-21). Both of these consequences at the protein level
concur to determine the aberrant and stable cytoplasmic local-
ization of the protein in the cytosol (17, 18).

The NPM1 C-terminal domain is responsible for the nucleic
acid binding activity of the protein (Fig. 14). NPM1 was shown
to bind both DNA and RN A oligos with a preference for single-
stranded structures over double-stranded DNA B structures, in
a sequence-unrelated manner (3, 22, 23). Therefore, a role for
NPM1 as a single-stranded binding protein was proposed (22),
a property that may be linked to the export of ribosome sub-
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units from the nucleus (17). Recently, however, the protein was
also identified as a cofactor in the transcriptional activation of
the mitochondrial superoxide dismutase 2 (SOD2) gene; in par-
ticular it was shown that full-length NPM1 binds a G-rich
region at the SOD2 promoter (24). Because leukemic mutant
NPML is stably localized in the cytoplasm, we decided to fur-
ther investigate the DNA binding properties of the protein,
assuming that some important function related to nucleic acid
binding in the nucleus might be impaired in these mutants.

In this work we use different DNA sequences, protein con-
structs, and site-directed mutants to investigate the NPM1
C-terminal domain boundaries involved in DNA binding,
assess the role of individual residues in binding, and analyze the
effect of DNA and stabilizing salts on NPM1 folding. Impor-
tantly, we show that NPM1, whereas being able to recognize
with low affinity any DNA oligo tested, binds with high affinity
and is able to induce the folding of G-rich sequences that form
three-dimensional structures known as G-quadruplexes. These
include the above mentioned G-rich sequence at the SOD2
gene promoter, which we demonstrate here is indeed folded
as a G-quadruplex under physiological conditions. Taken
together these data extend our knowledge on the DN A binding
properties of NPM1 and suggest that future efforts should be
paid to identify G-quadruplex forming DNA regions that are
recognized by NPM1 in vivo.

EXPERIMENTAL PROCEDURES

Protein  Expression and Purification—NPM1-C53  was
expressed and purified as previously reported (20).

A gene construct for the expression of NPM1-C70 was
obtained through gene synthesis (GeneArt, Regensburg, Ger-
many) and cloned into expression vector pET28a(+) (Novagen,
San Diego, CA) between restriction sites Ndel and BamHI.
Escherichia coli cells, strain BL21(DE3), transformed with the
expression vector, were grown to A, 0.5 in LB medium sup-
plemented with kanamycin at 37 °C. At this point 1 mM isopro-
pyl 1-thio-B-p-galactopyranoside was added and cells were fur-
ther grown at 20 °C for 16 h. Cells were harvested, resuspended
in lysis buffer (20 mm Hepes, pH 7.0, 150 mm NaCl, 5 mm
B-mercaptoethanol, and 20 mm imidazole) and sonicated. After
centrifugation, the supernatant was loaded on a nickel-nitrilo-
triacetic acid column, pre-equilibrated with lysis buffer. Protein
was eluted using a linear gradient of lysis buffer plus imidazole
(20 mM to 1.0 m). Fractions containing the protein, as judged
from SDS-PAGE, were collected, diluted 10-fold with lysis
buffer, and incubated with thrombin (0.5 units/mg of protein)
for 1.5 h at 4 °C. After thrombin cleavage the reaction mixture
was supplemented with protease inhibitors (Roche Applied Sci-
ence) and loaded on a nickel-nitrilotriacetic acid column, pre-
equilibrated with lysis buffer, to remove the thrombin cleaved
N-terminal His tag and uncleaved protein. Protein was recov-
ered from the flow-through, diluted 10-fold with 20 mm Hepes,
pH 7.0, 5 mM B-mercaptoethanol, and loaded on a SP-Sepha-
rose column pre-equilibrated with the same buffer. Protein was
eluted using a NaCl linear gradient, buffer was exchanged to
remove the salt, concentrated up to 40 mg/ml in 20 mm Hepes
buffer, pH 7.0, 5 mM B-mercaptoethanol, and stored at —80 °C.
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Mutagenesis—NPM1-C70 protein variants were obtained
through site-directed mutagenesis and using the QuikChange
11 kit (Stratagene, La Jolla, CA), following the manufacturer's
instructions. Forward oligos used for PCR are the following:
K2294, 5'-CATATGCAGGAAAGCTTCgegAAACAGGAAA-
AMACGCCGAAAACC-3"; K230A, 5'-CATATGCAGGAAAG-
CTTCAAAgcgCAGGAAAAAACGCCGAAAACC-3"; K229A/
K2304, 5’ -CATATGCAGGAAAGCTTCgeggcgCAGGAAAA-
AACGCCGAAAACCCCGAAAGGCCCG-3"; K233A, 5'-CAG-
GAAAAAACGCCGggACCCCGAAAGGCCCGAGC-3" K236A,
5-CCGAAAACCCCGgegGGCCCGAGCAGCGTG-3"; and
K239A, 5"-GAAAGCTTCAAAAAACAGGAAgegACGCCGA-
AMACCCCGAAAGGC-3", NPM1-C70 protein variants were
expressed and purified as the wild-type construct.

Oligonucleotides—Oligonucleotides used in this study (Fig.
1B) were purchased from PRIMM s.r.] (Milan, Italy) and puri-
fied by HPLC. Oligonucleotides used for SPR analysis were bio-
tinylated at the 5'-end. Prior to use, lyophilized oligos were
resuspended in the appropriate buffer (20 mM Hepes, pH 7.0,
with or without 100 mm NaCl or KCl according to the different
experiments), quantified spectrophotometrically and annealed.
For annealing, oligos were heated to 95 "C for 15 min and slowly
cooled down at RT, overnight.

Surface Plasmon Resonance—The interactions between bio-
tinylated DNA constructs (ligands) with purified proteins
NPM1-C70 or NPM1-C53 (analytes) as well as with the por-
phyrin TmPyP4 (analyte), were all measured using the SPR
technique and a Biacore X100 instrument (Biacore, Uppsala,
Sweden). Each biotinylated DNA construct was immobilized
on a Sensor Chip SA, pre-coated with streptavidin from Biacore
AB. The capturing procedure on the biosensor surface was per-
formed according to the manufacturer’s instructions and set-
ting the aim for ligand immobilization to 1000 response units.
Running buffer was Hepes-buffered saline-EP, which contains
10 mMm Hepes, pH 7.4, 0.15 M NaCl, 3 mm EDTA, 0.005% (v/v)
Surfactant P20 (Biacore AB). Analytes were dissolved in run-
ning buffer, and binding experiments were performed at 25 °C
with a flow rate of 30 ul/min. The association phase (k) was
followed for 180 s, whereas the dissociation phase (k,g) was
followed for 300 s. The complete dissociation of active complex
formed was achieved by addition of 10 mm Hepes, 2 M NaCl, 3
mu EDTA, 0.005% (v/v) P20, pH 7.4, for 60 s before each new
cycle start. Analytes were tested in a wide range of concentra-
tions to reach at least a 2-fold increase from lower concentra-
tion tested. When experimental data met quality criteria,
kinetic parameters were estimated according to a 1:1 binding
model using Biacore X100 Evaluation Software. Conversely, an
affinity steady state model was applied to fit the data. In this
latter case two possible situations were exploited: (a) single
binding site, using the equation y = R, ¥ [analyte]/([analyte] +
K,); and (b) double independent binding site, using the equa-
tiony = R, * [analyte]/([analyte] + K,) + R, X [analyte]/
([analyte] + KD1).

Circular Dichroismm—All circular dichroism experiments
were performed using a Jasco J710 instrument (Jasco Inc., Eas-
ton, MD) equipped with a Peltier apparatus for temperature
control. Static spectra of G10-loop and c-MYC oligos were col-
lected at 25 °C, using oligos annealed in the appropriate buffer
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and concentrated to 20 pwMm. Spectra were collected using a
quartz cell with 1-mm optical path length (Hellma, Plainview,
NY) and a scanning speed of 100 nm/min. The reported spectra
are the average of five scans. To measure NPM1-C70 induced
G-quadruplex formation, oligos dissolved in buffer (without
additional salts) but not annealed, and concentrated to 20 pm,
were incubated for 1 h with appropriate amounts of NPM1-C70
and spectra collected as above. To monitor NPM-C70 induced
unfolding, oligos were annealed in Hepes buffer supplemented
with 100 mMm NaCl and incubated with NPM1-C70 increasing
amounts. The spectral contribution of buffers and proteins was
subtracted as appropriate. To measure the effect of the c-MYC
and G10-loop oligos on NPM1-C70 structure, CD spectra of
the protein (20 wm) in 20 mMm Hepes, pH 7.0, alone or incubated
with pre-annealed oligos (20 pMm) were recorded. The spectral
contribution of the oligo alone was then recorded and sub-
tracted as appropriate. Thermal denaturation experiments
were performed using a quartz cell with 1-mm optical path
length and monitoring the variation of CD signal at 260 nm.
Temperature was progressively increased, in 1°C/min steps,
from 25 to 105 °C. The Kaleidagraph software was used for CD
spectra analysis and representation.

Urea-induced Protein Denaturation—NPM1-C70 and
NPM1-C53 urea-induced denaturations were followed moni-
toring the change in CD signal at 222 nm, in the presence of
increasing amounts of urea. The same experiments were per-
formed in the absence or presence of NaCl 0.25, 0.5, and 1.0 M,
respectively. Data were plotted and analyzed using Kaleida-
graph software. A simple two-state model was used in all cases
to fit the data according to Equation 1,

AGy = Mpy X (D — Dyy3) (Eq. 1)
where AG is the free energy of folding at a concentration D of
denaturant, #p,_y, is the slope of the transition (proportional to
the increase in the surface-accessible area on going from the
native to the denatured state), and Dy, is the midpoint of the
denaturation transition. An equation that takes into account
the pre- and post-transition baselines was used (25).

RESULTS

Surface Plasmon Resonance Analysis of NPMI-DNA
Interaction—Full-length NPM1 is able to interact with a G-rich
sequence found at the SOD2 promoter and to function as a
cofactor in transcriptional activation (24). This region is pre-
dicted to form a hairpin with a five-paired base stem and a
stretch of 10 consecutive gnanines in the loop (hereby named
G10-loop; Fig. 1B). Our first aim was to determine whether this
DNA binding activity could be mapped to the C-terminal
domain of the protein. To this end, a biotinylated version of the
G10-loop was immobilized on a streptavidin chip and used as
bait in SPR analysis. Two different constructs of the NPM1
C-terminal domain were used as the analytes: NPM1-C70 com-
prising the last 70 C-terminal residues, and NPM1-C53 com-
prising the last 53 residues (Fig. 1L4). The first construct was
chosen because previous binding data on truncated proteins
mapped the NPM1 nucleic acid binding activity to this segment
(3), whereas the NPM1-C53 construct was prepared because it

37140 JOURNAL OF BIOLOGICAL CHEMISTRY

is the minimal folding unit of the C-terminal domain (20) that,
as established by NMR data, is made of three helices (Fig. 14)
(19).

When testing NPM1-C70 as the analyte we obtained a K, =
7.2 uM (Fig. 24, Table 1), whereas with NPM1-C53 we obtained
aKp = 169 um (Fig. 2, Band C, Table 1). Interestingly, both the
association and dissociation rate constants could be deter-
mined when NPM1-C70 was the analyte (Fig. 24), whereas they
were too rapid to be determined with NPM1-C53 (Fig. 2B). This
result suggests that the nucleic acid binding site is altered in the
shorter protein construct and that, in this case, binding is
mainly dictated by electrostatic interactions of the positively
charged protein domain (Fig. 14) with the negatively charged
G10-loop.

Next, we wanted to clarify the structural properties of the
DNA hairpin necessary for binding NPML. To this end we first
tested a so-called T10-loop, where the 10 guanines at the loop
of the G10-hairpin are replaced by 10 thymines, whereas all the
other bases are conserved (Fig. 1B). With NPM1-C70 we
obtained a K, = 307 puM that increased to K, = 1.17 mM with
NPM1-C53 (Table 1). This experiment indicates that a
sequence that forms a hairpin structure resembling that of the
native G10-loop but with thymines instead of guanines at the
loop is poorly recognized, with a 42-fold lower affinity. NPM1-
C53 is poorly competent for binding.

To explore the dimensional requirements of the hairpin for
high affinity recognition, we next immobilized a G5-loop,
which maintains the same hairpin arrangement of the G10-
loop but with only five guanines in the loop (Fig. 18). With this
oligo, we obtained a K, = 40 pum with NPM1-C70 and 224 um
with NPM1-C53. These experiments indicate that both the
presence of guanines at the hairpin loop and their number con-
tribute to the global affinity, suggesting that the three-dimen-
sional structure of the G10-loop plays an important role.

To further assess the DNA binding properties of NPML1, we
next tested an oligo made only of T-bases (38-mer), hereby
named poly(T) (Fig. 1B), and obtained a K, = 120 pum with
NPM1-C70and a K, = 520 um with NPM1-C53 (Table 1). This
suggests that the increased flexibility of the poly(T) linear oligo
with respect to the T10-loop can partly compensate for the
absence of guanines.

A further experiment was designed to establish the role
played by guanines in a DNA sequence that does not natively
form hairpin structures. We thought that if the protein prefer-
entially recognizes with high affinity a hairpin loop made of
guanines, it might also be able to induce such loop formation in
a poly(G) oligo and recognize it with good affinity (Fig. 1B).
Thus with poly(G) we expected to find a K, for NPM1-C70
higher than that found with the G10-loop but lower than that
found with the poly(T) oligo.

To our surprise, with NPM1-C70 we obtained a K, = 5.8 M,
comparable with that of the physiological substrate G10-loop;
with NPM1-C53 we obtained instead a K, = 31 M, the lowest
measured so far with this protein construct (Table 1). These
results suggest that the recognition ofa poly(G) oligo is far more
specific than we might have anticipated. This may be rational-
ized by hypothesizing that this oligo is not linear but has the
potential to form a structure that resembles that of the G10-
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FIGURE 1. Protein constructs and DNA oligos used in this study. A, sequence of the C-terminal domain of NPM1. The region differentiating NPM1-C70 from
NPM1-C53 (whose three-dimensional structure is shown in the inset} is underlined. Mutated lysines are shown in bold. The PSIPRED prediction is also shown (C=
coil, H = a-helix, £ = g-strand). B, oligos used in this study are shown both in sequence and in putative structure.

loop. Indeed, by inspecting the literature, we realized that a
poly(G) oligo, if long enough, such as our 38-mer (Fig. 1B), has
the potential to form three-dimensional structures known as
G-quadruplexes (26, 27).

NPMI C-terminal Domain Binds a Sequence Known to Form
a G-guadruplex—G-quadruplexes are formed by sequences
displaying at least four stretches of at least three guanines, with
no sequence requirements for the intervening loops that are
usually one to seven nucleotides long (G,N, _G.N, G.,N, .G,)
(26,28). The guanines interact with each other in an arrange-
ment different from the classical B DNA pairing, forming
planar tetrads stabilized by the so-called Hoogsteen type
H-bonds (27, 28). These structures are greatly stabilized by
Na™ or K™ ions that intercalate in the rings formed by the
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four guanines in the tetrad. Repetitive G-rich sequence
stretches are highly represented in the human genome and
are clustered at gene promoters, suggesting their functional
importance (27, 28).

We decided to investigate whether one well characterized
G-quadruplex might interact with our NPM1 constructs. We
focused our attention on a sequence contained in the NHE,
(nuclease hypersensitive element I1I) region of the c-Myc pro-
moter that is known to regulate up to 90% of total c-MYC
expression. This is a well characterized example of a parallel
G-quadruplex forming region, both in vitro and in vivo (29). An
oligo representing the G-quadruplex forming region of this
promoter (hereby c-MYC oligo) was therefore immobilized on
a chip for SPR analysis (Fig. 1B).
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FIGURE 2. SPR sensorgrams of the interaction between G10-loop and
NPM1 constructs. The oligo, bictinylated at its 5" end, was immobilized on a
SA (streptavidin) sensor chip. A, experimental curves (dashed lines with circles)
represent different concentrations of NPM1-C70 used as the analyte and were
fitted according to a single exponential binding model with 1:1 stoichiometry
{continuous lines). B, experimental curves represent different concentrations
of NPM1-C53. Both on and off rates were too rapid to be fitted. C, Scatchard
plot used to determine the dissociation constant with NPM1-C53.
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TABLE 1

Dissoclation constants and kinetic parameters as determined by SPR
analysis

Ligand

Analyte K, k k,

o on i
1T —
s WS s
Gl0-loop NPMI-C70  72+02 28+01x10° 198+ 0.03x 107*
NPMI-C53 169 =5
T10-loop NPMI-C70 307 =7
NPMI-C53 1170 =
G5-loop  NPML-C7T0  40=3
NPMI1-C53 IM =6
Poly(T) ~ NPMI-C70 120 = 26
NPMI-C53 520 = 30
Polyi(G) NPMI-C70 58=08
NPML-C53 il=4
c-Myc NPML-C70  19=01 74=03x10° 137+ 0031077
NPMI-C53 82 =15

Interestingly, we found that NPM1-C70 binds the c-MYC
quadruplex with a K = 1.9 um (Fig. 34 and Table 1), confirm-
ing that NPM1-C70 has high affinity for a sequence that adopts
a G-quadruplex structure. Similarly to the G10-loop, and con-
trary to the other oligos, both the association and dissociation
rates could be determined, suggesting that c-MYC G-quadru-
plex recognition is specific. Moreover, the experiment per-
formed using NPM1-C53 as the analyte led to a K = 82 uM,
confirming reduced affinity with this shorter domain (Fig. 3, B
and C, and Table 1).

The G10-loop Forms a G-quadruplex Structure in Vitro—
The results reported so far suggest that the NPM1 C-terminal
domain recognizes with particularly high affinity sequences
known to form G-quadruplex three-dimensional arrange-
ments. Under this light, it is interesting to note that the G10-
loop sequence, which is predicted to form a hairpin according
to conventional Watson-Crick pairing (Fig. 1B), also matches
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FIGURE 3.5PR sensorgrams of the interaction between c-MYC and NPM1
constructs. A, experimental curves (dashed lines with circles) represent differ-
ent concentrations of NPM1-C70 used as the analyte and were fitted accord-
ing to a single exponential binding madel with 1:1 stoichiometry (continuous
lines). B, experimental curves represent different concentrations of NPM1-
(C53. C, Scatchard plot referring to curves in panel B for dissociation constant
determination.

the above mentioned folding rule for G-quadruplexes and,
accordingly, is predicted to form a G-quadruplex by the Quad-
parser algorithm (26). Therefore, when annealing, this oligo has
the potential to form at least two alternative structures. Toinfer
which of these two structures is the most likely to be populated,
we first collected the CD spectra of G10-loop and ¢-MYC, for
comparison. It is well known that circular dichroism is diagnos-
tic of G-quadruplex formation (28). In particular, by comparing
the spectra of the c-MYC oligo annealed in the absence or pres-
ence of 100 mm NaCl or 100 mm KCI, respectively, we observe a
red-shift and increase in intensity of the peak at around 260 nm
and the formation of a through at 240 nm (Fig. 44). Importantly
the same features are observed in the case of the G10-loop spec-
tra (Fig. 4B). These variations are both considered hallmarks of
parallel G-quadruplex formation (28, 30). A second indication
of a G-quadruplex structure for the G10-loop is derived from
denaturation experiments. In Fig. 4C the thermal melting pro-
files of G10-loop in the 25-105 "C interval are shown, whereas
their corresponding static spectra are reported in Fig 4D.
These data indicate that the melting transition is still not com-
plete at 105 °C for the G10-loop in the presence of 100 mm KCl
or NaCl, whereas a poorly cooperative transition with a T,
centered at around 65-70 "C is observed when the same exper-
iment is performed in the absence of monovalent cations. The
predicted melting temperature for a G10-loop adopting hairpin
structure is T,, = 69.1°C in 100 mM monovalent cations,
according to the mfold server. Conversely the Quadpredict
algorithm predicts higher T, values, i.e. 94.9 and 77.1 °C, in the
presence of 100 mm KCl or NaCl, respectively. These higher
values are in better agreement with our experimental data, sug-
gesting a G-quadruplex structure in these conditions. Thermal
melting profiles were also collected for the c-MYC oligo (Fig.
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FIGURE 4. G10-loop adopts a G-quadruplex fold in vitro. A, CD spectra of the c-MYC oligo annealed in the absence (gray continuous line) or presence of 100
mm NaCl (dashed line) or 100 mm KCl{black continuous line), respectively. A red shift of the peak at 260 nm and the formation of a through at 240 nm s observed.
B, CD spectra of the G10-loop oligo. The same features observed with c-MYC oligo are observed. The line format is the same as in A. C, thermal denaturation
profiles of G10-oop in the 25-105 “Cinterval and in the absence (gray continuous line) or presence of 100 mm NaCl (dashed line) or 100 mm KCl (black continuous
line). D, CD spectra of the G10-loop in the absence (gray continuous, gray dashed dotted, and gray dotted at 25, 95, and 105 “C, respectively) or presence of 100
mu KCl (black continuous, black dashed dotted, and black dotted at 25,95, and 105 “C, respectively). Spectra at 95 and 105 “Cin the absence of salts are the same,
whereas in the presence of 100 mm KCl, they are different, indicating that the melting transition is not yet complete in the latter case. E, thermal denaturation
profiles of --MYC oligo in the 25-105 “C interval, collected in the absence (gray continuous line) or presence of 100 mm NaCl (dashed line) or 100 mm KCl (black
continuous line).

4E), as a control, and found to be similar to those obtained with  single process corresponding to the off-rate constant of a high
the G10-loop oligo (Fig. 4C). affinity binding site. By increasing the TmPyP4 concentration,

Finally we analyzed the binding of the porphyrin TmPyP4to  the off-rate becomes clearly biphasic (upper curves of Fig. 5E)
our oligos, by means of SPR. This molecule is known to bind  reflecting the titration of a second binding site with lower affin-
G-quadruplex structures with high affinity and a complex stoi-  ity. Moreover, not all the traces reach the equilibrium, so that
chiometry involving at least two binding sites with different the corresponding Scatchard plot is determined for a subpopu-
affinities (31-33). The interaction of TmPyP4 with poly(T) lation of the porphyrin concentrations studied. As a result, the
oligo (Fig. 54) determines a series of sensorgrams that, in the  equilibrium analysis performed via the Scatchard plot is not
concentration range explored, always reach equilibrium before  compatible with a single binding site (see the dashed line in Fig.
the end of the contact time between analyte and ligand, allow-  5F), whereas an excellent agreement is obtained assuming two
ing both kinetic analysis, with a simple 1:1 model interaction independent binding sites (solid line in Fig. 5F and see Table 2
(Fig. 54), and the construction of a Scatchard plot (Fig. 5B). The  forthe corresponding K}, values). Importantly, the experiments
average value for this double determination is K, = 345 = 15  performed with the G10-loop indicated that TmPyP4 binding
nM and is compatible with the presence of a single binding site  to this oligo follows the same behavior as observed with c-MYC,
(Table 2). When analyzing the T10-loop data, again we with the same stoichiometry and similar dissociation constants
observed a single binding site with alower dissociation constant  for the high and low affinity sites, respectively (Fig. 5, G and H,
(Ky, = 35 + 15 nM) (Fig. 5, Cand D, and Table 2). Conversely, and Table 2). In conclusion, TmPyP4 binding data obtained
when analyzing TmPyP4 binding to the c-MYC oligo (Fig. 5, £ with the G10-loop are in agreement with those obtained with
and F) a more complex behavior was observed, depending on  ¢-MYC and with previous work on G-quadruplex forming
the TmPyP4 concentration. At low concentrations (botforn  oligos (31-33), whereas data obtained with the hairpin T10-loop
curves of Fig. 5E) the dissociation phase is characterized by a  arenot. Taken together, our results suggest that, in the presence of
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physiological amounts of monovalent
cations, the G10-loop folds as a
G-quadruplex in vitro and might
also have this structure when recog-
nized in vivo by NPM1 (24).
NPMI-C70 Stimulates the For-
mation of G-quadruplex Structures—
Having established that NPM1-C70
binds with high affinity preformed
G-quadruplex structures, we next
investigated whether it is able to
induce G-quadruplex formation in
vitro. In Fig. 64 we report CD spec-
tra of the not annealed c-MYC oligo
titrated with NPMI1-C70, in the
absence of monovalent ions. By pro-
gressively increasing the amount of
NPM1-C70 we observe, once again,
a red-shift and increase in signal of
the 260 nm peak and the progressive
formation of a through at 240 nm,
which indicates that a G-quadru-
plex is formed upon protein bind-
ing. The same effect, albeit less evi-
dent, is obtained when using the
G10-loop oligo (Fig. 6B). In a mirror
experiment, using pre-annealed
c-MYC or G10-loop oligos (Fig. 6, C
and D, respectively) we checked
whether NPM1-C70 might have the
property to destabilize pre-formed
G-quadruplex structures. In both
cases increasing amounts of protein
had no effect on the CD signal of
oligos pre-annealed in the pres-
ence of monovalent cations. Thus
NPMI1-C70 is able to induce
G-quadruplex formation in un-
structured oligos, whereas it does
not unwind pre-structured oligos.
Identification of Key Residues in
the NPMI-quadruplex Interaction—
Data reported so far indicate that
the NPMI1 region comprised be-
tween the longer NPM1-C70 con-
struct and the shorter NPM1-C53
construct (aa 225-241) is necessary
for high affinity binding, This region
contains five lysine residues that we
hypothesized might play a role in
the specific recognition played by
NPM1-C70 versus NPM1-C53 (Fig.
1A). To test this hypothesis we
mutated each of them into alanine.
The K229A/K230A double mutant
was also prepared. With these vari-
ant proteins we performed a com-
plete set of SPR experiments to
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TABLE2
SPR analysis of TmPyP4 binding to selected DNA oligos
Ligand Ky Kan Fore
T T 7
Ms i
1.013 + 0.001 % 10° 3352 + Q.02

"
3309 = 0.4 % 107 (Kinetics)
360 + 30 % 10 ° (Scatchard)
345 + 15 % 10”7 (average value)
20 = 10 % 10~ (Kinetics)

50 = & x 10~? (Scatchard)

35 *+ 15 % 1077 (average value)

Poly T

T10-loop 20+08x 10" £x2x10°

c-Myc  Site L8+ 14x 1077
Site213*02x10°°

GlO-loop Site 1: 26 +3 x 107
Site 2 1.9 * 09 x 10°°

measure the binding affinities with the G10-loop and ¢-MYC
oligos. Interestingly, none of the single mutants significantly
affected the interaction when the variant proteins were tested
against both oligos (Table 3). However, when testing the double
mutant K229A/K2304, we observed a marked loss of affinity
and obtained a K, = 135 uM for the G10-loop and K, = 78 uMm
for the ¢-MYC oligo. These values are very close to those
obtained when testing the two oligos with NPM1-C53 (com-
pare Table 3 with Table 1) and suggest that residues Lys**® and
Lys™ cooperate to the specific and high affinity recognition
played by NPM1-C70 on both oligos. Besides that, they also
suggest that the mode of recognition of the ¢-MYC and G10-
loop is likely to be similar, pointing again to a G-quadruplex
structure for the G10-loop oligo.

Folding Studies—Previous structural studies on the NPM1
C-terminal domain (19) as well as our own folding studies (20,
21) were performed on the NPM1-C53 construct rather than
on NPM1-C70 (Fig. 14). The reason is that the segment com-
prising the residues that distinguish NPM1-C70 from NPM1-
(C53 is predicted to belong to the large natively unstructured
domain that separates the chaperone N-terminal domain of the
protein from the C-terminal domain (12). In Fig. 14 we report
the prediction made using the PSIPRED algorithm that shows a
high consensus coil prediction for this region (sequence under-
lined). The same predictions are obtained when using all the
algorithms available in the Disprot server (not shown). Because
we showed that this region is necessary for high affinity binding,
we now wondered if folding predictions were correct and if yes,
whether this region folds upon contact with DNA. A first indi-
cation comes from CD analysis of the protein in the absence or
presence of c-MYC (Fig. 74) or G10-loop (Fig. 7B) oligos. In
both cases, CD spectra are almost completely superimposible,
suggesting that the secondary structure content is invariant,
with no extra folding induced upon DNA binding,

To determine whether this segment is actually folded or
unfolded, we performed comparative urea denaturation exper-
iments on NPM1-C70 and NPM1-C53 in the presence of

NPMT1 Interacts with G-quadruplexes

increasing amounts of NaCl (Fig. 7, C and D, respectively). Two
critical values are extrapolated by fitting the denaturation
curves according to a simple two-state model, i.e. the midpoint
of denaturation Urea, ;, and the my, y; value. The latter is the
slope of the transition and gives an estimate of the change in
solvent accessible surface when moving from the denatured to
the native state (therefore the higher this value the more com-
pact the native state). The product of these two values repre-
sents protein stability (AG). In Table 4 it is shown that, in the
absence of salt, the AG value for NPM1-C70 is considerably
higher than the AG for NPM1-C53, by roughly 1.5 kcal/mol. In
fact, whereas the m, ,; values are similar, the Urea, , value for
NPM1-C70 is 3.8 versus 2.6 M for NPM1-C53. If the region
differentiating the two constructs were natively unstructured
and free to move in the solvent in NPM1-C70, one would expect
similar Urea, ,, and AG values. On the contrary our data suggest
that this segment forms a compact structure with the remain-
ing protein segment and thus contributes to overall stability. To
further corroborate this finding we performed the same exper-
iments in the presence of increasing salt amounts (Table 3). It is
well known that NaCl is highly effective in stabilizing protein
structure and promoting compactness (20, 21). Therefore we
reasoned that, if the segment were natively unstructured in the
absence of salt, it should progressively acquire compactness
when increasing the salt concentration and this should be
reflected in increased mp_y; values. Our data indicate that this
does not occur, with mp, 4, values remaining roughly the same,
within the experimental error, when increasing NaCl concen-
tration up to 1.0 m. Taken together these experiments indicate
that, contrary to predictions, NPM1-C70 adopts a compact
structure, without an unstructured N-terminal arm, which
constitutes the functional DNA binding domain of the protein.

DISCUSSION

In this work, we have investigated the DNA binding proper-
ties of NPM1, building on the foundations already established
by others (3, 22—-24). Our analysis suggests that, besides NPM1-
C53 being able to recognize any oligo tested with low affinity,
high affinity recognition is achieved only with NPM1-C70.
Moreover, rather than being just a single-stranded binding pro-
tein as initially suggested (3, 22), the preferential binding of
NPM1 is for oligos with a defined three-dimensional structure.
This is the case of the G10-loop, a sequence found at the pro-
moter of the SOD2 gene, which binds NPM1 and was predicted
to form a hairpin based on conventional Watson-Crick pairing
(24). However, a hairpin structure is not sufficient to confer
high recognition properties, as shown by the results obtained
with the T10-loop. The presence and number (see the G5-loop)

FIGURE 5. 5PR sensorgrams of the interaction between the porphyrin TmPyP4 and different oligos (panels A, C, E, and G for poly(T), T10-loop, c-MYC,
and G10-loop, respectively) and their corresponding Scatchard plots (panels B, D, F, and H). A, poly(T), from bottom to top of the panel [TmPyP4] = 1600,
800, 400, 200, 100, 50, and 25 nM. Experimental data are reported as dashed lines with circles (where the concentration was measured twice, also as dashed line
with squares); best fit assuming a 1:1 interaction is reported as a solid line. B, poly(T), Scatchard plot, open circles are experimental data points and the solid line
is the fit assuming a single binding site. C, T10-loop, from bottom to top of the panel [TmPyP4] = 1600, 800, 400, 200, 100, 50, and 25 nM. Symbols used are the
same as in panel A. D, T10-loop, Scatchard plot, the continuous line represents the best fit according to 1:1 interaction model. E, c-MYC, from bottom to top of
the panel [TmPyP4] = 1600, 800, 400, 200, 100, 50, 25, 12.5, 6.25, and 3.125 nM. Experimental data are reported as solid lines. F, c-MYC, concentrations used in
the Scatchard plot are [TmPyP4] = 1600-25 nM. Open circles are experimental data points and the dashed line represents the best fit assuming a single binding
site, whereas the solid line is the best fit assuming two independent binding sites. G, G10-loop, from bottom to top of the panel [TmPyP4] = 1600, 800, 400, 200,
100, 625, 31.25, 25, and 15.625 nM. Experimental data are reported as solid lines. H, G10-loop, the concentrations used in the Scatchard plot are [TmPyP4] =

1600-31.25 nM. Symbols used are the same as in panel F.
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FIGURE 6. NPM1-C70 is able to promaote the formation of G-quadruplex arrangement in unstructured oligos, whereas it does not unfold G-quadru-
plexes. A, not annealed c-MYC oligo (20 pm) in the absence (gray solid line} and presence of increasing amounts of NPM1-C70 (gray dots, black dots, and black
solid line for 10, 20, and 30 pum, respectively); the red shift and increase in amplitude at 260 nm and the formation of a through at 240 are indicative of
G-gquadruplex formation. B, not annealed G10-loop oligo (20 pM) in the absence (gray solid line) or presence of increasing amounts of NPM1-C70 (gray dots,
black dots, and black solid line for 70, 100, and 150 pM, respectively). C, spectra of c-MYC oligo (20 um), pre-annealed in the presence of 100 mm NaCl, and
incubated with increasing amounts of NPM1-C70 (same amounts as in panel A). D, same experiment as in panel C performed using the G10-loop (20 M),

Amounts of NPM1-C70 are the same as in panel B.

of guanines in the loop, and therefore the three-dimensional
structure adopted by this particular sequence, is indeed critical
(see Table 1).

Further investigations indicate that the expected hairpin
might not be the structure adopted by the G10-loop in vitre and
possibly also in vivo. First, we showed that NPM1-C70 is able to
recognize with high affinity G-quadruplex forming oligos, like
the poly(G) oligo and, above all, the G-rich sequence found at

37146 JOURNAL OF BIOLOGICAL CHEMISTRY

the NHEIIL, region of the c-MYC promoter. Then we presented
several lines of evidence that the G10-loop, whose sequence
obeys the G-quadruplex folding rule (26), is indeed folded as a
parallel G-quadruplex, at least in vitro. In fact, we showed by
CD spectroscopy that the G10-loop presents all the hallmarks
of parallel G-quadruplex formation in the presence of physio-
logical concentrations of K* and Na™ ions. Moreover we found
that the thermal unfolding of this oligo in the presence of
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TABLE3
Effect of single alanine mutations on NPM1-C70 binding to G10-loop and ¢-MYC oligos
G10-loop c-MYC
Ky Kou Kour K, Kon Kos
s wlst 5 I it s
NPMI1-C70 7202 28 =0.1 x 107 198 + 0.03 x 107 18=01 7403 % 10¢ L37 =003 x 1072
K229 147 = 0.8 16 =02 % 10° 230 = 0.04 % 1077 103 =09 7.3 =04 %100 75=03x107
K230A 109 + 0.3 150 + 0,02 % 107 L60 + 0.02 % 10°* 15+ 1 28+ 0.1 % 107 43+01x%10°
K233A 7505 4502 x 107 3401 =107 17206 3.0 =01 x 107 52x01x107*
K236A 8102 33 =01 x 107 270 = 0.02 % 1072 =1 28 = 0.2 x 10° 27+02x107?
K239A 198+ 05 104 +0.02 % 10°7 205 + 0.02 % 107 68+ 09 87+ 0.7 % 107 59+03%10 "
K229A/K230A 135+ 8 BT

monovalent cations is still not complete at temperatures as high
as 105°C, reflecting the enhanced stability conferred to
G-quadruplex structures by K™ and Na™. Finally we showed
that the G10-loop, contrary to the T10-loop, is capable of bind-
ing the porphyrin TmPyP4 with the same stoichiometry and
dissociation constants comparable with those of the ¢-MYC
oligo, thus behaving as expected for a G-quadruplex forming
aligo.

G-quadruplex forming regions are frequent in the human
genome and, interestingly, they are particularly abundant at
gene promoter regions, with roughly 47% of all gene promoters
having putative G-quadruplex forming regions (26, 28). A large
number of these regions have been investigated and shown to
form fully folded quadruplexes at least in vitro (34). In particu-
lar, it is interesting to note that these regions are frequently
associated to oncogene promoters, including those of c-Mye,
k-ras, bel2, and c-kit genes, whereas a markedly reduced fre-
quency at tumor suppressor promoters was observed (34).
Moreover telomeres, which are made of the repetitive sequence
TTAGGG, were also shown to form G-quadruplexes both in
vitro and in vivo, these structures being detrimental to telom-
erase function (35). These findings suggested that drugs capa-
ble of stabilizing G-quadruplexes might have a therapeutic
value in cancer treatment both because of telomerase inhibition
or oncogene suppression (27). As a proof of concept, it was
shown that the NHEIIL, region at the c-MYC promoter sup-
presses c-MYC gene transcription when adopting a G-quadru-
plex structure and that the porphyrin TmPyP4, which stabilizes
the G-quadruplex structure, is able to down-regulate this gene
in vivo and to inhibit tumor growth in xenograft tumor models
(36). The role of G-quadruplexes in gene regulation may, how-
ever, differ in other cases and be associated to gene activation,
possibly through protein binding (28). This might be the case of
the SOD2 promoter, because we showed a G-quadruplex
arrangement for the G10-loop region.

Given their importance in processes such as gene transcrip-
tion and regulation and telomere elongation control, it is not
surprising that a considerable number of proteins have been
reported to interact with G-quadruplexes, most of them asso-
ciated to telomere function (28). These include proteins that
only bind G-quadruplexes, proteins that promote G-quadru-
plex formation, helicases that unwind G-quadruplexes, pro-
teins that destabilize G-quadruplexes, and nucleases that are
specific for G-quadruplexes (37). We have shown here that
NPM1-C70, besides binding G-quadruplex forming regions, is
also capable of promoting G-quadruplex formation in vitro, a
property that may be relevant for NPM1 function in the cell.

AETEN
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Having established that G10-loop folds as a G-quadruplex, and
because this particular sequence is recognized by NPML in vive
and contributes to SOD2 gene activation (24), it is tempting to
speculate that there might be other G-quadruplex forming
regions in the genome that are recognized and stabilized by
NPMI1.

This will be an important subject for future investigations. In
fact, we know that mutations of NPM1 associated with acute
myeloid leukemia map to the C-terminal G-quadruplex bind-
ing domain, destabilize the protein, and drive its aberrant trans-
location to the cytosol (both wild-type and mutant) (17). There-
fore, a significant amount of NPM1 DNA binding activity
occurring in the nucleus is likely to be lost in acute myeloid
leukemia blasts and this may contribute to driving transforma-
tion through the loss of uncharacterized gene regulation
activities.

Our studies also suggest that further work is needed to
understand the structure and function of the NPM1 C-ter-
minal domain. In fact whereas we showed that NPM1-C70 is
the functional domain for G-quadruplex binding, only the
structure of NPM1-C53 is available to date (19). This obser-
vation led us to focus our attention on the sequence differ-
entiating these two constructs (see Fig. 14). We mutated all
five lysines contained in this sequence and found that single
alanine substitutions cannot explain the marked loss of func-
tion of NPM1-C53 with respect to NPM1-C70. However,
when mutating both Lys™® and Lys®™ to alanine, we
obtained dissociation constants comparable with those of
NPM1-C53 when testing both the G10-loop and c-MYC oli-
gos, suggesting that these two residues cooperate in recog-
nizing some presently unknown structural feature within the
G-quadruplex arrangement.

What then is the structure of NPM1-C70 and how are
these two lysines positioned with respect to each other? We
have previously underlined that all disorder prediction algo-
rithms indicate this protein construct to resemble the struc-
ture of NPM1-C53, with an additional natively unfolded tail
at the N terminus. However, we have shown here that (i)
NPMI1-C70 does not acquire additional secondary structure
upon DNA binding, (ii) its stability is considerably higher
than that of NPM1-C53, and (iii) that structure compactness
is not increased by the presence of salts. These findings con-
trast the predictions and suggest instead that NPM1-C70 is
folded as a compact domain, with the region comprised
between amino acids 225 and 241 contributing to shape a
G-quadruplex-binding site whose structure is presently
unknown.
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FIGURE 7. Felding analysis of the region differentiating NPM1-C70 from NPM1-C53 (amino acids 225 to 241). A, the CD spectra of NPM1-C70 (20 pM) in
the absence (gray line) or presence of c-MYC oligo (20 um; black line) are almost identical. B, CD spectra of NPM1-C70 (20 M) in the absence (gray line) or
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TABLE4
Urea-Induced denaturation of NPM1-C70 and NPM1-C532 in the presence of Increasing salt amounts
Urea, , and my, ,, were obtained by fitting experimental data. AG values are calculated as the product of Urea, , and my, , values.

My~ nesas-cro M. Ney1-css Urea, z mesas-cro Urea, ; nesas-css AG NPM1-C70 AGNPMI1-C53
No salt 0.93 = 0.16 0.787 = 0.07 376 =0.15 2.55 =007 349 202
0.25 M NaCl 0.93 = 012 0.864 = 0.08 451 =011 3.56 = 0.09 4.19 3.06
0.50 M NaCl 0.82 = 0.11 0845 = 0.08 4.55 = 0.14 3.91 =008 397 3.29
1.00 m NaCl 0.79 = 0.11 0.747 = 0.09 620 = 0.29 5.06 =017 49 3.79

Therefore structural studies of NPM1-C70 and its complexes  cerning the mechanism of G-quadruplex recognition by their
with relevant G-quadruplex forming oligos are much in need, interacting proteins (27). Moreover the C-terminal domain of
also because there is a paucity of structural information con- NPM1 is considered as a possible drug target for the treatment
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of acute myeloid leukemia with cytoplasmic NPMI (13, 21). In
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molecules.
18.
Acknowledg We thank Benedetta Mattei for valuable advice in
the design and execution of surface pl 1 € EXPEr]
REFERENCES 19.
1. Yung B. Y., Busch, H, and Chan, P. K. (1985) Biochim. Biophys Acta 826,
167-173 20.
2. Feuverstein, N., and Mond, |. |. (1987) [ Biol Chem. 262, 11389 11397
3. Wang, D, Baumann, A., Szebeni, A, and Olson, M. 0. (1994) [ Biol. Chem. 2L
269, 3099430998
4. Herrera, |. E., Savkur, R, and Olson, M. O. (1995) Nucleic Acids. Res. 23, 22,
3974 -3979 9495-9501
5. Colombo, E, Marine, J. C., Danovi, D, Falini, B, and Pelicci, P. G. (2002) 23,
Nat. Cell Biol. 4,529 -533 2445124457
6. Korgaonkar, C, Hagen, ., Tompkins, V., Frazier, A. A, Allamargot, C, 24,
Quelle, F. W., and CQuelle, D. E. (2005) Mol Cell. Biol. 25, 1258 -1271
7. Bertwistle, D, Sugimoto, M., and Sherr, C. . (2004) Mol. Cell. Biol 24, o5
985-996 6.
8. Wang, W., Budhu, A, Forgues, M., and Wang, X. W (2005) Nat. Cell Biol. 2908 _1916
7,823-830 -
9. Grisendi, 5., Bernardi, R, Rossi, M., Cheng, K., Khandker, L., Manova, K., i
and Pandolfi, P. P. (2005) Nature 437, 147-153 .
10. Borer, R. A, Lehner, C. F., Eppenberger, H. M., and Nigg, E. A. (1989) Cell . 11129
56,379 -390
11. Szebeni, A., and Olson, M. O. (1999) Profein Sci 8, 905-912 0. M
12. Grisendi, 5., Mecucci, C.. Falini, B, and Pandolfi, P. P. (2006) Nat. Rev. 23612-23635
Cancer 6, 493-505 3L
13. Falini, B, Sportoletti, P., and Martelli, M. P. (2009) Curr. Opin. Oncol. 21,
573-581 32
14. Falini, B., Mecucci, C, Tiacci, E., Alcalay, M., Rosati, R, Pasqualucci, L., La 66816691
33.

Starza, R, Diverio, D, Colombao, E., Santucei, A., Bigerna, B., Pacini, R,
Pucciarini, A., Liso, A, Vignetti, M., Fazi, P, Meani, N., Pettirossi, V.,
Saglio, G, Mandelli, F., Lo-Coco, F., Pelicci, P. G., Martelli, M. F,, and
GIMEMA Acute Leukemia Working Party (2005) N Engl. | Med. 352,
254266

. Falin, B., Nicoletti, L, Martelli, M. F., and Mecucci, C. (2007) Blood 109,

-
o

“BSEDE\

NOVEMBER 26, 2010+VOLUME 285-NUMBER 48

Wei, C., Wang. ].. and Zhang, M. (2010} Biophys Chem. 148, 51-55

34. Qin, Y., and Hurley, L. H. (2008) Biochimie 90, 1149 1171

o

Lipps, H. ] and Rhodes, 1. (2009) Trends Cell Biol 19, 414-422

36. Grand, C. L., Han, H, Munioz, R. M., Weitman, 5., Von Hoff, D. D., Hurley,

37.

L. H., and Bearss, I |. (2002) Mol. Cancer Ther. 1, 565-573
Fry, M. (2007) Front. Biosci. 12, 4336—4351

JOURNAL OF BIOLOGICAL CHEMISTRY 37149

110



Structure of Nucleophosmin DNA-binding Domain and
Analysis of Its Complex with a G-quadruplex Sequence from

the c-MYC Promoter™
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Background: Nucleophosmin leukemia-associated domain binds G-quadruplex DNA.
Results: NMR structural analysis of the 70-residue nucleophosmin C-terminal domain and its interaction with G-quadruplex

DNA from the c-MYC promoter was carried out.

Conclusion: The interaction involves helices H1 and H2 of the nucleophosmin terminal three-helix bundle mainly through

electrostatic contacts with G-quadruplex phosphates.

Significance: Learning how nucleophosmin interacts with nucleic acids may be crucial in rescuing its function in leukemia.

Nucleophosmin (NPM1) is a nucleocytoplasmic shuttling
protein, mainly localized at nucleoli, that plays a key role in
several cellular functions, including ribosome maturation and
export, centrosome duplication, and response to stress stimuli.
More than 50 mutations at the terminal exon of the NPM 1 gene
have been identified so far in acute myeloid leukemia; the
mutated proteins are aberrantly and stably localized in the cyto-
plasm due to high destabilization of the NPM1 C-terminal
domain and the appearance of a new nuclear export signal. We
have shown previously that the 70-residue NPM1 C-terminal
domain (NPM1-C70) is able to bind with high affinity a specific
region at the c-MYC gene promoter characterized by parallel
G-quadruplex structure, Here we present the solution structure
of the NPM1-C70 domain and NMR analysis of its interaction
with a c-MYC-derived G-quadruplex. These data were used to
calculate an experimentally restrained molecular docking
model for the complex. The NPM1-C70 terminal three-helix
bundle binds the G-quadruplex DNA at the interface between
helices H1 and H2 through electrostatic interactions with the
G-quadruplex phosphate backbone. Furthermore, we show that
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the 17-residue lysine-rich sequence at the N terminus of the
three-helix bundle is disordered and, although necessary, does
not participate directly in the contact surface in the complex.

Nucleophosmin (also called B23, numatrin, and herein
NPM1%) is a protein involved in a variety of crucial cellular
functions, including ribosome maturation and export, centro-
some duplication, and response to stress stimuli (1, 2). NPM1 is
a highly mobile protein capable of shuttling between nucleus,
nucleoplasm, and cytoplasm, although the bulk of the protein is
mainly localized in the nucleoli (3).

The NPM1 gene, overexpressed in a number of solid tumors,
has been proposed as a marker for colon, gastric, ovarian, and
prostate carcinomas (1). NPM1 is also frequently modified in
hematopoietic tumors. For instance, in both lymphoid and
myeloid disorders, NPM1 chromosomal translocations lead to
the production of several oncogenic fusion proteins (1). Fur-
thermore, NPM1 is the most frequently mutated gene in acute
myeloid leukemia, accounting for 35% of all cases (2, 4); over 50
different mutations, always heterozygous and largely associated
to a normal karyotype, were discovered (3, 4). Mutations
involve duplication or insertion of small base sequences at the
last exon of the gene and lead to a C-terminal domain that has
acquired four additional residues compared with wild type and
acompletely different sequence in the last seven. The nucleolar
localization signal is compromised with the loss of one or both
of the two critical tryptophan residues, and a third nuclear
export signal appears. Moreover, the mutated domain is largely
destabilized or totally unfolded (5-7). Both the destabilization
of NPM1 C-terminal domain and the presence of an additional
nuclear export signal contribute to the aberrant and stable

4 The abbreviations used are: NPM1, nucleophosmin; NPM1-C70, 70-residue
NPM1 C-terminal domain; SOD2, superoxide dismutase 2; AIRs, ambiguous
interaction restraints; NHE lll, nuclease hypersensitive element Ill.
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localization of the mutated protein in the cytoplasm, which is
the salient feature of this type of leukemia (2).

The NPM1 C-terminal domain is known to bind both duplex
and single-stranded DNA as well as RNA with no sequence
specificity and with a preference for single-stranded nucleic
acids (8). This picture was suggestive of a protein playing
mainly a chaperone and transport role for preribosomal RNA
particles (1, 9). Recently, however, it was shown that NPM1
binds a specific G-rich sequence at the superoxide dismutase 2
(SOD2) gene promoter and participates in the transcriptional
activation of this gene (10).

Starting from these premises, we recently showed (11) that (i)
NPM1 binds with high affinity DNA sequences that form
G-quadruplexes, including the one found at the ¢-MYC onco-
gene promoter (see later); (ii) NPM1 is able to induce G-qua-
druplex formation in G-rich unstructured oligos; and (iii) the
region of the SOD2 promoter recognized in vivo by NPMI is
indeed folded as a G-quadruplex in vitro (11). We also investi-
gated the domain boundaries necessary for DNA binding and
demonstrated that a 17-residue segment preceding the C-ter-
minal three-helix bundle (5) is necessary for high affinity rec-
ognition (11).

G-quadruplex DNA is gaining increasing attention because it
is highly represented (especially in selected regions of the
genome, including telomeres and gene promoters) and is
involved in a number of regulatory processes (12, 13). Interest-
ingly, G-quadruplex regions are frequently found at oncogene
promoters, whereas a reduced frequency at tumor suppressor
genes is observed (14). For instance, a well characterized
G-quadruplex-forming sequence present at the NHE;;; region
of the c-MYC oncogene promoter (15) is recognized by NPM1
C-terminal domain in vitro (11) and folds as a G-quadruplex
both in vitro and in vive, regulating up to 90% of total c-MYC
transcription (15-17). The interaction with proteins that stabi-
lize the G-quadruplex fold, such as nucleolin, causes a marked
down-regulation of the gene (18, 19), whereas the opposite hap-
pens through the interaction with G-quadruplex-unwinding
proteins, such as NMR-H2 (20).

Given its selective localization at oncogene promoters and
telomeres, G-quadruplex DNA is an attractive target for tumor
treatment, and the structures of several G-quadruplex regions
alone and in complex with drugs have been reported (21). Con-
versely, although the list of proteins that bind G-quadruplex
DNA is rapidly increasing and the importance of such interac-
tions for a variety of physiological processes is now clear, very
little structural information is available concerning the molec-
ular recognition mechanism of complex formation (22). To the
best of our knowledge, only two structures are available: (i)
thrombin in complex with a synthetic aptamer that folds as a
G-quadruplex (23) and (ii) the Oxytricha nova telomere-bind-
ing protein heterodimer bound to its telomeric sequence (24).

Here we present the high resolution NMR structure of the
NPM1 DNA-binding domain and analyze its interaction with
the G-quadruplex DNA from the NHE;; region of the c-MYC
promoter. We show (i) that the contact surface involves largely
amino acids belonging to helices H1 and H2 of the terminal
three-helix bundle and (ii) that a well defined G-quadruplex
region is recognized through several electrostatic interactions

26540 JOURNAL OF BIOLOGICAL CHEMISTRY

with the phosphate backbone. The N-terminal lysine-rich
region of the NPM1 C-terminal domain, which we show to be
unstructured, does not participate directly in the interacting
surface although it proved necessary to increase affinity (11).
The data presented below unveil the interaction surface
between G-quadruplex DNA and NPM1 and may inspire the
search for small molecules or aptamers aimed at restoring a
native-like fold in NPM1 leukemic mutants.

EXPERIMENTAL PROCEDURES

Oligonucleotides—The oligonucleotides used in this study
are Pu27 of sequence 5'- TGGGGAGGGTGGGGAGGGTGG-
GGAAGG-3" and Pu24l of sequence 5'-TGAGGGTGGIGA G-
GGTGGGGAAGG-3'. Pu27 and Pu24l were purchased from
Primm (Milan, Italy) and Integrated DNA Technologies, Inc.
(Coralville, IA), respectively, and were both HPLC-purified.
Lyophilized oligos were dissolved in 20 mm phosphate buffer
pH 7.0, 100 mm KCl and annealed. For annealing, oligos were
heated to 95 °C for 15 min and then allowed to gently cool down
to room temperature overnight. After annealing, the parallel
G-quadruplex assembly of both oligos was assessed by inspect-
ing CD spectra collected with a Jasco J-710 spectropolarimeter.

Protein Sample Preparation—A DNA construct for residues
225-294 of human NPM1 was cloned into pET28+(a) vector
and transformed into Escherichia coli BL21(DE3) cells. For iso-
tope enrichment, cells were grown in a minimal medium with
('*NH,),S0, and ['*C]glucose. Protein expression was induced
with 1.0 mM isopropyl B-b-thiogalactopyranoside at 20 °C, and
cells were harvested after 16 h. NPM1-C70 was purified as
reported previously (11). The hexahistidine tag at the N termi-
nus of the protein was thrombin-cleaved and removed by nick-
el-nitrilotriacetic acid affinity column.

Structure Calculations of the Free Protein—The 'H, **C, and
15N resonance frequencies of NPM1-C70 were assigned using
all classical NMR experiments. NMR experiments used for res-
onance assignment and structure calculations were performed
on *C,"*N-labeled NPM1-C70 sample containing 10% D,0.
NMR spectra were collected at 298 K, processed using standard
Bruker software (TOPSPIN 2.1), and analyzed with CARA (25).

Structure calculations were performed with the software
package UNIO using as input the amino acid sequence; the
chemical shift lists; and three 'H-"H NOE experiments, two-
dimensional NOESY, three-dimensional *C-edited NOESY,
and three-dimensional '*N-edited NOESY, recorded at 900
MHz with a mixing time of 100 ms. The standard protocol
included in UNIO with seven cycles of peak picking using
ATNOS (26), NOE assignment with CANDID (27), and struc-
ture calculation with CYANA-2.1 (28) was used. ¢ and i dihe-
dral angles were obtained from the chemical shift analysis using
TALOS+ software (29-31). In each ATNOS/CANDID cycle,
the angle constraints were combined with the updated NOE
upper distance constraints in the input for subsequent
CYANA-2.1 structure calculation cycle.

The 20 conformers with the lowest target function values
were subjected to restrained energy minimization in explicit
water with AMBER 11.0 (32, 33). NOE and torsion angle con-
straints were used. The quality of the structures was evaluated
using the programs PROCHECK, PROCHECK-NMR (34), and
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WHAT IF (35). Statistics about the energy-minimized family of
conformers are reported in Table 1. The atomic coordinates
and structural restraints for NPM1-C70 have been deposited in
the Protein Data Bank with accession code 2llh. Resonance
assignments are also available at BioMagResBank (accession
number 18048).

Structure Calculations of the Complex—To identify intermo-
lecular NOEs in the NPM1-C70-Pu241 complex, a w,-"*C-ed-
ited, w,-"*C-filtered NOESY experiment was recorded in a
two-dimensional plane (‘H-'H plane) on '*C,"*N-labeled
NPM1-C70-unlabeled Pu24l (36). The selected temperature
was 290 K, and the mixing time used was 120 ms. *H, '*C, and
15N backbone resonances of NPM1-C70 in the complex were
assigned by performing all the typical experiments for back-
bone assignment.

To calculate a structural model for the interaction between
NPM1-C70 and Pu24l, a data-driven molecular docking was
performed using the HADDOCK protocol. HADDOCK com-
prises a series of Python scripts that run on top of the structure
determination programs ARIA and CNS (37-41). The method
relies on the definition of ambiguous interaction restraints
(AIRs) derived from experimental data.

For our docking calculations, we defined as unambiguous
restraints residues resulting from intermolecular NOE cross-
peaks on both protein and DNA. Furthermore, we defined as
AlRs (i) residues experiencing chemical shift variations above
the average variations plus one standard deviation (85 =
0.043 = 0.025 ppmy; Fig. 3B, black line); (ii) residues whose sig-
nals broadened their line width (Glu?*, Lys**®, and Phe?®®)
and/or disappeared during the titration (Phe®”®); and (iii) DNA
atoms interacting with the protein, also identified by chemical
shift perturbation, as detected in homonuclear experiments
(one-dimensional and two-dimensional). Residues used as
AlRs are listed in Table 2.

The HADDOCK docking protocol consists of (i) randomiza-
tion of orientation and rigid body minimization, (ii) semirigid
simulated annealing in torsion angle space, and (iii) final refine-
ment in Cartesian space with explicit solvent. The rigid body
docking step was performed five times with 1000 structures
generated at each stage, the best 200 of which were refined in
the semiflexible stage and subsequently in explicit water. Elec-
trostatic and van der Waals terms were calculated with an 8.5-A
distance cutoff (37).

For the docking procedure, the structures of NPM1-C70
(here determined) and Pu241 (Protein Data Bank code 2A5P)
were used as starting points. The coordinates for the lowest
energy NPM1-C70-Pu24l structural model are included as sup-
plemental material.

Relaxation Data—Heteronuclear relaxation experiments
were performed on ®N-labeled samples of NPM1-C70 at 700
MHz. The *N backbone longitudinal (R,) and transverse (R,)
relaxation rates as well as heteronuclear **N{*H} NOEs were
measured using a standard protocol (42, 43).

RESULTS

The Structure of the NPMI1-C70 Domain—The short C-ter-
minal domain of NPM1 (residues 242-294; hereafter NPM1-
C53) was shown by Grummitt et al. (5) to fold as a three-helix
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TABLE1

Statistical analysis of the energy-minimized family of conformers of
NPM1-C70

r.m.s., root mean square; r.m.s.d., root mean square deviation; rad, radian; BB, back-
bone; HA, heavy atoms.

AMBER 10.0°
(20 structures)

r.m.s. deviations per meaningful distance
constraint (A)”
Intraresidue (189)
Sequential (279)
Medium range (220)°
Long range (40)
Total (728)

0.0065 = 0.0063
0.0208 = 0.0062
0.0198 = 0.0031
0.0106 = 0.0122
0.0178 = 0.0015

r.m.s. violations per meaningful dihedral angle
constraints (°)”

& (42) 120=1.01
W (42) 617 = 4.19
Average no. of NOE violations larger than 0.3 A 0.05 £ 0.22
Average NOE deviation (A%)? 0.01 = 0.03
Average angle deviation (rad®)? 0.66 = 0.10
r.m.s.d. to the mean structure (A) (BB)® 0.80 + 0.21
r.m.s.d. to the mean structure (A) (HA)* 140 £ 0.15
Structural analysis
Residues in most favorable regions (%) 96.5
Residues in allowed regions (%) 33
Residues in generously allowed regions (%) 0.1
Residues in disallowed regions (%5‘1 0.0
G-factor’® 0.03
Structure Z-scores®"
First generation packing quality 1.27
Second generation packing quality 4.51
Ramachandran plot appearance —1.50
X1/X, rotamer normality —3.04
Backbone conformation —0.50

“ AMBER indicates the energy-minimized family of 20 structures.

? The number of meaningful constraints for each class is reported in parentheses.

© Medium range distance constraints are those between residues (i, i + 2),
(i,i+3),(ii+4),and (i, i + 5).

4 NOE and torsion angle constraints were applied with force constants 0f 20 kcal
mol~ " A7 and 20 kcal mol ! rad ~?, respectively.

¢ The rms.d. to the mean structure is reported considering the segment 293-291.

/ As it results from the Ramachandran plot analysis. For the PROCHECK statistics,
an overall G-factor larger than —0.5 is expected for a good quality structure.

2 The statistical analysis is reported considering the segment 293-291.

" Values based on WHAT IF output. A Z-score is defined as the deviation from
the average value for this indicator observed in a database of high resolution
crystal structures expressed in units of the standard deviation of this database-
derived average. Typically, Z-scores below a value of —3 are considered poor,
and those below —4 are considered bad.

bundle. However, NPM1-C53 is poorly competent for DNA
binding, and the 17-residue lysine-rich region at its N terminus
(residues 225-241) is necessary for high affinity (11). Therefore,
we decided to determine by NMR the structure of this longer
construct encompassing the last 70 residues of the NPM1
sequence (residues 225-294; hereafter NPM1-C70). Statistics
about structure determination are shown in Table 1.

The structure depicted in Fig. 1A comprises a well defined
three-helix bundle, similar to the NPM1-C53 construct (5), in
terms of length, relative orientation, and hydrophobic interac-
tions between all the paired helices (Fig. 14). On the other
hand, the lysine-rich region (residues 225-241) that enhances
DNA binding is unstructured as indicated by high values for
15N-'H R, (Fig. 1B) and low values for **N-'H R, (Fig. 1C) and
heteronuclear NOEs (Fig. 1D) with no secondary structure ele-
ments nor any propensity to fractionally take up secondary
structures as clearly shown from the chemical shift index anal-
ysis (Fig. 1, B and C). Conversely, the folded part of the NPM1-
C70 construct shows °N-'H R, and **N-'H R, values typical of
an 8-kDa protein (Fig. 1, B and C) and positive values for het-
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FIGURE 1. NPM1-C70 quadruplex-binding C-terminal domain encom-
passing residues 225-294. A, NMR solution structure of NPM1-C70 showing

the 20 lowest energy structures. A lysine-rich natively unstructured segment
(amino acids 225-242) precedes the terminal three-helix bundle. 8, *N-"HR,
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eronuclear "*N{'H} NOEs values (Fig. 1D), although the latter
are lower than those of a rigid protein, thus indicating the
occurrence of fast internal motions.

The Complex of NPMI1-C70 with ¢-MYC G-quadruplex
DNA—NPM1-C70 binds a DNA oligonucleotide resembling a
specific sequence found at the NHE ;; region of the c-MYC pro-
moter (11). This 27-mer region (called Pu27) of sequence
5'-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3' is known
to form a parallel G-quadruplex structure in the presence of K™
at physiological concentration (100-150 mm) (11, 18). Pu27
contains five runs of three or more consecutive guanines and
therefore can, in principle, populate several G-quadruplex
structures with different topologies (13). These multiple con-
formations are indeed observed in the free state as monitored
by multiple sets of NMR signals in slow exchange in the one-
dimensional "H NMR spectra (Fig. 2A4). Moreover, Pu27 main-
tains different quadruplex topologies also when bound to
NPM1-C70 (Fig. 2A). The structural heterogeneity of the Pu27
sample complicates the analysis of its interaction with NPM1-
C70. However, recently, Patel and coworkers (44) showed that a
c-MYC-derived shorter oligonucleotide of 24 residues contain-
ing a guanine to inosine substitution in one of the guanine runs
populates only one of the possible G-quadruplex conforma-
tions (called Pu24l; 5'-TGAGGGTGGIGAGGGTGGGGAA-
GG-3'). Therefore, we decided to use this oligonucleotide for
further studies. The assignment of the 'H nuclei of Pu24I was
provided by courtesy of Anh Tuan Phan and Vitaly Kuryavyi
(44). First, by comparing the one-dimensional 'H NMR spectra
of Pu24l in the free state and bound to NPM1-C70, we con-
firmed that Pu24I displays only a single G-quadruplex topology
that is retained after NPM1-C70 binding (Fig. 2B). Then, to
assess whether Pu241 undergoes major conformational changes
upon NPM1-C70 binding, we performed intramolecular NOE
experiments for the bound state of Pu24I and compared it with
its free state. To characterize the bound state, a w,-'*C-filtered,
,-'2C-filtered NOESY experiment was recorded in a two-di-
mensional plane (*H-'H plane), whereas, in the case of the
Pu24l free state, a standard two-dimensional NOESY was per-
formed. As shown in Fig. 2C, no major variations are visible in
the superimposition of the two spectra, indicating that the
G-quadruplex structure of Pu24l is maintaining its conforma-
tion when bound to NPM1-C70.

To further investigate the interaction of NPM1-C70 with
Pu24l, we titrated '°N-labeled NPM1-C70 with increasing
amounts of unlabeled Pu241. We observed both the appearance
of new peaks and the disappearance of others, indicating the
formation of a new species that exchanges slowly with the
free protein on the NMR time scale, i.e. < 1072 s~ ! (Fig. 3A).
The ratio of the intensity of the signals for a given resonance in
the two species changes linearly with the amount of Pu24I and
reaches a plateau upon addition of stoichiometric amounts of
Pu24l, consistent with a 1:1 protein‘Pu24l complex. NPM1-

NOE values. C, "*N-"H R, NOE values. Low R, and high R, values for segment
225-242 are consistent with the N-terminal tail being unstructured. D, het-
eronuclear "*N{'H} NOEs are positive but smaller than expected for an 8-kDa
protein, indicating fast internal motion in the three-helix bundle. Red lines
indicate average values for the 225-242 and the 243-294 segments,
respectively.
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FIGURE 2. Analysis of Pu27 and Pu24l G-quadruplex conformations. A, super-
imposition of the one-dimensional 'H NMR spectra of Pu27 in the free state (blue)
and bound (red) to NPM1-C70. Both spectra were acquired at 700 MHz and at 290
K. B, superimposition of the one-dimensional "H NMR spectra of Pu24l in the free
state (blue) and bound (red) to NPM1-C70. Both spectra were acquired at 700 MHz
and 290 K. , details of the superimposition between ,-'*C-filtered, w,-">Cfil-
tered NOESY experiments in a two-dimensional plane ('H-'H plane) of
Pu24-NPM1-C70 complex (black) and a classical two-dimensional NOESY of
Pu24lin its free state (red). Both spectra were acquired at 700 MHz and 290 K.

C70 interacts with Pu24l mainly via hydrophilic residues
located in helices H1 and H2 and exposed on the same side of
the protein (Fig. 3, B and C). Interestingly, a few residues
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located on helix H3 also display chemical shift variations (Fig. 3,
Band C). Because the latter are buried and interact with helices
HI and H2, we conclude that a strong coupling is present
among the three helices.

In the protein'Pu24l complex, no chemical shift variations
were detected for residues belonging to the NPM1-C70 N-ter-
minal unstructured segment, indicating that this tail is not
directly involved in the complex (Fig. 3B). This was confirmed
by analysis of the '°N heteronuclear relaxation data in the com-
plex where the N-terminal tail is still characterized by high val-
ues for heteronuclear "*N-"H R, (Fig. 3D) and low values for
heteronuclear '*N-'H R, (Fig. 3E) and heteronuclear NOEs
(Fig. 3F), consistent with a natively unstructured state. Con-
versely, the folded C-terminal region of NPMI1-C70 shows
I5N-TH R, and '®N-'H R, values typical of a complex of 16-kDa
molecular mass (in agreement with the sum of the molecular
weights of NPM1-C70 and Pu24l) and positive values for het-
eronuclear '>N{'H} NOE values (Fig. 3, D-F). Both results sug-
gest that the complex between NPM1-C70 and Pu24l is stable,
consistent with the high affinity observed previously for the
Pu27 oligonucleotide (11). The relaxation data analysis also
pointed out that the heteronuclear N{*H} NOE values
increase in the folded region of NPM1-C70, indicating an
increasing rigidity for the three-helix bundle of NPM1-C70
upon binding of Pu24I (Fig. 3F).

Experimentally Restrained Molecular Docking of the NPM1-
C70-Pu24l complex—To gain additional information on the
structure of the complex, "*C-filtered NOESY experiments
were performed. Six intermolecular NOEs were detected
between NPM1-C70 and Pu24I in the complex (Table 2). An
example of assignment of NOE cross-peaks is shown in Fig. 4A.
They involve Lys and Asn residues of the protein (whose side
chains are free to rotate during the subsequent docking calcu-
lation) and sugar backbone protons on Pu24l. These distance
restraints, together with the chemical shift perturbations
defined as AIRs (also listed in Table 2), were used to calculate a
structural model of the NPM1-C70-Pu24l complex within the
data-driven HADDOCK docking program (see “Experimental
“Procedures” for details about the protocol used). Importantly,
HADDOCK calculations identified a single cluster of docking
poses. In particular, 184 final complex structures were obtained
at the end of the procedure with an root mean square deviation
from the lowest energy solution of 1.5 + 0.9 A. As an example,
the 20 lowest energy docking poses are reported in Fig. 4B.

Asshown in Fig. 54, the interaction surface involves one side
of the three-helix bundle, the interacting residues all being
located on helices H1 and H2, with a buried area of 1358.6 =
92.2 A2 Based on the assignment of the intermolecular NOEs
(Fig. 4A and Table 2), the interaction involves side chains of
NPM1-C70 residues Lys>*®, Lys®*”, Asn®”®, and Asn®”*. On the
Pu24l side, intermolecular NOEs indicate the involvement of
protons of the backbone (mainly the deoxyribose ring) of nucle-
otides T1, G11, A12, G13, G15, and G23. From the structure
model analysis, a linear stretch of nucleotides (from G11 to
G16) located on one side of the G-quadruplex scaffold (Fig. 54)
intercalates into a groove formed by helices H1 and H2 (Fig.
5B). Interestingly, this stretch contributes to the formation of
each of the three stacked guanine tetrads in the G-quadruplex
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FIGURE 3. Interaction of NPM1-C70 with the Pu24l G-quadruplex. A, "N HSQC spectra of the protein before (black) and after addition of stoichio-
metric amounts of unlabeled Pu24l (red). Representative chemical shift variations are labeled, indicating relevant residues. B, chemical shift variations
cluster in the three-helix bundle, whereas they are not found at the N-terminal 225-242 segment. The horizontal black line indicates the average
chemical shift variation plus one standard deviation upon Pu24l addition. C, residues experiencing chemical shift variations higher than the average
plus one standard deviation are highlighted on the structure of the protein. Residues belonging to helices H1 and H2 are solvent-exposed. A few
hydrophobic residues belonging to helix H3 are also affected, indicating coupling between the helices upon Pu24l binding. Heteronuclear °N-"HR, (D)
and heteronuclear '*N-'H R, values (£) for NPM1-C70 in complex with Pu24l indicate that the N-terminal region flanking the three-helix bundle remains
unstructured after Pu24l binding. F, the increase of heteronuclear TSN{'H} NOE values in the three-helix bundle upon Pu24l binding (see Fig. 1D for
comparison) suggests increased rigidity.

scaffold. By analyzing the 20 lowest energy docking solutions, it DISCUSSION

appears that residues Lys**, Lys**’, Asn®’®, and Asn®”* always The propensity of NPMI to interact with nucleic acids
participate in the formation of salt bridges or hydrogen bonds  appears to be crucial for several functions that this protein plays
with backbone phosphates belonging to the G11-G16 linear  both in the nucleoli and in the cytoplasm where a small fraction
stretch. Inaddition, residues Lys®*” and Cys*”®are always found ~ of the protein is always present due to continuous shuttling

at the interface where they contact phosphate groups in the back and forth from the nucleus. For instance, a great deal of

G11-G16 stretch in all 20 lowest energy docking poses. data show that NPM1 controls both ribosome assembly and
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TABLE 2

Intermolecular NOEs and AlRs
calculations
Gua, guanine.

used for HADDOCK docking

Intermolecular NOEs
NPMI1-C70 atoms

Pu24I atoms Distance (A)

Lys 250-HG3/HG2 G13-H3' 4.01
Lys 250-HE2/HE3 GI11-H5 583
Lys 257-HD2/HD3 Al12-H1' 5.53
Lys 257-HD3/HD2 T1-H72 4.03
Asn 270-HD22/HD21 G15-H5" 4.52
Asn 274-HD22/HD21 G23-H21 312

Ambiguous Interaction Restraints
Active Residues of NPMI-C70

Glu245
Lys248
Lys250
GIn252
Ser254
1le255

Lys257
Val264
Phe268
Tle269

Asn270
Asn274
Phe276
Thr279
Tle284

Leu287
Trp290

Active Residues of Pu24l\

Guas

Gual3
Gual7
Gua20

transport (9). Recently, it was also shown that NPM1 is selec-
tively deposited on the mRNA body during polyadenylation,
suggesting a putative role in a variety of post-transcriptional
events, including splicing (45). A role of NPM1 in the control of
gene transcription has been also suggested either through its
association with several transcription factors at gene promoters
(9) or through its direct interaction with the G-rich sequence
found at the SOD2 gene promoter (10). We further showed that
the latter region is folded as a G-quadruplex at least in vitro and
that G-quadruplexes are bound by NPMI-C70 with high
affinity (11).

Based on these premises, we analyzed the three-dimensional
structure of NPM1-C70 bound to G-quadruplexes. Among sev-
eral oligonucleotides tested, we focused our attention on the
interaction of NPM1-C70 with the G-quadruplex at the NHE;;
region of the ¢-MYC promoter because this is the DNA
sequence bound with the highest affinity (11) whose structure is
known (40).

The structure of NPM1-C70 alone and bound to the DNA
fragment was investigated by a combination of NMR data and
docking calculations guided by experimental restraints. As
shown in Fig. 5, NPM1-C70 binds the Pu24I G-quadruplex
through a specific surface at the interface between helices H1
and H2. Several positively charged and polar residues establish
interactions mainly with phosphate groups of a linear stretch of
nucleotides that fits the small groove at the H1-H2 interface.

R EVEN
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FIGURE 4. Intermolecular NOEs and HADDOCK calculations. A, an example
of NOE cross-peak assignment from w,-'*C-edited, w,-'*C-filtered NOESY
experiments in a two-dimensional Plane ('"H-'H plane) of the NPMI-
C70-Pu24l complex acquired on a '*C,'*N-labeled NPM1-C70-unlabeled
Pu24l sample. B, the 20 lowest energy complex structures obtained by NMR
data-restrained molecular docking calculations using the HADDOCK proto-
col. NPM1-C70 is represented in blue, and Pu24lis represented in green.

Interestingly, this stretch contributes to the formation of the
main G-quadruplex scaffold, whereas the interactions with
nucleotides belonging to the connecting loops appear marginal.
This may explain why NPM1 recognizes with comparable affin-
ity several G-quadruplexes that differ in loop length and
distribution (11).

Among the NPM1-C70 residues found at the interface with
the Pu24l G-quadruplex, Lys**” and Lys**7 are acetylated in
vivo by p300 and deacetylated by SIRT1 (46). NPM1 acetylation
results in dislocation of the protein from the nucleoli to the
nucleoplasm where NPM1 interacts with transcriptionally
active RNA polymerase IL. Our finding that these two residues
are at the interface with Pu241 DNA suggests that loss of nucle-
olar localization may be due to impaired DNA binding at the
nucleoli coupled to acetylation.

Interestingly, we also found from our docking simulations
that Cys®’* is always located at the center of the surface buried
by Pu24l. Cys®® is targeted and alkylated by the natural anti-
tumoral compound (+)-avrainvillamide (47). Treatment of
LNCaP or T-47D cells with (+)-avrainvillamide leads to an
increase in cellular p53 concentrations and promotes apopto-
sis. It is therefore conceivable that these effects may be linked to
(+)-avrainvillamide-mediated impairment of NPM1 nucleic
acid binding efficiency.
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A

FIGURE 5. Structural model of the NPM1-C70-Pu24l complex. A, ribbon
representation of the lowest energy model showing helices H1 and H2 of
NPM1-C70 approaching the G-quadruplex “laterally” and interacting with a
specific segment of the backbone (in orange). B, NPM1-C70 is represented
with its electrostatic surface (blue for positive and red for negative), whereas
Pu24l is shown in ribbon representation. The Pu24l structure is shown in
transparency to highlight the small positively charged groove in between
helices H1 and H2 that accommodates a stretch of Pu24l nucleotides (G11-
G16; colored in orange). The long unstructured tail is also positively charged
and may play a role in long range electrostatic interactions with the
approaching oligonucleotide.

The N-terminal tail of the NPM1-C70 construct, although
necessary for high affinity binding of any DNA tested (11), is
natively unstructured both in the isolated domain and in the
complex with Pu241. This finding parallels previous observa-
tions in other systems. For instance, the affinity of the cAMP-
responsive element-binding protein KID domain for the KIX
domain of the cAMP-responsive element-binding protein-
binding protein is significantly reduced when an unstructured
portion of the domain that does not participate directly to the
complex contact surface is deleted (48). Similarly, the interac-
tion of splicing factor 1 with the large subunit of the U2 small
nuclear RNA auxiliary factor (U2AF®®) is affected by flanking
unstructured regions that do not physically contact the partner
(49). This phenomenon, which is more frequent than previ-
ously anticipated, has been termed “flanking fuzziness” (50).
Furthermore, it was shown recently that a large fraction of tran-
scription factors are characterized by the presence of unstruc-
tured regions that flank the DNA-binding domain at one or
both ends and that these regions may impact the affinity for
specific or nonspecific DNA sequences (51).

What could the role of this unstructured N-terminal tail of
NPMI1-C70 be? Although this issue is still under investigation,
it is conceivable that the presence of an unstructured segment
adjacent to the interacting domain may provide a larger plat-
form for long range electrostatic interactions or even transient
physical contacts that facilitate the fine tuning of binding (see
Fig. 5B) (50). This is supported by the observation that two
concomitant Lys to Ala substitutions (Lys**°-Lys**°) in the
unstructured segment of NPM1-C70 result in a dramatic
decrease of global affinity (11).

Furthermore, exposed unstructured regions may be modi-
fied by post-translational modifications, driving regulatory
changes. Several residues in the unstructured segment may be
modified, such as Lys?* and Lys**® that are among the lysines
acetylated by p300 and deacetylated by SIRT1 (46). A number of
putative phosphorylation sites are also present in the tail,
including Ser®?”, Thr***, Thr*¥, and Ser***; among these, the
phosphorylations of Ser?*” by PKC and of Thr?**-Thr?**” by the
Cdkl-cyclinB complex were experimentally validated (52, 53).
Both acetylation and phosphorylation may therefore interfere
with NPM1 nucleic acid binding and play a role in NPM1 activ-
ity and trafficking throughout the cell cycle.

Leukemia-associated NPMI1 mutations cause dramatic
destabilization up to total unfolding of the terminal three-helix
bundle that is responsible for the aberrant cytosolic transloca-
tion of the protein. Scaloni et al. (6, 7) showed that a malleable
“native-like” structure that accelerates folding is retained in the
denatured state of the wild-type NPM1-C53 three-helix bundle
and involves helices H2 and H3 (H3 is also the site of leukemic
mutations), whereas helix H1 is totally unfolded in the dena-
tured state. A possible strategy to rationally target NPM1 for
the treatment of this type of leukemia might be that of develop-
ing a drug able to stabilize in the leukemic variant a native-like
structure by altering through binding the folding-unfolding
equilibrium in favor of the native state. Our folding studies
suggested that such a drug should preferentially target helix H1.
Because we have shown here that G-quadruplex DNA specifi-
cally binds a region in between helices HI and H2 of NPM1-
C70, we may attempt to rationally design aptamers or other
smaller molecules that by mimicking the binding properties of
G-quadruplexes to NPM1 C-terminal domain might stabilize a
native-like state in the leukemic variant.
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