THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 48, pp. 37138-37149, November 26, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

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

Received for publication, July 21,2010, and in revised form, September 9,2010 Published, JBC Papers in Press, September 27,2010, DOI 10.1074/jbc.M110.166736

Luca Federici*'?, Alessandro Arcovito®', Giovanni L. Scaglione®”, Flavio Scalonil, Carlo Lo Sterzo/,

Adele Di Matteo**, Brunangelo Falini**, Bruno Giardina

§ 8§

, and Maurizio Brunori

From the *Ce.S.I. Center of Excellence on Aging and Department of Biomedical Sciences, University of Chieti “G. D’Annunzio,”
66013 Chieti, the SInstitute of Biochemistry and Clinical Biochemistry and “Department of Internal Medicine, Haemostasis Research
Center, Universita Cattolica del Sacro Cuore, 00168 Rome, the listituto 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 *®Institute of Chemistry of Molecular

Recognition of the CNR, 00168 Rome, Italy

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 induces the formation of G-quadruplex structures
in vitro. Finally we show that a specific sequence found at the
SOD2 gene promoter, which was previously shown to be a target
of NPM1 in vivo, 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). NPM1 is also involved in the
regulation of the important tumor suppressors p53 (5) and
pldarf (6, 7) and therefore mutations at the NPM1I locus or
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aberrant localization of NPM1 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
NPM1 (17). More than 40 alterations have been detected and
were found to be mutually exclusive with major chromosomal
abnormalities (13, 14). NPM1 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 RNA 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-

VOLUME 285+-NUMBER 48-NOVEMBER 26, 2010



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
NPML1 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 DNA 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 Ay, 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 mMm 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
IT kit (Stratagene, La Jolla, CA), following the manufacturer’s
instructions. Forward oligos used for PCR are the following:
K229A, 5'-CATATGCAGGAAAGCTTCgcgAAACAGGAAA-
AAACGCCGAAAACC-3'; K230A, 5'-CATATGCAGGAAAG-
CTTCAAAgcgCAGGAAAAAACGCCGAAAACC-3'; K229A/
K230A, 5'-CATATGCAGGAAAGCTTCgcggcgCAGGAAAA-
AACGCCGAAAACCCCGAAAGGCCCG-3'; K233A, 5'-CAG-
GAAAAAACGCCGgcgACCCCGAAAGGCCCGAGC-3';K2364,
5'-CCGAAAACCCCGgcgGGCCCGAGCAGCGTG-3"; and
K239A, 5'-GAAAGCTTCAAAAAACAGGAAgcgACGCCGA-
AAACCCCGAAAGGC-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.l (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 mm 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) 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 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 . X [analyte]/([analyte] +
K,); and (b) double independent binding site, using the equa-
tiony = R, X [analyte]/([analyte] + Kj,) + R X [analyte]/
([analyte] + KD1).

Circular Dichroism—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 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 (20 uM) in 20 mm Hepes, pH 7.0, alone or incubated
with pre-annealed oligos (20 uMm) 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 —Dy,,) (Eq. 1)
where AG,, is the free energy of folding at a concentration D of
denaturant, mp, 4 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 guanines 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. 1A4). 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
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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. 2A, Table 1), whereas with NPM1-C53 we obtained
a K, =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 NPM1. 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 um 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. 1B). With this
oligo, we obtained a K, = 40 um 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 NPM1, we
next tested an oligo made only of T-bases (38-mer), hereby
named poly(T) (Fig. 1B), and obtained a K, = 120 um with
NPM1-C70 and 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 um,
comparable with that of the physiological substrate G10-loop;
with NPM1-C53 we obtained instead a K, = 31 umM, the lowest
measured so far with this protein construct (Table 1). These
results suggest that the recognition of a 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, E = B-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).

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 (G;N; -G3;N; -G;N; -G3)
(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 III) 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, biotinylated 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.

TABLE 1

Dissociation constants and kinetic parameters as determined by SPR
analysis

Ligand Analyte K, Kon Koge
M M’ls’l st
G10-loop NPM1-C70 72 *0.2 2.8*0.1X 10> 1.98 +0.03 X 107>
NPM1-C53 169 5
T10-loop NPM1-C70 307 =7
NPM1-C53 1170 * 40
G5-loop NPM1-C70 40=*3
NPM1-C53 224 *6
Poly(T) NPM1-C70 120 * 26
NPM1-C53 520 * 30
Poly(G) NPM1-C70 58 *0.8
NPM1-C53 314
c-Myc NPM1-C70 1.9+0.1 7.4 *0.3X 10> 1.37 +0.03 X 10>
NPM1-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 uwm,
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. SPR 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 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.

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. 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 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 KCl, 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 7,, = 69.1°C in 100 mM monovalent cations,
according to the mfold server. Conversely the Quadpredict
algorithm predicts higher 7, 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, 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 nmis 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-loop 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
mm 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 c-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 TmPyP4 to  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. 5A) 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. 5A), and the construction of a Scatchard plot (Fig. 5B). The  for the 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
nMm 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 a lower dissociation constant ~ for the high and low affinity sites, respectively (Fig. 5, G and H,
(Kp = 35 = 15 nm) (Fig. 5, C and 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, E  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 (bottom  oligos (31-33), whereas data obtained with the hairpin T10-loop
curves of Fig. 5E) the dissociation phase is characterized by a  are not. 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).
NPM1-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. 6A we report CD spec-
tra of the not annealed c-MYC oligo
titrated with NPM1-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
¢-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
NPM1-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 NPM1 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

Response Unit (R.U.) Response Unit (R.U.) Response Unit (R.U.)

Response Unit (R.U.)
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TABLE 2
SPR analysis of TmPyP4 binding to selected DNA oligos
Ligand Ky Kon Koge
1 _1 7
M M S S
PolyT ~ 330.9 + 0.4 X 10 7 (Kinetics) ~ 1.013 = 0.001 X 10 33.52 * 0.02

360 + 30 X 10~ (Scatchard)
345 =+ 15 X 10~ ? (average value)
20 * 10 X 10~ (Kinetics)

50 + 8 X 10~ ? (Scatchard)

35 = 15 X 10~ (average value)

T10-loop 29+08X10"°  6+2x10%

c-Myc Site 1: 8 = 14 X 10~
Site 2: 1.3 = 0.2 X 10°°
G10-loop Site 1:26 =3 X 10~ °

Site2: 1.9 = 0.9 X 10~°

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 3). However, when testing the double
mutant K229A/K230A, we observed a marked loss of affinity
and obtained a K, = 135 uM for the G10-loop and K, = 78 um
for the c-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 c-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. 1A). 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. 1A 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. 7A) 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

NPM1 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 m,  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, ; values. Our data indicate that this
does not occur, with my, ; 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. 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, 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, 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 nMm. Symbols used are the same as in panel F.
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FIGURE 6. NPM1-C70 is able to promote the formation of G-quadruplex arrangement in unstructured oligos, whereas it does not unfold G-quadru-
plexes. A, not annealed c-MYC oligo (20 um) 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 um) 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 um, respectively). C, spectra of c-MYC oligo (20 uMm), 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.

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 vitro 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 NHEIII, 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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TABLE 3
Effect of single alanine mutations on NPM1-C70 binding to G10-loop and c-MYC oligos
G10-loop c-MYC
Ky Kon Kose KD Kon Kose
M m st s M m st st
NPM1-C70 7.2 %02 2.8 0.1 X 10* 1.98 +0.03 X 103 19*+0.1 7.4+ 0.3 X 10° 1.37 = 0.03 X 102
K229A 14.7 £ 0.8 1.6 + 0.2 X 10* 2.30 = 0.04 X 1073 10.3 + 0.9 7.3 + 0.4 X 10? 75+03X107°
K230A 10.9 £ 0.3 1.50 = 0.02 X 10? 1.60 = 0.02 X 103 15*1 2.8 +0.1 X 10? 43+01x10°3
K233A 7.5 *05 4.5+ 0.2 X 10? 34+0.1x103 17.2 £ 0.6 3.0 £ 0.1 X 10? 52+0.1XxX103
K236A 8.1+02 3.3 0.1 X 10? 2.70 = 0.02 X 1073 10+1 2.8 +0.2 X 10? 2.7 +02X107?
K239A 19.8 £ 0.5 1.04 = 0.02 X 10? 2.05 +0.02 X 1073 6.8 0.9 8.7 0.7 X 10? 59+0.3x%x103
K229A/K230A 135+ 8 787

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 c-MYC
oligo, thus behaving as expected for a G-quadruplex forming
oligo.

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-Myc,
k-ras, bcl2, 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 NHEIII, 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.
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Having established that G10-loop folds as a G-quadruplex, and
because this particular sequence is recognized by NPM1 in vivo
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
NPM1.

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)
NPM1-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. Folding analysis of the region differentiating NPM1-C70 from NPM1-C53 (amino acids 225 to 241). A, the CD spectra of NPM1-C70 (20 um) 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 wm) in the absence (gray line) or
presence of G10-loop oligo (20 um; black line). C, urea-induced denaturation of NPM1-C70 in the absence (open circles) or presence of 250 mm (open squares),
500 mm (open diamonds), and 1.0 m (crosses) NaCl are reported. Data were fitted according to a two-state model (/ines) and folding parameters are reported in
Table 4. D, urea-induced denaturation of NPM1-C53 under the same conditions as in panel C. Symbols are also the same.

TABLE 4
Urea-induced denaturation of NPM1-C70 and NPM1-C53 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 m, , values.

Mp_N NPMI-C70 Mp_N NPM1-C53 Urea, , npai-cro Urea, , npmi-css AG NPM1-C70 AG NPM1-C53
No salt 0.93 +0.16 0.787 = 0.07 3.76 = 0.15 2.55 + 0.07 3.49 2.02
0.25 M NaCl 0.93 +0.12 0.864 + 0.08 4.51 £0.11 3.56 * 0.09 4.19 3.06
0.50 M NaCl 0.82 = 0.11 0.843 + 0.08 4.55 + 0.14 3.91 + 0.08 3.77 3.29
1.00 M NaCl 0.79 = 0.11 0.747 * 0.09 6.20 * 0.29 5.06 = 0.17 4.9 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- NPML1 is considered as a possible drug target for the treatment
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of acute myeloid leukemia with cytoplasmic NPM1 (13, 21). In
principle, any molecule that targets this domain could stabilize
a native-like state even in the mutated protein and prevent its
association with the nuclear export system or translocation.
Under this light, the structural analysis of NPM1 binding to
nucleic acids would help in the rational design of such
molecules.
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