
Biochimica et Biophysica Acta 1840 (2014) 2050–2059

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbagen
G-quadruplex DNA recognition by nucleophosmin: New insights from
protein dissection
Pasqualina Liana Scognamiglio a,c,1, Concetta Di Natale a,c,1, Marilisa Leone d,b,Mattia Poletto e, Luigi Vitagliano d,
Gianluca Tell e, Daniela Marasco a,b,⁎
a Department of Pharmacy, University of Naples “Federico II”, DFM-Scarl, 80134 Naples, Italy
b CIRPEB: Centro Interuniversitario di Ricerca sui Peptidi Bioattivi, University of Naples “Federico II”, DFM-Scarl, 80134 Naples, Italy
c Center for Advanced Biomaterials for Healthcare@CRIB, Istituto Italiano di Tecnologia (IIT), 80125 Naples, Italy
d Institute of Biostructures and Bioimaging, CNR, 80134 Naples, Italy
e Department of Medical and Biological Sciences, University of Udine, 33100 Udine, Italy
Abbreviations: TIS, Triisopropylsilane; TFA, Trifluoroac
hexafluorophosphate(1-), 3 oxide; HOBt, N-hydroxybenzo
Performance Liquid Chromatography; LC–MS, Liquid Chr
succinimide; NOESY, Nuclear Overhauser Enhancement S
NPM1, NPM1 225–294; C_107 NPM1, NPM1 188–294
⁎ Corresponding author at: Department of Pharmacy, U

E-mail address: daniela.marasco@unina.it (D. Marasco
1 These are co-first authors.

http://dx.doi.org/10.1016/j.bbagen.2014.02.017
0304-4165/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 16 December 2013
Received in revised form 13 February 2014
Accepted 18 February 2014
Available online 24 February 2014

Keywords:
Disordered protein region
Surface Plasmon Resonance
Helical stability

Background:Nucleophosmin (NPM1, B23) is a multifunctional protein that is involved in a variety of fundamen-
tal biological processes. NPM1/B23 deregulation is implicated in the pathogenesis of several human malignan-
cies. This protein exerts its functions through the interaction with a multiplicity of biological partners. Very
recently it is has been shown that NPM1/B23 specifically recognizes DNA G-quadruplexes through its C-
terminal region.
Methods: Through a rational dissection approach of protein here we show that the intrinsically unfolded regions
of NPM1/B23 significantly contribute to the binding of c-MYC G-quadruplex motif. Interestingly, the analysis of
the ability of distinct NPM1/B23 fragments to bind this quadruplex led to the identifications of distinct NPM1/
B23-based peptides that individually present a high affinity for this motif.

Results: These results suggest that the tight binding of NPM1/B23 to the G-quadruplex is achieved through the
cooperation of both folded and unfolded regions that are individually able to bind it. The dissection of NPM1/
B23 also unveils that its H1 helix is intrinsically endowed with an unusual thermal stability.
Conclusions: These findings have implications for the unfolding mechanism of NPM1/B23, for the G-quadruplex
affinity of the different NPM1/B23 isoforms and for the design of peptide-based molecules able to interact with
this DNA motif.
General observation: This study sheds new light in the molecular mechanism of the complex NPM1/G-
quadruplex involved in acute myeloid leukemia (AML) disease.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nucleophosmin (NPM1, also known as B23, No38 and numatrin)
is an abundant multifunctional protein, initially identified as a phos-
phoprotein, which is present in high quantities in the granular
region of nucleoli [1,2]. NPM1/B23 is, however, capable of shuttling
between nucleus and cytoplasm [3]. NPM1/B23 plays a plethora of
functions including the regulation of ribosome biogenesis, chroma-
tin remodeling, DNA replication, recombination, transcription, re-
pair and the control of centrosome duplication [4,5]. This protein
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has been found over-expressed in tumors of different histological
origins, including gastric, ovarian, bladder and prostate carcinomas
and in various hematological malignancies [6–9]. Notably, NPM1/
B23 has been identified as the most frequently mutated gene in
acute myeloid leukemia (AML) patients, accounting for approxi-
mately 30% of cases [10–14].

NPM1/B23 belongs to the nucleophosmin/nucleoplasmin family of
proteins [15]. Three distinct isoforms of the protein have been reported
to be expressed in human cells. B23.1, the longest and the most abun-
dant, is also the best characterized isoform. B23.2 and B23.3 are splicing
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Fig. 1. Schematic representation of NPM1 protein. (A) Themodular structure of NPM1, functional, structural domains andprimary structure of C_107NPM1are pointed out and (B) primary
sequences of C_107NPM1-based peptides were analyzed in this study.
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variants that lack the C-terminal 35 amino-acids and a 29 amino-acid
stretch (residues 195–223) in the basic region, respectively [16].

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

The analysis of the NPM1/B23 sequence also shows that the protein
shuttling abilities between intracellular compartments rely on several sig-
naling sequences: i) a NES (nuclear export)motif with two leucines in the
N-terminal domain, ii) NLSs (nuclear localization) between the two acidic
stretches and, iii) a NoLS (nucleolar localization) with aromatic-rich resi-
dues at the C-terminal domain [20]. NPM1/B23 exerts its functions essen-
tially through interactions with a variety of biological partners. NPM1
interactions with other proteins (e.g. p53, p14arf, Fbw7γ, APE-1)
[25–29], ribosomal proteins RPL5, RPS9, RPL23, HIV proteins REV TAT)
[30] are generally mediated by the N-terminal domain, whereas the C-
terminal moiety regulates the binding of DNA/RNA.
NPM1was shown to bind both DNA and RNA oligonucleotides, with
a preference for single stranded structureswith respect to those double-
stranded, independently of the sequence [31,32].

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

In order to gain further insights into this intricate recognitionmech-
anism, here we evaluated the ability of individual fragments of NPM1 to
bind this G-quadruplex. Interestingly, the dissection of NPM1 led to the
identification of distinct protein segments that present high affinity for
this motif. The structural characterization of these fragments provides
new clues about the folding/unfolding process of the triple helix bundle
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motif. Moreover, present findings delineate strategies for the develop-
ment of peptide-based entities for targeting the c-MYC G-quadruplex.

2. Material and methods

2.1. Preparation of recombinant C_107 NPM1

C_107 NPM1 (residues 188–294) constructs were expressed and
purified as HisTag-fusion proteins in Escherichia coli BL21 (DE3) follow-
ing or adapting the procedure previously described [37]. The quality of
purification was checked by Coomassie-stained SDS-polyacrylamide
gel electrophoresis (PAGE) analysis. Extensive dialysis against PBS was
performed to remove any trace of imidazole from the purified proteins.

2.2. G-quadruplex

Oligonucleotide TGGGGAGGGTGGGGAGGGTGGGGAAGG biotinylat-
ed at the 5′-end used in this study was purchased from PRIMM s.r.l
(Milan, Italy) and purified by HPLC. For annealing, as already reported,
in 20 mM Hepes, pH 7.0, with 100 mM NaCl, oligo was heated to 95 °C
for 15 min and slowly cooled down at RT, overnight.

2.3. Surface Plasmon Resonance

The interactions between biotinylated c-MYC G-quadruplex with pu-
rified C_107 NPM1, and peptides NPM1 188–225, 225–243, 242–259 and
242–259_B23.2, were all measured using the SPR technique and BIAcore
T-100, 3000 (GE Healthcare Milano, Italy). Biotinylated c-MYC G-
quadruplex was immobilized on a sensor chip SA, pre-coated with
streptavidin (GE Healthcare Milano, Italy). The capturing procedure on
the biosensor surface was performed as reported in [38]. 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. Analytes were
dissolved in running buffer, and binding experiments were performed
at 25 °C with a flow rate of 20 μL/min. The association phase (kon) was
followed for 180 s, whereas the dissociation phase (koff) was followed
for 300 s. The complete dissociation of active complex formed was
achieved by addition of 1 M NaCl, for 60 s before each new cycle start.
The reference chip sensorgrams were opportunely subtracted to sample
sensorgrams. When experimental data met quality criteria, kinetic pa-
rameterswere estimated assuming a 1:1 bindingmodel andusing version
4.1 Evaluation Software (GE Healthcare), and it was so only for C_107
NPM1. Conversely, for C_107NPM1derivedpeptides thefit of the equilib-
rium values for the SPR response vs. the ligand concentration was
employed and performed with GraphPad Prism v4.00 [39] using the
one-site binding equation.

2.4. Peptide synthesis

Reagents for peptide synthesis (Fmoc-protected amino acids and
resins, activation and deprotection reagents) were from Novabiochem
(Läufelfingen, Switzerland) and InBios (Napoli, Italy). Solvents for peptide
synthesis and HPLC analyses were fromRomil (Dublin, Ireland); reversed
phase columns for peptide analysis and the LC–MS system were from
ThermoFisher (Milan, Italy). Solid phase peptide syntheses were per-
formed on a fully automated multichannel peptide synthesizer Syro I
(Multisynthech, Germany). Preparative RP-HPLC was carried out on a
Shimadzu LC-8A, equipped with a SPD-M10 AV detector and with a
Phenomenex C18 Jupiter column (50 × 22mm ID; 10 μm). LC–MS analy-
ses were carried out on a LCQ DECA XP Ion Trap mass spectrometer
equipped with a OPTON ESI source, operating at 4.2 kV needle voltage
and 320 °C with a complete Surveyor HPLC system, comprised of
MS pump, an autosampler and a photo diode array (PDA). Narrow bore
50 × 2 mm C18 BioBasic LC–MS columns were used for these analyses.

The peptides 188–225, 225–243, 242–259, 242–259_B23.2, and 259–
277 were synthesized employing the solid phase method on a 50 μmol
scale following standard Fmoc strategies [40]. Rink-amide resin (substitu-
tion 0.5 mmol/g)was used as solid support. Activation of amino acidswas
achieved using HBTU/HOBt/DIEA (1:1:2), whereas Fmoc deprotection
was carried out using a 20% (v/v) piperidine solution in DMF. All cou-
plings were performed for 15 min and deprotections for 10 min and at
the end of peptide chain assembly peptides were acetylated at their N-
termini. Peptides were removed from the resin by treatment with a
TFA:TIS:H2O (90:5:5, v/v/v) mixture for 90 min at room temperature;
then crude peptides were precipitated in cold ether, dissolved in a
water/acetonitrile (1:1, v/v) mixture and lyophilized.

Productswere purified byRP-HPLC applying a linear gradient of 0.1%
TFA CH3CN in 0.1% TFA water from 5% to 65% over 12 min using a semi-
preparative 2.2 ×5 cmC18 columnat aflow rate of 20 mL/min. Peptides
and purity and identity were confirmed by LC–MS. Purified peptides
were lyophilized and stored at−20 °C until use.

2.5. Circular dichroism (CD) spectroscopy

CD spectra were recorded on a Jasco J-810 spectropolarimeter
(JASCO Corp, Milan, Italy). CD spectra were registered at 25 °C in
the far UV region from 190 to 260 nm. Each spectrumwas obtained av-
eraging three scans, subtracting contributions from corresponding
blanks and converting the signal to mean residue ellipticity in units
of deg∗cm2∗dmol−1∗res−1. Other experimental settings were:
20 nm/min scan speed, 2.0 nm band width, 0.2 nm resolution,
50 mdeg sensitivity, and 4 s response. The concentration of peptides
was kept at 10 × 10−5 M and a 0.1 cm path-length quartz cuvette was
used. Spectra were acquired in 10 mM phosphate buffer at pH 7.0.

Thermal denaturation profiles were obtained bymeasuring the tem-
perature dependence of the ellipticity at 220 nm in the 293–363K range
with a resolution of 0.5 °C and 1.0 nm bandwidth. The heating rate was
1 K/min and the response at 16 s with a Peltier temperature controller.

A buffer solution containing 10 mM of sodium phosphate was used
in chemical denaturation experiments. Urea was purchased from
Sigma and further purified by recrystallization from ethanol/water
(1:1) mixtures. Stock solutions of urea were mixed with peptide solu-
tions to give a constant final value of the peptide concentration
(100 μM). The final concentration of denaturant was in the range
0.0–8.0 M. Each sample was incubated overnight. Longer incubation
times led to identical spectroscopic signals.

2.6. NMR experiment

NMR analysiswas performed for 242–259 and 242–259_B23.2. NMR
samples consisted of peptides (242–259: 1 mg; 242–259_B23.2:
0.8 mg) dissolved in 600 μL of 10 mM sodium phosphate buffer pH =
7.2; samples contained 5% (v/v) D2O (99.8% d, Armar Scientific,
Switzerland). Most NMR spectra were recorded at 298 K on a Varian
Unity INOVA 600 MHz spectrometer provided with a cold probe. The
process of proton resonance assignment was conducted by following a
standard protocol which relies on comparison of 2D[1H, 1H] TOCSY
(Total Correlation Spectroscopy) [41] (70 ms mixing time) and NOESY
(Nuclear Overhauser Enhancement Spectroscopy) [42] (200 and
300msmixing times) spectra. Chemical shifts were referencedwith re-
spect to internal TSP (trimethylsilyl-3-propionic acid sodium salt-d4,
99% d, Armar Scientific, Switzerland) (see Appendix Tables A1, A2 for
242–259_B23.1, 242–259_B23.2, respectively).

1D spectra were recorded with a relaxation delay of 1 s and 32–64
scans. 2D experiments were generally acquired with 32–64 scans,
128–256 FIDs in t1, 1024 or 2048 data points in t2.

Water suppression was achieved with the DPFGSE (Double Pulsed
Field Gradient Selective Echo) [43] sequence. Spectra were processed
with VNMRJ 1.1D (Varian by Agilent Technologies, Italy) and analyzed
with the NEASY [44] program that is included in the CARA (Computer
Aided Resonance Assignment) software package (http://www.nmr.ch/).
Analysis of Hα chemical shifts and deviations from random coil values

http://www.nmr.ch/


Table 1
Dissociation constants for the interaction of NPM1 regions with c-
MYC G-quadruplex.

Ligand KD (μM)

C_70 NPM1 1.9 ± 0.1⁎

C_53 NPM1 82 ± 15⁎

C_107 NPM1 0.328 ± 0.003
188–225 NPM1 18 ± 5
225–243 NPM1 54 ± 15
242–259 NPM1 275 ± 43

⁎ [33].
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were estimated with NmrView [45,46] by using the database byWishart
et al. for peptide random coil chemical shift values [47].

For the 242–259 peptide additional NMR spectra (1D [1H] and 2D
[1H, 1H] TOCSY (70 ms)) were recorded on a Varian Unity INOVA
400 MHz spectrometer at the following temperatures: 298, 303, 308,
313, 318, 323, and 333 K.

Peptide structure calculations were performed with CYANA [48]
(version 2.1). Distance constraints for structure calculations were
gained from NOESY experiments (300 ms mixing time). Angular
constraints were generated with the GRIDSEARCH module of CYANA.
Calculations generally started from 100 random conformers; the 20
structures with the best CYANA target functions (i.e. the lowest values)
were inspected with MOLMOL [49].

3. Results

3.1. C_107 NPM1/B23.1 binds c-MYC G-quadruplex with high affinity

Previous investigations have shown that the binding affinity of
NPM1 toward the c-MYC G-quadruplex depends on the length of the
C-terminal region considered. Indeed, the C_53 NPM1 fragment of the
protein (residues 242–294), which exclusively includes the three-
helix bundlemotif, binds thequadruplexwith a KD of 82 μM. The affinity
increases (KD = 1.9 μM) if an 18-residue stretch of the basic region is
added to C_53 to generate C_70 NPM1 (residues 225–294) [33]. Since
we have recently shown that the region 188–225 has stabilizing effects
on C_70 NPM1, we evaluated the effect of this extension of the C-
terminal region on G-quadruplex recognition. In particular, the affinity
of C_107 NPM1 (residues 188–294) toward c-MYC G-quadruplex se-
quence was measured by SPR. A biotinylated oligonucleotide sequence
was efficiently immobilized on SA-chip (averaged immobilization
level 300RU) andC_107NPM1was employed as analyte (concentration
range 0.1–10 μM). Dose–response sensorgrams (Fig. 2) revealed that
C_107NPM1 avidly binds c-MYCG-quadruplex; the association rate ap-
peared to be rapid (ka = 8.09 ∗ 104 M−1 s−1) whereas the dissociation
was slow (kd = 0.0266 s−1), thus providing a KD value of 0.328 μM
(Table 1). This finding clearly indicates that C_107 NPM1 presents a
higher affinity for the G-quadruplex compared to C_70 and C_53
NPM1. Therefore, in addition to the region 225–241 [33], the region
188–224 also contributes to the complex formation.

3.2. Dissecting the C-terminal region of B23.1 and B23.2

The progressive increase of the affinity for the G-quadruplex upon
the addition of extra-fragments on the N-terminal side of the three
helix bundle motif, prompted us to dissect the C-terminal region of
NPM1 in individual fragments to evaluate their intrinsic structural
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Fig. 2. Binding of C_107 NPM1 with c-MYC G-quadruplex through SPR. Overlay of
sensorgrams for the interaction between biotinylated at 5′ c-MYC G-quadruplex sequence
immobilized on a SA (streptavidin) sensor chip and C_107NPM1 (as analyte). Experimen-
tal curves (colored lines) related to different concentrations of analyte (0.1, 0.5, 0,8 1, 2, 5,
7, 10 μM)were fitted according to a single exponential bindingmodel with 1:1 stoichiom-
etry (gray lines).
preferences and their DNA binding ability. Taking into account present
and previous findings, the following fragments of NPM1/B23.1 were
considered: 188–225, 225–243 (both belonging to the basic region),
242–259 (Helix 1), and 259–277 (Helix 2). For the region 242–259, a
variant corresponding to the C-terminal end of B23.2 (242–
259_B23.2) was also investigated (Fig. 1).
3.2.1. Intrinsic structural preferences of fragments of B23.1 and B23.2
C-terminal region

All peptides reported in Fig. 1 were chemically synthesized with
good yields by SPPS, using Fmoc methodologies as N-terminal acetylat-
ed and C-terminal amidated derivatives and purified by RP-HPLC (see
Materials and methods for further details). Their identity and purity
(averaged purity N 97%) were assessed by LC–MS (data not shown).

To evaluate the impact of structural preferences of these fragments
on their ability to bind c-MYC G-quadruplex, all peptides were charac-
terized by far-UV circular dichroism (CD) and NMR spectroscopies. It
is worth mentioning that the intrinsic tendency to aggregate and
precipitate of the peptide 259–277 (corresponding to H2) prevented
accurate structure and binding analyses.

The CD analysis shows a different structural behavior of the peptides
used.

NPM1 188–225 (Fig. 3A) and 225–243 [21] CD spectra show typical
random coil profiles presenting only one minimum at around 200 nm,
as expected. On the other hand the two variants corresponding to
the region 242–259 (242–259_B23.1 and 242–259_B23.2) showed
spectra with bands at 190, 205, and 222 nm suggestive of the presence
of α-helical conformation (Figs. 3B and A1). This conformation ap-
peared stable within 4 h. Indeed the overlay of CD spectra registered
within this time-lapse did not show any variation in the position and
intensity of the bands.

In this framework, to gain deeper insights into the structure of the
H1 region once separated from protein context, we performed NMR
studies on both 242–259 variants.

For 242–259 in phosphate buffer, proton resonance assignments
were obtained by comparison of 2D [1H,1H] TOCSY [41] and NOESY ex-
periments [42] (Fig. 4A). Chemical shift deviations from random coil
values [47] (Fig. 5a) were then evaluated and indicated a propensity
for the peptide to form a helix in the region between Glu245 and
Met251 (estimated helical content: 38.9%). The tendency of the
peptide to adopt a helical conformationwas further verifiedbyNOEpat-
tern [50] (Fig. 4B). Here, several contacts indicative of helices, mainly
HNi–HN(i + 1); Hαi–HN(i + 2); Hαi–HN(i + 3); and Hαi–Hβ(i + 3),
were observed in the segment encompassing residues Val244–Lys250.
However, these NOEs coexist with rather strong sequential contacts of
the type Hαi–HN(i + 1) that are, instead, hallmarks of extended and/
or random coil conformations and suggest a certain degree of disorder
for the peptide in solution.

To get additional informations, we carried out complete struc-
tural calculations. The analysis of the NMR ensemble of structures
(Fig. 5B), carried out with the software MOLMOL [49], revealed
the presence, in most of the conformers, of a disordered pseudo-
helical segment in between Val244 and Met251, composed of a
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turn of 3.10 helix (Val244–Ile247), and of a bend from Ile247 to
Met251. This analysis clearly indicates that the C-terminal end is
flexible.

NMR conformational analyses were carried out for 242–259_B23.2
in similar experimental conditions. Recorded 2D [1H, 1H] TOCSY
and NOESY spectra (Fig. A2) allowed to assign proton resonances
also for this peptide. The NMR parameters, i.e. chemical shift devi-
ations from random coil values (Fig. 5g) and NOE pattern (Fig. A3),
indicate a similar helix propensity and conformational behavior as
242–259 in the region between Val244 and Ala249. Despite the
two amino-acid substitutions occurring at the very end of the
two peptides (Fig. 1), the C-terminus of both 242–259 and 242–
259_B23.2 is disordered.
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3.2.2. The helical fragments 242–259 of B23.1 and B23.2 are endowed with
a remarkable stability

The analysis of the thermal and chemical stabilities of 242–259 and
242–259_B23.2 unveils some unexpected features. Spectra collected
over the temperature range 293 to 371 K indicate a marginal decrease
of the CD signal (Fig. 6A). This experiment indicates that this sequence re-
tains a significant amount of the helical structure at a very high tempera-
ture, even if a slight variation of ellipticity at 222 nm in the range 333–371
K (inset of Fig. 6A) suggests that a decrease of total helical content occurs.
This thermal stability is very unusual for short peptides and has been
occasionally reported for peptides with unnatural constrains [51].

These observations prompted us to perform additional NMR studies
to better characterize the influence of higher temperatures on 242–259
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conformation (Fig. 6B). Proton Hα chemical shift changes were moni-
tored as a function of the temperature (298–333 K) and chemical shift
deviations from random coil values were estimated to indicate possible
changes in the overall helical content. NMRsignals that aremainly influ-
enced by temperature are those belonging to HN protons that become
progressively broad and totally disappear at 333 K (Fig. 6B), minor
changes are evident and affect the side chain aliphatic protons as well
(Fig. A4a, b).

The broadening of HN lines (Fig. 6B) indicates that by raising the
temperature, HN amide protons become gradually more exposed to
the solvent, possibly because a partial unfolding of the pseudo-helical
structure takes place. In details, for 242–259 when increasing the tem-
perature the helical content drops from 38.9% to 22.2% (according to
CD results) and a residual helical structure is likely to persist between
Glu245 and Lys248, as estimated from chemical shift deviations of Hα
protons from random coil values (Fig. 5f).

The analysis of the chemical stability of 242–259 was checked by
using urea as chaotropic reagent. As shown in Fig. 6C–D, the intensity
of the CD signal measured at 222 nm was significantly affected by the
addition of even low amounts of the denaturant. Nevertheless, the anal-
ysis of the progression of the decrease of the CD signal intensity shows
that a significant degree of secondary structure is retained even upon
the addition of urea, 8 M. Similar trends were observed for the urea-
induced chemical denaturation of 242–259_B23.2 (data not shown).

3.2.3. Fragments of B23.1 and B23.2 C-terminal region are individually able
to bind the c-MYC G-quadruplex

The ability of C_107 NPM1-based peptides to bind G-quadruplex
was checked by using SPR direct binding assays. These experiments
were carried out in the same way of those involving the C_107 NPM1
by using biotinylated c-MYC G-quadruplex as a ligand and the peptides
as analytes.

All the C_107 NPM1 regions showed detectable binding to c-MYCG-
quadruplex (Table 1). The overlay of the sensorgrams corresponding to
the peptide NPM1 188–225 (Fig. 7A–B) showed a clear dose–response
binding, in the concentration range of 5–450 μM, and the estimation
of KD value was 18 ± 5 μM, while the affinity of NPM1 225–243 was
three-fold lower, since experiments performed in a larger concentration
range (10–1000 μM)provided a KD value of 54±15 μM(Fig. 7C–D). The
sequence corresponding to H1 was analyzed in a similar concentration
range (50–1200 μM) and data fitting provided a further fifteen-fold
higher KD value of 275 ± 43 μM (Fig. 7E–F). Other variants of NPM1
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242–259 exhibited similar values of KD toward c-MYC G-quadruplex
(Fig. A5). The presence of different residues in the C-terminal region
did not substantially affect the binding capacities of H1 variants.

4. Discussion

The involvement of NPM1/B23 in a variety of distinct biological pro-
cesses is a direct consequence of its ability to establish intermolecular
partnerships. The promiscuity of the protein is favored by its modular
structure, in which structured domains alternate with disordered re-
gions. Despite the importance of the NPM1/B23 interactions in physio-
logical and pathological conditions, their biophysical and structural
characterization is still incomplete. Very recently, it has been shown
that the binding of G-quadruplex DNA by NPM1/B23 is important for
the nucleolar localization of the protein [52]. The inability of leukemic
NPM1/B23 variant to establish this interaction leads to the aberrant cy-
toplasmic localization of the protein.

Present findings demonstrate that the C-terminal region of the pro-
tein is able to bind the c-MYC G-quadruplex with a sub-micromolar af-
finity. The comparison of these results with previous literature data
indicates that the progressive inclusion of portions of the basic region
increases the binding affinity of NPM1/B23 for the G-quadruplex se-
quence. Intriguingly, the inclusion of these regions had also stabilizing
effects on the thermal and chemical stabilities of the terminal three
helix bundle motif [21,24].

The dissection of NPM1/B23 demonstrates that several fragments of
the protein are intrinsically able to bind the G-quadruplex with high
affinity. Present data also indicate that, in addition to the unfolded
region 225–242, another intrinsically disordered fragment of the
protein (residues 188–225) significantly contributes to the binding
of the G-quadruplex. Therefore, the tight binding of NPM1/B23 to the
G-quadruplex is achieved through the cooperation of both folded and
unfolded regions that are individually able to bind it. As mentioned in
the Introduction, in the NMR structure of the complex between NPM1
C_70 and the c-MYC G-quadruplex direct interactions with the DNA
were established only by the three helix bundle motif [34]. Indeed, the
region 225–242 remains flexible without forming any permanent con-
tact with the G-quadruplex. On the other hand, here we show that
both regions 188–225 and 225–243 of NPM1/B23 are indeed able to di-
rectly bind the G-quadruplex. These apparently contrasting results may
be reconciled by assuming that the three helix bundlemotif and the dis-
ordered basic regions recognize the same regions of the G-quadruplex.
In this scenario, the intrinsically disordered regions may play a dual
role in the G-quadruplex binding. Taking advantage of the great flexibil-
ity, they could efficiently anchor the DNA in the initial stage of the rec-
ognition process. Subsequently, after the binding of theG-quadruplex to
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the three helix binding motif, the positively charges of these basic re-
gions may generate a long-range favorable electrostatic environment,
as previously suggested [34]. The ability of analyzed peptides to bind
c-MYC G-quadruplex represents a solid ground for designing newmol-
ecules able to interact with this DNA motif.

The present findings also suggest a reduced G-quadruplex affinity
for the two splicing variants B23.2 and B23.3. In particular, a reduced af-
finity of B23.3 is likely due to the lack of the basic region 195–223 in this
isoform. Moreover, the truncation of the C-terminus of the three helix
bundle motif to the helix H1 in B23.2 is also expected to strongly de-
crease the affinity for the G-quadruplex, since we show here that this
helix exhibits a significantly reduced affinity, when compared to the
whole domain. These suggestions are in line with the results indepen-
dently obtained by Okuwaki and coworkers, who very recently ana-
lyzed the binding of the different NPM1/B23 isoforms and truncated
forms to RNA [53]. However, very recently, it has been demonstrated,
through ITC analysis, that the affinity of the full-length NPM1 for the
same G-quadruplex is 3.8 μM [54] that is a value closer to that one ob-
tained for the C_70 NPM1 than that for the C_107 NPM1. In the case of
full-length NPM1 the electrostatic interactions established between
the basic domain and the preceding acidic unstructured domains
could influence G-quadruplex recognition.

The dissection of NPM1/B23 and the biophysical characterization of
the resulting fragments also unveil that the H1 helix of both B23.1 and
B23.2 is intrinsically endowed with an unusual thermal stability. A
combined CD and NMR analyses show that the N-terminal region of
H1 assumes a helical conformation, despite the intrinsic flexibility of
the peptides. Indeed, the NMR analysis shows that the segment from
Glu245 to Met251 clearly exhibits a tendency to adopt an ordered
helical structure. CD and NMR data both indicate that this short helical
segment is rather stable upon temperature increase. Evidence of
this structure is detected in the entire temperature range (293–371 K
for CD and 298–333 K for NMR) explored by using the two techniques.
This thermal stability is very unusual for a short peptide that has
been derived from a protein sequence. Similar high stabilities have
rather been reported, only in few cases, for peptides whose sequences
have been ad-hoc designed [51,55]. These unexpected results hold in-
teresting implications for NPM1/B23 folding/unfolding process. In the
last years, the folding pathway of several constructs of the NPM1 C-
terminal region has been characterized in detail [21–24]. These studies
have highlighted the presence of residual structure in the denatured
state of the protein [56]. In particular, biophysical characterizations
have detected a “native-like” structure that is retained in the denatured
state of the wild-type protein, involving the helices H2–H3 of the three
helix bundle motif. It has been shown that the presence of these native-
like features in the NPM1/B23 denatured state accelerates the folding
process. Moreover, it has been suggested that the identification and
the characterization of these native-like featuresmay be away to design
new molecules that could restore the native fold in pathological mu-
tants. The intrinsic stability of the H1 helix provides support to the
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view that the denatured state retains some native-like structural prop-
erties, although in previous analyses this helix was considered to be
unfolded. Of particular interest, in this context, is the observation
that Trp290 interacts in the native fold with the intrinsically folded N-
terminal region of H1. In line with the previous suggestions, this obser-
vation may be exploited in future studies for designing molecules able
to stabilize the fold of the domain and to restore the protein function
in NPM1/B23 mutants.

5. Conclusions

In conclusion this study unveils structural and functional determi-
nants of the interaction between G-quadruplex DNA and NPM1, by an-
alyzing the contribution of single protein regions in DNA recognition
mechanism. Through a rational fragmentation approach results clearly
indicate a crucial and direct role exerted by IDRs in DNA recognition,
speculating a synergic action of IDRs along with H1 region in formation
of the complexwith G-quadruplex inwhich the flexible basic fragments
primarily allow to accommodate DNA structures. This study shed new
light for the design of small molecules and/or peptides able to stabilize
G-quadruplex/NPM1complex which could help the research in the
field of AML disease.
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