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ABSTRACT: Nucleoplasmin (NP) is a pentameric, ring-shaped histone chaperone involved in chromatin
remodeling processes such as sperm decondensation at fertilization. Monomers are formed by a core
domain, responsible for oligomerization, that confers the protein a high stability and compactness and a
flexible tail domain, that harbors a polyglutamic tract and the nuclear localization signal. Fully activated
NP presents multiple phosphorylated residues in the tail and in flexible regions of the core domain. In
this work, we analyze the effect of activation on the structure and stability of the full-length protein and
the isolated core domain through phosphorylation mimicking mutations. We have solved the crystal structure
of an activated NP core domain that, however, is not significantly different from that of the wild-type,
inactive, NP core. Nevertheless, we find that NP activation results in a strong destabilization of the pentamer
probably due to electrostatic repulsion. Moreover, characterization of the hydrodynamic properties of
both full-length and core domain proteins indicates that activating mutations lead to an expansion of the
NP pentamer in solution. These findings suggest that NP needs a compact and stable structure to afford
the accumulation of negative charges that weakens its quaternary interactions but is required for its biological
function.

Nucleoplasmin (NP)1 is a nuclear chaperone that assists
the assembly of nucleosomes during fertilization and early
stages of development (1-3). In Xenopus laeVis eggs, where
it was first isolated, this highly acidic protein is thought to
serve as a “storage chaperone” for core histones H2AH2B.
In Vitro, NP is able to decondense the highly packed sperm
chromatin, displacing its specific basic proteins, and it has
been proposed that, upon fertilization, it replaces sperm-
specific proteins by histones H2AH2B (1, 2). Besides its
active role in fertilization, NP is also involved in other

chromatin remodeling processes, namely replication licensing
(4) and pluripotent cell reprogramming (5).

NP is a homopentamer, composed of 200 residue subunits,
each built of two domains named core and tail. The core
domain corresponds to the N-terminal 120 residues and is
responsible for protein oligomerization. Three-dimensional
structures of the recombinant Xenopus NP core domain (ref
6; see Figure 1) and the core domains from the homologous
proteins dNLP from Drosophila (7) and NO38 from Xenopus
(8) have been solved. The structures consist of an eight-
stranded �-barrel with a jelly roll topology, forming a ring
of 60 Å diameter and 40 Å height (Figure 1). This core
domain confers an extreme stability to NP (9), mainly due
to a conserved network of hydrophobic interactions between
the pentamer subunits (6). The C-terminal tail domain
contains a segment rich in negatively charged amino acids
(termed “polyglu” or A2) and a nuclear localization signal.
It adopts a flexible or nonregular conformation (9, 10), also
known as “natively disordered” (11).

NP is activated by phosphorylation of multiple serine/
threonine residues, along both core and tail domains
(10, 12, 13). The level of phosphorylation gradually increases
during egg maturation, reaching an average of 7-10
phosphates per monomer, so that at the time of fertilization
the activity of the protein is maximum. One approach to
understand the activation mechanism of NP is to analyze
the impact of phosphorylation of specific residues on the
protein activity and conformation. Recently, we have identi-
fied by mass spectrometry most of the phosphoresidues of
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natural, egg NP (13). Given that natural NP is heteroge-
neously phosphorylated and that it is not feasible to phos-
phorylate the protein in Vitro with significant yield, we have
used in previous studies the strategy of mutating those and
other phosphorylatable residues for aspartic acid to mimic
the presence of phosphoryl groups (13, 14). In contrast to
nonphosphorylated recombinant NP, we have proven that
these mutants are active in sperm chromatin deconden-
sation (13, 14). Selective mutation within the core and/or
tail domains of NP has allowed us to analyze the contribution
of each domain to the activation mechanism and conclude
that phosphorylation of both protein domains is necessary
to achieve full activation (13).

Chemical denaturation of this pentameric protein has been
recently characterized (15): NP unfolds in a two-state process,
in which the pentamer dissociates and concomitantly dena-
tures (N5 T 5 U). Natural, active NP is less stable than the
nonphosphorylated protein (10, 15). In the present study, by
taking advantage of the phosphorylation-mimicking muta-
tions, we attempt to analyze the effect of activating modi-
fications in the structure and stability of NP domains. We
find that although the crystal structure of an active NP core
domain mutant can be superimposed onto the wild-type NP
(6), the stability of the activated mutants steadily decreases,
and their structures suffer an expansion in solution. The
comparison of the different mutant’s stability by differential

scanning calorimetry (DSC) and chemical unfolding experi-
ments points to an activation-induced destabilization of NP.
These results agree with a previous study on natural NP
variants (15) and suggest an explanation for the extreme
stability of this protein.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. NP constructs were
cloned in pET11b (10, 13, 14), induced with 1 mM IPTG,
and overexpressed for 15-20 h at 18 °C in Escherichia coli
BL21 (DE3) cells. Proteins were purified as described
previously for full-length constructs (13), wtCORE (9), and
mutated core domains (14). In the final purification step, all
constructs were loaded onto a Superdex 200 16/60 column
equilibrated with 25 mM Tris-HCl, pH 7.5, and 100 mM
NaCl. After checking that they were free of contaminating
DNA by UV absorbance spectroscopy, they were concen-
trated up to 20-40 mg/mL and frozen in liquid N2 for
storage. Protein concentration was determined by the BCA
colorimetric assay (Pierce) and occasionally by amino acid
analysis. We have observed a small proportion of degradation
products in NP mutants, being at most 11% as estimated by
densitometry of SDS-PAGE gels (not shown).

X-ray Crystallography. Mass spectrometry confirmed that
CORE8D was comprised by 119 out of the 120 expected
residues. Only the first methionine is missing, a fact that
quite often occurs during protein expression in bacteria when
the second residue is small and uncharged (16). Crystals were
grown in hanging drops including 15 mg/mL protein, 100
mM sodium acetate, pH 4.6, 20 mM CaCl2, and 30% (v/v)
2-methyl-2,4-pentanediol (MPD). A complete X-ray diffrac-
tion data set was collected at 100 K from a single crystal
using synchrotron radiation. Statistics for the crystallographic
data are summarized in Table 1. Approximately 5% of the
reflections were set aside for free R-factor calculations during
refinement (17). The structure was solved using the molecular

FIGURE 1: Crystal structure of CORE8D. CR trace superposition
of the 3D structures of the wild-type NP core domain (6) (yellow)
and CORE8D mutant (purple). (A) Top view from the distal face.
(B) Side view. The side chains of the wild-type and mutated residues
(at positions 15, 66, and 96) are displayed as sticks showing the
differences in orientations between the wild-type and the mutant
structure. (C) Representation of the CORE8D structure colored by
B factors. Red corresponds to relatively high B factors; blue
corresponds to low B factors. The pentamer is oriented with the
distal face up.

Table 1: Data Collection and Refinement Statistics

Data Collectiona

environment ADSC detector, ESRF,
beamline ID14ih4

wavelength 0.9198 Å
space group P212121

cell dimensions (Å; deg) a ) 67.03, b ) 94.6,
c ) 176.1; R ) � ) γ ) 90

no. of molecules in asymmetric unit 2
resolution (Å) 40.0-2.5 (2.64-2.50)
unique reflections 57758
redundancy 6.0 (6.1)
data cutoff F > 0
completeness 100 (100)
Rmerge

b 0.07 (0.31)
〈I/σ(I)〉 7.7 (17.5)

Refinement

no. of reflections (completeness, %) 37569 (99.98)
resolution range (Å) 40.0-2.50
R-factor/R-free (%) 18.23/26.90
no. of protein atoms (average B, Å2)c 7086 (48.60)
no. of water molecules (average B, Å2)c 175 (45.46)
rmsd bond length (Å) 0.034
rmsd bond angle (deg) 2.483
Ramachandran plot outliers (%)d 5 (0.7)

a Values in the highest resolution shell are given in parentheses.
b Rmerge ) ∑η∑τ|Iη,τ - 〈Iη〉|/∑η∑τ|Iη,τ|. c Calculated using MOLEMAN.
d Calculated using PROCHECK.
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replacement method as implemented in the program EPMR
(18). The search model was the X. laeVis NP core found in
the Protein Data Bank (6) (entry 1K5J), using the program
CLUSTALW (19). Refinement was carried out with REF-
MAC5 (20) and included rigid-body refinement. A 2Fo -
Fc map showed clear and contiguous electron density for
most of the peptide backbone and side chains of the protein.
Several rounds of rebuilding using the program O (21) and
the placement of water into the electron density resulted in
the structure described here. The electron density map was
subjected to density modification including solvent flattening
(∼42% solvent) and NCS 5-fold averaging in DM (22). The
geometry of the model was checked with PROCHECK (23),
and the majority of residues were found in allowed regions
of the Ramachandran map. Coordinates for the final model,
and the corresponding structure factor data, have been
deposited in the PDB with entry code 2vtx.

Differential Scanning Calorimetry (DSC). DSC scans were
performed in a VP-DSC microcalorimeter (Microcal,
Northampton, MA). Prior to measurements, samples were
dialyzed against 10 mM phosphate buffer and 1 mM EGTA,
pH 7.0, except for the analysis of stability as a function of
pH, when pH was varied between 2.0 and 7.0. For the pH
range between 2.0 and 4.0, 25 mM Gly-HCl was also used.
Samples were properly degassed and run under an extra
pressure of around 28 psi. It should be noted that at this
pressure, that prevents sample boiling, Tm values above 100
°C can be measured. Protein concentration was generally
0.3-0.7 mg/mL and scan rate 60 °C/h, except for the
absolute heat capacity (Cp) calculation, where the concentra-
tion was varied between 0.1 and 1.5 mg/mL, and activation
energy (Ea) calculation, where scan rates between 10 and
90 °C/h were used. The absolute heat capacity Cp was
calculated according to Kholodenko and Freire (24): the
excess heat capacity cp at 37 °C was plotted versus the protein
mass in the calorimetric cell, and the absolute Cp was
obtained from the expression:

m)Cp - υp

where m is the slope of the linear regression of this plot and
υp is the partial specific volume of the protein (0.73 cm3/g
in the case of NP (25)). r2 of the regression was 0.999 for
wtCORE and 0.945 for CORE8D.

The activation energy, Ea, was obtained from (i) the values
of the rate constant of the transition, k, at a given
temperature (26, 27):

k)A exp(-Ea/RT) (1)

where Ea is the activation energy and A is the frequency
factor.

The rate constant of the reaction at a given temperature T
is given by

k) νcp/(Qt -Q) (2)

where ν is the scanning rate (K/min), cp is the excess heat
capacity at a given temperature, Q is the heat evolved at
that temperature, and Qt is the total heat of the calorimetric
transition.

The Ea was obtained from (ii) the dependence of the heat
capacity evolved with temperature expressed as

ln[ln Qt/(Qt -Q)])Ea/R(1/Tm - 1/T) (3)

The Ea was obtained from (iii) the heat capacity cp
m at

the transition temperature Tm, where the activation energy
can also be calculated by the equation:

Ea ) eRTm
2cp

m/Qt (4)

Chemical Unfolding Experiments. NP unfolding reactions
were performed in 50 mM phosphate buffer, pH 6.5,
containing varying concentrations of denaturants (0-10 M
for urea and 0-3 M for GuSCN), using a protein concentra-
tion between 0.1 and 1.1 mg/mL, after incubation for 3 h
with GuSCN and 12 h with urea at 25 °C. Native and
denaturant-treated NP samples were excited at 280, and their
fluorescence emission spectra were recorded between 290
and 450 nm in a SLM-8100 spectrofluorometer (Aminco) at
25 °C, using 0.3 × 0.3 cm cuvettes and slits width of 4 nm.
Spectra were corrected for solvent signal and inner filter
effect. NP unfolding was monitored following the λem shift,
the fluorescence intensity at λem, and the steady-state Trp
anisotropy. Reversibility of the chemical unfolding process
was checked by denaturing the proteins, dialyzing them in
native buffer for refolding, and analyzing their fluorescence
emission properties. The denaturation process was fitted to
a two-state transition with the native pentamer converting
directly to denatured monomers (N5 T 5U).

ANS Binding. The change in hydrophobic surface access
of the proteins was studied upon addition of 15 µM 1,8-
ANS to 100 µL of protein sample (1.3 mg/mL). Fluorescence
spectra of the samples were recorded with λex set at 375 nm.
The excitation and emission slits were 4 nm.

Circular Dichroism (CD) Spectroscopy. CD spectra were
measured at 25 °C on a Jasco 720 spectropolarimeter, using
cuvettes with a path length of 0.02 cm and protein concen-
tration of 0.5 mg/mL in 10 mM Tris-HCl and 50 mM NaCl,
pH 7.4. Mean residue ellipticity values were calculated using
the expression Θ ) ε/10cln, where ε is the ellipticity
(millidegrees), c the protein concentration (mol/L), l is the
path length (cm), and n is the number of peptide bonds (199
for NP). Estimation of the secondary structure content was
done with the program CDSSTR of the server DICHROWEB
(28) (http://www.cryst.bbk.ac.uk/cdweb), using as reference
the SP175 database (29).

Gel Filtration Chromatography. Chromatography was
performed in a Superdex 200 HR (General Electrics) column
equilibrated with 25 mM Tris-HCl and 100 mM NaCl, pH
7.5, at room temperature and a flow rate of 0.4 mL/min, and
injecting the protein at a concentration of 10-12 mg/mL.

Dynamic Light Scattering (DLS). DLS measurements were
made with a Nano-S Zetaseizer (Malvern Instruments, U.K.),
using a red laser (633 nm), at room temperature, in 25 mM
Tris-HCl and 100 mM NaCl buffer, pH 7.5. Protein
concentration was 2.5 mg/mL.

RESULTS

Crystal Structure of an ActiVe NP Core Domain. We
previously found that the phosphorylated core domain
isolated from egg nucleoplasmin, as well as an activated
recombinant core in which eight phosphorylatable residues
were replaced by Asp, is able to dissociate linker-type
histones from DNA and decondense sperm chromatin (14).
For a better understanding of the conformational conse-
quences of phosphorylation-mimicking mutations that lead
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to activation of the NP core domain, we have solved by X-ray
crystallography the 3D structure of mutant CORE8D (cor-
responding to NP residues 1-120, with amino acids 2, 3, 5,
7, 8, 15, 66, and 96 substituted for Asp; see below) at 2.5 Å
resolution (Table 1 and Figure 1). Surprisingly, the structure
of this protein, the first one of an active form of NP, is very
similar to that of the wild-type NP core domain (6), with
rmsd between 451 CR atoms of the pentamer being 0.65 Å
(Figure 1A,B). In our structure, the loop between strands
�2 and �3, containing the acidic tract A1, that has been
implicated in histone binding (30) is better defined than in
the published wtCORE structure (6), and only three residues
(35-37) are still not visible. Figure 1C represents the
CORE8D structure colored by B factors. The fact that the
distal face of the pentamer is characterized by comparatively
higher B factors reflects a higher flexibility of this region
and might support the notion that it is involved in the
interaction with NP ligands (2). Given that the X-ray
structures of both proteins are so similar, we next sought to
analyze the following conformational properties of the
proteins in solution: secondary structure, stability against
temperature and chemical reagents, and hydrodynamic
properties.

Effect of ActiVating Mutations in NP Core Domain.
Although the crystal structures of wtCORE and CORE8D
are practically identical, their dynamic behavior in solution
might differ. In order to explore this possibility, several
properties of four core domains, in which different phos-
phorylated (13) and phosphorylatable residues were replaced
by Asp, were analyzed. We mutated residues 2, 3, 5, 7, and
8, generating the mutant CORE5D, residues 15, 66, and 96,
generating CORE3D, and a combination of both in CORE8D
(Figure 2). Note that our sequence numbering starts after
the N-terminal Met, since we found it to be absent in natural
NP (13) and in recombinant CORE8D (see Experimental
Procedures). As stated above, the activity of CORE8D,
measured as the ability to decondense Xenopus sperm and
to extract sperm basic proteins and linker histones from
chromatin, is similar to that of the core domain obtained by
proteolysis of hyperphosphorylated egg NP (14). In natural,

hyperactivated protein (Xenopus egg NP), there are at least
four phosphoryl groups in the first 15 N-terminal residues
(13). Among the mutated residues, only 15, 66, and 96 are
seen in the crystal structure of NP core domain and lie on
the same face (termed “distal”) of the NP pentamer. Although
no experimental evidence exists so far for phosphorylation
of residues 66 and 96, the facts that CORE5D is less active
than CORE8D (14) and that a full-length mutant lacking
substitutions at 15, 66, and 96 (NP10D) is only partly active
(see below) suggest that mutations at the distal surface in
the folded core domain might be required to mimic the
function of the egg NP core.

Comparison of the thermal unfolding profiles of NP core
domains indicates that the activating mutations strongly
decrease NP thermal stability (Figure 3A and Table 2). The
mutant with three substitutions is less stable than CORE5D
(mutated in five positions), being CORE8D, as expected, the
least stable. The mutant’s stability toward chemical dena-
turation has also been analyzed. As previously found for full-
length NP (15), chemical unfolding of the isolated core
domain is reversible and follows a two-state mechanism (N5

T 5U), according to which pentamer dissociation simulta-

FIGURE 2: NP mutants used in this study. Scheme representing NP
domains and the positions of the substitutions of phosphorylatable
residues for Asp (arrowheads), in both the full-length and core
domain constructs. The three acidic tracts (A1, A2 or “polyglu”,
and A3) (1), as well as the nuclear localization signal (NLS) are
depicted.

FIGURE 3: Effect of phosphorylation-mimicking mutations on NP
core domain thermal and chemical stability. (A) DSC thermograms
of wtCORE, CORE3D, CORE5D, and CORE8D, in 10 mM
phosphate buffer and 1 mM EGTA, pH 7.0. (B) Urea-induced
unfolding of the same NP variants, followed by intrinsic fluores-
cence anisotropy in 50 mM phosphate buffer, pH 6.5, at 25 °C and
fitted to a two-state process.
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neously occurs with protein unfolding, rendering five un-
folded monomers (data not shown). The same destabilization
pattern of the different mutants observed by DSC is also
confirmed with urea-induced chemical denaturation (Figure
3B). Albeit this denaturant completely unfolds neither
wtCORE nor CORE5D, the comparison confirms that
CORE3D, in spite of carrying fewer substitutions, is less
stable than CORE5D. Mutation-induced destabilization could
be due to enhanced electrostatic repulsion in the oligomer,
which at neutral pH is already negatively charged. The higher
sensitivity of the protein stability to mutations in residues
15, 66, and 96 might be due to the fact that these residues
are located in a “structured” region, whereas the other
replacements, that apparently do not have such impact on
stability, affect residues in a flexible protein segment, which
could be reallocated by the protein to compensate their
destabilizing effect.

Thermal unfolding of the core domain is an irreversible
process (data not shown). We have employed a simplified
“two-state irreversible” kinetic model (26, 31) to analyze the
thermal denaturation of wtCORE and CORE8D at different
heating rates. According to this model an irreversible protein
denaturation can be described by a scanning rate-dependent
transition between two states, native and irreversibly dena-
tured. Different mathematical expressions, using diverse
experimental information from the calorimetric transition,
were developed to calculate the activation energy (Ea) of the
denaturation transition (26, 27). Analysis of the DSC curves
obtained at different scan rates (see Experimental Procedures;
data not shown) gives Ea values of 69.8 ( 2.6 and 52.1 (
2.4 kcal/mol for wtCORE and CORE8D, respectively.
Therefore, the activation energy of thermal-induced unfolding
is higher for wtCORE than for CORE8D. Since the kinetic
stability of a protein is a result of the energy barrier between
the folded and unfolded states, our data suggest that wtCORE
is kinetically more stable than CORE8D. Thus phosphory-

lation-mimicking mutations reduce the energy barrier of the
transition from the folded to unfolded state in the NP core
domain.

The strong destabilization effect of the activating substitu-
tions suggests a mutation-induced conformational change.
But the fact that the mutants are active and display a
cooperative unfolding transition (see Figure 3A) indicates
that they are folded. Furthermore, far-UV CD demonstrates
that none of the mutants show significant alterations of the
wtCORE secondary structure (not shown), in agreement with
X-ray data. To further characterize the conformational change
associated with protein activation, the excess heat capacity
cp of wtCORE and CORE8D was measured at various protein
concentrations to calculate the absolute heat capacity, Cp,
of their native state (at 37 °C) (24), which is related to solvent
exposure of protein hydrophobic groups (32). The Cp values,
0.23 and 0.42 cal K-1 g-1 for wtCORE and CORE8D,
respectively, suggest faster dynamics or higher conforma-
tional fluctuations in CORE8D (33). We have also compared
the hydrodynamic properties of wtCORE and CORE8D by
size exclusion chromatography. The mutant clearly behaves
as a bigger particle than wtCORE (estimated MW 99935
and 75573 Da, respectively), suggesting that phosphorylation-
mimicking mutations induce an expansion of the protein
particle (Figure 4). Dynamic light scattering measurements
(Figure 4) further corroborate the larger dimensions of
CORE8D (average diameter 68.8 Å), as compared with
wtCORE (64.5 Å). Taken together, these results suggest that
the activating mutations induce a destabilization of the core
particle that as compared with the inactive wild-type
recombinant core shows (i) an increase in size and (ii) faster
dynamics without affecting the overall protein structure.

Effect of ActiVating Mutations in Full-Length NP. Before
introducing this section, it is worth to analyze the contribution
of each domain to the stability of wild-type full-length NP.
Chemical unfolding of NP with guanidinium thiocyanate
(Figure 5A), as previously described, results in a cooperative
transition with D50 ) 1.78 M denaturant that can be

Table 2: Thermodynamic Parameters of NP Thermal and Chemical
Denaturationa

protein Tm (°C)b ∆Hcal (kcal/mol)b Ea (kcal/mol)b D50[urea] (M)b

wtCORE 117.6 244.7 69.8 ndc

CORE3D 100.1 88.9 6.89d

CORE5D 103.6 138.1 ndc

CORE8D 83.1 68.4 52.1 4.92
wtNP 110.1 157.2 8.35d

NP5D 100.2 93.2 7.69d

NP8D 76.3 57.3 2.88
NP10D 88.0 91.4 5.39
NP13D 55.2 17.9 2.63
egg NP 75.0 50.0 3.52

a Unfolding transition temperatures, Tm, calorimetric denaturation
enthalpies, ∆Hcal, and denaturant concentrations at transition midpoints,
D50, are shown for the different core domain and full-length NP
mutants. DSC scans were run in 10 mM phosphate buffer and 1 mM
EGTA, pH 7.0. Chemical unfolding experiments were performed in 50
mM phosphate buffer, pH 6.5 at 25 °C. Activation energies, Ea, were
calculated for wtCORE and CORE8D. ∆Hcal and Ea are given per mole
of monomer. For comparison, Tm and ∆Hcal (39) as well as D50 (15) of
egg NP are included. b The maximum standard deviation between
experiments was 1.5 °C for Tm, 36 kcal/mol for ∆Hcal, 0.08 M for D50,
and 2.6 kcal/mol for Ea. c In the case of wtCORE and CORE5D, which
at 8 M urea are still (partially) folded, D50 cannot be determined (nd).
d To estimate D50 of CORE3D, wtNP, and NP5D, we assume that if
urea fully unfolded these mutants, the emission wavelength of its
denatured state would be the same as those of CORE8D and NP13D,
respectively.

FIGURE 4: Mutation-induced expansion of NP. Bar graph represent-
ing the increase in particle diameter (double of Stokes radii
estimated from gel filtration chromatography (black bars) and
measured by DLS (gray bars)) of the different NP mutants as
compared to the wild-type recombinant core domain (77.2 and 64.5
Å by chromatography and DLS, respectively) and the full-length
recombinant protein (97.2 and 93.7 Å by chromatography and DLS,
respectively). Polydispersity (PdI) values for the different samples
varied between 0.045 and 0.200. Both chromatography runs and
DLS measurements were performed in 25 mM Tris-HCl and 100
mM NaCl buffer, pH 7.5.
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adequately fit to a two-state reaction (N5 T 5U), with a
∆GH2O,25°C of -48 kcal/mol of pentamer (15). The corre-
sponding values for the NP core domain (residues 1-120),
1.99 M and -62 kcal mol-1, indicate that the stability of
this protein is solely due to the core domain, while the
flexible and negatively charged tails have a destabilizing
contribution to the overall protein stability. The unfolding
transition of the core domain is more cooperative than that
of the full-length protein, as expected considering the
compact structure of the core and the flexible nature of the
tail domain (10).

Our previous analysis of NP thermal unfolding (9) at
neutral pH had also established that the NP core domain is
more stable than the full-length protein. In this work, we
have compared the thermal stability of both proteins as a
function of pH, finding that both reach their highest value
at pH 5.0, i.e., close to their pI (4.81 and 5.03 for the full-
length protein and the core domain, respectively, calculated
on the basis of their amino acid sequence) (Figure 5B). At
this pH, Tm values of full-length NP and the core domain
are almost equivalent (∼120 °C), indicating that charge
neutralization diminishes the unfavorable electrostatic con-
tributions of the tail domain to the pentamer thermal stability.
Below pH 4.0, the stability of both the full-length NP and
core domain drops steadily, as is commonly observed for
other proteins (34).

To understand the contribution of both NP domains to its
activation mechanism, we introduced various mutations in
the full-length protein. We generated a mutant named NP8D
carrying eight substitutions in the core domain (the same as
CORE8D) and none in the tail. As mass spectrometry
analysis of egg NP identified at least four phospho residues
in the tail domain (13), we created another mutant, NP5D,
with replacement of Ser and Thr residues by Asp only within
the tail domain, in positions 159, 176, 177, 181, and 183.
The mutant designated NP10D presents the mutations on the
flexible N-terminal region, corresponding to CORE5D, plus
the above-mentioned five substitutions within the tail domain.
Finally, the mutant NP13D combines the substitutions of
NP8D and NP5D. Functional characterization of mutants
NP5D, NP8D, and NP13D was described elsewhere (13) and
revealed that the mutations in the core domain conferred the
protein (NP8D) higher activity than those in the tail domain
(NP5D) (13). We have recently analyzed the activity of the
NP10D finding that it is similar to NP8D (data not shown).
Although all mutants are able to decondense chromatin,
NP13D, that harbors substitutions throughout the whole
protein, is the most active and displays functional properties
similar to those of natural hyperactivated egg NP (13). As
was observed for the core domain, activating mutations cause
destabilization of full-length NP toward both thermal and
chemical denaturation (Figure 6 and Table 2). Substitutions
located at the core domain affect the protein stability to a

FIGURE 5: Comparison of full-length NP and core domain stability.
(A) GuSCN-induced unfolding of full-length NP (b) and core
domain (O) followed by the change in intrinsic fluorescence and
fitted to a two-state process. Experiments were done in 50 mM
phosphate buffer, pH 6.5, at 25 °C. (B) Plot of Tm of full-length
NP (b) and core domain (O) as a function of pH. Thermal scans
were made in 25 mM Gly-HCl and 1 mM EGTA buffer (between
pH 2.0 and pH 4.0) and 10 mM phosphate buffer and 1 mM EGTA
(between pH 4.0 and pH 7.0).

FIGURE 6: Effect of phosphorylation-mimicking mutations on full-
length NP stability. (A) DSC thermograms of wtNP, NP5D, NP8D,
NP10D, and NP13D, in 10 mM phosphate buffer and 1 mM EGTA,
pH 7.0. For comparison, a scan of egg NP (39) has been included.
(B) Urea-induced unfolding of the same NP variants, followed by
intrinsic fluorescence spectroscopy, measured in 50 mM phosphate
buffer, pH 6.5, at 25 °C. The plot of egg NP has been taken from
ref 15.
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greater extent: ∆Tm, as compared with wild-type NP, is
approximately 34 and 10 °C for NP8D and NP5D, respec-
tively, and the difference in D50 value for the dissociation
and unfolding of the protein is 5.47 and 0.66 M urea,
respectively, as compared to wtNP. This difference cannot
be explained solely by the different number of negative
charges, but reflects, as discussed previously for the core
domain, that addition of charges on structurally well-defined
positions (in the core domain) is more deleterious for the
protein stability than at the flexible tail domain, which can
also be inferred from the comparison of the stabilities of
NP8D and NP10D.

NP13D, the most active mutant (displaying an activity
level similar to that of egg NP), is also the most unstable
(Figure 6). It presents a D50 value 5.72 units lower than
wtNP, and analysis of its chemical unfolding curve yields a
∆GH2O,25°C of -33 kcal/mol, that corresponds to a loss of
thermodynamical stability of 12 kcal/mol as compared to
wtNP, and is in good agreement with data published for egg
NP (15). Given that the denaturation process of NP accom-
modates to dissociation of the pentamer particle and con-
comitant unfolding of the resulting monomers, lower values
in D50 reflect a higher propensity to dissociate and unfold in
the presence of denaturant, suggesting that NP quaternary
structure is weakened and/or more fluctuating. We compared
the accessible hydrophobic regions in wtNP and NP13D
using the hydrophobic fluorescent probe 1,8-ANS (1-
naphthalene-8-sulfonic acid). The quantum yield of this
probe, very low in polar environment, increases upon binding
to hydrophobic surfaces. Upon treating wtNP and the
phosphorylation-mimicking mutant NP13D with ANS, the
fluorescence intensity of the probe is relatively higher when
bound to the mutant (data not shown). This result suggests
that the presence of activating mutations favors the existence
of more accessible hydrophobic regions in NP.

The thermal stability drop of NP13D (∆T m ∼ 55 °C taking
wtNP as reference) is higher than the sum of the destabilizing
effects produced by the core and tail groups of mutations,
rendering this active mutant less stable than egg NP. Not
unexpectedly, the functional and stability properties of
NP13D are similar but not identical to egg NP. Experimental
evidence had indicated that egg NP is heterogeneously
phosphorylated at an average of 7-10 residues per monomer
(10), and at least seven phosphorylated residues were
identified (13). Taking into account that at neutral pH aspartic
acid has one negative charge while a phosphoryl group would
display an average net charge of -1.5 (35), the presence of
13 Asp residues results in a reasonable approximation of the
average of 7-10 phosphates, but it should be noted that the
exact electrostatic and conformational properties of the native
and mutated pentamer should not necessarily be the same.
The mutation-induced destabilization of NP is further
reflected by the tendency of the mutants to suffer proteolytic
degradation during purification from the heterologous system
E. coli (13). Interestingly, the thermodynamic parameters (Tm,
∆Hcal) of egg NP are similar to those of NP8D (Figure 6).

As seen above for the core domain, the electrostatic
repulsion caused by the phosphorylation-mimicking muta-
tions appears to induce an expansion of the full-length
protein. To characterize the compactness of the different
protein variants, they were compared by size exclusion
chromatography (Figure 7A). Activating mutations induce

a steady decrease in the elution volume of full-length NP,
in good agreement with the described behavior of natural
NP (e.g., Ve egg NP < oocyte NP < recombinant NP) (10),
reflecting an opening and/or expansion of the NP particle
upon activation. We also analyzed the effect of mutations
in the core, tail, or both domains by DLS, observing that
the mutants carrying substitutions in the tail domain (NP5D,
NP10D, and NP13D) showed a larger apparent size as
compared to wtNP and NP8D (Figure 4), which suggests
that phosphorylation-mimicking mutations induce a confor-
mational rearrangement that particularly affects the tail
domain.

To explore the possible influence of activating mutations
in the structure of full-length NP, we have compared the
different mutants by far-UV CD spectroscopy (Figure 7B).
The spectra display negative peaks at 198 nm, which arises
from nonregular conformations, and 213 nm, coming mainly
from the contribution of the core � structure (9). Parallel to
what has been described for natural NP variants (10), the
phosphorylation-mimicking mutations do not seem to imply
significant effects on NP secondary structure, as judged by
the similar shape of the CD spectra of the different mutants.
Moreover, estimation of the secondary structure composition
from the CD spectra gives percentages of R-helix (4%),

FIGURE 7: Effect of phosphorylation-mimicking mutations on NP
conformational properties in solution. (A) Elution profiles of wild-
type NP and mutants run on a Superdex 200 HR column, in 25
mM Tris-HCl and 100 mM NaCl, pH 7.5, at room temperature.
Sizes estimated from their elution volumes are given in Figure 4.
(B) Far-UV CD spectra of the same NP variants. Measurements
were done in 10 mM Tris-HCl and 50 mM NaCl buffer, pH 7.4, at
25 °C.
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�-strand (38%), and turns plus unordered structure (57%)
that differ in only 1% among the different mutants. The near-
UV CD spectrum of NP is featureless and does not allow to
analyze changes in the tertiary structure of the protein.
Furthermore, a comparison by FTIR spectroscopy of wtNP
and NP13D reveals that their secondary structure is similar
(data not shown), once more paralleling the conformational
features of egg NP (10). Taken together, these data indicate
that NP activation does not involve significant changes in
the secondary structure of the full-length protein but seems
to affect the quaternary structure by inducing a destabilization
and expansion of the pentameric particle due to electrostatic
repulsion.

DISCUSSION

Nucleoplasmin-induced chromatin remodeling involves
extraction of sperm-specific basic proteins or linker chromatin-
associated histones (36) and requires phosphorylation of
multiple protein residues. While phosphorylation is an
ubiquitous cellular mechanism that regulates protein func-
tion (37, 38), NP extensive modification (average of 7-10
phosphoryl groups per protein subunit) is uncommon and
results in the amplification of the acidic nature of the protein.
Our results show that phosphorylation-induced activation of
NP involves (i) a strong destabilization of the pentameric
protein particle with subtle changes of its secondary structure
and (ii) a progressive expansion of the protein oligomer that
parallels its activation degree. Interestingly, these observa-
tions cannot be explained by the 3D structure of the mutated
NP core domain (CORE8D) that, in contrast to wtCORE, is
active in sperm decondensation and therefore able to extract
linker-type histones from chromatin (14). The comparison
of the 3D structure of both core domains reveals that they
are very similar, and thus the strong activation-associated
protein destabilization does not involve significant structural
changes as far as the crystal structure of the core domain is
concerned. However, the awareness of phosporylation-
induced protein conformational changes in solution is based
on (i) a decrease in the protein stability and (ii) an increase
in the diameter of the protein particle, as seen by gel filtration
chromatography and DLS. They indicate that the activation
mechanism affects protein stability and dynamics in solution,
both at the levels of the core and full-length NP, suggesting
that the activated protein could adopt a more fluctuating
conformation. Crystal-packing, i.e., the rigidity imposed by
crystal contacts, might hamper the phosphorylation-induced
protein expansion that is readily observed in solution and
explains the strong destabilization of the protein particle. On
the other hand, this “swelling” probably affects mainly
flexible regions of the protein, less defined in the crystal
structure (see below); therefore, it is not reflected in the
crystal structure of the active mutant. This apparent contra-
diction underscores the usefulness of combining crystal-
lography with solution techniques, as well as accounting for
protein dynamics to explain functional aspects of protein
activation.

Phosphorylation-mimicking mutation-induced destabiliza-
tion of the protein, reflected in a steady decrease of ∆Hcal,
Tm, and D50, parallels the effect of phosphorylation on natural
NP variants (10, 15). Both the destabilization and the
expansion of the protein are probably due to electrostatic

repulsion. The NP core domain folds into a remarkably stable
and well-packed structure (6). However, the flexible N-
terminal segment (residues 1-15), which bears some of the
experimentally detected phosphorylation sites (13), is not
resolved in the structure, and the loops between � strands 2
and 3 and between � strands 4 and 5 are also relatively
mobile (6). The loops and at least the last residues of the
N-terminal segment are oriented toward the distal face of
the pentamer and are characterized by higher B factors in
the crystal structure, which is related to their flexibility.
Phosphorylation of residues in those areas would cause
electrostatic repulsion and consequently an expansion of the
flexible regions in the pentameric particle with a minor
impact on the secondary structure of the monomer. The
tertiary/quaternary structural levels would be secured by the
hyperstable hydrophobic subunit interface, that serves as a
stable scaffold allowing activation. This role of the structured
core domain is essential when the full-length protein is
considered.

As has been recently demonstrated, full protein activation
requires phosphorylation of both protein domains (13). The
tail domain of NP, in contrast to the core domain, folds into
a natively disordered conformation, as is predicted (11) and
has been suggested on the basis of IR and CD studies of
deletion mutants (9). Phosphorylation or mutation-induced
activation of the full-length protein adds more negative
charges to each subunit of the pentamer and therefore
increases the Columbic repulsive force that further destabi-
lizes the protein. Mutations in the tail domain induce a greater
expansion of the protein, as evidenced by a diameter increase
of 4-4.4 and 1.4-3 Å for NP5D and NP8D, respectively,
as compared with the wild-type protein. Note that although
the number of added charges in NP8D is higher than in
NP5D, the latter experiences the larger expansion. Therefore,
while mutations in the core (in fixed positions) are more
destabilizing, those in the tail (or in general, in flexible
regions) have a more expanding effect, and probably this is
the reason why they are better tolerated in terms of stability.
In the case of the tail domain, it has been suggested that the
oppositely charged polyglu tract and the NLS containing
region might interact with each other in the full-length protein
(9) and that phosphorylation of NLS flanking residues could
modulate this interaction (13). If this were the case, phos-
phorylation of these residues, mimicked by mutations in
NP5D, NP10D, and NP13D, would weaken the interaction,
so that these disordered and flexible domains could be
projected farther apart from the protein 5-fold axis. This
situation most likely applies to hyperphosphorylated natural
egg NP, that shows a diameter increase of 10 and 6 Å, as
compared to recombinant wtNP and oocyte NP, respectively
(39). Charging and activating the core domain results in an
expansion of the full-length protein (NP8D) smaller than that
of the isolated core domain (CORE8D), which may indicate
that the previously suggested (15) interaction between the
tail and the core domains could regulate the final swelling
upon activation.

Protein phosphorylation is one of the posttranslational
modifications most widely used to regulate protein
activity (37, 38). The functional consequence of phos-
phorylation comes from structural effects of the phos-
phoryl groups attached to the protein that, depending on
the protein under study, can promote stabilization or
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destabilization (40-44). Both the phosphorylation-induced
stabilization and destabilization can be local (40, 41), or
global (42-44), as is the case for NP. The remarkable
stability of the core domain will help the protein to cope
with the strong electrostatic destabilization associated with
its activation. However, it is also true that phosphorylation
of particular residues of NP might modulate specific
protein functions, as reported for the apoptosis-associated
phosphorylation of Y127 (45). Massive phosphorylation
of the pentameric protein, i.e., that found in natural egg
NP, induces an expansion of the oligomer, which in turn
could create a better binding surface involving flexible
regions, particularly enriched in negatively charged resi-
dues, that could interact with oppositely charged ligands
such as histones. Moreover, the phosphorylation-induced
increase in negative potential could also modulate the
binding affinity of the binding sites so that NP could
efficiently compete with DNA for histone binding. One
should note that upon binding histones or other basic
proteins, (partial) neutralization of NP negative charge will
reverse the activation-induced destabilization. In summary,
our results show that accumulation of negative charge on
NP, necessary to achieve activation, induces a destabiliza-
tion of the protein. This effect is most probably due to
electrostatic repulsion that weakens the quaternary interac-
tions in the pentamer which are essential for the stability
of this protein (6, 15). However, the loss of stability does
not compromise, under physiological conditions, NP
function or folding, which is granted by the extremely
stable core domain. In fact, one could speculate that the
reason for the extreme thermal stability of this protein
from a mesophilic organism (X. laeVis) is that it needs to
afford a strong destabilization upon activation.
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