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Thermodynamic Characterization of Nucleoplasmin Unfolding: Interplay between
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ABSTRACT: The unfolding equilibrium of recombinant (rNP) and natural variants of nucleoplasmin (NP)
from Xenopus laevis has been analyzed using biochemical and spectroscopic techniques. In the presence
of denaturing concentrations of guanidinium salts (GuHCI] and GuSCN), both domains, core and tail, of
the rNP pentamer unfold as proven using single-carrying tryptophan mutants, whereas urea is remarkably
unable to fully unfold rNP. Chemical unfolding is reversible and can be described well as a two-state
transition in which the folded pentamer is directly converted to unfolded monomers, with no evidence of
(partially) folded monomers. Therefore, NP dissociates and fully unfolds simultaneously (N5 <> 5U).
Activation of the protein by hyperphosphorylation is accompanied by a destabilization of the protein
oligomer. A comparison of natural NP forms isolated from eggs and oocytes of X. laevis and recombinant
NP reveals that natural variants can be fully unfolded by urea and exhibit Dsy (denaturant concentration
at the transition midpoint) values lower than that of the nonphosphorylated protein. Progressive
phosphorylation of NP correlates with a gradual loss of stability of 6 kcal/mol (oNP) and 10 kcal/mol
(eNP), as compared with the nonphosphorylated protein pentamer. These results suggest that the remarkable
stability of the recombinant protein is required to cope with the destabilization brought about by its

phosphorylation-induced activation.

Nucleoplasmin (NP),' primarily isolated from either eggs
or oocytes of Xenopus laevis, is a protein that has an active
role in chromatin assembly and remodeling (/—4). Nucleo-
plasmin is acidic and thermostable and assembles into
pentamers. Each monomer is 200 amino acid residues long
and consists of two domains, namely, the core, corresponding
to the 120 N-terminal residues, and the C-terminal tail. The
core domain is responsible for NP oligomerization and folds
into an eight-stranded 3-barrel with a “jellyroll” topology (5, 6).
A continuous ring of conserved apolar residues within the
pentamer seems to play an essential role in conferring
thermostability (5). The tail domain contains a region rich
in negatively charged residues (20 Asp and Glu residues
among residues 120—150), termed “poly-Glu” or acidic tract
2 (A2), and a nuclear localization signal (NLS) belonging
to the bipartite class. Spectroscopic and predictive methods
have indicated that this domain adopts a natively disordered
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conformation (7), which may modulate the interaction of the
protein with diverse ligands (8).

The activity of NP is modulated by phosphorylation at
multiple residues (/0). NP isolated from both X. laevis
oocytes (0NP) and eggs (eNP), corresponding to a later stage
of maturation, contain an increasing number of phosphoryl
moieties per monomer (7), and the location of eight of them
has recently been determined by mass spectrometry (/0). At
the oocyte stage, NP is already active in histone binding,
while the higher degree of phosphorylation of egg NP
correlates with a higher sperm decondensation activity,
reflecting the fact that during the maturation of eggs NP
acquires an optimal activity for subsequent fertilization (2).

Posttranslational modification by phosphorylation is a
ubiquitous regulatory mechanism in both eukaryotes and
prokaryotes which provides the cell with a tool for modulat-
ing many diverse processes. There seems to be no universal
mechanism by which phosphorylation modulates protein
function, although it has been observed that repulsive
electrostatic effects dominate the response of proteins to
phosphorylation in a number of systems (/7).

In this work, we characterize the conformational stability
of this pentameric protein by equilibrium unfolding studies,
using urea and guanidinium salts as protein denaturants.
Analysis of the unfolding curves provides a measure of the
conformational stability of the phosphorylated, natural protein
variants and the nonphosphorylated, recombinant protein. Our
data show that pentameric NP dissociates and unfolds in a
concomitant process and that progressive phosphorylation
during egg maturation results in significant protein destabi-
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lization. This finding suggests that the remarkable chemical
and thermal stability of nonphosphorylated rNP might be
necessary for the protein to cope with the phosphorylation-
induced destabilization, which in turn is required for protein
activation.

EXPERIMENTAL PROCEDURES

Chemicals. All chemicals were purchased from Sigma.
Chemical denaturants urea, guanidine hydrochloride (Gu-
HCI), and guanidine thiocyanate (GuSCN) were of the
highest purity.

Cloning of Single-Tryptophan Mutant NPs. Mutants
rNPW 19F and -NPW 126F were obtained by PCR-based site-
directed mutagenesis using wild-type NP cloned inpET11b(7, 12)
as a template: codons 19 and 126 were substituted, respec-
tively, in a three-step mutation cycle for TTC, encoding Phe.
The sequence of the mutants was checked by DNA sequenc-
ing. Escherichia coli BL21(DE3) cells were transformed with
the resultant plasmids.

Proteins. Recombinat wild-type and single-tryptophan
mutant NPs as well as natural NP from X. laevis oocytes
and eggs were purified as described previously (7). The
concentration of nucleoplasmin was determined using the
bicinchoninic acid system (Pierce, Rockford, IL). Expression
of protein concentration throughout the text always corre-
sponds to pentameric NP.

Fluorescence Experiments. The NP unfolding reactions
were performed in 50 mM phosphate buffer (pH 6.5)
containing varying concentrations of denaturants (0—10 M
for urea, 0—8 M for GuHCI, and 0—3 M for GuSCN). The
protein concentration was 0.011—1.1 mg/mL for rNP and
0.11—0.22 mg/mL for oNP and eNP. Spectroscopic mea-
surements were performed upon incubation of the protein
for 3 h with GuSCN and 12 h with GuHCl and urea at 25
°C. Longer incubation times gave identical results.

Samples were excited at 280, and their fluorescence-
corrected emission spectra were recorded between 290 and
450 nm in an SLM-8100 spectrofluorimeter (Aminco) at 25
°C, using 0.3 cm x 0.3 cm cuvettes and slit widths of 4 nm.
Spectra were corrected for the solvent signal and inner filter
effect. In fluorescence anisotropy measurements, emission
depolarization was assessed at 330 nm upon excitation at
280 nm. Quenching experiments were performed adding
increasing concentrations of acrylamide to 1 4M native or
2.5 M GuSCN-treated rNP, under the same experimental
conditions.

Circular Dichroism (CD) Spectroscopy. Far-UV CD
spectra were recorded between 250 and 190 nm in a Jasco
J-810 spectropolarimeter at 25 °C. Each spectrum is the
average of four scans measured taking a data point every
0.2 nm with a 2 s integration time and a 1 nm bandwidth.
The protein concentration was 0.5 mg/mL, and the path
length of the quartz cell was 0.01 cm. All spectra were
corrected by subtracting the baseline of the buffer solution
[50 mM Tris-HC1 (pH 6.5)], recorded under the same
conditions. Mean ellipticity values were calculated using the
expression 8 = ¢&/10cnl, where ¢ is the ellipticity (millide-
grees), c¢ is the protein concentration (moles per liter), / is
the cuvette path length, and »n is the number of amino acid
residues in the protein (200).
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Gel-Filtration Chromatography. NP samples (60 uM, 25
uL) were loaded onto a calibrated Superdex 200 HR 10/30
gel-filtration column (GE Healthcare). Equilibration and
elution were performed with 50 mM phosphate buffer (pH
6.5) containing the desired denaturant concentration at a flow
rate of 0.5 mL/min at room temperature. A»gy was recorded.
The column was calibrated in the absence and presence of
denaturants with the appropriate standards (gel filtration
standards, Bio-Rad).

Analytical Ultracentrifugation Analysis. (a) Sedimentation
Velocity Analysis. Protein samples (0.5 mg/mL) in 50 mM
PBS buffer and with different GdnCl concentrations (0—7.15
M) were loaded on an An50Ti rotor. Long column (400 uL)
sedimentation velocity experiments were performed at 50000
rpm and 20 °C in an XL-A analytical ultracentrifuge
(Beckman-Coulter) using double-sector Epon-charcoal cen-
terpieces. Absorbance scans (0.005 cm step size) were taken
at 280 nm. Differential sedimentation coefficient distribu-
tions, c(s), were calculated by least-squares boundary model-
ing of sedimentation velocity data using SEDFIT (13, 14).
From this analysis, the obtained sedimentation coefficient
were corrected for solvent composition and temperature with
SEDNTERP to yield s .

(b) Sedimentation Equilibrium Analysis. Short column (75
uL) sedimentation equilibrium experiments with the same
samples were performed. Absorbance scans at equilibrium
were carried out at 11000, 19000, and 22000 rpm, and the
measurement was conducted at the appropriate wavelength.
Baseline offsets were measured afterward at 50000 rpm.
Whole-cell weight-average buoyant molar masses (bMy,)
were obtained by fitting the experimental data to the equation
for the radial concentration distribution of an ideal solute at
sedimentation equilibrium, using EQASSOC (supplied by
Beckman-Coulter) (/5). The corresponding apparent weight-
average molar masses (]l_/lw,a) were determined from the
buoyant masses taking into account the partial specific
volumes of the protein calculated from the amino acid
composition with SEDNTERP (7/6). In the presence of
denaturants, the apparent partial specific volume of the
protein can be calculated according to the method of ref /7.

Native Polyacrylamide Gel Electrophoresis (PAGE). Na-
tive NP and denaturant-treated NP were analyzed by native
PAGE (PHAST system, Amersham), using 8—25% acryla-
mide gels. Samples were run at 245 AVH and 15 °C. The
gels were stained with Coomassie blue.

Equilibrium Data Analyses. INP unfolding was described
as a two-state transition with the native pentamer directly
converted to denatured monomers (N5 <= 5U).

The equilibrium constant of the unfolding reaction, K,
and the free energy of unfolding, AG,, are defined as

K,=[UT/[Ns] =5Pt*f,>/(1 — f,) )
AG,=—RTInK, )

where Pt is the total protein monomer concentration and f;
the fraction of denatured protein. At any given denaturant
concentration [D], f, was calculated as the ratio
I—1
f;l - 1 u In

3)

where [ is the fluorescence value at a given denaturant
concentration and /, and [, are the fluorescence values
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FIGURE 1: Fluorescence emission properties of nucleoplasmin. (A) Emission fluorescence spectra of recombinant (solid line), oocyte (dotted
line), and egg nucleoplasmin (dashed line) in 50 mM phosphate buffer (pH 6.5) at 25 °C. The spectra were corrected for the buffers. The
excitation wavelength was 280 nm, with excitation and emission slits of 4 nm each and a scan rate of 60 nm/min. (B) Emission fluorescence
spectra of recombinant single-tryptophan mutants: INPW 126F (solid line) and INPW19F (dashed line). (C) Decomposition of the recombinant
NP overall emission spectrum into two emitting components (solid and dashed lines). The addition of both components (dotted—dashed
line) superimposes on the experimental emission spectrum (dotted line). (D) UV CD spectra of recombinant wild-type rNP (solid line),

rNPW19F (dashed line), and rNPW126F (dashed—dotted line).

corresponding to the native (n) and denatured (u) states of
the protein, respectively. To calculate m and AG2°, the AG,
values obtained for denaturant concentrations within the
transition zone of the unfolding curve were used to fit the
equation

AG,= AG"™° —m[D] “)
RESULTS

The stability of recombinant and natural NPs has been
studied following the effect of urea, guanidinium chloride,
and guanidinium thiocyanate on the spectroscopic and
biochemical properties of these protein variants. Due to the
availability of larger quantities of rINP, as compared to natural
NPs, and to its higher homogeneity (rNP is not phosphory-
lated), unfolding of rNP is used as a model for the natural
variants. The comparison of the three protein variants
provides information about the effect of phosphorylation on
NP stability (see below).

The overall emission spectra of the three NPs, with
maxima ranging from 330 to 332 nm, show a rather broad
and asymmetric band (Figure 1A) that might reflect a
different contribution of the two tryptophan residues (W19
and W126) to the global fluorescence of the protein (/8).
The use of single-point mutants in which one of these
residues is replaced with phenylalanine indicates that this is
the case. These mutations do not significantly modify protein
conformation as judged from their stability and far-UV CD
spectra (Figure 1D), which resemble those of wild-type rNP.
The emission maxima of tNPWI19F and rfNPWI126F are
centered at 341 and 325 nm, respectively, the fluorescence
intensity of the former being approximately half of that
observed for INPW126F (Figure 1B). The overall fluores-

cence spectra of NP can be properly fitted with two
components, one arising mainly from W19, located in the
hydrophobic core region of the protein (5), and contributing
to the global fluorescence twice as much as W126, located
in the hydrophilic tail domain (Figure 1C).

Effect of Denaturants on Nucleoplasmin Unfolding. The
fluorescence emission spectra of native and fully denatured
rNP excited at 280 nm are shown in Figure 2A. While native
rNP has an emission maximum near 330 nm, in the presence
of 2.5 M GuSCN its emission maximum shifts to 346 nm
with a concomitant decrease in emission intensity. Both
effects are usually attributed to an increased level of solvent
exposure of previously buried indole rings upon protein
unfolding (/9). Unfolding equilibrium curves are obtained
by plotting the fluorescence emission intensity at 331 nm as
a function of denaturant concentration (Figure 2B). Similar
profiles are observed for maximum emission wavelength, the
ratio of fluorescence intensity /I3ss/[320, and the steady-state
anisotropy of the protein. The denaturant-induced decrease
in anisotropy suggests that protein unfolding is accompanied
by dissociation of its oligomeric structure. The plot of the
full width at half-height (fwhh) value of the overall emission
band as a function of GuSCN concentration shows a peak
at a denaturant concentration that corresponds to D5 values
[denaturant concentration at the transition midpoint (Figure
2B, inset, and Table 1)]. fwhh reflects the heterogeneity of
the signal coming from the two tryptophan residues of rNP:
the broader the emission band, the more heterogeneous the
chemical environment of the fluorophores, as expected for
the transition state. Fluorescence quenching studies of rNP
in the absence and presence of denaturing GuSCN concen-
trations further prove that rNP is unfolded above 2.5 M
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FIGURE 2: Effect of denaturants on the fluorescence emission properties of recombinant nucleoplasmin. (A) Emission spectra of native
(solid line) and GuSCN-denatured (dashed line) rNP. (B) Fluorescence properties of rNP as a function of GuSCN concentration: (O)
maximum emission wavelength, () emission intensity at 331 nm, (A) emission intensity ratio at 355 and 320 nm, and (V) anisotropy. The
inset shows the GuSCN concentration dependence of the full width at half-height. (C) Fraction of unfolded rNP as a function of denaturant
concentration: (@) GuSCN, (B) GuHCI and (A) urea. (D) Maximum fluorescence emission wavelength of (@) INPW126F, (a) INPW19F,
and (M) NP as a function of GuSCN concentration. Their corresponding fittings are included (solid line for INPW126F, dotted line for
rNP, and dashed line for INPW19F).

Table 1: Best Fit Parameters for the Unfolding of rNP“ by GuSCN*

fluorescence

parameter Dso M)  m? (kcal mol™! M) AGunsw (kcal/mol)?
I3 1.78 £0.12 —11.8+1.3 489 +2.7
Amax 1.78 £0.15 —11.6 £ 1.6 482+ 1.8
anisotropy 1.76 £ 0.06 —10.6 £2.2 46.6 + 3.5
I3ss/1305 1.86 £0.13 —11.24+0.9 49.1 +3.0

“The rNP concentration was 2 uM. > Abbreviations: Dsg, denaturant
concentration at the transition midpoint; m, dependence of AGuy on
denaturant concentration; AGunrw, free energy extrapolated to zero
denaturant concentration. “ The AG° of multimeric proteins has a
non-zero value at Dso, when denatured fraction fp = 0.5 (21). ¢ AGuntw
calculated using a 5-mer to l-mer reaction mechanism as described in
Experimental Procedures. Values are average results of at least three
experiments.

GuSCN, since the Stern—Volmer constant (K,) that denotes
the accessibility of tryptophan residues to acrylamide in-
creases from 4.53 M™! for native rNP to 8.27 M™! for the
denatured protein, in agreement with the K, value reported
for other unfolded proteins (20).

The highest attainable urea concentration (9.8 M) is not
able to fully unfold this remarkably stable pentameric protein,
revealing itself as the least effective denaturant in inducing
rNP unfolding (Figure 2C). In contrast, guanidinium salts
completely unfold rNP as judged by the denaturant-induced
changes in the fluorescence parameters mentioned above
(Figure 2B,C). The Ds value for GuSCN is 1.78 M, while
that for GuHCI is 3-fold higher (5.1 M). The unfolding
process is completely reversible, as assessed by the fluores-
cence properties of a sample unfolded in 2.5 M GuSCN and
extensively dialyzed to remove the denaturant, which are
found to be identical to those of native rNP (not shown).
When rNPW126F and rNPW 19F are denatured, their respec-
tive emission A,y values shift to 345—346 nm as well (Figure

2D). Single-tryptophan mutants present a cooperative unfold-
ing process with slightly different Ds, values [1.54 and 1.92
M for INPW19F and -INPW 126F, respectively (Figure 2D)]
compared to that of rNP (1.78 M). The analysis of the
unfolding curves using a two-state model (see below) allows
us to estimate the thermodynamic parameters of the unfolding
process (shown for rNP in Table 1).

To further clarify the unfolding pathway of rNP in the
presence of GuSCN, protein samples containing different
concentrations of denaturing agent were subjected to native
PAGE and size exclusion chromatography under quasi-
equilibrium conditions (Figure 3A,B). Two different species
are mainly detected during the unfolding transition of NP,
one corresponding to the pentameric protein which coexists
with a second band tentatively assigned to monomeric rNP
in the 1.2—2 M GuSCN concentration range and completely
disappears at 2.5 M GuSCN. Regardless of the denaturant
concentration, only the bands corresponding to the mono-
meric or pentameric species are observed, without evidence
of intermediate oligomerization states (Figure 3A). Size
exclusion chromatography shows that dissociation of pen-
tameric rNP into monomers starts above 1.2 M GuSCN. The
calculated mass for these monomers was 22 kDa, according
to the calibration of the size exclusion column under
denaturing conditions. A further increase in the GuSCN
concentration induced a progressive increase in the mono-
meric fraction that becomes the most abundant species at
>2 M denaturant. It is noteworthy that the elution volume
of the pentameric protein shows a gradual shift to lower
values with an increase in denaturant concentration, sug-
gesting that its hydrodynamic properties change prior to
unfolding, most likely due to an expansion of the native
pentamer. This effect, also seen during native PAGE, might
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FIGURE 3: Oligomeric state of rfNP during the unfolding transition.
(A) NP oligomeric state determined from its mobility in native
polyacrylamide gels. Protein samples previously incubated with
increasing GuSCN concentrations were run and stained with
Coomassie blue. The different species are indicated at the left. (B)
Size exclusion chromatography of rNP incubated with increasing
concentrations of GuSCN. The experiments were carried out as
described in Experimental Procedures.

come from electrostatic interactions with GuSCN, since
addition of 0.5 M NaCl to rNP induces a shift similar to
that observed in the presence of the same denaturant
concentration (Figure 3B). The emission fluorescence spec-
trum of the protein chromatographically processed upon
addition of NaCl corresponds to a folded protein. The
pentameric and monomeric fractions eluted from the column
at 1.6 M denaturant show emission wavelengths characteristic
of folded and unfolded NP, respectively, when measured
immediately after elution, thus supporting the hypothesis that
oligomer dissociation and monomer unfolding are tightly
coupled reactions.

We also characterized the native and unfolded states of
nucleoplasmin by analytical centrifugation. Velocity sedi-
mentation experiments with native rNP render a unique
molecular population with an s, of 5.2 4 0.5 S, compatible
with a pentamer, in agreement with the mean molecular mass
obtained by sedimentation equilibrium, 103700 £ 5000 Da
(oligomerization state N = 4.7 £ 0.3) (22). Because of
technical limitations in using GuSCN with the ultracentrifuge
cuvettes, NP was incubated with GuHCI at a denaturing
concentration (7 M). The result, an sy, of 1.5 S and a
molecular mass of 31000 Da (N = 1.2), is compatible with
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FIGURE 4: GuHCl-induced unfolding of rNP. (A) Samples of rNP
were incubated with different concentrations of GuHCI (0—7.5 M)
in buffer and monitored by CD. Mean of four spectra of rNP in
the presence of O (curve a), 3 (curve b), 5 (curve ¢) and 6.5 M
GuHCI (curve d) acquired at 25 °C after overnight incubation.
Absorption of GuHCI in the far-UV region precluded registering
the spectra beyond 210 nm. (B) Unfolding transition of rNP with
GuHCI monitored by different methods. Samples of rNP were
incubated with different concentrations of GuHCI (0—7.5 M) in
buffer. Dissociation and unfolding were monitored by different
biochemical and biophysical methods. The fraction of monomer
or unfolded protein as a function of denaturant concentration was
calculated on the basis of the fluorescence (O), circular dichroism
(©), native polyacrylamide gel electrophoresis (A), and gel filtration
(O) results. The solid line represents the global fitting of all data
obtained by different techniques.

denaturant-induced pentamer dissociation. The sedimentation
coefficient is lower than expected for a globular monomer
(s20w = 2.3 S), suggesting that the monomer is unfolded.
This is further demonstrated by the loss of secondary
structure during the unfolding transition detected by CD
spectroscopy (Figure 4A). As previously reported (7, 12),
the far-UV CD spectrum of rNP exhibited two minima at
198 and 213 nm that indicate the presence of nonregular
and S-structure conformations, respectively. The decrease
in the ellipticity value at 222 nm with an increase in
denaturant concentration indicates protein unfolding, which
can be better characterized by estimating fy and fy from the
fractional change in ellipticity at 222 nm versus GuHCl
concentration (Figure 4B).

The experimental transitions monitored with different
techniques are properly fitted using a two-state model, in
which pentamer dissociation and monomer denaturation are
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1.0 s a0 Q Table 2: Thermodynamic Parameters of Different NP Forms®
a chaotropic AGunt.w
0.8 T © 0 agent Dso (M) m (kcal mol™! M~!)  (kcal/mol)
5 A q o .0 GuSCN  1.80 £ 0.04 —11.3+0.5 482 £ 1.1
5 ° NP GuHCl 5.10 £ 0.04 —45+03 51.1+£23
g 06 ) B ° urea” 8.35 4+ 0.05 —1.8+0.2 450+ 0.9
'.5 o a L] GuSCN 1.42 £ 0.04 —1254+0.1 48.2 £ 0.6
3 A0 o .' oNP GuHCl 4.45 £ 0.06 —474+0.1 489+ 04
o 0.4 5o ° urea 4.15£0.15 —1.94+0.1 38.6£0.7
g 40 o ° GuSCN 1.45 £ 0.05 —994+0.1 447+ 1.1
o o .' eNP GuHCl 4.61 £0.08 —454+0.1 4524+ 0.9
0.2 A 50 o’ urea 3.52+£0.07 —1.8+0.1 349403
a 8 oo v o® o'. ¢ Abbreviations: Dsg, denaturant concentration at the transition
9 o o o 00° o® midpoint; m, dependence of AGyyr on denaturant concentration; AGynf,w,
0.0 % $ t t t free energy extrapolated to zero denaturant concentration. The following
0 2 4 6 8 10 denaturants were used: GuSCN, GuHCI, and urea. Values are average
results of at least three experiments. ”To estimate rNP unfolding
[Ureal (M)

FIGURE 5: Nucleoplasmin stability against urea depends on the
phosphorylation level of the protein. Samples of NP (@), oNP (O),
and eNP (A) were incubated with increasing urea concentrations
(0—10 M) and their fluorescence properties analyzed as described
in Experimental Procedures. The effect of ionic strength (0.15 M
NaCl) on eNP stability is also shown (O).

tightly coupled (N5 <> 5U). Indeed, the monomer/pentamer
fraction obtained from native PAGE and size exclusion
chromatography with increasing GuHCI concentrations per-
fectly correlates with the two-state unfolding process de-
scribed by fluorescence spectroscopy (Figure 4B). The good
correlation among fluorescence spectroscopy, native gel
electrophoresis, gel filtration chromatography, circular dichro-
ism, and analytical ultracentrifugation data indicates that
nucleoplasmin is a pentameric protein that simultaneously
loses its quaternary, tertiary, and regular secondary structure
during the unfolding transition induced by guanidinium salts.

Effect of Phosphorylation on the Stability of the Protein.
Natural variants of NP isolated from Xenopus oocytes (0NP)
and eggs (eNP) contain on average three and seven to ten
phosphorylated residues per protein monomer, respectively
(7), that play an essential role in the biological activation of
the protein (9, 10). In an attempt to establish a structure—function
relationship, we previously found that the secondary structure
of the protein was not significantly sensitive to phosphory-
lation (7). Here we compare the stability of nonphosphory-
lated rNP and of the natural protein variants to explore the
putative effect of this posttranslational modification on the
tertiary and/or quaternary structure of the protein.

Compared with NP, the phosphorylated forms of the
protein are more sensitive to denaturants (Figure 5). Ac-
cordingly, both natural variants (oNP and eNP) are more
sensitive to guanidinium salts than nonphosphorylated re-
combinant rNP (Table 2). In contrast to what was observed
for NP, both oNP and eNP are completely unfolded at 8 M
urea, and protein denaturation occurs at lower urea concen-
trations as the phosphorylation level of the protein increases
(rNP < oNP < eNP), showing a steady reduction in the Ds
and AG values as the number of phosphoryl groups increases
(Figure 5 and Table 2). An increase in the ionic strength of
the buffer (0.15 M NaCl) partially reverts eNP destabiliza-
tion, as previously observed for oNP (/2). Table 2 shows
the unfolding parameters calculated for rNP and the natural
variants (o0NP and eNP) in the presence of both guanidinium
salts and urea. To estimate the unfolding parameters of NP,
we have assumed that if NP were fully unfolded by urea,

parameters, we assume that if urea would fully unfold rNP, the emission
wavelength of its denatured state would be the same as those of oNP
and eNP.

the emission wavelength of its denatured state would be the
same as those of oNP and eNP.

In spite of the loss of protein stability that phosphorylation
causes, it does apparently not affect the unfolding pathway
that was previously elucidated for rNP. Consistent with this
two-state model, native PAGE clearly shows that only two
protein species, pentamers and monomers, are detected
during the unfolding transition of eNP (data not shown).
Therefore, the unfolding transition in the presence of
guanidinium salts or urea fits well to a two-state model, with
no intermediates detected either by fluorescence spectroscopy
or by native PAGE.

DISCUSSION

The use of several biochemical and biophysical techniques
has allowed us to study the conformational stability of
nucleoplasmin and the description of its unfolding pathway
in the presence of chemical denaturants. The role that the
increasing phosphorylation level in natural oocyte and egg
nucleoplasmin plays in protein stability has also been
characterized. We find that the remarkable stability of
nonphosphorylated recombinant NP is required to withstand
the destabilization caused by phosphorylation-induced protein
activation.

Denaturation of oligomeric, in contrast to monomeric,
proteins can involve two different processes, dissociation and
unfolding (23, 24), in which at least three distinct molecular
species might coexist, namely, native oligomer, dissociated
monomers, and unfolded polypeptide chains (25). There also
may be partially unfolded but still intact oligomers (26).
Often, dissociation and unfolding are structurally coupled,
and the processes kinetically overlap. Thus, the oligomer —
monomer and monomer — unfolded chain transformations
appear experimentally as a two-state transition, oligomer —
unfolded monomers (27), although a partially (un)folded
pentamer might exist in a narrow denaturant concentration
range (see below).

Nucleoplasmin structural data indicate that the structure
of the monomer is stabilized by a compact hydrophobic core
(containing 37 hydrophobic residues), a network of backbone
and side chain hydrogen bonds, and salt bridges (5, 28). On
the other hand, a f-hairpin of each monomer lies ap-
proximately perpendicular across strands of an adjacent
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monomer forming the interface between them. The residues
buried at this interface (that represent approximately 32%
of the average surface area of a monomer and constitute part
of the hydrophobic core of the monomer) create extensive
hydrophobic interactions between adjacent NP monomers,
thus interconnecting the hydrophobic cores of adjacent
monomers and forming a continuous ring that may provide
a major stabilizing force in the formation of NP pentamers.
Therefore, intersubunit interfaces within the pentamer are
fundamental to maintenance of not only oligomer stability
but also a (partially) folded monomer (5, 29). This evidence
suggests that the NP monomer does not exist independently
in solution. Indeed, structured monomers cannot be observed
under any of the experimental conditions that were assayed.
Monomers isolated by gel filtration display fluorescence
properties of the denatured state, indicating that disruption
of intersubunit contacts destroys the integrity of an essential
protein region that also stabilizes the monomer structure, and
therefore, as soon as NP dissociates, the resulting monomers
fully unfold. Thermodynamic studies of the structural stabil-
ity of chaperonin cpnlO from different species have also
revealed that their structural integrity was maintained, in large
part, by intersubunit interactions (26, 30, 31). Furthermore,
the important contribution of the hydrophobic core formed
by the intersubunit interfaces to pentamer stability might
explain the different ability of guanidinium salts and urea
to unfold nucleoplasmin. Guanidinium is considerably more
effective than urea in disrupting indole—indole interactions,
and probably all hydrophobic interactions involving aromatic
and aliphatic amino acid side chains (32). Consequently,
GuHCI and GuSCN denature rNP in a highly cooperative
manner with Ds, values of 5.1 and 1.8, respectively, GuSCN
being thus 2.8-fold times more effective as a denaturant than
GuHCI, a value significantly close to the factor of 2.3
obtained for other proteins (33). The higher efficiency of
GuSCN is explained by a higher partition coefficient that
facilitates its binding to native proteins (34).

NP is considered a partially disordered protein (35) due
to the noncanonical structure of the tail domain (7) and its
sensitivity to proteases (36). All the algorithms used (37-39)
to analyze the protein sequence predict with high reliability
that the last 80 residues of NP are natively disordered. It is
believed that these natively disorder proteins lack a fixed
structure and exist as dynamic ensembles of interconverting
structures that mediate their signaling or regulatory function,
allowing them to bind different ligands and facilitate post-
translational modifications (40). The NP tail domain could
function as a binding domain involved in recognizing
different ligands as histones and nuclear transport receptors
(41), being the target of some of the posttranslational
modifications in the natural NP variants (/0). Since the
ensemble of native conformations will be differently desta-
bilized by a chaotropic agent, it is not expected that a
fluctuating flexible domain would give rise to a cooperative
unfolding process, in contrast to what is experimentally
observed for rNPWI19F. This unexpected behavior that
suggests a fixed rather than a flexible structure might be a
consequence of structural coupling of both protein domains,
which would result in the stabilization of the tail domain
against the chemical challenge. Interdomain interactions
could be stabilized by ionic contacts, as suggested by the
pentamer expansion observed at high ionic strengths by gel
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filtration, which might be a consequence of weakening of
these interactions. On the other hand, the unfolding behavior
of INPWI126F (Dsp = 1.9 and AGy,w = 58.8 kcal/mol)
indicates that the core domain of NP (where the tryptophan
reporter is located) is responsible for the high chemical and
thermal stability of this protein, in agreement with previous
works (7, 12).

During activation of oocytes to eggs, NP undergoes
hyperphosphorylation (9, /0)which enhances the ability of
the protein to remodel chromatin through specific interactions
with histones and histone-like proteins (9, 70). In this context,
we sought to analyze the conformational stability of nucleo-
plasmin phosphorylated to different levels. Although the
secondary structure of natural (phosphorylated to different
extents) and recombinant (nonphosphorylated) NP suggests
that phosphoryl groups do not significantly modify this
structural level (7), results shown here clearly demonstrate
that they modulate NP stability. This is evidenced by a
reduction of both thermal (/2) and chemical stability against
the three denaturants tested. Progressive phosphorylation of
oNP and eNP enhances long- and/or short-range electrostatic
repulsion, which in turn results in a destabilization of the
protein oligomeric structure. Gel filtration of the three NP
variants shows that the elution volume decreases as the
number of phosphoryl groups increases (7), most likely due
to a phosphorylation-induced expansion of the structure of
oNP and eNP as a consequence of electrostatic repulsions.
The comparison of the sedimentation coefficients of rNP and
eNP (sw20 = 6.5 and 6.9 S, respectively, obtained under
experimental conditions different from ours) (22) also
indicates a more extended conformation of phosphorylated
eNP. In our case, an increased salt concentration diminishes
the level of phosphorylation-induced destabilization of eNP,
as seen by the upshift of urea Dsy values and the thermal
denaturation temperature (/2). This could be explained
assuming that salts shield the electrostatic repulsion caused
by phosphorylation.

The effect of phosphorylation on the stability of different
proteins has revealed that this posttranscriptional modification
can both stabilize and destabilize protein structures (42—44).
In this context, recent studies have demonstrated that it is
possible to improve protein stability by optimizing surface
electrostatic interactions (45, 46). Among the factors that
might contribute to phosphorylation-induced protein stabi-
lization, formation of a network of hydrogen bonds between
phosphoryl groups and nearby positively charged residues
has been reported (42, 43, 47). In contrast, protein destabi-
lization has been related to the ability of the bulky dianionic
phosphoryl group to disrupt the helical conformation of the
protein (48). In our case, the presence of the phosphoryl
moieties on the protein surface probably induces some
repulsion effects that would weaken some of the structural
factors responsible for the NP pentamer stability, not
affecting severely the hydrophobic girdle that sustains the
pentamer state. This assumption, in addition to the fact that
urea is not a salt and therefore cannot mask destabilizing
electrostatic interaction and that urea perturbs mainly the
hydrogen bonds that stabilize proteins while guanidinium
salts are especially effective in disrupting indole—indole and
hydrophobic interactions (32), might explain the fact that
urea better senses the effect of phosphorylation on protein
stability (Dsp = 8.3 and 3.5 for rNP and eNP, respectively)
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as compared to the guanidinium salts (Dso = 1.8 and 1.4 for
GuSCN and 5.1 and 4.5 for GuHCI) and that urea perceives
the steadily increasing phosphorylation level in oNP and eNP.
However, we cannot rule out the existence of other
denaturant—protein interactions that might contribute to the
differences mentioned above.

The gradual phosphorylation of nucleoplasmin (rNP <
oNP < eNP), besides modulating the chromatin deconden-
sation activity of NP, steadily destabilizes the protein, as
evidenced by decreases of 6 (0NP) and 10 kcal/mol (eNP).
Incorporation of at least 15 (oNP) or 40 (eNP) phosphoryl
groups per protein pentamer would undoubtedly provoke an
electrostatic repulsion that destabilizes the protein particle.
If we compare the AG g, value of NP with the calculated
and normalized average value for a protein of its size (49),
or with those of other pentameric proteins (50), we can
suggest that the remarkably stable nonphosphorylated nu-
cleoplasmin might function as a solid scaffold to withstand
the destabilizing effect that phosphorylation-mediated activa-
tion induces on this pentameric protein without significantly
compromising its stability under physiological conditions.
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