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Profilin from bovine spleen was nitrated with peroxynitrite; immunoblotting and
spectrophotometric quantitation of nitrotyrosine residues suggested nitration of a
single tyrosine residue in profilin with a stoichiometry of 0.6 mol of nitrotyrosine/
moleofprofilin.Adecrease in thenitrotyrosine immunoreactivityofnitroprofilinduring
digestion with carboxypeptidase Y indicated that nitrotyrosine is located at the
C-terminus of profilin. Nitroprofilin interaction with ligands such as phosphatidylino-
sitol 4,5-bisphosphate, actin and poly (L-proline) was analyzed by monitoring the tryp-
tophan fluorescence. Scatchard plot and binding isotherm data obtained revealed no
significantdifferenceinaffinityofnitroprofilintophosphatidylinositol4,5-bisphosphate
(Kdof 4.8–0.5lMforprofilin, andKdof 5.7–0.6lMfornitroprofilin),whilepoly (L-proline)
binding studies revealed a twenty-fold increase in the affinity of profilin to poly (L-pro-
line)uponnitration (Kd of 21.8 – 1.7 lMforprofilin, andKd of 1.1 – 0.1 lMfornitroprofilin).
Actin polymerization studies involving pyrene-labeled actin indicated that profilin
nitration inhibits theactin sequesteringpropertyofprofilin. Thecritical actinmonomer
concentration (Cc) was 150 and 250 nM in the presence of nitroprofilin and profilin,
respectively. Thus, nitric oxide and free radicals produced under different conditions
could alter the functions of profilin through nitration, such as its interaction with actin
and poly (L-proline).

Key words: actin, profilin, poly (L-proline), phosphatidylinositol 4, 5 bisphosphate,
tyrosine nitration.

Abbreviations: LDL, low density lipoprotein; MOE, molecular operating environment; NT, nitrotyrosine;
PI (4,5)-P2, PIP2, phosphatidylinositol 4,5-bisphosphate; PLP, poly (L-proline); VASP, vasodilator-stimulated
phosphoprotein.

The peroxynitrite anion (ONOO–), a product of the rapid
reaction of nitric oxide with superoxide, is a potent and
versatile endogenous reactant (1) that can attack a wide
range of biological molecules, including lipids (2), DNA (3),
and proteins (4), as well as smaller molecules such as ascor-
bate and glutathione (5). A major reaction of ONOO– with
proteins results in the formation of NT. Tyrosine nitration
is commonly and widely studied, and has been shown in a
number of instances to affect protein function (6–11).

Peroxynitrite production has been observed in many
inflammatory conditions, and current evidence suggests
that ONOO– is a more potent and cytotoxic mediator
than superoxide or nitric oxide alone (12). Recently, it
was reported that profilin acts downstream of LDL to med-
iate diabetic endothelial cell dysfunction and an elevated
level of profilin expression has been observed in athero-
sclerotic plaques (13). Abnormal platelet aggregation
increases atherosclerosis and further narrows the internal
diameter of arteries. Although there is substantial evi-
dence for peroxynitrite-mediated nitrotyrosine (NT) forma-
tion in the pathophysiology of atherosclerosis (14, 15), the

effect of NT formation on profilin’s function and its role in
the pathogenesis of this disease remain virtually unknown.
In an isolated study by Sabetkar et al. (16) on platelets, a
number of cytoskeletal actin-binding proteins including
profilin underwent nitration. A physiological site where
profilin can meet peroxynitrite can be found in all inflam-
matory conditions.

Profilin is a ubiquitous, 12–15 kDa cytoskeletal protein
that interacts specifically with actin, phosphoinositides
and poly (L-proline). It links signaling pathways to actin
cytoskeleton organization by binding to phosphoinositides
and PLP stretches present in several proteins involved in
signal transduction (17–20). Tyrosine nitration could be
accompanied by changes in profilin’s physicochemical
properties and biological functions since fluorescence,
site-directed mutagenesis, qualitative NMR and other stu-
dies indicated that tyrosine residues in profilin [6 (helix 1,
N-terminal), 26 (b-strand), 128 (helix 4), and 139 (turn,
C-terminal)] are important for binding to PLP, PI (4,5)-
P2 and actin (21–26). The bulky nitro group induces steric
perturbations in the structure of tyrosine, which disrupts
protein-protein interactions involving tyrosine residues.
Whether profilin undergoes nitration upon peroxynitrite
production and whether nitration of profilin has any effect
on its ligand binding or interacting property have been
investigated. Hence the present paper deals with the
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in vitro nitration of profilin by peroxynitrite, and the influ-
ence of this modification on profilin’s interactions with
actin, PI (4,5)-P2 and PLP.

MATERIALS AND METHODS

Cyanogen bromide–activated cross-linked 4% beaded
agarose (CNBr-agarose CL4B) was obtained from Phar-
macia. Tris [hydroxymethyl] aminomethane (Tris), urea,
b-mercaptoethanol, poly-L-proline (8,000 Da), glycine,
Triton X-100, Tween-20, adenosine triphosphate (ATP),
gelatin, NBT/BCIP, anti–nitro tyrosine antibodies, carbox-
ypeptidase Y and PMSF were from Sigma Chemical Co.,
St. Louis, USA. N-(1-pyrenyl) iodoacetamide was from
Molecular Probes, Eugene, USA. PIP2 was prepared
from baker’s yeast. Disposable spectrofluorimeter cuvettes
were obtained from Bio-Rad. All other chemicals were
locally purchased and were of analytical grade.

Software—Swiss-pdbviewer, MOE and Gromacs.
Buffers—Transfer buffer: 25 mM Tris, 192 mM glycine

and 20% methanol. TTBS buffer: 10 mM Tris, 154 mM
NaCl and 0.1%Tween-20, pH 7.5. Potassium phosphate
buffer: 100 mM, pH 7.4, with 25 mM NH4HCO3 and
1 mM DTPA. Citrate buffer: 100 mM, pH 6.0, with triso-
dium citrate and citric acid. Fluorescence buffer: 10 mM
Tris buffer, pH 7.6 containing 150 mM KCl, 1 mM EDTA,
and 5 mM b-mercaptoethanol. Myosin extraction buffer:
0.5 M KCl and 0.1M K2HPO4. Buffer A: 2 mM Tris-HCl,
pH 8.0, containing 0.2 mM ATP and 0.2 mM CaCl2.
G-buffer: 2 mM Tris-HCl, pH 7.2, containing 0.2 mM
Ca2+, 2 mM ATP, 0.2 mM DTT and 0.02% sodium azide.
F-buffer: G-buffer containing 150 mM KCl and 2 mM Mg2+.

Purification of Profilin—Profilin was purified from
bovine spleen according to the procedure of Bhargavi
and Singh (27). Protein concentrations were determined
by the Lowry method (28), and the homogeneity was
confirmed by electrophoresis on 10% SDS-polyacrylamide
(Tricine) gels (29).

Synthesis of Peroxynitrite—Peroxynitrite was synthe-
sized as previously described by Beckman et al. (30).
Briefly, an aqueous solution of 0.6 M NaNO2 was rapidly
mixed with an equal volume of 0.7 M H2O2 containing 0.6 M
HCl, and then immediately quenched with the same
volume of 1.5 M NaOH. Excess H2O2 was removed by
the addition of solid MnO2. The mixture was shaken for
10 min at 4�C and then filtered to remove MnO2. The
filtrate was frozen at –20�C for 5–7 days. Peroxynitrite
forms a yellow top layer around ice crystals due to freeze
fractionation. The top layer typically contained 50–150 mM
peroxynitrite, as determined from the UV-absorbance at
302 nm (31). Controls were prepared by the same proce-
dure except that the addition of 1.5 M NaOH was delayed,
leading to immediate decomposition of the oxidant formed.
Working dilutions of both active and decomposed peroxy-
nitrite were prepared in 0.1 M NaOH.

Profilin Nitration under In Vitro Conditions—Profilin
(25 mM) in 100 mM potassium phosphate buffer, pH 7.4,
was incubated with increasing concentrations of peroxyni-
trite (25, 50, 200, 400 and 600 mM) at room temperature for
30 min. Reaction was stopped by adding 4· SDS sample
buffer, proteins were separated by 10% SDS-PAGE (29)
and then transferred onto nitrocellulose membrane, and
nitration was detected using anti-nitrotyrosine antibodies.

Spectrophotometric Quantitation of Profilin Nitration—
Profilin (25 mM) in 100 mM potassium phosphate buffer,
pH 7.4, was incubated with increasing concentrations of
peroxynitrite (25, 50, 100, 250, 2,500, 5,000 and 10,000 mM)
at room temperature for 30 min, and the reaction was
quenched by placing the mixture on ice. The amount of
nitrotyrosine formed upon peroxynitrite treatment was
determined spectrophotometrically by measuring the spe-
cific absorbance at 428 nm (e = 4,200 M–1 cm–1). Any back-
ground absorbance due to added peroxynitrite was
subtracted. Control experiments were performed with
decomposed peroxynitrite or the reverse order addition of
peroxynitrite. The stoichiometry of profilin nitration was
determined by calculating the moles of nitrotyrosine/mole
profilin.

Carboxypeptidase Y Digestion of Nitroprofilin—Ten
micrograms (1,000 mU) of carboxypeptidase Y was
added to 150 mg of nitrated profilin, in 0.1 M sodium citrate
buffer, pH 6.0, followed by incubation for 6, 12, 24 or
48 hours at 25�C. Digestion was stopped by adding phe-
nylmethylsulfonyl fluoride (PMSF) to a final concentration
of 5 mM. Loss of nitrotyrosine immunoreactivity was eval-
uated by probing Western blots with anti-nitrotyrosine
antibodies.

Poly (L-Proline) and PI (4,5)-P2–Binding Studies—The
binding of PIP2/PLP to profilin (10 mM) and nitroprofilin
(10 mM) was monitored as the changes in tryptophan fluor-
escence using a Jasco FP750 spectrofluorimeter (34). The
excitation wavelength was set to 295 nm, and emission
spectra from 320 to 400 nm were recorded. The titration
of profilin/nitroprofilin (10 mM) with PIP2 and PLP was
carried out by the addition of small aliquots of PIP2

(2.25, 4.5, 9, 13.5, 18, 27, 36, 45, 63, 81 and 99 mM) and
PLP (1, 1.5, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 mM),
respectively, at 20�C. Titrations were performed against
appropriate blanks. The equilibrium dissociation constant/
binding constant (Kd) of profilin and nitroprofilin binding
to PIP2 and PLP were calculated with a modified Scatchard
equation where Kd is inversely proportional to affinity.
Free ligand is assumed to be the amount of ligand
added, since the amount of ligand bound to the protein
is negligible (approximately 5–10 fold excess ligand) com-
pared to the total ligand added.

Fluorescent Labeling of Actin—F-actin purified from rab-
bit skeletal muscle acetone powder was covalently labeled
with the fluorescent dye N-(1-pyrenyl) iodoacetamide as
described by Kouyama and Mihashi (35). The concentra-
tion of G-actin was determined by Folin-Lowry’s method
(28). The extent of labeling was calculated by using the
molar absorption coefficient of the labeled actin monomer
(2.2 · 104 M–1 cm–1 at 344 nm).

Actin Polymerization Studies—Actin polymerization
was studied by incubating 2 mM G-actin (10% pyrene-
labeled) in F-buffer with 2 mM profilin or nitroprofilin
and then the fluorescence intensity was measured at
zero time and after 30 minutes incubation (excitation at
365 nm and emission at 407 nm) (35). The critical actin
monomer concentration (Cc) for actin alone or actin in the
presence of constant amounts of profilin or nitroprofilin
was determined by measuring the decrease in the fluores-
cence of serially diluted samples of F-actin (supplemented
with 10% of pyrene-labeled actin) after a preincubation
period of 16 h at room temperature. The excitation and
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emission wavelengths were set at 365 nm and 407 nm,
respectively (34–36).

RESULTS

Profilin Nitration under In Vitro Conditions—Western
blots of nitroprofilin probed with anti-nitrotyrosine anti-
bodies showed a peroxynitrite concentration–dependent

increase in the nitrotyrosine level (Fig. 1a). Spectrophoto-
metric quantitation of nitrotyrosine in peroxynitrite-
treated profilin indicated a stoichiometry of 0.6 (moles of
nitrotyrosine/mole of profilin) with a 100-fold molar excess
of peroxynitrite over profilin (Fig. 1b), indicating that a
single tyrosine residue is nitrated in profilin.

Carboxypeptidase Y Digestion of Nitroprofilin—Western
blot analysis with anti-nitrotyrosine antibodies after diges-
tion with carboxypeptidase for different times revealed
a rapid decrease in the nitrotyrosine immunoreactivity
of profilin (Fig. 2). Subsequently, immunoblotting with
anti-profilin antibodies revealed no change in protein
mass or additional bands of smaller molecular mass
(Fig. 2). These results suggest that nitrotyrosine is located
at the C-terminus of profilin.

Binding of Profilin/Nitroprofilin to PI (4,5)-P2—Nitro-
profilin exhibited a greater change in fluorescence (DF)
against PIP2 when compared to profilin (Fig. 3a). Both
profilin and nitroprofilin exhibited saturation as to DF at
higher PIP2 concentration. The relative affinities of profilin
and nitroprofilin to PIP2 were determined through binding
isotherms by plotting DF/DFmax against PIP2 concentra-
tion. The binding isotherms revealed that at different con-
centrations of PIP2 the amount of PIP2 bound is the same
for profilin and nitroprofilin, indicating similar affinities
(Fig. 3b). Further, the binding constant (Kd) was calculated
from Scatchard plots, where DF/DFmax was plotted against
DF/DFmax/Lfree. Figure 3c indicates a Kd of 4.8 – 0.5 mM for
profilin, while Fig. 3d indicates a Kd of 5.7 – 0.6 mM for
nitroprofilin. The results thus indicate that profilin tyro-
sine nitration does not alter its affinity towards PIP2.

Binding of Profilin/Nitroprofilin to PLP—A plot of
change in the fluorescence (DF) vs. PLP concentration indi-
cated more DF for nitroprofilin at lower concentrations
upto 25 mM of PLP, whereas for profilin at concentrations
above 25 mM of PLP (Fig. 4a). The relative affinities of
profilin and nitroprofilin to PLP were determined through
binding isotherms by plotting DF/DFmax against PLP con-
centration. The binding isotherms (Fig. 4b) revealed that
at different concentrations of PLP the amount of PLP
bound is more for nitroprofilin than profilin, thus indicat-
ing higher affinity of nitroprofilin towards PLP than that of
profilin. Further, the binding constant (Kd) was calculated
from Scatchard plots, where DF/DFmax was plotted against
DF/DFmax/Lfree. Figure 4c indicates a Kd of 21 – 1.7 mM for
profilin, while Fig. 4d indicates a Kd of 1.1 – 0.1 mM for
nitroprofilin. Overall, the data point to a 20-fold increase in
the affinity of nitroprofilin to PLP when compared to that of
profilin.
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Fig. 1. In vitro nitration of profilin. (a) Immunodetection of
nitrotyrosine residues. Profilin (25 mM) in 100 mM potassium phos-
phate buffer, pH 7.4, was treated with different concentrations of
peroxynitrite (25, 50, 200, 400 and 600 mM) for 30 min at room
temperature. Proteins were resolved by 10% SDS-PAGE, trans-
ferred to a nitrocellulose membrane and then immunoblotted
with polyclonal anti-nitro tyrosine antibodies. Lane 1, 200 mM
treated; lane 2, 400 mM treated; lane 3, 600 mM treated; lane 4,
100 mM; lane 5, 50 mM; lane 6, Control. (b) Stoichiometry of profilin
nitration. Profilin (25 mM) in 100 mM potassium phosphate buffer,
pH 7.4, was treated with different concentrations of peroxynitrite
for 30 min. The amount of nitrotyrosine formed was determined
spectrophotometrically by measuring the absorbance at 428 nm
(e = 4,200 M–1 cm–1). The results are expressed as moles
of nitrotyrosine/mole profilin and represent the means – SEM of
4 independent experiments.

Fig. 2. Carboxypeptidase Y digestion of nitroprofilin to map
nitration sites. Profilin in 100 mM potassium phosphate buffer,
pH 7.4, was treated for 30 min with a 100-fold molar excess
of peroxynitrite at room temperature. Nitroprofilin (150 mg),
dialyzed against 100 mM citrate buffer, pH 6.0, was digested at
room temperature with carboxypeptidase Y (10 mg, 1,000 mU)

for 6, 12, 24 or 48 h. The addition of 5 mM PMSF stopped
the reaction; proteins were separated by 10% SDS-PAGE,
transferred to a nitrocellulose membrane, and then probed
individually with (a) anti-nitrotyrosine and (b) anti-profilin
antibodies. The blot is representative of two independent
experiments.
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Effect of Nitroprofilin on Actin Polymerization—Actin
polymerization decreased by 14.3% in the presence of pro-
filin, while in the presence of nitroprofilin no significant
change in polymerization was noted (Fig. 5). The critical
actin monomer concentration under these conditions was
found to be 110 nM with actin alone, which increased to
150 nM and 250 nM with nitroprofilin and profilin, respec-
tively (Fig. 6), indicating nitroprofilin is not a better actin
sequesterer.

DISCUSSION

Profilin has 4 tyrosines at positions 6 (helix 1, N-terminal),
26 (b-strand), 128 (helix 4), and 139 (turn, C-terminal). The
C-terminus of profilin is of special interest because it con-
tains a solvent-exposed tyrosine, Tyr 139, which is critical
for its ligand interactions. Further, multiple sequence
alignment of the carboxy terminal ends of profilins I
from various animal sources using the ClustalW program
(www.ebi.ac.uk/clustalW) indicated that tyrosine 139 is
highly conserved in animals (Fig. 7).

Tyrosine nitration is a selective process and not all tyr-
osines in a protein undergo nitration. There are certain
factors that determine the selectivity on nitration of tyr-
osine residues in proteins (32, 33). Apparent structural
requirements for the selectivity of protein tyrosine nitra-
tion are: (i) Paucity of reactive cysteine/methionine resi-
dues in the vicinity of tyrosine residues; (ii) proximity to a
negatively charged residue; (iii) absence of steric hin-
drances; (iv) surface exposure (accessibility); and (v) pre-
ference for tyrosine residues in loop structures (32, 33). The
primary sequence of bovine profilin I (PDB ID: 1PNE) used
for prediction analysis is given in Fig. 8. The above-
mentioned criteria were checked as follows. The presence
of Cys/Met and charged amino acids in the neighborhood of
tyrosines was examined using SWISS-PDBVIEWER.
Secondary structures and electrostatics were calculated
using JOY and MOE, respectively. The solvent accessible
surface areas were calculated using the g_sas module of the
GROMACS software. Prediction based on the factors deter-
mining the selectivity for tyrosine nitration indicated tyr-
osine 139 to be the most potential site, as it satisfies the 1st,

(a)

(b)

(c)

(d)

Fig. 3. Interaction of profilin and nitroprofilin with PIP2.
(a) The change in tryptophan fluorescence emission (DF, in arbi-
trary units) for profilin (solid circles) and nitroprofilin (open circles)
was plotted against different concentrations of PIP2. The excitation
wavelength (l) was set at 295 nm. (b) Binding isotherm for profilin
and nitroprofilin. The numbers of mol of PIP2 bound per mol of
profilin (solid circles) and nitroprofilin (open circles) were plotted
against the concentration of free PIP2. The DFmax values for pro-
filin and nitroprofilin were obtained using linear regression. DF/
DFmax represents the number of mol of PIP2 bound while the free
PIP2 concentration is assumed to be the amount of PIP2 added.
(c) Scatchard plot analysis of profilin binding to PIP2. DF/DFmax

values were plotted against (DF/DFmax)/LFree. DF/DFmax repre-
sents the number of mol of PIP2 bound and (DF/DFmax)/LFree
represents the bound/free PIP2. The free ligand concentration is
assumed to be the amount of PIP2 added. (d) Scatchard plot ana-
lysis of nitroprofilin binding to PIP2. The DF/DFmax values of
nitroprofilin were plotted against (DF/DFmax)/LFree. DF/DFmax

represents the number of mol of PIP2 bound and (DF/DFmax)/
LFree represents the bound/free PIP2. The free ligand concentra-
tion is assumed to be the amount of PIP2 added. Kd values repre-
sent the means – SD of 4 independent experiments.
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3rd, 4th and 5th criteria. Tyr139 has positively charged
Lys and Arg residues in its vicinity, but its position is much
more flexible, it being located in the loop structure, and
having the maximum surface exposure for CE1 and CE2
atoms, and the absence of any steric hindrance, which
favor its nitration. Though the presence of negatively
charged Asp and Glu residues is favourable for Tyr 6,
Tyr 24 and Tyr 128 to undergo nitration, they also have
an unfavourable Met residue in their vicinity (column 2 in
Table 1). Tyr128 has a negatively charged Glu residue, but
undergoes steric restriction by surrounding side chains.
Tyr139 has positively charged Lys and Arg residues in
its vicinity, but its position is much more flexible, it being
located in the loop structure, and having the maximum
surface exposure for CE1 and CE2 atoms (CE1 and CE2
are the two equivalent carbons at the 3 and 5 positions of
the aromatic ring, column 4 in Table 1). The CE2 atoms of
Tyr 6, Tyr 24 and Tyr128 are surface accessible, while the
CE1 atoms are buried compared to in the case of Tyr139
(column 4 in Table 1). Moreover, Tyr6, Tyr24 and Tyr128
comprise part of secondary structures, while Tyr 139, being
in a loop structure, exhibits more conformational freedom
for its interaction with a nitrating agent (column 3 in
Table 1). Thus, the presence of Tyr 139 in the loop region,
the absence of any steric hindrance, and the high surface
accessibility of CE1 and CE2 atoms favors the nitration of
Tyr 139.

Immunoblots probed with anti-nitrotyrosine antibodies
showed a peroxynitrite concentration-dependent increase
in the nitrotyrosine level. As nitrotyrosine shows specific
absorbance at 428 nm, we quantitated nitrotyrosine resi-
dues in profilin upon peroxynitrite treatment. The data
presented indicate a correlation between the amounts of
nitrotyrosine detected with antibodies and determined by
spectrophotometric analysis. The stoichiometry of 0.6
(moles of nitrotyrosine/mole of profilin) indicated that a
single tyrosine residue is nitrated in profilin. As a step
towards identifying nitrotyrosine residues in profilin,
digestion of nitroprofilin with carboxypeptidase Y was per-
formed. Carboxypeptidase digestion of profilin releases
carboxy-terminal Y easily, and S and Q slowly (37). The
decrease in nitrotyrosine-immunoreactivity of nitroprofilin

(a)

(b)

(c)

(d)

Fig. 4. Interaction of profilin and nitroprofilin with PLP.
(a) The change in tryptophan fluorescence emission (DF, in arbi-
trary units) for profilin (solid circles) and nitroprofilin (open circles)
was plotted against different concentrations of poly (L-proline). The
excitation wavelength (l) was set at 295 nm. (b) Binding isotherm
for profilin and nitroprofilin. The numbers of mol of poly (L-proline)
bound per mol of profilin (solid circles) and nitroprofilin (open cir-
cles) were plotted against the concentration of free PLP. The DFmax

values for profilin and nitroprofilin were obtained from double
reciprocal plots of 1/DF vs. 1/poly (L-proline) using linear regres-
sion. DF/DFmax represents the number of mol of PLP bound, while
the free ligand concentration is assumed to be the amount of PLP
added. (c) Scatchard plot analysis of profilin binding to PLP. DF/
DFmax values of profilin were plotted against (DF/DFmax)/LFree.
DF/DFmax represents the number of mol of PLP bound and (DF/
DFmax)/LFree represents the bound/free PLP. Free PLP concentra-
tion is assumed to be the amount of PLP added. (d) Scatchard plot
analysis of nitroprofilin binding to PLP. The DF/DFmax values of
profilin were plotted against (DF/DFmax)/LFree. The DF/DFmax

represents the number of mol of PLP bound and (DF/DFmax)/
LFree represents the bound/free PLP. The free PLP concentration
is assumed to be the amount of PLP added. Kd values represent the
means – SD of 4 independent experiments.
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upon carboxypeptidase digestion and the stoichiometry of
0.6 (moles of nitrotyrosine/mole of profilin) indicate a single
tyrosine residue at the C-terminal end (Tyr 139) was
nitrated.

Tyrosine nitration alters protein function by inducing
substantial structural changes and tyrosine reactivity. It
decreases the pKa of tyrosine from 10 to about 7, introduces
a negative charge that can alter the local structure of pro-
teins, and the hydrogen bonding activities of tyrosine with
substrates and neighbouring amino acids, and the bulky
nitro group induces steric perturbation in the structure of
tyrosine, which may inhibit the binding of substrates to
enzymes or disrupt protein–protein interactions in which

tyrosine residues are instrumental (38). Thus, the present
data on nitration of Tyr 139 of profilin create a basis for
further studies on the effects of tyrosine nitration on struc-
ture and the interaction with three of its ligands vis a vis
poly (L-proline), phosphoinositides and actin.
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Fig. 5. Effects of profilin and nitroprofilin on actin polymer-
ization. 2 mM G-actin (10% pyrene-labeled) was pre-incubated
with 2 mM profilin or nitroprofilin for 15 min. Actin polymerization
was measured by suspending the mixture in F-buffer and then
measuring the increase in fluorescence (excitation at 365 nm
and emission from 380 to 420 nm) at different times. (a) The emis-
sion spectra presented are (i) G-actin in F-buffer at 30 min (. . .),
(ii) G-actin with profilin in a 1:1 ratio in F-buffer at 30 min (– –), and
(iii) G-actin with nitroprofilin in a 1:1 ratio in F-buffer after 30 min
(–� � �–) (b) Percentage of actin polymerization in the presence of
profilin and nitroprofilin, with emission at 407 nm. Lane 1, actin
alone; lane 2, actin in the presence of profilin; and lane 3, actin in
the presence of nitroprofilin.

Fig. 6. Effects of profilin and nitroprofilin on the actin cri-
tical monomer concentration. G-actin (2 mM, 10% pyrene-
labeled), and profilin and nitroprofilin (2 mM each) were pre-
incubated in F-buffer for 16 h. The decrease in fluorescence in
serially diluted samples was noted. The excitation and emission
wavelengths were set at 365 nm and 407 nm, respectively. (D) Actin
alone, (open circles) actin in the presence of profilin, and (solid
circles) actin in the presence of nitroprofilin.

FABO         TAKTLVLLMGKEGVHGGMINKKCYEMASHLRRSQY 139

1PNE     TAKTLVLLMGKEGVHGGMINKKCYEMASHLRRSQY 140

P02584       TAKTLVLLMGKEGVHGGMINKKCYEMASHLRRSQY 139

AAX09095.1   TAKTLVLLMGKEGVHGGMINKKCYEMASHLRRSQY 140

S04067       TAKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

P62962       TAKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

P62963       TAKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

AAH13439.1   TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

1CF0         TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 138

NP_005013.1  TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

P07737       TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

AAH02475.1   TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

AAH06768.1   TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

AAH15164.1   TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

AAH57828.1   TDKTLVLLMGKEGVHGGLINKKCYEMASHLRRSQY 140

Fig. 7. Multiple sequence alignment of the profilin carboxy
terminal sequence. The profilin I sequences of different
animal sources were aligned using ClustalW (www.ebi.ac.uk/
clustalW).
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Fluorescence (39), mutagenesis (40, 41), and qualitative
NMR (39, 42) studies indicated a highly conserved patch of
six hydrophobic amino acids (W3, Y6, W31, H133, L134
and Y139) to be the PLP binding site. In the present
study we monitored the interaction of profilin and nitro-
profilin with PLP, by exploiting the quenching of trypto-
phan fluorescence. Binding isotherm and Scatchard plot
analysis revealed that nitroprofilin exhibits high affinity
towards PLP sequences.

Our earlier data on C-terminal serine phosphorylated
profilin indicated no change in affinity towards PIP2,
thus strongly suggesting the charge at C-terminal end
plays no role in phosphatidylinositol binding (34). In the
present study fluorescence quenching of Trp3 and Trp31
has been exploited for studying the interaction of profilin
and nitroprofilin with PIP2. On introducing a net negative
charge by nitration of the C-terminal Tyr 139 of profilin, we
did not observe any significant difference in relative fluor-
escence (DF/DFmax) for either profilin or nitroprofilin.
Further, binding isotherm and Scatchard plot analysis
revealed no change in the affinity of profilin towards
PIP2 upon nitration. Since nitration has no influence on
PIP2 binding, our data strongly suggest that a charge at
the C-terminal end may not be important for phosphatidy-
linositol binding. Since nitroprofilin exhibits similar affi-
nity to PIP2 to that of profilin, profilin nitration might not
influence its association with PIP2 and thus not its locali-
zation to membranes.

Nitration of many actin-binding proteins leads to
either maintenance or alteration of actin-binding func-
tions. This was supported by loss of filament growth control
by actin; altered cytoskeletal morphology, intracellular
localization of the cytoplasmic motor protein dynein,
and changes in microtubule structure and organization
caused by a-tubulin upon nitration (43, 44). The effect of

nitroprofilin on actin polymerization was studied by using
N-(1-pyrenyl) iodoacetamide–labeled actin, and by calcu-
lating the in vitro critical actin monomer concentrations in
the presence of profilin and nitroprofilin. The actin critical
monomer concentration data indicate that nitroprofilin is
not a better actin sequesterer.

In a number of pathological conditions (inflammatory
conditions) peroxynitrite formation and protein nitration
are well documented, but little is known about the direct
involvement of a particular protein in these diseases.
Drugs that inhibit protein nitration are very promising
for inhibiting platelet aggregation. Many proline-rich pro-
teins like VASP, Ena and Mena (45, 46) involved in the
regulation of actin polymerization are known to recruit
profilin to membranes, thus driving cell motility and
other actin-linked processes (47). The data presented
here indicate that profilin-protein interactions could be
regulated by nitration. The increased affinity of nitropro-
filin to PLP indicates an important mechanism whereby
profilin could specifically bind selective proteins and then
recruit them to the sites of rapid actin polymerization or
plasma membranes, where it can selectively bind PIP2 and
PLP. However, the significance of profilin nitration in
pathophysiological conditions needs to be evaluated.
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