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ABSTRACT: We have shown previously and confirmed in
this study that the phospholipase A2 (PLA2) activity of
peroxiredoxin 6 (Prdx6) is markedly increased by phosphor-
ylation. This report evaluates the conformation and
thermodynamic stability of Prdx6 protein after phosphor-
ylation to understand the physical basis for increased activity.
Phosphorylation resulted in decreased negative far-UV CD,
strengthened ANS binding, and a lack of rigid tertiary
structure, compatible with a change in conformation to that
of a molten globule. The ΔG°D was 3.3 ± 0.3 kcal mol−1 for Prdx6 and 1.7 ± 0.7 kcal mol−1 for pPrdx6, suggesting that
phosphorylation destabilizes the protein. Phosphorylation of Prdx6 changed the conformation of the N-terminal domain
exposing Trp 33, as determined by tryptophan fluorescence and NaI fluorescence quenching. The kinetics of interaction of
proteins with unilamellar liposomes (50:25:15:10 DPPC:egg PC:cholesterol:PG molar ratio) were evaluated with tryptophan
fluorescence. pPrdx6 bound to liposomes with a higher affinity (Kd = 5.6 ± 1.2 μM) than Prdx6 (Kd = 24.9 ± 4.5 μM). By
isothermal titration calorimetry, pPrdx6 bound to liposomes with a large exothermic heat loss (ΔH = −31.49 ± 0.22 kcal mol−1).
Correlating our conformational studies with the published crystal structure of oxidized Prdx6 suggests that phosphorylation
results in exposure of hydrophobic residues, thereby providing accessibility to the sites for liposome binding. Because binding of
the enzyme to the phospholipid substrate interface is a requirement for PLA2 activity, these results indicate that a change in the
conformation of Prdx6 upon its phosphorylation is the basis for enhancement of PLA2 enzymatic activity.

Peroxiredoxin 6 (Prdx6) is a unique one-cysteine mamma-
lian peroxiredoxin that has both phospholipase A2 (PLA2)

and glutathione peroxidase activities.1−3 These activities of the
native protein are expressed at different pH optima with the
maximal PLA2 activity at pH 4, while the peroxidase activity is
maximal at pH 7−8 where PLA2 activity is significantly
reduced.1 The physiological roles of Prdx6 reflect the pH
optima for each activity as the protein is present in both
neutral-pH (cytosol, peroxidase activity) and low-pH (lyso-
somes and lysosomal-like organelles, PLA2 activity) cellular
compartments.4,5 Site-directed mutagenesis studies have
demonstrated a catalytic triad (S32-H26-D140) that is
responsible for PLA2 activity; S32 and H26 also are
components of a lipid binding motif that is required for
interactions of Prdx6 with the phospholipid substrate for the
optimization of the protein−substrate complex for hydrolysis.6

Binding of Prdx6 to the phospholipid substrate occurs at pH 4,
but the level is markedly reduced at pH 7.6

Protein phosphorylation is a common form of reversible
protein posttranslational modification that can play a major role
in enzymatic regulation.7 Phosphorylation of Prdx6 mediated
by a mitogen-activated protein kinase (MAPK) enhances the
PLA2 activity of the protein and broadens its spectrum of

activity as a function of pH.8 In a previous study,
phosphorylated Prdx6 (pPrdx6), unlike the nonphosphorylated
protein, bound to the phospholipid substrate at pH 7 and 4,9

resulting in a marked increase in PLA2 activity at both low- and
neutral-pH.8 In this study, we utilized tryptophan fluorescence
and isothermal calorimetry (ITC) to compare the interaction of
Prdx6 and pPrdx6 with unilamellar liposomes to understand the
biophysical basis for the increase in lipid binding affinity with
phosphorylation. We also investigated the change in the
conformation and thermodynamic stability of Prdx6 after
phosphorylation using circular dichroism (CD) and fluores-
cence measurements.

■ EXPERIMENTAL PROCEDURES
Material. MAPK (ERK2, extracellular-signal-regulated kin-

ase) was purchased from Upstate (Millipore, Billerica, MA).
1,2-Bispalmitoyl-sn-glycero-3-phosphocholine (DPPC), egg
yolk phosphatidylcholine (PC), phosphatidylglycerol (PG),
cholesterol (chol), and 8-anilinonaphthalene-1-sulfonate

Received: March 23, 2012
Revised: June 4, 2012
Published: June 4, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 5521 dx.doi.org/10.1021/bi300380h | Biochemistry 2012, 51, 5521−5530

pubs.acs.org/biochemistry


(ANS) were purchased from Sigma-Aldrich (St. Louis, MO).
Urea was from Invitrogen Life Technologies (Carlsbad, CA).
The polyclonal antibody to phosphorylated Prdx6 was
described previously.10 Human wild type and rat wild-type
and mutant Prdx6 proteins (W33F and W82F) were expressed
as described previously.1,6 Proteins were purified using ion-
exchange and size-exclusion chromatography,1,6,11 resulting in a
homogeneous product as determined by sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) and
Western blotting (not shown).1,11 The W181F mutant protein
formed inclusion bodies upon expression in pETBlue and was
not further studied.
Liposome Preparation. Unilamellar l iposomes

(50:25:15:10 DPPC:egg PC:cholesterol:PG molar ratio) were
prepared by extrusion under pressure.9 Tracer [3H-9,10-
palmitate]DPPC was added for PLA2 assays. The lipids
dissolved in chloroform were evaporated to dryness under
nitrogen onto the wall of a Corex glass tube. The evaporated
film was resuspended in 50 mM Tris-HCl and 100 mM NaCl
(pH 7.4) (called standard buffer), vigorously mixed, frozen and
thawed three times by alternating liquid N2 and a 50 °C water
bath, and then extruded at 50 °C for 10 cycles through a 0.1 μm
pore size polycarbonate filter. Recovery of 3H in the liposome
preparation was 95−100% of the original disintegrations per
minute. Liposomes were stored overnight at 4 °C before being
used. Analysis by dynamic light scattering (DLS 90 Plus Particle
size Analyzer, Brookhaven Instruments, Holtsville, NY) showed
a homogeneous population of vesicles with a diameter of 100−
120 nm.
In Vitro Phosphorylation of Prdx6. Recombinant Prdx6

(1 μg/μL) was phosphorylated in vitro using MAPK/ERK2
(0.021 μg/μL) in standard buffer in the presence of 2 mM ATP
and 10 mM MgCl2.

8 The mixture was incubated for the
indicated times with slow shaking in a water bath at 30 °C.
Samples were analyzed by 10% Bis-Tris gels using MES buffer
(Invitrogen) and stained with NOVEX Collodial Blue
(Invitrogen). Prdx6 protein bands were excised and subjected
to in-gel tryptic digestion.12 Tryptic digests were subjected to
liquid chromatography−tandem mass spectrometry (LC−MS/
MS) analysis using an LTQ-Orbitrap XL mass spectrometer
(Thermo Scientific) interfaced with a Nano-ACQUITY UPLC
system (Waters).13 Peptide sequences were interpreted from
MS/MS spectra by searching against a human database using
BIOWORKS version 3.3.1, SP1 (Thermo Fisher Scientific).
Database searches were performed using partial trypsin
specificity, a fixed modification of Cys with iodoacetamide,
variable oxidation of Met, and variable phosphorylation of Ser,
Thr, and Tyr. Outputs from BIOWORKS searches are filtered
using a mass tolerance of 10 ppm, ΔCn ≥ 0.05, and full tryptic
boundaries. Peptide quantitation was subsequently determined
from the corresponding extracted ion chromatographic peak
area. The phosphorylation of Prdx6 was also analyzed by SDS−
PAGE followed by Western blotting using anti-pPrdx6
polyclonal antibody (1:2000) and anti-rabbit IRDye800
(green) secondary antibody (Rockland, Gilbertsville, PA) and
imaged with an Odyssey dual-color fluorescent infrared-excited
imaging system (LI-COR, Lincoln, NE).
Enzymatic Activity. PLA2 activity was measured at pH 7.0

as described previously14,15 using [3H]DPPC-labeled liposomes
as substrate. Disintegrations per minute were measured in the
nonesterified fatty acid (palmitate) spot obtained by thin layer
chromatography.

Fluorescence Spectroscopy. Fluorescence spectroscopy
was performed with a spectrofluorometer (PTI, Photon
Technology International, Lawrenceville, NJ) equipped with a
water bath temperature-controlled sample holder, a single-
photon counting system for fluorescence intensity detection,
and dual fluorescence and absorbance channels. Measurements
were performed with 1 μM protein in standard buffer at 22 °C
in microquartz fluorescence cuvettes with a path length of 0.3
cm (Hellma) using 1 nm excitation and emission slits. For
tryptophan fluorescence measurements, the emission spectra
were recorded from 310 to 450 nm after excitation at 295 nm
to avoid tyrosine fluorescence. ANS (250 μM) fluorescence
spectra were collected from 400 to 600 nm with excitation at
360 nm. For tryptophan fluorescence quenching, the
concentration of NaI was varied from 0 to 0.4 M using a 5
M stock solution of NaI dissolved in Tris-HCl buffer (pH 7.4).
The fluorescence intensity was monitored at the emission
maximum. Assay solutions contained 1 mM sodium thiosulfate
to suppress the formation of free iodide.16 After correction for
dilution, the data were analyzed according to the Stern−Volmer
equation:17,18 Fo/F = 1 + kQ[X], where Fo and F are the
fluorescence emission intensities in the absence and presence of
NaI, respectively, [X] is the molar concentration of NaI, and kQ
is the Stern−Volmer quenching constant. Stern−Volmer
quenching constants were obtained from the initial slope of
the plots if they showed nonlinearity at higher concentrations.
Time-resolved intensity was measured using the PTI

EasyLife Lifetime Fluorometer with an emission cutoff filter
at 320 nm. The excitation source in this fluorometer is a LED
that is rapidly pulsed at 295 nm. Glycogen in water was used to
record the instrumental response function (IRF). The intensity
decay was analyzed using the multiexponential decay law given
by It = Io∑αI exp(−t/τi), where It is the time-dependent
intensity, Io is the intensity at time zero, αI is the normalized
pre-exponential factor, and τi is the decay time.

19 The fractional
fluorescence intensity of each component is defined as f i = αiτi/
∑αiτi. The software used for data analysis was obtained from
ISS. The best-fit parameters were obtained with values for
reducing χ2 and residuals of the fit close to 1 and 0, respectively.

Circular Dichroism (CD). CD was measured with protein
(10 μM) in standard buffer in a fused quartz cell with a path
length of 0.1 cm using AVIV 202 and 62 DS CD spectrometers
(AVIV, Lakewood, NJ) equipped with a thermoelectric cell
holder. The temperature was maintained at 25 °C using a
Pelltier element. The sample mixture of protein with or without
liposomes was incubated for 1 h, and then spectra were
recorded with three repeats in the far-ultraviolet region (190−
260 nm) with a bandwidth of 1.0 nm, a step size of 1 nm, and
an integration time of 30 s. The buffer baseline or a blank
sample containing an identical concentration of liposomes was
subtracted. CD measurements are expressed as mean residue
ellipticity ([θ]λ) in degrees square centimeters per decimole at
a given wavelength λ (nanometers) using the relation [θ]λ =
θλMo/10cl, where θλ is the observed ellipticity in millidegrees at
wavelength λ, Mo is the mean residual weight of the protein, c is
the protein concentration (milligrams per cubic centimeter),
and l is the path length (centimeters). The change in far-UV
CD is quantitated by measuring the α-helix content using the
formula α-helix (%) = [(−[θ]222 + 3000)/39000] × 100, where
[θ]222 is the mean residue ellipticity at 222 nm.20

Thermal denaturation was recorded at 220 nm with scanning
from 20 to 90 °C at a rate of 1 °C/min using a fused quartz cell
(path length of 1 cm) and 1 μM protein. The mean residue
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ellipticity measured as a function of temperature is expressed as
the fractional denaturation after normalization to [θ]220 at the
start of the temperature scan. By assuming a linear dependence
of pre- and post-transition baselines on temperature, we fit each
thermal denaturation curve to a two-state unfolding model:21,22

= + + +
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where y(T) is the observed mean residue ellipticity at a given
temperature, mN and mD are slopes and yN and yD the intercepts
of the native and denatured baselines, respectively, T is the
temperature and Tm the melting temperature in degrees kelvin,
ΔHm is the enthalpy change of denaturation at the melting
temperature, and R is the universal gas constant.
Urea Denaturation. Urea-induced denaturation of proteins

(1 μM in standard buffer) was measured at 324 nm with
excitation at 295 nm after equilibration at room temperature for
4 h with different concentrations of urea; a longer (overnight)
incubation of the reaction mixture gave similar results. For
refolding experiments, a denaturant solution was added to
protein before dilution with buffer. The data from the urea
denaturation curves were analyzed for ΔG°D and mun assuming
two-state reversible unfolding. The transition curve was
determined using the relation21
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where y([u]) is the observed optical property at the molar
concentration of urea ([u]), mN and mD are slopes and yN and
yD the respective intercepts of the native and denatured
baselines, respectively, G°D is the Gibbs free energy change
(ΔGD) in the absence of the denaturant, mUN is the slope
(∂ΔGD/∂[u]), R is the universal gas constant, and T is the
temperature in degrees kelvin.
Isothermal Titration Calorimetry (ITC). The VP-ITC

(MicroCal, Northampton, MA) was used to measure the heat
of protein binding to liposomes at 20 °C. The protein solution
was dialyzed against PBS (pH 7.4), and both the liposome and
protein solutions were degassed completely under vacuum
before use. Liposomes at 5 mM lipid in the sample cell (1.3
mL) were injected 25−29 times with 10 μL of a protein
solution (28 μM) with continuous stirring at 350 rpm to
measure the enthalpy of binding. The molar ratio of liposomes
to protein was kept above 100 so that the injected protein
bound completely to the liposomes. Binding enthalpies were
corrected by subtracting the heat of dilution as determined by
injecting protein solutions into buffer only.
Structural Analysis. The published crystal structure of

human Prdx6 23 was accessed using three-dimensional structure
analysis tools, and ribbon and surface diagrams were drawn
using PyMOL. Contacts between Thr177 and nearby residues
in Prdx6 and the accessible surface area of Trp residues and
T177 were determined using the contact and AREAIMOL
programs, respectively, from the CCP4 package.24

Statistical Analysis. Results are presented as means ± the
standard deviation (SD). Curve fitting of data points for
liposome binding and urea thermal denaturation was conducted
with Sigma Plot version 11.0 in dynamic fit.

■ RESULTS

Phosphorylation and Enzymatic Activity of Prdx6.
Phosphorylation of recombinant Prdx6 in the presence of
MAPK/ERK2 was detected within 5 min of the start of
incubation and reached 90% at 540 min as measured by mass
spectroscopy (Figure 1). Our previous studies have indicated
that Prdx6 is phosphorylated at Thr177.8 The PLA2 activity of
Prdx6 measured at pH 7.0 was similar to our previous results

Figure 1. Time course of phosphorylation of recombinant Prdx6.
Incubation was conducted at 30 °C for the indicated time with ERK2.
(A) Representative Western blot using anti-pPrdx6 Ab (1:2000) and
(B) quantitation by densitometry of immunoblots of phosphorylated
Prdx6 (pPrdx6). (C) Quantitation by mass spectroscopy of pPrdx6 as
a percentage of total Prdx6.
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for rat recombinant protein.25 The phosphorylation of Prdx6
resulted in a 30-fold increase in PLA2 activity (Table 1).

Effect of Phosphorylation on the CD Spectrum. To
determine the basis for increased PLA2 activity, we evaluated
the effect of phosphorylation on Prdx6 secondary structure as
determined by the far-UV region of the CD spectrum (Figure
2A).26,27 The calculated α-helix content of Prdx6 (Table 2)

agrees well with that determined from the crystal structure of
Prdx6.23 Phosphorylation of Prdx6 led to a significant decrease
in its α-helical content (Table 2).

The near-UV CD (260−320 nm) spectrum was used to
evaluate the tertiary structure of Prdx6.27 The spectral intensity
at 290 nm was decreased from 12.2 deg cm2 dmol−1 for Prdx6
to −13.1 deg cm2 dmol−1 for the phosphorylated protein
(Figure 2B), indicating a less ordered tertiary structure. The
peak at 290 nm (Figure 2B) can be ascribed to Trp
transitions.28 Thus, these results suggest that the tryptophan
residues in Prx6 are incorporated into the rigid tertiary
structure and are responsible for the CD signals.
Tryptophan Fluorescence Spectroscopy. Tryptophan

fluorescence emission also was used to evaluate the conforma-
tional state of the protein.29 A change in tryptophan
fluorescence is presumed to reflect a change in the local
environment of Trp residues in the protein.19 Phosphorylation

of Prdx6 resulted in a decreased fluorescence intensity
compared to that of Prdx6 and a red shift in peak fluorescence
from 326 to 334 nm (Figure 3A), compatible with exposure of
tryptophan residues to a more polar environment.
The fluorescent hydrophobic probe ANS can detect

accessible hydrophobic surfaces on proteins.30,31 In aqueous
solvent, the fluorescence quantum yield of the probe is weak,
but the yield increases several-fold upon binding to hydro-
phobic surfaces (Figure 3B).32 ANS fluorescence showed an
increase in emission at its fluorescence maximum (∼507 nm)
and a blue shift (∼496 nm) upon binding to pPrdx6 (Figure
3B, inset). These results indicate that the phosphorylation of
Prdx6 leads to unfolding of Prdx6 and exposure of its
hydrophobic surfaces.
NaI quenching experiments were conducted to investigate

the microenvironment of tryptophan residues in the proteins.
Stern−Volmer plots for Prdx6 were linear, while the plots for
pPrdx6 showed an upward curvature (Figure 3C). Thus, the
Trp residues in Prdx6 show no selective quenching but showed
static quenching in pPrdx6.18 KSV values for iodide quenching
of Prdx6 and pPrdx6 are 1.40 ± 0.02 and 2.55 ± 0.01 M−1,
respectively.
Urea-induced denaturation of Prdx6 was monitored to

determine its conformational stability. The unfolding curves
of the proteins were reversible over the entire denaturant
concentration range (0−7 M) (Figure 4). The phosphorylation
of Prdx6 resulted in a decrease in both the conformational
stability (ΔG°D) and mUN of Prdx6 (Table 2) with decreased
cooperativity as indicated by the denaturation transition curves.
The parameter mUN is proportional to the amount of newly
accessible surface area exposed upon denaturation.33,34 The
decrease in the cooperativity and mUN of Prdx6 indicates that
phosphorylation of Prdx6 exposes hydrophobic amino acid
residues with a consequent loss of noncovalent interactions.34

Prdx6 Binding to Liposomes. Tryptophan fluorescence
also was used to monitor the interaction of Prdx6 with
liposomes. The change in the fluorescence intensity of Prdx6
upon addition of increasing concentrations of liposomes was
minimal (Figure 5A) and saturated at 30 μM lipid (Figure 5B).
These results indicate weak binding of Prdx6 to liposomes,
consistent with previous results.9 However, incubation of
pPrdx6 with liposomes resulted in a significant increase in the
relative fluorescence (Figure 5C), and saturation was reached at
50−100 μM lipid (Figure 5D). The experimental data fit a
standard sigmoidal curve (assuming simple ligand binding of a
single binding site) with an R2 of >0.97. The calculated
apparent dissociation constants (Kd) indicate that the
phosphorylation of Prdx6 results in significantly a higher
binding affinity for liposomal vesicles (Table 3).
The fluorescence lifetime was analyzed as a multiexponential

decay using the second-exponential fit τ1 and τ2 (see Figure of
the Supporting Information). In some cases, the triple-
exponential fit was recorded; however, the pre-exponential
factor α3 for these fits was close to zero, and therefore, this
component of the decay is not included in the calculated
average values of fluorescence lifetime ⟨τ⟩. There was no
change in protein lifetime decay upon incubation of Prdx6 with
liposomes, but phosphorylation of the protein resulted in a
significantly increased rate of decay (Table 4). This decreased
lifetime indicates a relatively more polar environment for the
Trp residues following phosphorylation.19 This interpretation is
supported by the subsequent increase in fluorescence lifetime
upon exposure to lipids (Table 4). The χ2 values for the

Table 1. PLA2 Activity of Prdx6 and Phosphorylated Prdx6
(pPrdx6)a

PLA2 activity [nmol min−1 (mg of protein)−1]

Prdx6 50.5 ± 3.8
pPrdx6 1580 ± 89

aActivity was measured at pH 7.0 in 50 mM Tris-HC1, 5 mM EDTA,
and 1 mM GSH. Values are means ± SD (n = 3).

Figure 2. Far-UV CD (A) and near-UV CD (B) measurements of
Prdx6 and pPrdx6. Measurements were taken at 22 °C in standard
buffer [50 mM Tris-HCl and 100 mM NaCl (pH 7.4)]. Spectra are
means of two independent experiments.

Table 2. Conformational and Thermodynamic Parameters of
Prdx6 and pPrdx6a

α-helix (%) ΔG°D (kcal mol−1) mUN (kcal mol−1 [urea]−1)

Prdx6 28.9 ± 1.2 3.3 ± 0.3 1.1 ± 0.4
pPrdx6 21.7 ± 2.5 1.7 ± 0.2 0.6 ± 0.2

aMeans ± SD from three independent experiments.
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fluorescence lifetime measurements are around 1, confirming
their validity.
The interaction of Prdx6 with unilamellar liposomal vesicles

also was evaluated by ITC. Interaction of protein with
liposomes was an exothermic process (Figure 6). Because of
the high lipid:protein molar ratio that was used in the studies,
all of the injected protein molecules appeared to bind to
liposomes, resulting in an identical heat release for each
consecutive injection.35,36 After phosphorylation, the inter-
action of Prdx6 with liposomes was more exothermic than that
of the native protein (Figure 6 and Table 3), indicating an
increase in affinity.36

Far-UV CD measurements of Prdx6 following addition of
liposomes showed no significant change in the secondary
structure (not shown) or in melting temperature (Tm) and
enthalpy (ΔHm) at the melting temperature (Figure 7 and
Table 5). On the other hand, addition of liposomes to pPrdx6
resulted in an altered secondary structure (control 21.7 ± 2.5%
α-helical content for Prdx6 to 18.8 ± 1.5% α-helical content for
pPrdx6) with a decreased melting temperature and an increased
ΔHm (Figure 7 and Table 5). Thus, the binding of pPrdx6 to
liposomes changes its conformation with the formation of
noncovalent interactions.
Role of Trp Residues. Prdx6 has Trp residues at positions

33, 82, and 181. Steady-state tryptophan fluorescence and

quenching of W82F and W33F mutant Prdx6 were used to
evaluate the accessibility of tryptophan residues to solvent.19

These studies were the only ones to use rat instead of human
protein. The far-UV CD spectrum of W33F and W82F
indicated a slight decrease in comparison to that of wild-type
Prdx6 (Figure 8A). The Trp fluorescence of the mutant
proteins showed a marked decrease across the entire spectrum
(Figure 8B); the greater decrease with the Trp33 mutant
implies that this residue makes a greater contribution than
Trp82 to Prdx6 total fluorescence, in agreement with previous
results.6 Trp33 and Trp82 together accounted for approx-
imately 75% of the total fluorescence, consistent with a
relatively minor role for Trp181. The mutant proteins showed
the same λmax at ∼327 nm as wild-type Prdx6, indicating that
the corresponding Trp residues in these different proteins are
similarly exposed to the environment. Because the W33F
mutant protein showed a linear Stern−Volmer plot upon
addition of NaI, quenching of Trp residues was not selective.
However, the upward curvature of the Stern−Volmer plot for
the W82F mutant protein at a higher concentration of
quencher indicates static quenching.18 KSV values for iodide
quenching of W33F and W82F mutant proteins are 1.85 ± 0.01
and 2.47 ± 0.02 M−1, respectively, compared to 1.14 ± 0.02 for
wild-type Prdx6.

Figure 3. Trytophan fluorescence (A), the difference in fluorescence after treatment with ANS (B), and NaI quenching (C) of Prdx6 and pPrdx6.
Measurements were taken at 22 °C in standard buffer. Spectra are means of two independent experiments. The inset in panel B shows the
fluoresence of Prdx6 and pPrdx6 in the presence of ANS and the fluorescence spectrum of ANS alone (···).
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Structural Analysis. Thr177 is the site of phosphorylation
of Prdx6.8 Examination of the crystal structure of Prdx623

suggests possible inter- and intramolecular van der Waals
interactions within the A monomer and for Thr177 at the
interface of the Prdx6 dimer (Figure 9A). Ser166 and Trp 181
within the monomer possibly interact the Thr177 through van
der Waals forces (table 6). Amino acid residues within the B
monomer that can form van der Waals interactions with
Thr177 (Table 6) may play an important role in the formation
of the Prdx6 dimer [T152, G154, and V46 in the B monomer
all are within 3.5 Å of T177 (in the A monomer) and thus may
be important for dimerization].
We also used the published crystal structure23 to estimate the

surface exposure of the Trp residues and T177. Assuming that
the crystal structure represents the intracellular conformation of
the protein, the surface diagrams of the Prdx6 dimer indicate
that W33 and W181 are only partially exposed to the solvent
while T177 and W82 are totally buried in the globular Prdx6
protein (Figure 9B,C). This was confirmed by determining the
accessible surface area using the contact program from the
CCP4 package (Table 7).24 Thus, T177 in the wild-type native
protein is not accessible at the cell surface, and a conforma-
tional change is required before this site can be phosphorylated.

■ DISCUSSION
Protein phosphorylation is a common and important form of
reversible protein posttranslational modification, and in many
cells, up to 30% of all proteins are phosphorylated at any given

time.37 Phosphorylation of a protein can either activate or
inhibit its enzymatic activity.7 Phosphorylation of Prdx6 at
T177 by treatment with a MAP kinase in vitro increased the
PLA2 activity of the protein by ∼30-fold without a change in
peroxidase activity.8 Because T177 is completely buried in the
conformation given by the crystal structure and is not located
near the catalytic triad of PLA2, H26-S32-D140,

23 it is unlikely
that phosphorylation of Prdx6 has a direct effect on the PLA2
active site. These results contribute to the understanding of the
mechanism for enhancement of the PLA2 activity of Prdx6 after
phosphorylation through the study of the change in the
conformation of Prdx6 after phosphorylation, the character-
ization of the conformational state of pPrdx6, the interaction of
pPrdx6 with phospholipids, and the localization of the change
in the conformation through the use of Trp mutants.
Several modifications of protein structures were noted after

phosphorylation of Prdx6. On the basis of the decrease in both
far- and near-UV CD measurements, phosphorylation changed
both the secondary and the tertiary structure (Figure 2A,B).
Quenching of tryptophan fluorescence with a red shift in its
emission maximum (Figure 3A) and a decrease in its

Figure 4. Urea-induced equilibrium denaturation of Prdx6 (A) and
pPrdx6 (B) as a function of urea concentration measured by
tryptophan fluorescence at 22 °C. Data points were obtained at 324
nm after excitation at 295 nm for the protein incubated in standard
buffer at room temperature for 4 h. Data points are the means ± SD of
three independent experiments. The solid lines represent the best fits
using dynamic curve fitting by the linear extrapolation method in
Sigma Plot version 11.0.

Figure 5. Fluorescence (A and C) before and after addition of 100 μM
unilamellar liposomes and lipid binding kinetics (B and D) of Prdx6
and pPrdx6. The protein concentration was 1 μM. Data points were
collected at 333 nm after excitation at 295 nm with incubation for 30
min at room temperature in standard buffer. Spectra and plots are
means of three independent experiments. The error bars in panels C
and D show the SD, and solid lines represent the standard sigmoid fit
in a one-binding site model using Sigma Plot version 11.0.

Table 3. Kinetic and Thermodynamic Parameters for Lipid
Binding by Prdx6 and pPrdx6a

Kd (μM) ΔH (kcal mol−1)

Prdx6 24.9 ± 4.5 −15.41 ± 0.19
pPrdx6 5.6 ± 1.2 −31.49 ± 0.22

aMeans ± SD from three or more independent measurements.
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fluorescence lifetime (τ) (Table 4) after phosphorylation
indicate the exposure of Trp residues to a more polar
environment.19 Phosphorylation also resulted in an increase
in ANS fluorescence intensity and a blue shift in the emission
maximum (Figure 3B) compatible with exposure of hydro-
phobic residues that were buried in the native protein. The
greater decrease in mUN of pPrdx6 in comparison to that of
Prdx6 with urea-induced denaturation (Table 2) also reflects
exposure of hydrophobic amino acid residues that is propor-
tional to the amount of newly accessible surface area.33,34

Finally, the evidence of less cooperativity in the denaturation
curve (Figure 4) and the decrease in the melting temperature
(Table 5) after phosphorylation reflect decreased stability,
which we interpret as a loss of noncovalent interactions of the
protein.35 On the basis of these experimental observations,
phosphorylated pPrdx6 shows characteristics of the molten
globular state, characterized by substantial secondary structure
without a rigid tertiary structure, decreased cooperativity, and
exposure of hydrophobic residues.31,38−41

Prdx6 normally exists as a dimer that is stabilized by
hydrophobic and hydrogen bonding, resulting in a 17.4%
decrease in the total exposed surface of two monomers.23

Binding by the phosphate groups carrying two negative charges
might be the mechanism for the change in conformation
following phosphorylation.7,42 The basal PLA2 activity of the
T177E mutant protein was 2.4 times greater than that of the
T177A mutant, presumably related to the negative charge of
glutamic acid, mimicking the phosphate group.8 Further, T177
is located in domain 2 of Prdx6 and can interact through intra-
and intermolecular van der Waals forces with adjacent amino
acid residues (Figure 9 and Table 6). Interactions of adjacent
amino acids with phosphorylated T177 may lead to a

Table 4. Effect of Lipids on the Time-Resolved Fluorescence of Prdx6 and pPrdx6

τ1 (ns) f1 τ2 (ns) f 2 ⟨τ⟩ (ns) χ2

Prdx6 5.18 ± 0.04 0.67 2.91 ± 0.01 0.32 4.89 ± 0.02 1.02
Prdx6 with lipid 5.17 ± 0.01 0.81 2.87 ± 0.21 0.18 4.75 ± 0.03 1.29
pPrdx6 4.38 ± 0.01 0.71 0.88 ± 0.01 0.28 4.10 ± 0.01 0.94
pPrdx6 with lipid 6.31 ± 0.02 0.61 2.71 ± 1.01 0.38 4.90 ± 0.02 1.33

Figure 6. Isothermal titration calorimetry for Prdx6 (A) and pPrdx6
(B) injected into a solution containing unilamellar liposomes. Each
peak corresponds to the injection of 10 μL of a protein solution (28
μM) into 5 mM lipid at 20 °C. Solutions were prepared in phosphate-
buffered saline (pH 7.4).

Figure 7. Binding of Prdx6 (A) and pPrdx6 (B) to lipids monitored by
far-UV CD at 22 °C in standard buffer. Thermal melting of Prdx6 (C)
and pPrdx6 (D) with and without liposomes. Melting curves were
recorded at 220 nm as a function of temperature in the range of 20−90
°C, at a scan rate of 1 °C/min. Experiments used 1 mM lipid and 10
μM protein. The solid lines in panels C and D represent the best
dynamic curve fit of data using the van’t Hoff equation in Sigma Plot
version 11.0.

Table 5. Thermodynamic Parameters of the Interaction of
Prdx6 and pPrdx6 with Lipids Determined by Far-UV CDa

ΔHm (kcal mol−1) Tm (°C)

Prdx6 345 ± 4 68.81 ± 0.06
Prdx6 with lipid 355 ± 1 68.42 ± 0.09
pPrdx6 304 ± 4 65.15 ± 0.05
pPrdx with lipid 330 ± 8 61.29 ± 0.08

aMeans ± SD from three independent experiments.
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disturbance at the interface of the dimer and exposure of buried
hydrophobic residues.23 These changes associated with
phosphorylation would be expected to alter the secondary
and tertiary structure of Prdx6 as confirmed by the CD and
fluorescence measurements.
The changes in conformation with phosphorylation of Prdx6

result in an increased level of binding to lipids, as indicated by
the binding isotherm measured by tryptophan fluorescence
(Figure 5), a greater release of exothermic heat as determined
by ITC (Table 3), and an increased level of lifetime
fluorescence decay on interaction with liposomes (Table 4).
The decrease in far-UV CD and melting temperature of pPrdx6
with the increased change in enthalpy may reflect the insertion
of a fatty acyl group into the hydrophobic pocket of Prdx6 as
proposed previously.3 These changes are associated with an
increase in PLA2 activity where substrate binding is necessary
for catalysis.6

It has been generally assumed that a protein is active when it
is in its native three-dimensional structure. However, there is a
growing body of evidence that some proteins function best in
the less ordered intermediate state.43−47 This study demon-
strates that phosphorylation induces Prdx6 to assume a molten
globule state that shows optimal enzymatic (PLA2) activity.
This state has been widely recognized as a thermodynamic and
kinetic intermediate in protein folding,40,41,48 and this is the
configuration associated with activity for many proteins.45,49,50

The structural flexibility associated with this non-native
intermediate state has an advantage over the greater rigidity
of the fully folded native state in that it allows a greater range of
conformations for binding to substrates as required for catalysis.

■ ASSOCIATED CONTENT

*S Supporting Information
Fluorescence lifetime analyzed as a multiexponential decay
using the second-exponential fit. This material is available free
of charge via the Internet at http://pubs.acs.org.

Figure 8. Study of Prdx6 Trp mutant proteins W33F and W82F using
far-UV CD (A), Trp steady-state fluorescence (B), and NaI
fluorescence quenching (C) at 22 °C in standard buffer. Excitation
was at 295 nm for Trp fluorescence measurements. Data points with
NaI (C) are the means of three independent experiments.

Figure 9. Crystal structure of the Prdx6 dimer (Protein Data Bank
entry 1PRX) shown in a model developed with PyMol. (A) Thr177 is
the site of phosphorylation mediated by MAPKinase.10 The amino
acid residues in the dimer that may form inter- and intramolecular van
der Waals interactions with Thr177 are indicated. Positions of the
three Trp residues (W33, W82, and W181) and Thr177 are shown in
ribbon (B) and surface (C) diagrams.22

Table 6. van der Waals Interactions between Side Chains of
Thr177 and Adjacent Amino Acid Residues

target atoms distancea (Å)

Thr177 (A) N Thr152 (B) O 2.8
Thr177 (A) O Gly154 (B) CA 3.3
Thr177 (A) O Gly154 (B) N 2.8
Thr177 (A) O Val46 (B) CG2 3.3
Thr177 (A) OG1 Ser166 (A) CB 3.4
Thr177 (A) CG2 Trp181 (A) CD2 3.5

aDistances were calculated using the contact program of the CCP4
package (CCP4, 1994).

Table 7. Accessible Surface Area of Trp Residues and Thrl77
of Prdx6

accessible surface areaa (Å)

W33 10
W82 0
W181 3
T177 0

aCalculated using the AREAIMOL program of the CCP4 package
(CCP4, 1994).
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