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ABSTRACT:. The 14-3-3 proteins are a family of regulatory signaling molecules that interact with other
proteins in a phosphorylation-dependent manner. 14-3-3 proteins are thought to play a direct role in the
regulation of subcellular localization of FoxO forkhead transcription factors. It has been suggested that
the interaction with the 14-3-3 protein affects FoxO binding to the target DNA and interferes with the
function of nuclear localization sequence (NLS). Masking or obscuring of NLS could inhibit interaction
between FoxO factors and nuclear importing machinery and thus shift the equilibrium of FoxO localization
toward the cytoplasm. According to our best knowledge, there is no experimental evidence showing a
direct interaction between the 14-3-3 protein and NLS of FoxO. Therefore, the main goal of this work
was to investigate whether the phosphorylation by protein kinase B, the 14-3-3 protein, and DNA binding
affect the structure of FoxO4 NLS. We have used site-directed labeling of FoxO4 NLS with the extrinsic
fluorophore 1,5-IAEDANS in conjunction with steady-state and time-resolved fluorescence spectroscopy
to study conformational changes of FoxO4 NirSvitro. Our data show that the 14-3-3 protein binding
significantly changes the environment around AEDANS-labeled NLS and reduces its flexibility. On the
other hand, the phosphorylation itself and the binding of double-stranded DNA have a small effect on the
structure of this region. Our results also suggest that the DNA-binding domain of FoxO4 remains relatively
mobile while bound to the 14-3-3 protein.

The forkhead box (Fox) class of transcription factors is a a helices packed against each other and a small three-
family of structurally related transcriptional activators that strandeds sheet from which two characteristic large wings
have been found in a variety of species ranging from yeastprotrude 6). The members of the “O” subfamily within the
to humans 1—4). The common feature of all of the Fox Fox protein family, which in mammals consist of FoxO1,
class transcription factors is the presence of the forkheadFoxO3a, FoxO4, and FoxO6, participate in various cellular
box DNA-binding domain (DBD}. This domain comprises  processes, including apoptosis, cell-cycle progression, and
about 100 amino acid residues and is characterized by thregesponse to stresg,(4, 6, 7). The transcriptional activity of
FoxO factors is controlled through the phosphatidylinositol
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(2, 8). PKB phosphorylates FoxO factors at three specific
sites (Figure 1) and creates two binding sites for 14-3-3
proteins —12). PKB-mediated phosphorylation is followed
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DI-TOF, matrix-assisted laser desorption ionisatitime-of-flight;
PSD, post source decay; MEM, maximum entropy method; SVD,
singular value decomposition; dpFox(4:3 doubly phosphorylated
FoxO41-215 pFoxO4;-207, phosphorylated FoxQ4 207, PKB, protein
kinase B; PI3K, phosphatidylinositol 3-kinase; NLS, nuclear localization
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rapid export of FoxO proteins from the nucleus.

The 14-3-3 proteins are a family of conserved regulatory
molecules that interact with other proteins in a phosphoryl-
ation-dependent mannet3). 14-3-3 proteins function as
molecular scaffolds, modulating the conformation of their
binding partners {4—18). As a result of this structural
modulation they can (i) affect the enzymatic properties of
their partners, (i) interfere with the protetprotein interac-
tions of their targets, or (iii) regulate the subcellular
localization of their binding partners presumably by masking
or obscuring a nearby targeting sequence, such as a nuclear
localization sequence (NLS) or a nuclear export sequence
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Ficure 1: Diagram of the FoxO4 primary structure. The positions of PKB phosphorylation sites (P1, P2, and P3) and two 14-3-3 binding
motifs are shown. The sequence alignment shows human FoxO4, FoxO1, FoxO3a, and mouse FoxO6 NLSs. Basic residues that form the
NLS are bold and marked by stars.

(NES). The Cdc25 phosphatasd®)( telomerase20), or mutant) was expressed as a GST-fusion protein by IPTG
histone deacetylas@1) have been suggested to be subject induction for 12 h at 20C and purified fromEscherichia
to such regulation. All FoxO transcription factors contain a coli BL21(DE3) cells using GST-Sepharose 4B (Amersham
sequence that represents a nonclassical bipartite NLS. ThiPharmacia Biotech) according to the standard protocol. The
NLS consists of 12 arginine and lysine residues surrounding GST tag was cleaved by incubation (1 h at°’8) with TEV
the PKB phosphorylation motif located within the C-terminal protease (Invitrogen). After the cleavage, FoxQé s was
region of DBD (Figure 1) 22, 23). Given the presence of  purified using cation-exchange chromatography on a HiTrap
the PKB/14-3-3 binding motif in the vicinity of this NLS, it ~ SP column (Amersham Pharmacia Biotech). The protein was
has been suggested that the 14-3-3 proteins participate ireluted using 561000 mM NaCl gradient in 50 mM Na-
the regulation of subcellular localization of FoxO factors citrate (pH 6.3), 1 mM DTT, and 1 mM EDTA. Fractions
through the interference with the nuclear localization func- containing FoxO-—,:13 were dialyzed overnight against
tions 22—24). buffer containing 20 mM Tris (pH 7.5), 100 mM NacCl, 1

It is reasonable to speculate that such a mode of FoxOmM EDTA, and 1 mM DTT. FoxO#4-207 has been expressed
regulation likely requires a direct interaction between the as a 6« His-tag-fusion protein by IPTG induction for 12 h
14-3-3 protein and NLS, which would mask the interaction at 30°C and purified fromE. coli BL21(DE3) cells using
between the NLS and nuclear import machinery. However, Chelating-Sepharose Fast Flow (Amersham Pharmacia Bio-
such an interaction between the 14-3-3 protein and FoxOtech) according to the standard protoch). (The 6x His
NLS has not yet been shown. Our aim was to investigate tag was cleaved by incubation (8 h at@) with thrombin
whether the 14-3-3 protein interacts with and affects the (Sigma). After the cleavage, Foxg4,o; was purified using
structure of the C-terminal part of FoxO DBD where the cation-exchange chromatography as FoxO4s Purified
NLS is located. We have used site-directed labeling of FoxO4 FoxO4 1,13 and FoxO4,-,7 were then phosphorylated by
NLS with the extrinsic fluorophore 1,5-IAEDANS in con- incubation (2 h at 30°C) with 9 units of active PKB
junction with steady-state and time-resolved fluorescence (Upstate Biotechnology) per milligram of protein in the
spectroscopy to study the interaction between the 14-3-3presence of 10 mM magnesium acetate and 0.2 mM ATP.
protein and the FoxO4 NL# vitro. Fluorescence spectro-  After the phosphorylation, the dpFox@4:3 and pFoxO4-07
scopy data show that the 14-3-3 protein binding significantly were repurified using cation-exchange chromatography as
changes the environment around AEDANS-labeled NLS and mentioned above. Eluted proteins were finally dialyzed
reduces its flexibility. On the other hand, both the PKB against buffer containing 20 mM Tris (pH 7.5), 100 mM
phosphorylation by itself and the binding of double-stranded NaCl, 1 mM EDTA, 2 mM DTT, and 10% (w/v) glycerol.
DNA have a small effect on the structure of this region of The completeness of the phosphorylation reaction was
the FoxO4 molecule. Our results also suggest that the DBD checked using the MALD+TOF mass spectrometry.

of FoxO4 remains relatively mobile while bound to the 14-  p\ass Spectrometric AnalysBamples were first separated
3-3 protein. by 12% SDS-PAGE, and excised protein bands were

digested with trypsine (Promega) directly in ge2b5).
MATERIALS AND METHODS Resulting peptide mixtures were extracted by 30% acetoni-

Expression, Purification, and Phosphorylation of FoxO4. trile and 0.3% acetic acid and subjected to MAEEIIOF

DNA-encoding human FoxO4 sequences-260 and 11+ mass spectrometer BIFLEX (Bruker-Franzen, Bremen, Ger-
501 were inserted into pET-15b (Novagen) at BenrHl| many) equipped with a nitrogen laser (337 nm) and gridless
site. FoxO4,—»13Was expressed, purified, and phosphorylated delayed extraction ion source. lon acceleration voltage was
according to the protocol described previousiyl)( All 19 kV, and the reflectron voltage was set to 20 kV. Spectra

FoxO4 1,13 and FoxO4,-07 mutants were generated using were calibrated externally using the monoisotopicfMH]
the QuickChange kit (Stratagene). Fox@4.13 (WT or Cys ion of peptide standards angiotensin | (Sigma). A saturated
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solution ofo.-cyano-4-hydroxy-cinnamic acid in 50% MeCN/
0.3% acetic acid was used as a MALDI matrix. A total of 1
uL of matrix solution was mixed with LL of the sample
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of the bound to the free fluorophore. Parametgy is the
anisotropy at saturatiomgys is the observed anisotropy for
any 14-3-3 protein concentration; ang, is the minimum

on the target, and the droplet was allowed to dry at ambient observed anisotropyFg was plotted against the 14-3-3

temperature.

Labeling of FoxO4—13by 1,5-IAEDANSHuman FoxO4
(fragment 11213) possesses 1 cysteine residue {Qy$o
prepare FoxO4-»13 specifically labeled with fluorescence

probe at the end of its nuclear localization sequence, we

mutated Cy¥ to Ala and inserted a new Cys residue to
position 213 (mutation S&FCys). Covalent modification of
FoxO4;-»13 containing a single cysteine residue at position
213 with thiol-reactive probe 1,5-IAEDANS was carried out
as described elsewhei2gj. Briefly, the protein (56-70 M)
in 50 mM Tris (pH 7.5), 100 mM NacCl, and 1 mM EDTA
and label were mixed at a molar ratio of 1:40 and incubated
at 30°C for 2 h and then at 4C overnight in the dark. The
free unreacted label was removed by gel filtration in buffer
containing 50 mM Tris (pH 7.5), 100 mM NacCl, and 1 mM
EDTA. The incorporation stoichiometry was determined by
the absorbance at 336 nm using an extinction coefficient of
5700 Mt cm™ (Molecular Probes, Eugene, OR).
Tryptophan Mutagenesis of Fox4.07. To use intrinsic
fluorescence to monitor the flexibility of FoxO4 DBD, we
have prepared a mutant of Fox§4,; containing only two
Trp residues at positions 173 and 174 located within the DBD

(5). Other tryptophan residues were mutated to phenylalanine.

After each mutation (Tri{iPhe, Tr3%%Phe, and Tri%Phe),
the DNA-binding ability of mutated FoxQ4 207 has been
tested using the electrophoretic mobility shift assay.

Expression and Purification of the 14-3-3 Protelifuman
14-3-3 protein { isoform) was expressed and purified as
described previouslyld, 17).

Electrophoretic Mobility Shift Assaysamples containing
250 pmol of FoxO4h—13 or phosphorylated dpFox®@d4 213
protein and 500 pmol of 14-3-3 protein were incubated with
300 pmol of double-stranded DNA (sequent&SEAAAA-
CAAAC-3') for 30 min at 4°C in a buffer containing 20
mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 2 mM
DTT. Samples were resolved on native 12% FHEAGE
at 200 V. Gels were silver-stained for DNA visualization
(27). Gels were analyzed using the public domain software
package ImageJ (NIH).

Steady-State Fluorescence MeasuremeSteady-state
fluorescence measurements were performed on a Perkin
Elmer LS50B fluorescence spectrometer af €2vith 4 uM
FoxO4;1-213 or dpFox04;_;;3 labeled with 1,5-IAEDANS
at Cyg3in 50 mM Tris (pH 7.5), 100 mM NaCl, and 1
mM EDTA buffer. Increasing amounts of 14-3-3 protein
were titrated into the cuvette. At each 14-3-3 concentration,
the steady-state fluorescence anisotropy of AEDANS was

measured (excitation at 336 nm and emission at 490 nm).

Anisotropy was calculated from the fluorescence intensities
according to the relationship= (I;, — Ig)/(Iy + 2Ip). The
fraction of FoxO4 bound Kg) was calculated from the
formula

I:B = (robs_ rmin)/[(rmax_ robs)Q + (robs_ I’min)]’ 1)

whereQ represents the quantum yield ratio of the bound to

the free form and was estimated by the ratio of the intensities

protein concentration and fitted using eq 2 to determine the
Kp for the dpFoxO4,-21414-3-3 protein complex formation

Fg ={Kp + [P1] + [P2] —
\/(KD + [P1] + [P2])* — 4[P1][P2]}/2[P1] (2)

whereKp is the equilibrium dissociation constaftl is the
dpFoxO4-AEDANS concentration, ané2 is the 14-3-3
protein concentration. Nonlinear data fitting was performed
using the Origin 6.0 package (Microcal Software Inc.).
Time-Resaled Fluorescence Measuremerikiorescence
intensity decays were measured on an apparatus described
previously @8). Fluorescence decays have been acquired
under the “magic angle” conditions when the measured
intensity decayl(t) is independent of a rotational diffusion
of the chromophore and provides unbiased information about
lifetimes. The apparatus response function was measured
with a diluted Ludox solution. Samples were placed in a
thermostatic holder, and all experiments were performed at
15 °C in buffer containing 50 mM Tris-HCI (pH 7.5), 100
mM NaCl, and 1 mM EDTA. FOxO4_,;3and dpFoxOd_»13
concentrations were 18M; the 14-3-3 protein concentration
was 30uM; and the double-stranded DNA (sequence 5
GCAAAACAAAC-3") concentration was 17ZM. Dansyl
fluorescence was excited and collected at 315 and 480 nm,
respectively. Tryptophan emission was excited at 298 nm
and collected at 360 nm. Fluorescence decays were processed
as described previously2®) using the singular-value-
decomposition maximum entropy method (SVD-MENS),
For a multiexponential fluorescence ded&y, the program
returns set of amplitudes;, which represent a distribution
of the corresponding lifetimes

I(t) = Zaie*'“i (3)

The mean lifetimes were calculated from the formula

Tmean™ Ziaifizl Ziaifi 4)

The fluorescence anisotropy decay) were obtained
from the parallel,(t) and perpendiculdi(t) decay compo-
nents. Data were analyzed by a method similar to the one
published by Brochon30) using the program developed at
the Institute of Physics, Charles University, Prague, Czech
Republic. We have used a model independent SVD-MEM
approach that does not set prior limits on the shape of the
distribution. The anisotropies were analyzed for a series of
exponentials

rt) =" pe " (5)

where the amplitude@; represent a distribution of the
correlation timeg. Thef; are related to the initial anisotropy
ro by the formula
Zﬁi =To
1

(6)
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We used 150 correlation timegs equidistantly spaced in
the logarithmic scale and ranging from 100 ps to 500 ns.
For complex distributions, the mean correlation time associ-
ated with themth peak of the distribution was calculated
from the formula

RTINHT) ™

where the indeX runs over the nonzero amplitudes of the
mth peak of the distribution only. The area of the peak
represents the associated mean amplifgige

RESULTS

Preparation and Characterization of Labeled Fox@4,3
Mutants To study the effect of the 14-3-3 protein binding
on the structure of FoxO4 NLS, a construct containing human
FoxO4 sequence 11213 (Fox041-213 has been used ()
to prepare a mutant suitable for site-specific labeling of NLS.
This construct covers the N-terminal half of the FoxO4
protein and contains the forkhead DBD flanked by two PKB
phosphorylation/14-3-3 protein binding sites and predicted
bipartite NLS (Figure 1). We have also attempted to express
two longer versions of human FoxO4 transcription factor
(sequences 11260 and 11+501) as histidine-tagged fusion
proteins. However, expression test revealed that these
constructs (FoxOd-»s0 and FoxO4,-s0;) could not be
expressed irE. coli BL21(DE3) cells because of the very
low expression yield or the high proteolytic degradation of
the recombinant protein during the expression under all
conditions tested.

The amino acid sequence of Fox@@4;; contains one
cysteine residue at position 27. To specifically label the NLS
of FoxO4;—,13 with a fluorescence probe, we have mutated
Cy<’ to Ala and introduced a new Cys residue at posi-
tion 213. Cystein 213 was then labeled with the ex-
trinsic fluorophore 1,5-IAEDANS, and the stoichiometry of
AEDANS incorporation per mole of the Fox@4,:3 was
found to be 9598%. AEDANS-labeled FoxQ4 ,:3 was
phosphorylated using PKB, which is known to stechiometri-
cally phosphorylate FoxQ4,13 in vitro at two sites Thi®
and Set* (11). The completeness of phosphorylation was
determined using the MALDITOF mass spectrometry.
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FIGURE 2: (A) Labeling with 1,5-IAEDANS does not affect DNA-
binding properties of FoxQ4 ;3 nor its interaction with the 14-
3-3 protein. Native 12% TBEPAGE electrophoresis, silver
staining for DNA. Labeling with 1,5-IAEDANS does not affect
the binding of FoxO4 ;3 to target DNA (compare lanes 3 and 5
and 4 and 6). The 14-3-3 protein inhibits DNA binding of
phosphorylated dpFox®@4 13 but not unphosphorylated Fox@Q43
(compare lanes 4 and 8 and 6 and 10). FoxO4s, DNA, and the
14-3-3 protein were mixed in a 1:1.2:2 molar ratio. (B) Lane profile
plots of TBE gel patterns for lanes-% and 4-6. Integration of
peaks corresponding to the FoxO4/DNA complex revealed that
modification of Cy&!3 by 1,5-IAEDANS has no significant effect
on DNA binding of both FOXOg—,;3 and dpFoxOd-—»13.

400 S00

Modification of Cy3'3 by 1,5-IAEDANS Does Not Affect
DNA-Binding Properties of FoxO4 nor Its Interaction with
the 14-3-3 ProteinElectrophoretic mobility shift assay was

Negative and positive ion mass spectra were measured inused to check the DNA-binding properties of AEDANS-

the reflection mode to check the amino acid sequences of
phosphorylated FoxQ4-,13tryptic peptides. The comparison

of negative MALDHTOF mass spectra of trypsinised
unphosphorylated and phosphorylated FoxOA4s clearly
demonstrates the presence of phosphorylated peptides. Th

labeled FoxO4—»13 and dpFoxO4—,;3 (Figure 2A). Lane
profile plots of DNA-binding patterns of unlabeled and
labeled FoxO4 (lanes 3 and 5) and dpFoxO4 proteins (lanes
4 and 6) show that modification of C3/8by 1,5-IAEDANS

@as no significant effect on their DNA-binding properties

detected peak in negative ion mass spectra of phosphorylatedFigure 2B). Recently, it has been demonstrated that binding

FoxO4;-,;3 mutant having the mass of 961.4vV¢) corre-
sponds to phosphorylated peptide AASMDSSSK (C-terminal
PKB phosphorylation site). On the other hand, unphospho-
rylated protein provided a peak of intact peptide witfz
881.4 there. Moreover, the identified peak of 316%z)

fits to the peptide sequence SATWPLPRPEIANQPSEPPE-
VEPDLGEK (m/z 3081.5) with one phosphate group (N-
terminal PKB phosphorylation site with a Cysto Ala
mutation). The identity and structure of phosphorylated
tryptic peptides were further corroborated by analysis of their
PSD spectra to authenticate ¥hand Set*® as phosphoryl-
ated amino acid residues (data not shown).

of the 14-3-3 protein significantly inhibits dpFoxQ4.:3
binding to its target DNA 11). Similar 14-3-3-dependent
inhibition of DNA binding was observed for both unlabeled
and AEDANS-labeled versions of phosphorylated
dpFox0O4,-,;3 (lanes 8 and 10), while unphosphorylated
FoxO4;-,13 retains its ability to bind DNA in the presence
of the 14-3-3 protein (lanes 7 and 9). These data indicate
that the insertion of Cy&3 and its modification with 1,5-
IAEDANS does not interfere with the binding of
dpFox04;_,13to the 14-3-3 protein. The ability of AEDANS-
labeled dpFoxO4-»13to bind to 14-3-3 protein was further
confirmed using the steady-state measurements of'€ys
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Ficure 3: 14-3-3 protein binds to the AEDANS-labeled phospho-
rylated dpFox0O4 with high affinity. (A) Comparison of the change
in steady-state anisotropy, upon addition of the 14-3-3 protein
to the AEDANS-labeled phosphorylated dpFox@® énd unphos-
phorylated FoxO4 @). (B) Data for the curve with AEDANS-
labeled phosphorylated dpFoxO4 could be fitted to yield a
dissociation constant of 9& 21 nM.

AEDANS emission anisotropies (Figure 3). Binding of the
14-3-3 protein to the phosphorylated dpFoxQ4:5 signifi-
cantly increased the steady-state anisotropy of28ys
AEDANS as a result of the dpFox®421414-3-3 complex
formation (Figure 3A). If we consider the dpFoxQ4;4
14-3-3 complex with a 1:2 molar stoichiometilj, the data
for this curve could be fitted to yield a dissociation constant
of 96 + 21 nM (Figure 3B). On the other hand, the titration
of the 14-3-3 protein to the unphosphorylated FoxOA4s;,
which is known to interact with the 14-3-3 protein with very
low affinity (11), had a small effect on the steady-state
fluorescence anisotropy of C}}$AEDANS.

14-3-3 Protein Binding Affects the Polarity around the
AEDANS-Labeled NLS of dpFoxO4 .has been suggested
that the 14-3-3 protein binding might interfere with the
function of FoxO4 NLS 9, 12, 24). Such molecular
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FiGURE 4: Steady-state fluorescence emission spectra of FoxO4
NLS-Cys13AEDANS. (A) Effect of DNA binding on fluorescence
emission of AEDANS-labeled NLS of unphosphorylated FoxQO4s
(—) Spectrum in the absence of DNA:+) Spectrum in the presence
of DNA. (B) Effect of the 14-3-3 protein binding on fluorescence
emission of AEDANS-labeled NLS—) Spectrum of unphospho-
rylated FoxO4,-213 in the presence of the 14-3-3 protein:-)
Spectrum of doubly phosphorylated dpFox©4,3in the presence
of the 14-3-3 protein. Only phosphorylated dpFoxQ4:; binds
to the 14-3-3 protein. In both A and B, the spectra were normalized
by the peak intensity of the unphosphorylated FoxOAs.

450 600

AEDANS both for unphosphorylated Fox@Q4.:5 (Figure

4A) and doubly phosphorylated dpFoxf24:; (data not
shown). On the other hand, the 14-3-3 protein binding to
the dpFoxO4-»13 caused about 25% enhancement of&ys
AEDANS fluorescence accompanied with a blue shift of the
emission maximum from 494 to 486 nm (Figure 4B). Both
the increase in the fluorescence intensity and the correspond-
ing blue shift of fluorescence maxima indicate a significant
decrease in the polarity around the AEDANS group attached
to Cy$® of dpFoxO4;-,13 upon the binding of the 14-3-3

interference could be based on a conformational change ofprotein. Phosphorylation itself has no significant effect on
NLS, which masks or obscures the interaction between the steady-state fluorescence emission of &&/AEDANS (data

NLS and nuclear import machinery. To monitor local
conformational changes of FoxO4 NLS, the fluorescent label,
AEDANS, was attached to C%$. Figure 4 illustrates
representative fluorescence emission spectra of?'&ys
AEDANS from FoxO4i-,;3 and their changes upon the
binding of DNA and the 14-3-3 protein. The binding of DNA
slightly decreased the fluorescence intensity of Eys

not shown).

To obtain more detailed information about structural
changes of AEDANS-labeled NLS, we performed time-
resolved fluorescence intensity and anisotropy decay mea-
surements of CY$*AEDANS. Figure 5 shows the effect of
DNA and 14-3-3 protein binding on the fluorescence lifetime
distribution of Cy$*>AEDANS. AEDANS is an environ-
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Ficure 5: Effect of DNA and 14-3-3 protein binding on the
fluorescence lifetime distribution of NLS-C3/&AEDANS. (A)
Comparison of fluorescence lifetime distributions of AEDANS-
labeled unphosphorylated FoxQ4;3 in the absence—) and
presence-(- -) of DNA. (B) Comparison of fluorescence lifetime
distributions of AEDANS-labeled phosphorylated dpFoxQ4 3
(—) and AEDANS-labeled unphosphorylated Fox©43(- - -) in
the presence of the 14-3-3 protein.

mentally sensitive fluorophore that changes its lifetime
according to local interactions of the fluorophore. We have
found that the intensity decays of C¥SAEDANS for all
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®) of the 14-3-3 protein. @) Decay of the unphosphorylated
FoxO41-,:3 (@) Decay of the phosphorylated dpFox@4;3 (—

) Least-squares fit of the data.

the 14-3-3 protein and DNA. The raw anisotropy data
presented in Figure 6 show the effect of the 14-3-3 protein
binding on the fluorescence anisotropy decay of &ys
AEDANS. It is seen that all anisotropy decays are hetero-
geneous with significant fractions of fast depolarization
components. Visual inspection of Figure 6 clearly reveals
that, in the presence of the 14-3-3 protein, the anisotropy of
AEDANS-labeled dpFoxO4-,;3decays to apparently higher
limiting value at long times compared to the unphosphoryl-
ated FoxO4s1—,;3 Such data indicate a lower extent of the
fast depolarizing movements, which is a consequence of
more restricted segmental motion of EYsAEDANS upon

the binding of the 14-3-3 protein to the phosphorylated
dpFox0O41-213 The highest depolarization was found for the
FoxO4;-,13in the absence of the 14-3-3 protein, with the
effect being essentially independent of the protein phospho-

FoxO4;-»:3 samples can be adequately described by a rylation. The quantitative MEM analysis revealed that the

trimodal lifetime distribution. The binding of DNA somewhat
reduces the mean excited-state lifetimgean of Cys'*
AEDANS from 13.3 to 12.8 ns (Figure 5A), with the effect
being independent of the FoxQ4,:3 phosporylation (data

AEDANS moiety attached at C¥S is highly mobile and
exhibits rather heterogeneous anisotropy decays (Figure 7
and Table 1). All measured anisotropy decays of X&ys
AEDANS were adequately described by a distribution

not shown). An opposite effect was found in the presence containing four peaks. The two “fast” decay components with

of the 14-3-3 protein when in the case of the unphosphoryl-

ated FOXO4h-213 Tmeanincreases from 13.3 to 14.1 ns. The
lifetime increase is highly enhanced after phosporylation
whentmeanincreases up to 15.9 ns after the binding of the
dpFox041-,13to the 14-3-3 protein (Figure 5B). The overall
pattern of Cy&'>-AEDANS lifetime distribution is indepen-
dent of the phosphorylation and the ligand binding. The
changes Ofrymean Upon the 14-3-3 protein or DNA binding

the mean correlation times 6f0.2 and 0.70.9 ns reflect
fast motion of the fluorophore itself and depolarization
caused by a segmental motion of the protein, respectively
(31, 32). The “slow” decay components exhibiting mean
correlation times in the range of 4%.3 and 36-150 ns
reflect rotational movement of the whole protein. Assuming
that the whole molecule rotates as a rigid body, the presence
of multiple long correlation times could indicate a distinct

are in agreement with the results of the steady-state dimensional asymmetry of the Fox@Q4.;3 molecule and its
fluorescence measurements. Data indicate changes of th&omplexes with the 14-3-3 protein and DNAZ 33).

microenvironment around the AEDANS-labeled NLS of
dpFox04;-,15 with the microenvironment being signifi-

Alternatively, the two long correlation times could result
from a superposition of independent movements of rigid

cantly less and slightly more polar in the presence of the subdomains of the protein or the complex. PKB phospho-

14-3-3 protein and DNA, respectively.

14-3-3 Protein Binding Reduces the Flexibility of AEDANS-
Labeled NLS of dpFoxO4l.o obtain detailed information
on the mobility of FoxO4 NLS, the time-resolved fluores-
cence anisotropy decay measurements ofGysEDANS

rylation by itself has a negligible effect on the Gy
AEDANS fluorescence anisotropy decays. The 14-3-3 pro-
tein binding to the phosphorylated dpFox@4,3 significantly
reduces fast movements of AEDANS-labeled NLS as
documented by a decrease in the sumiof 5, amplitudes

have been performed both in the presence and absence ofTable 1 and Figure 8, compare dpFoxO4 and dpFoxO4 and
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§ Ficure 8: Proportional representation of the mean amplitygles
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0.04 Mobile upon the 14-3-3 Protein Binding.is worth noting
“le that a rotation of the molecule with a shape of a prolate
ellipsoid of revolution exhibits three distinct long correlation
——— dpFoxO4-AEDANS . . . .
0,03 L CoFoxO4AEDANS +DNA times. The shortest of them is essentially independent of the
@ molecular shape and roughly equals the correlation time of
g 002 the equivalent isotropic rotor. The middle correlation time
'é ' is relatively close to the shortest one and increases only
< slightly with increasing molecular asymmetr5). It is
0,01 extremely difficult to resolve those two correlation times in
1 . . . . .
,’\ complex anisotropy decays with multiple depolarization
/\ 3\ processes, and we expect that these two correlation times
0,00 S r—r vt ;
ey y 10 100 are represented ks in our decays. The longest correlation

time increases dramatically as the axial ratio of the molecule
Ficure 7: Distributions of rotational correlation times of Ci% Idncreas.es'dTEIS ﬁorrelatl.on tlrr?e zqrr?Spondﬁ‘io?nd It IS f
AEDANS. (A) Distribution of rotational correlation times of the ~J€términed by the rotation that displaces the long axis o

unphosphorylated FoxQd 15 in the absence-¢ -) or presence the molecule. Because tlgg behaves as the correlation time
(—) of the 14-3-3 protein. (B) Distribution of the phosphorylated of the equivalent spherical protein, the measured values of

dpFox0O4,-13in the absence-¢ -) or presence<) of the 14-3-3 4 7 and 6.3 ns would correspond to a protein with a molecular
fﬁgtgl)”s' e(r?c)eDe'S_;”grugfensgflég‘_aé’g?sgnzrylated dpFoxOd,s in mass of approximately 1013 kDa, respectively34, 36).

' This is about half of what we expect for our 22.5-kDa
14-3-3). An advantage of the simultaneous evaluation of the FoxO4;-,13 We conclude that this value is inconsistent with
cumulative amplitudgs; and 3, is a lower uncertainty of  the model assuming the Fox@Q4:3to be a rigid asymmetric
the sum compared to the uncertainty of the individual rotor, and the correlation component with #gclose to 5
components caused by a partial correlation of the two peaks.ns reflects movement of a certain rigid domain within the
The complex formation between dpFoxO4 and the 14-3-3 FoxO4;-,;3construct. We assume that this could be compact
protein significantly increases both long correlation times and about 11 kDa large FoxO4 DBDB)( The same
¢3 and ¢4 from 4.7 to 6.3 and 30 to 100 ns, respectively. conclusion can be made from the fluorescence anisotropy
These changes correspond with an increased moleculaof tryptophan residues measured on a different FoxO4

Rotation correlation time (ns)

Table 1: Rotational Correlation Times of C¥SAEDANS of the Unphosphorylated Fox@4,:3 and Phosphorylated dpFox@Q4.;3 in the
Absence or Presence of the 14-3-3 Protein and DNA

sample pa? é1(ns) B2 #2 (ns) B3 ¢3(ns) Ba ¢4 (NS)
FoxO4 0.042+ 0.013 0.20 0.095%-0.012 0.70 0.038: 0.004 45 0.015: 0.005 45
dpFox0O4 0.045: 0.014 0.20 0.088: 0.012 0.80 0.032 0.017 4.7 0.015: 0.007 30
FoxO4/14-3-3 0.025- 0.015 0.20 0.093 0.013 0.70 0.039% 0.002 5.0 0.028t 0.004 150
dpFox04/14-3-3 0.028- 0.022 0.25 0.054- 0.021 0.70 0.042- 0.008 6.3 0.058t 0.010 100
FoxO4/DNA 0.0564 0.023 0.25 0.08% 0.022 0.80 0.033 0.011 5.1 0.016: 0.010 60
dpFoxO4/DNA 0.069+ 0.020 0.25 0.07& 0.019 0.90 0.027% 0.006 51 0.014t 0.005 55

aRelation between the initial anisotropy and the amplityfids ro = Zfﬁi.
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Table 2: Rotational Correlation Times of Tpl7“of the Unphosphorylated Fox@420; and Phosphorylated pFox@4o7 in the Absence or
Presence of the 14-3-3 Protein

sample B ¢1 (nS) B2 2 (ns) Bs s (ns) Ba ¢4 (nS)
FoxO4 0.001+ 0.005 <0.2 0.070+ 0.004 1.0 0.132-0.012 4.1 0.03% 0.002 17.0
pFoxO4 0.008t 0.007 <0.2 0.059+ 0.004 1.0 0.125- 0.002 3.6 0.05% 0.001 15.0
Fox04/14-3-3 0.019= 0.005 <0.2 0.065+ 0.011 1.3 0.109% 0.010 5.0 0.045: 0.011 15-200

pFox04/14-3-3 0.03% 0.005 <0.2 0.050+ 0.006 1.2 0.105: 0.016 4.9 0.054: 0.007 15-200

a Relation between the initial anisotropy and the amplityéigs ro = z;‘Bi.

factors and nuclear importing machinery and thus shifts the
PFOXO4Tp equilibrium of FoxO localization toward the cytoplasm.
pFoxO4-Trp + 14-3-3 However, there is no experimental evidence showing direct
interaction between the 14-3-3 protein and FoxO NLS. In
this work, we have used fluorescence spectroscopy tech-
niques to study whether the phosphorylation by PKB, the
14-3-3 protein binding, and the binding of double-stranded
DNA affect the conformation of FoxO4 NLS.

Effect of the Phosphorylation by PKBur measurements
revealed that PKB phosphorylation of S8idoes not affect
fluorescence properties of Cy$AEDANS (Figure 8 and
Table 1). This indicates no significant alterations in the

0.00 o o po 200 structure of the FoxO4 NLS region.

Channel Effect of the 14-3-3 Protein Bindinghe NLS of FoxO4
FiIGURE 9: Tryptophan fluorescence anisotropy decays of consists of 12 lysine and arginine residues that surround the
pFox04,_»07 containing only Trp’3174in the absence®) and P2 PKB phosphorylation site at the C terminus of DBD
presence() of 14-3-3. The scale is 14.6 ps/channel. (Figure 1) @2, 23). To study conformational changes in this
o ) region of FoxO4, we have inserted a Cys residue at position
construct (FoxOg-207) containing only DBD with two 213 and modified it with an extrinsic fluorophore 1,5-
tryptophan residues T and Trp"*and one 14-3-3 binding  |AEDANS. Our measurements show that the 14-3-3 protein
motif around PKB phosphorylation site $&(Table 2and  pinding to phosphorylated dpFox@éss (i) significantly
Figure 9). In this suggested model, the longest correlation gecreases the polarity of the microenvironment around the
time ¢4 reflects the slowest depolarization process caused AoepaNS-labeled NLS and (ii) significantly reduces fast
by a rotation of the molecule as a whole and clearly indicates segmental movements of AEDANS-labeled NLS. These
formation of the dpFoxO#4-21414-3-3 protein (Table 1) or  yegyits strongly suggest that the 14-3-3 protein interacts with
PFoxO4;-207/14-3-3 protein complexes (Table 2). Data in the NLS of dpFoxOd_»15 and significantly affects its
Table 1 show that even though the unphosphorylated FoxO4:gnformation. AEDANS-labeled C§8is located 20 amino
somehow interacts with the 14-3-3 protein, the fraction of 4:ig residues downstream from the P2 PKB/14-3-3 motif
the complex is low compared the phosphorylated counterpartuRRAApSwa,vlDn_ Crystal structures of 14-3-3 protein
(Figure 6). In conclusion, our data indicate that upon the complexes with phosphopeptide88( 39) and serotonin
14-3-3 protein binding the forkhead domain of dpFoxO43 N-acetyltransferaself) showed that the 14-3-3 ligand-
remains relgtlvely mobllg.. If the dpFoxO4 binding to the binding groove can accommodate a polypeptide chain about
14-3-3 protein creates a rigid c_omplex, then@eomponem 9 amino acid residues long with the pS or pT in the middle.
should disappear or increase its value significantly more thanTherefore, the first part of FoxO4 bipartite NLS, three
it was found in our data. arginine residues located upstream to the PKB P2 site, would
likely be directly buried within the ligand-binding groove
DISCUSSION upon the 14-3-3 protein binding. However, the second part
Several groups have shown that 14-3-3 proteins play aOf FoxO4 NLS consisting of 7 basic residues located between
direct role in the regulation of subcellular localization of LYs'*® and Lys*!is far enough from the P2 PKB/14-3-3
FoxO proteins 4, 10, 12, 24, 37). In the absence of PKB  Motif to be buried within the 14-3-3 ligand-binding groove.
activity, the FoxO proteins are predominantly localized Significant reduction of fast segmental movements of
within the nucleus and are presumed to be active. PKB AEDANS-labeled Cy$? (Figure 8 and Table 1) together
phosphorylates FoxO proteins at three conserved residuedVith changes in the polarity of the microenvironment around
and creates two binding sites for the 14-3-3 prot&n 12, this group (Figures 4B and 5B) indicate that the second part
24). Binding of the 14-3-3 protein is followed by rapid Of FOxO4 NLS either directly interacts with the 14-3-3
relocalization of the resulting complex into the cytoplasm. Protein or dramatically changes its conformation as a result
Once in the cytoplasm, FoxO factors remain phosphorylated ©f complex formation. We conclude that the binding of the
and bound to the 14-3-3 proteins. It has been suggested thaf4-3-3 protein can affect the whole region of FoxO4 NLS.
the interaction with the 14-3-3 protein can affect both FoxO It is now generally accepted that the dimeric nature of
binding to the target DNAX1, 37) and nuclear localization ~ 14-3-3 proteins is crucial for their optimal functiobd; 40).
functions of the NLS of FoxO 12, 18, 24). Masking or Yaffe (18) suggested that the 14-3-3 dimer binds to its ligand

°-25k obscuring of NLS could inhibit interaction between FoxO
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-
o
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via a two-step mechanism. The first step involves the binding it is likely that the weak interaction between unphosphory-
of one 14-3-3 monomer to a high-affinity binding site (the lated FoxO4 and the 14-3-3 protein obserweditro does
“gatekeeper”), thus enabling the binding of the second not play any role in the regulation of the FoxO4 function.
monomer to a low-affinity binding site, which would not In conclusion, we have investigated structural changes of
bind individually. It is likely that both 14-3-3 binding motifs  nuclear localization sequence of forkhead transcription factor
of FoxO factors are simultaneously used and required for FoxO4 induced by PKB phosphorylation, binding of the 14-
the binding of FoxO factors to 14-3-3 proteirisl( 12, 24). 3-3 protein and double-stranded DNA. Our data indicate that
However, it has also been speculated that the 14-3-3 proteinthe 14-3-3 protein interacts with dpFoxO4 NLS and signifi-
might bind to one 14-3-3 binding motif of FoxO4 first and cantly affects its structure, while PKB phosphorylation itself
then the second motif can be uset). (Our fluorescence  and DNA binding have a negligible effect on the structure
anisotropy decay measurements of AEDANS-labeled?€ys of this region. Our results also suggest that the DBD of
of FoxO41-»13 and Trg"3174 of FoxO4,-»7 indicate that dpFoxO4 remains relatively mobile while bound to the 14-
the DBD of FoxO4 remains relatively mobile while bound 3-3 protein.
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