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Abstract

Molecular mechanisms governing selective binding of a huge number of various phosphorylated protein partners to
14-3-3 remain obscure. Phosphate can bind to 14-3-3 and therefore being present at high intracellular concentration,
which undergoes significant changes under physiological conditions, phosphate can theoretically regulate interaction
of 14-3-3 with phosphorylated targets. In order to check this hypothesis we analyzed effect of phosphate and other
natural abundant anions on interaction of 14-3-3 with phosphorylated human small heat shock protein HspB6
(Hsp20) participating in regulation of different intracellular processes. Inorganic phosphate, glycerol-1-phosphate and
glycerol-2-phosphate at physiologically relevant concentrations (5-15 mM) significantly destabilized complexes
formed by 14-3-3C and phosphorylated HspB6 (pHspB6), presumably, via direct interaction with the substrate-binding
site of 14-3-3. Phosphate also destabilized complexes between pHspB6 and 14-3-3y or the monomeric mutant form
of 14-3-3¢. Inorganic sulfate and pyrophosphate were less effective in modulation of 14-3-3 interaction with its target
protein. The inhibitory effect of all anions on pHspB6/14-3-3 interaction was concentration-dependent. It is
hypothesized that physiological changes in phosphate anions concentration can modulate affinity and specificity of
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interaction of 14-3-3 with its multiple targets and therefore the actual phosphointeractome of 14-3-3.

Citation: Sluchanko NN, Chebotareva NA, Gusev NB (2013) Modulation of 14-3-3/Phosphotarget Interaction by Physiological Concentrations of
Phosphate and Glycerophosphates. PLoS ONE 8(8): €72597. doi:10.1371/journal.pone.0072597

Editor: Ram Nagaraj, Case Western Reserve University, United States of America
Received June 2, 2013; Accepted July 18, 2013; Published August 19, 2013

Copyright: © 2013 Sluchanko et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This investigation was supported by the Russian Foundation for Basic Research (12-04-31259 to NNS and 13-04-00015 to NBG) and the
program “Molecular and Cell Biology” of the Presidium of the Russian Academy of Sciences (NNS and NAC). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

Introduction

Members of eukaryotic 14-3-3 protein family are well-known
universal proteins having an expanding repertory of functions
from regulation of apoptosis or cell division to chaperone-like
activity. Universality in 14-3-3 action might be associated with
their ability to interact with a huge number of different protein
partners involved in multiple cellular processes [1]. In the latest
studies the number of predicted 14-3-3 partners reaches ~700
[2]. 14-3-3, usually presented as several isoforms [3,4],
predominantly interacts with proteins phosphorylated at serine
or threonine in certain consensus sequences [5,6]. In these
sequences phosphoserine (or phosphothreonine) is preceded
by positively charged Arg/Lys in position -3 or -4 and has
Pro/Gly in position +2 (the so-called motifs | and II) [6,7].
Alternatively, phosphorylated serine (or threonine) is located at
the very C-terminal end of a protein partner (motif 1) [5].
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Crystallographic studies revealed that 14-3-3 monomers tend
to form dimers stabilized by interaction of their N-termini [8].
Each 14-3-3 monomer contains substrate-binding site
responsible for binding of phosphorylated peptide of a client
protein [8]. This multisite interaction is amphipathic in nature
[8]. However, electrostatic interactions of phosphate moiety
with positively charged triad of Lys49, Arg56, Arg127 and
Tyr128 [7] seem to play crucial role since non-phosphorylated
peptides of the same composition fail as a rule to bind to
14-3-3. Therefore, phosphorylation of client proteins is
especially important for regulation of their interaction with
14-3-3.

The intracellular concentration of 14-3-3 in certain tissues is
rather high [9], however, is much smaller than the total
concentration of hundreds of 14-3-3 potential protein targets
[10,11]. Therefore, an intriguing question arises, what
determines selectivity and specificity of 14-3-3. Obviously, the
primary structure of phosphorylated sites of target proteins,
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their compartmentalization and concentration (availability)
might regulate the specificity of interaction of 14-3-3 with their
diverse targets. However, we suppose that this is insufficient
and there should be other general mechanisms providing for
selectivity and specificity of 14-3-3 interaction with its multiple
potential partners and eliminating binding of undesirable
targets usually having low affinity.

Along with phosphorylated proteins there are a lot of organic
and inorganic phosphate-containing compounds presented in
the cell. Phosphate is considered as the most abundant cellular
anion [12]. The concentration of inorganic phosphate (P)) is in
the range of mM (or tens of mM) [13] and undergoes significant
changes under physiological conditions [13,14]. For example,
intracellular levels of inorganic phosphate in fatiguing muscle
can reach 24-28 mM [15]. In addition, intracellular
concentration of other phosphate-containing substances (e.g.,
phosphocreatine, nucleotides, phosphorylated carbohydrates,
glycerophosphates, phospholipids, etc.) is also in the range of
mM or tens of mM [16].

Recently, we found that P; increases stability of 14-3-3C
monomers and may inhibit its interaction with partner proteins
probably competing with protein substrate [17]. Sparse data of
the literature indicated that P; affects interaction of 14-3-3 with
certain phosphorylated targets [18,19]. However, these
observations were not thoroughly analyzed and the specificity
of phosphate was neither established nor explained.

Therefore, in this study we analyzed the effect of phosphate
and certain other anions containing isosteric group on the
interaction of 14-3-3 with phosphorylated small heat shock
protein HspB6 (Hsp20) whose interaction with 14-3-3 is
believed to be important for regulation of different cellular
processes [20]. The data obtained by a combination of
hydrodynamic techniques indicate that phosphate and
glycerophosphates in physiologically relevant concentrations
(5-15 mM) can in concentration-dependent manner modulate
interaction of 14-3-3 with its phosphorylated protein partner.
We suppose that physiological changes of phosphate anions
concentration may be considered as a dynamic ‘filter’ affecting
binding of 14-3-3 to different target proteins and therefore the
actual 14-3-3 phosphointeractome.

Materials and Methods

Materials

All chemicals (phosphate (P;), pyrophosphate (PP;), sulfate,
glycerol-1-phosphate (GI-1-P), glycerol-2-phosphate (GI-2-P),
sodium chloride, Tris, EDTA) were of the highest purity and
quality available. All solutions in the study were prepared on
the milliQ-quality water (18.3 MQ/cm) and filtered through the
0.22 ym Millipore filter system before use.

Proteins

Cloning, expression and purification of the full-length
untagged human wild type 14-3-3y (Uniprot ID P61981), wild
type 14-3-3C (Uniprot ID P63104), its mutant form which is
unable to form dimers, 14-3-3, [21], and wild type small heat
shock protein HspB6 (Hsp20) (Uniprot ID 0O14558) was
performed as described earlier [17,22,23]. The recombinant
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active catalytic subunit of mouse cAMP-dependent protein
kinase (PKA) was obtained as described in [24]. Protein
concentration was determined spectrophotometrically and is
indicated in uM per monomer. All proteins were
electrophoretically homogeneous.

HspB6 phosphorylation by PKA

HspB6 (59 uM) was phosphorylated by PKA in 50 mM Tris-
HCI buffer, pH 7.4, containing 150 uM ATP, 4 mM MgCl,, 10
mM NaCl and 2 mM dithiothreitol (DTT) for 1 h at 37°C.
Reaction was stopped by addition of 10 mM EDTA and
freezing at -20°C. Under conditions used the stoichiometry of
phosphorylation was close to 1 mole P/mole of HspB6 [22,23].
The presence of covalently bound phosphate was confirmed by
tandem mass spectrometry on MALDI ultra-fleXtreme mass-
spectrometer (Bruker).

Analytical size-exclusion chromatography (SEC)

SEC was applied for investigation of the effect of different
anions (phosphate, sulfate, pyrophosphate, glycerol-1-
phosphate and glycerol-2-phosphate) on the interaction
between 14-3-3¢, its monomeric form, 14-3-3¢,, or 14-3-3y and
phosphorylated HspB6 (pB6) [17,21-23]. To investigate the
effect of particular anion we performed series of experiments at
different anion concentrations (0-75 mM) preparing series of
dilutions of a starting 75 mM anion solution containing also 0.1
mM EDTA and 15 mM B-mercaptoethanol (ME). Dilutions were
made with 35 mM Tris-HCI buffer, pH 7.5, containing 0.1 mM
EDTA and 15 mM ME. After dilution pH of solution was
adjusted to 7.5 and NaCl was added so that ionic strength of all
buffers was identical. Each series included chromatographic
analysis of isolated 14-3-3 species, isolated pHspB6 or the
mixture of pHspB6 and different species of 14-3-3.
Concentrations of proteins are indicated in figure legends.
Protein samples (50 pl) were incubated for 30 min at 37°C in
the appropriate column buffer and loaded on a ProSEC300S
column (Varian) preceded by a ProSEC300S Guard column
(Varian) pre-equilibrated with the same buffer. SEC was
performed on a HPLC chromatographic system equipped with
a ProStar 325 UV-Vis detector (Varian). All experiments were
performed at an ambient temperature at a flow rate of 1 ml/min.
If necessary, fractions (130 ul) were collected and analyzed by
SDS gel-electrophoresis.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out at 20°C
in a Model E analytical ultracentrifuge (Beckman), equipped
with absorbance optics, a photoelectric scanner, a
monochromator and a computer online. A four-hole rotor An-F
Ti and 12 mm double sector cells were used. The
sedimentation profiles of the mixtures of 14-3-3C (24 uM or 48
uM) and pHspB6 (22 yM) in 35 mM Tris-HCI buffer, pH 7.5,
containing 100 mM NaCl, 0.1 mM EDTA and 15 mM ME (buffer
1) or in the same buffer containing 37.5 mM of inorganic
phosphate (buffer 2, pH 7.5) or 37.5 mM of glycerol-2-
phosphate (buffer 3, pH 7.5) instead of NaCl were recorded by
measuring the absorbance at 290 nm against appropriate
buffer (buffer 1, 2 or 3) containing all aforementioned additives
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except of the proteins. All cells were scanned simultaneously
with 3 min interval. The sedimentation coefficients were
estimated from the differential sedimentation coefficient
distribution [c(s) versus s] using SEDFIT program [25] and the
c(s) distributions were transformed into ¢(M) distributions. The
sedimentation coefficients were corrected to the standard
conditions using SEDFIT and SEDNTERP [26] programs.

Results

As reported earlier, unphosphorylated HspB6 (B6) does not
interact with 14-3-3 [17,21-23]. Therefore if the mixture of
14-3-3¢ and HspB6 proteins was loaded on the column we
detected two separate peaks containing either 14-3-3C or
HspB6 (Figure 1A; curve 1 and 1B). Phosphorylated HspB6
(pHspB6) interacts with 14-3-3C and therefore the amplitude of
the peak of pHspB6 was decreased and a new peak with
smaller retention time was detected on the elution profile
(Figure 1A; curve 2). As expected this peak contained both
proteins (Figure 1B). However, when the same mixture of
pHspB6 and 14-3-3C was subjected to SEC in the presence of
P;, the elution profile was very similar to that of non-interacting
14-3-3¢ and B6 and almost all pHspB6 returned to its original
position on the chromatogram (Figure 1B, fractions 9-11).

In a good agreement with our earlier published data [23],
14-3-3y also formed tight complexes with pHspB6 in Tris-buffer
(Figure 2). However, these complexes almost completely
dissociated to their components if SEC was performed in the
presence of 75 mM phosphate (Figure 2). In this respect both
14-3-3y and 14-3-3¢ demonstrated similar behavior (Figure
2A-D). Continuing our investigation we analyzed interaction of
pHspB6 with 14-3-3¢ mutant which is unable to form stable
dimers (the so-called monomeric mutant 14-3-3(,). This
monomeric form of 14-3-3 is functionally active and specifically
interacts only with phosphorylated form of HspB6 [17,21]. This
interaction results in formation of the complex which is eluted
as a well-separated peak with small retention time on the
elution profile (Figure 2E). This peak almost completely
disappeared if SEC was performed in the presence of 75 mM
of phosphate (Figure 2F) thus indicating that inorganic
phosphate significantly destabilizes complexes formed by
14-3-3¢,, and pHspB6. Qualitatively similar results were
obtained when glycerol-2-phosphate was used instead of
phosphate (not shown).

Since all conditions of our SEC experiments (temperature,
ionic strength and pH) were kept constant, we concluded that
inorganic  phosphate itself destabilizes the  14-3-3/
phosphotarget complexes and induces its dissociation,
presumably, via direct interaction with the substrate-binding
site of 14-3-3. In order to check this conclusion we analyzed
the interaction of 14-3-3¢ and pHspB6 in series of SEC
experiments with different anions varying their concentration in
elution buffer.

Sulfate up to 75 mM only slightly affected the 14-3-3C/
pHspB6 interaction (Figure 3A). At the same time even much
smaller concentrations of P, (e.g., 9.3 and 18.7 mM) induced
pronounced changes of the elution profiles indicating
dissociation of the 14-3-3¢/pHspB6 complex (Figure 3B). The
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difference in the effects of these isosteric anions might be
explained by the differences in their sizes resulting in better
fitting of phosphate than sulfate into the substrate-binding site
of 14-3-3. Similar results were obtained in the case of
glycerol-1-phosphate, which even at 9-18 mM concentration
induced significant destabilization of the 14-3-3¢/pHspB6
complex (Figure 3C). The effect of glycerol-2-phosphate
commonly used as a source of phosphate group, was
substantially the same as of inorganic phosphate or glycerol-1-
phosphate (not shown). At the same time even at rather high
concentrations pyrophosphate (PP) was ineffective in
modulation of the 14-3-3¢/pHspB6 interaction (not shown). This
is probably due to the fact that phosphoether bonds of
glycerophosphates are identical to those of phosphorylated
proteins and are different from anhydrous bonds presented in
pyrophosphate. Therefore these compounds can differently fit
to the substrate-binding site of 14-3-3.

In order to estimate and compare efficiency of different
anions in modulation of the 14-3-3(/pHspB6 interaction we
measured the differences in retention times for the 14-3-3C/
pHspB6 complex and 14-3-3C at given anion concentration
(parameter P1). In addition, we measured the decrease of the
amplitude of the peak of pHspB6 in the presence of different
concentrations of analyzed anions (parameter P2). The product
of these two parameters (P1*P2) reflecting formation of the
14-3-3¢/pHspB6 complex was used to estimate the influence of
analyzed anions on the 14-3-3(/pB6 interaction. The data of
Figure 3D indicate that P, and glycerophosphates even at
concentration of 5-10 mM significantly destabilize 14-3-3¢/
pHspB6 complexes, whereas pyrophosphate and sulfate at
much higher concentrations were less effective (Figure 3B-D).

Analytical ultracentrifugation was used as an independent
method in order to confirm the data of SEC 3 peaks were
detected on the c(s) distribution for the mixture of pHspB6 and
14-3-3C in Tris-buffer (Figure 3E; control). Estimation of the
molecular masses of species using ¢(M) distributions indicated
that the 2.4-2.5 S peak (31 + 2 kDa) corresponds to dimeric
pB6, whereas two other peaks with 4.3-4.6 S (70 + 4 kDa) and
5.1-54 S (91 + 4 kDa) most likely correspond to dimeric
14-3-3¢ and the 14-3-3(/pHspB6 complexes, respectively.
Such assignment of the peaks was verified in the experiment
performed at twice as high concentration of 14-3-3C and the
same concentration of pHspB6 (not shown).

Sedimentation velocity analysis of the mixture of 14-3-3C and
pHspB6 in the presence of P, or glycerol-2-phosphate revealed
dramatic decrease of the 5.1-5.4 S peak (Figure 3E; low
panel), thus indicating that anions under investigation
destabilize  14-3-3C/pHspB6 complexes and induce its
dissociation.

The data presented indicate that phosphate-containing
compounds in mM concentrations strongly affect the interaction
of 14-3-3C with phosphorylated HspB6 inducing dissociation of
pHspB6/14-3-3 complexes in a concentration-dependent
manner.

We suppose that the effect of phosphate is general and can
be observed in the case of 14-3-3 interaction with different
phosphorylated protein partners. For instance, our preliminary
data indicate that inorganic phosphate in millimolar
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Figure 1. Analytical SEC of 14-3-3(, unphosphorylated HspB6 (B6) or phosphorylated HspB6 (pB6) and their mixtures in
the presence or in the absence of phosphate (P;). (A) Elution profiles of the mixture of 14-3-3C and either of unphosphorylated
(B6, curve 1) or phosphorylated (pB6, curve 2) HspB6 (28 uM of each) performed in Tris-buffer or of the mixture of 14-3-3C and
pHspB6 performed in phosphate-containing buffer (curve 3). Representative results of four independent experiments are presented.
Protein composition of the fractions was analyzed by SDS gel-electrophoresis (B). Positions of 14-3-3 (~30 kDa) and HspB6 (~20
kDa) are indicated by arrows.

doi: 10.1371/journal.pone.0072597.g001
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Figure 2. Effect of phosphate (P;) on the interaction of pHspB6 with the wild type 14-3-37, 14-3-3y or with the 14-3-3(
mutant being unable to form dimers (14-3-3(,,) studied by SEC. 14-3-3C (39 uM) (A, C), 14-3-3y (39 uM) (B, D), 14-3-3¢,, (13
MUM) (E, F) alone (black lines) or pHspB6 (21 uM) alone (orange lines) or the mixtures of pHspB6 and different 14-3-3 proteins (red
lines) were pre-incubated and subjected to SEC in the absence (A, B, E) or in the presence (C, D, F) of 75 mM phosphate in elution
buffer. Blue dashed lines represent algebraic sum of elution profiles of isolated 14-3-3 and isolated pHspB6 and indicate lack of
14-3-3/pB6 interaction. Representative results of three independent experiments are presented.

doi: 10.1371/journal.pone.0072597.g002

concentration also destabilizes complexes formed by 14-3-3C
and phosphorylated human tau protein (not shown). The data
of literature also indicate that phosphate attenuates interaction
of 14-3-3 with nitrate reductase and arylalkylamine N-
acetyltransferase [18,19].

We suppose that the efficiency of phosphate-dependent
inhibition of 14-3-3/target interaction depends on the affinity of
14-3-3 to a particular target. In this case increase of phosphate
concentration observed under certain physiological conditions
(e.g., after muscle contraction [13]) will selectively decrease (or
completely exclude) interaction of 14-3-3 with protein targets
having low affinity to 14-3-3 or presented at low concentration.
In any case phosphate-containing buffers should be used with
caution in any investigations dealing with analysis of interaction
of 14-3-3 with different targets.

PLOS ONE | www.plosone.org

Discussion

The multifunctional family of 14-3-3 interacts with more than
700 predominantly phosphorylated protein targets [2], and the
borders of 14-3-3 interactome expands all the time. Although in
some organs intracellular 14-3-3 concentration is rather high
[9], the total concentration of potential protein targets
significantly exceeds that of 14-3-3. Therefore the cell must
have evolved a special mechanism regulating efficiency and
specificity of 14-3-3/target interaction.

The data of literature indicate that crystals of 14-3-3 can
contain sulfate or phosphate ions [7,27] which may bind to
14-3-3 [28]. It was postulated that the primary binding of target
proteins to 14-3-3 derives from electrostatic interactions [29].
Therefore 14-3-3/target interaction depends on ionic strength
and should be especially sensitive to isosteric anions which
can compete with phosphorylated sites of target proteins.
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Figure 3. Modulation of 14-3-3{/phosphotarget interaction by different anions. A-C, Effect of different concentrations of
sulfate (A), phosphate (B) or glycerol-1-phosphate (C) on the 14-3-3¢/pHspB6 interaction studied by SEC. Typical elution profiles of
14-3-3¢, pHspB6 (solid lines: 14-3-3 and pB6), or the mixture of interacting proteins (dotted lines) are superimposed. The algebraic
sum of elution profiles of isolated proteins indicating lack of 14-3-3/pB6 interaction (dashed lines) and concentration of anions in the
column buffer are also indicated. (D) Estimation of the inhibitory action of different anions studied by SEC. The two main parameters
of 14-3-3¢/pHspB6 interaction detected by SEC, i.e. the shift of the peak of the complex relative to the 14-3-3 position (P1) and the
decrease of the amplitude of the peak of HspB6 reflecting its migration towards the position of the complex (P2) were calculated for
each concentration of the corresponding anion. The product P1*P2 reflected the efficiency of complex formation and was used for
estimation of destabilizing effect of different anions on the 14-3-3{/pHspB6 interaction. The product of maximal shift (P1) and
maximal decrease of the HspB6 peak (P2) observed in the absence of anions was taken as 100%. Representative data of two
independent experiments performed at each anion concentration are presented and deviations of calculated P1*P2 values were
less than 10%. (E) The c(s) distributions for the mixture of 14-3-3C (24 uM) and pHspB6 (22 uM) in the absence (control) or in the
presence of 37.5 mM glycerol-2-phosphate (GI-2-P) (lower panel). The effect of 37.5 mM P; was similar and is not shown.

doi: 10.1371/journal.pone.0072597.g003
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Phosphate is one of the most abundant anions in the living
cell. Concentration of P, in different muscle is in the range of
2-8 mM, that of sugar-phosphates is about 3-5 mM, and ATP
and phosphocreatine — in the range of 3-7 and 20-30 mM,
respectively [13,15]. Moreover, in the course of prolonged
muscle contraction the concentration of P; rises up to 20-25
mM and the concentration of sugar-phosphate — up to 10-12
mM [13,15]. P; and phosphocreatine levels can also undergo
several-fold changes during ischemia [14].

In this study we show that inorganic phosphate induces
dissociation of complexes formed by phosphorylated HspB6
and 14-3-3y, 14-3-3C or its monomeric mutant 14-3-3¢,, (Figure
2). Moreover, we find that physiologically relevant
concentrations of phosphate and glycerophosphates inhibit the
14-3-3¢/pHspB6 interaction in  concentration-dependent
manner (Figure 3). These findings and the data of literature
provide solid basis for a hypothesis that phosphate can
modulate 14-3-3/targets interaction. We suppose that
competing with protein targets, phosphate-containing
compounds and inorganic phosphate can decrease or even
prevent interaction of 14-3-3 with those protein targets that
have low affinity and/or are presented at low concentration.
This can significantly improve selectivity and specificity of
14-3-3 and decrease the number of protein targets being able
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to form stable complexes with 14-3-3 affecting its
phosphointeractome upon physiological changes of phosphate
levels.

Not only P; but other phosphate-containing molecules can
serve as regulators of 14-3-3. Besides the effect of phosphate
and glycerophosphates shown in this study, it was reported
very recently that phosphatidic acid can also regulate
interaction and regulation of plant H*-ATPase by 14-3-3 [30].

Further investigations are needed in order to elucidate
molecular mechanisms underlying the effect of various
phosphate-containing compounds on interaction of 14-3-3 with
different target proteins.
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