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ABSTRACT. The 14-3-3 proteins are a family of conserved, dimeric proteins that interact with a diverse set
of ligands, including molecules involved in cell cycle regulation and apoptosis. It is well-established that
14-3-3 binds to many ligands through phosphoserine motifs. Here we characterize the interaction of 14-
3-3 with a nonphosphorylated protein ligand, the ADP-ribosyltransferase Exoenzyme S (ExoS) from
Pseudomonas aeruginasBy using affinity chromatography and surface plasmon resonance, we show
that the zeta isoform of 14-3-3 (14-3F)3can directly bind a catalytically active fragment of ExoS in
vitro. The interaction between ExoS and 144348 of high affinity, with an equilibrium dissociation
constant of 7 nM. ExoS lacks any known 14-3-3 binding motif, but to address the possibility that 14-3-3
binds a noncanonical phosphoserine site, we assayed ExoS for protein-bound phosphate by using mass
spectrometry. No detectable phosphoproteins were found. A phosphopeptide ligand of 14-3-3, pS-Raf-
259, was capable of inhibiting the binding of 14-3-3 to ExoS, suggesting that phosphorylated and
nonphosphorylated ligands may share a common binding site, the conserved amphipathic groove. It is
conceivable that 14-3-3 proteins may bind both phosphoserine and nonphosphoserine ligands in cells,
possibly allowing kinase-dependent as well as kinase-independent regulation of 14-3-3 binding.

The 14-3-3 family consists of several dimeric, highly transfer of an ADP-ribose moiety from NADwo substrate
conserved, broadly expressed eukaryotic proteins. 14-3-3proteins, notably small G proteins such as RE3.(ExoS is
proteins are primarily known for the large, diverse group of dependent on the presence of 14-3-3 for its activit§),(
signaling molecules that interact with them. A few examples but it is not known whether 14-3-3 interacts with ExoS, its
include kinases such as Rdf—<4), phosphatases such as substrates, both, or neither. Mutagenesis of 14-3-3 suggests
cdc25 ), and molecules involved in apoptosis, such as Bad that 14-3-3 may bind to ExoS14); nevertheless, direct
(6). Despite the number of proteins known to interact with evidence for this interaction is lacking. The pathophysiologi-
14-3-3, the physiological function of this family has not been cal relevance of ExoS is not fully understood, but studies
well-established. Genetic studies in yeast, which possesshave shown thaPseudomonastrains expressing ExoS are
only two isoforms, argue for an important physiological role significantly more virulent than isogenic strains lacking ExoS

for 14-3-3. Deletion of both isoforms causes de&h9) or (15, 16). Recent work has demonstrated that ExoS is toxic
slow growth and impairment of multiple signaling pathways to eukaryotic cells (unpublished results; rafg 17).
(10), depending on the strain of yeast used. The mechanism by which 14-3-3 proteins bind their

14-3-3 is capable of stimulating the activities of several ligands has been extensively studied. Crystallization of the
enzymes, including tyrosine and tryptophan hydroxylases ¢ (18) andz (19) isoforms of 14-3-3 revealed the presence
(12), and exoenzyme S (Ex&Srom Pseudomonas aerugi- of a conserved groove in each monomer. This groove has
nosa ExoS is an ADP-ribosyltransferase that catalyzes the amphipathic properties, with a hydrophobic face on one side
and a positively charged face on the other. The amphipathic
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14-3-3 interacting proteins is the presence of phosphoserineas describedl{). Reactions containing 3@M [*?P]NADT,
(23). The importance of phosphorylation for 14-3-3 binding 30 uM soybean trypsin inhibitor, 20 nM ExoS, and varying
was initially observed for tryptophan hydroxylas&t( and concentrations of 14-3-3 proteins were made in au20
Raf-1 25). A 14-3-3 binding motif of R-S-x-pS-x-P, where  volume. After incubation at room temperature for 20 min,
pS is phosphoserine and x is any amino acid, was defined12 uL from each sample was spotted onto trichloroacetic
on the basis of the 14-3-3 binding epitope in RafZB)( acid saturated filter paper. The filter paper was washed and
Yaffe et al. have since shown that there is a family of similar dried, and ’P]JADP-ribose incorporation was determined by
motifs that can serve to bind 14-3-31). These motifs share  liquid scintillation counting. This assay was used to ensure
the absolute requirement of serine phosphorylation for high- that ExoS proteins used in the binding assays were catalyti-
affinity binding. Indeed, many 14-3-3 ligands employ this cally active.
type of interaction, including Raf-128) and Bad 6, 26), Phosphatase Treatment of Ex&XoS was diluted to 0.2
and there are also variant phosphoserine motifs used byg/L in 100 uL of 1 mM MgCl,, 50 mM HEPES, pH 7.5,
ligands such as keratin 18%) and Cbl £8). Nonphospho- and incubated for 10 min at 3€C. Thirty units of calf
rylated epitopes distant from the phosphoserine core likely intestinal alkaline phosphatase was added, and incubation
also contribute to 14-3-3/ligand interaction, and this has beenat 30°C was continued for 60 min. A mock sample without
examined in the platelet glycoprotein Ib-1X-V syste@®). phosphatase was processed simultaneously to control for
In a very few cases, such as for the Raf-1 cysteine-rich ExoS stability.
domain, 14-3-3 may bind to ligands via a mechanism not Exo0S/14-3-3 Affinity ChromatographyEquivalent moles
involving phosphoserine, though in this case it is also (0.4 nmol) of 14-3-3 and Higs-AN222 were mixed in 10
possible that the cysteine-rich domain forms part of the mM Tris-HCI, 20 mM NacCl, pH 7.6, and added to &Q of
serine-259 binding epitope in intact Raf-30y. Ni?* charged resin. After a 20 min incubation at room
Here we show that 14-3-3 and ExoS interact in a direct temperature, samples were centrifuged at 1§3603 min.
fashion, and provide evidence that this interaction does notThe supernatant was removed, and the resin was washed
require phosphoserine. Experiments using phosphoserine 14twice with ice-cold wash buffer (5 mM imidazole, 0.5 M
3-3 ligands as competitors argue that ExoS binds in the NaCl, 40 mM Tris-HCI, pH 7.9). Bound proteins were eluted
amphipathic groove of 14-3-3. ExoS may represent a novel with three incubations in ice-cold elution buffer (0.5 M
class of 14-3-3 ligands, those that are not phosphoserineimidazole, 0.25 M NaCl, 10 mM Tris-HCI, pH 7.9).
dependent. The binding of 14-3-3 proteins to nonphospho- Unbound, wash, and elution fractions were subjected to
rylated ligands could have important implications for 14- SDS-PAGE. Gels were fixed and stained with Coomassie
3-3 signaling. Prototypical phosphoserine-type ligand binding Blue. Protein concentrations were normalized to a known
is regulated by protein kinase and phosphatase activity. Onconcentration of bovine serum albumin using an AMBIS
the other hand, binding of 14-3-3 to nonphosphorylated optical imaging system. Protein recoveries were between
ligands may be constitutive or regulated in a kinase- 50% and 90% of the applied material.
independent manner. Surface Plasmon Resonance Binding Studidisstudies
were performed on a Biacore 2000 instrument (Biacore)
MATERIALS AND METHODS using a N¥" charged nitrilotriacetic acid (NTA) sensor chip.
Protein Expression and Purificatiof4-3-3 wild-type and A two buffer system was used per manufacturer recom-
mutant proteins were expressed ascHigyged fusions in  mendations: dispenser buffer was HBS (150 mM NacCl, 10
Escherichia colifrom pHAF612 (3), which encodes 14-3- mM HEPES, pH 7.5) with 3.4 mM EDTA, and running
3¢ in pET15b (Novagen), and purified on Nicharged buffer was HBS with 5quM EDTA. For binding experi-
iminodiacetic acid Sepharose beads as previously describednents, all four flow cells of an NTA sensor chip were
(14). The Hig tag was removed from the 14-3-3 proteins charged with 50&M NiSO, in running buffer, and then His
by digestion with thrombin. Thrombin and the cleavedgHis AN222 was immobilized to different levels in 3 flow cells.
tag were removed by passage over a hybrid column contain-A fourth flow cell lacking ExoS was used as a blank. Various
ing Ni?* charged and benzamidine resins. A final purification concentrations (20500 nM) of untagged 14-3&3were
step over a MonoQ anion-exchange column on an FPLC flowed across all 4 cells for 5 min at 28_/min, followed
system was performed to yield the final product. ExoS was by running buffer or R18 in running buffer. The R18 was
expressed irE. coli from a pET15b construct (EN222) used in some runs to prevent mass transport artifacts during
coding for the catalytic domain of ExoS (residues 23383) dissociation. Comparison of runs made with and without R18
and purified on Ni* charged beads in the same manner as showed very little effect on derived kinetic parameters. After
the 14-3-3 proteins. Protein concentrations were estimatedeach run, the sensor chip was regenerated with EDTA per
using the method of Bradford against a bovine serum albumin manufacturer instructions. Blank subtracted data were fit to
standard. a one to one binding model (A+ B = AB) using
PeptidesR18 (PHCVPRDLSWLDLEANMCLP) and pS-  BlAevaluation 2.1 software per manufacturer’s instructions.
Raf-259 (LSQRQRSTpSTPNVHMV) were synthesized and Despite the possibility that one 14-3-3 dimer may bind two
purified as described2@). R18 is a peptide isolated from a ligands simultaneously, this model should be valid due to
phage display library selected against 14«3t binds 14- the low density of ExoS on the surface, causing a 1:1 ExoS/
3-3C with 89 nM affinity (22). pS-Raf-259 peptide represents 14-3-3 dimer to be the predominant species. The parameters
one of three putative 14-3-3 binding sites on Raf-1; this obtained from this analysis wel,, the association rate
peptide binds 14-33with an affinity of 122 nM @3). constant, andk, the dissociation rate constant.
ExoS Actiation Assay Stimulation of ExoS ADP-ribo- Electrospray lonization Mass Spectrometry (ESI-MS)
syltransferase activity by 14-3-3 was measured essentiallyHiss-AN222 was fractionated by reversed-phase high-pres-
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Table 1. Direct Binding of 14-33to Exoenzyme S as Measured 404 _
by Ni?* Affinity Chromatography
protein % free % bound
His-AN222 14.1+ 8.0 86.0+ 8.0
14-3-% 99.4+ 0.7 0.7+ 0.7 30+ ]
14-3-F K49E 100.0+ 0.0 0.0+ 0.0 ~
egg albumin 100.6: 0.0 0.0+ 0.0° =
protein added with bound protein E) 204 .
His-AN222 (mol/mol of His-AN222) 7
14-3-%; 0.91+0.05 &
14-3-% K49E 0.09+ 0.00 n
egg albumin 0.0 0.06 104+ E

a Affinity chromatography was performed as described in the
Methods section using either individual proteins (top) orgHit222
incubated with the indicated protein in a 1:1 molar ratio (bottom).

Results shown are the average of two independent determinations O 14-3-3¢ K49E Fo
standard deviatiorf. Below detection limit of AMBIS optical imaging by
system. 0 100 200 300 400 500

o ] . Time (sec.)
sure liquid chromatography (RP'HPI.‘C) on anplter C4 silica Ficure 1: Typical ExoS binding sensorgrams for 14-3-®ild
column (Phenomenex), and material absorbing at 205 NMyyne and K49E. 500 M 14-3&3wild type or K49E was passed
was collected and pooled. The pooled ¢#N222 (200 over His-AN222 immobilized on a Nir-NTA sensor chip (Bia-
pmol) or a positive control protein, boving-casein (50 core), and the mass at the surface of the chip was measured over
pmol), was diluted into 5QL of 50 mM NH;HCO;, pH time as a surface plasmon resonance response in a Biacore 2000

: . : instrument. A parallel blank run of 14-33wild type or K49E
8.0, and digested with 0/ of sequencing grade alkylated across a Mir-NTA surface was subtracted from each curve. The

trypsin (Promega) for 20 h at 3T. The resulting mixtures  fiow of 14-3-3 started at time 0 and ended at time 240 s.
were then subjected to ESI-MS on a model API 3000 triple
quadrupole mass spectrometer (PE-Sciex) equipped with 814-3-F;, essentially molar equivalents of each were reversibly
TurbolonSpray pneumatically assisted electrospray sourcepound to the affinity matrix (Table 1, bottom). Since 14-3-
and MassChrom version 1.1 software. The presence of3¢ alone does not bind the resin (Table 1, top), these data
phosphopeptides in the digest was assessed using thendicate that 14-3-8 binds directly to HigAN222. In
precursor ion scanning mode meth@d)( The experimental  mjxtures of egg albumin with HisAN222, egg albumin was
conditions were as follows: collision voltage was 120 eV, ejyted from the affinity resin in less than 0.1 molar equiv
collision gas flow relative rate was 5, Q3 was set-at9 relative to Hig-AN222. To control for the possibility of
amu while Q1 was scanned from 300 to 1500 amu in 0.2 nonspecific interaction of 14-3&g3with Hiss-AN222, we
amu increments, and dwell time and pause were both 2.0examined the binding of 14-3¢3K49E, a charge reversal
ms. mutant that is 100-fold less potent than wild-type protein
Peptide Binding Inhibition Studie$4-3-L (100 nM)was  for the activation of ExoS14). Only about 0.1 molar equiv
incubated with various concentrations of either R18 or pS- of the K49E mutant was eluted from mixtures containing
Raf-259 peptides in running buffer for 1 h. These samples His;-AN222, which indicated that the interaction of 14-3-
were flowed over an ExoS coated surface as described abovez: with ExoS was specific.
The initial binding event was fit to the equatiéh= Re(1 To provide an alternative measure of the interaction of

— exp(—kdt — 1)), whereR is the response at timeRes s 14-3-F and ExoS, we performed surface plasmon resonance

the steady-state response, anid the time of injection start. (S . . - . .
; . PR) studies using a Biacore 2000 instruments-AiN222
The termk; is equal tokorC + ko, and experimental values oo imopilized on a Ni charged NTA coupled sensor

forkon andk in the absence of peptide were used to derive chip, and 14-3-8 was flowed over the surface. Binding of

an apparent concentration of 14-8-® the system. 14-3-% to ExoS caused an increase in mass at the surface
RESULTS of the chip which was reflected by an increase in SPR
14-3-F and ExoS Bind Directly with High AffinityA Ni%* response over time. Nonspecific binding was low in this
affinity chromatographic analysis was designed to determine system, and it was removed from analysis by subtraction of
whether direct, specific binding occurred between ExoS and a blank run of 14-3-3 over a N#"-NTA surface. Typical
14-3-3, proteins. A C-terminal 222 residue fragment of blank subtracted sensorgrams are shown in Figure 1. Runs
ExoS, AN222, was chosen for this analysis because it made at concentrations of 14-3-8anging from 20 to 500
possesses the entire 14-3-3-dependent ADP-ribosyltransferaseM were used to quantitatively determine the association
domain of ExoS 32). Conditions were established which (k,,) and dissociationklx) rate constants for the 14-33
allowed the efficient binding of HisAN222 to N?* affinity ExoS interaction. Assuming that 14-3-Binds ExoS as a
resin without appreciable nonspecific binding of the non- dimer,k,, was found to be 2.5& 10° + 1.5x 10 M~ts?
histidine-tagged 14-3&3or egg albumin proteins (Table 1, (mean4 standard errom = 18) andkys was 1.79x 1073
top). + 1.3 x 10* s (n = 18). The equilibrium dissociation
Hiss-AN222 was incubated with equimolar amounts of 14- constant for the interactiorkp; Kp = Koi/kon) Was 7.2+
3-3¢ or egg albumin and subjected to?Niaffinity chroma- 0.7 nM, indicating that HisAN222 and 14-3-8bind directly
tography. In the reaction mixture containing §HisN222 and and with high affinity. As in the affinity chromatography
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Table 2. Effect of Phosphatase Treatment of ExoS on 1&-Biding?

treatment Kon (M~1s7Y) Kott (71 Kp (NM)
none 2.31x 1P+ 2.0x 1C° 140x 10°%4+1.3x 10 6.1+ 0.6
mock 2.97x 1P+ 4.8x 10° 2.02x 10%+1.7x 104 6.8+ 0.6
alkaline 3.24x 1P+ 3.3x 1C° 1.87x 10°%+1.1x 10 5.8+ 0.3
phosphatase

aHiss-AN222 was treated as indicated, then immobilized on an NTA sensor chip and tested for binding of 100 nN by¢-$RBR. Rate
constants were obtained using BlAevaluation 2.1 software as directed by the manufacturer. Values atestaedard errorr( = 3).

T T T T T T T T T T

experiments, 14-383K49E was used to test the specificity
of the interaction (Figure 1). 14-3:3K49E did not detectably 100-¢ 1
bind His-AN222. T \O I
Recombinant HisAN222 Is Not Phosphorylated4-3-3 80 1
is thought to be a phosphoserine binding protein, with T 1
preference for motifs similar to R-S-x-pS-x-P, where pS 60+ i
represents phosphorylated seri@8)( The interaction of 14-
3-3 with ExoS appears to be via a different mechanism, based
on two observations. First, as demonstrated, 14-3-3 interacts
with bacterially expressed ExoS, which would not be
expected to be phosphorylated on serine since serine phos-
phorylation is not common i&. coli. Also, though full-length
ExoS contains a sequence related to the putative 14-3-3
binding motif (“RSLSTA), this sequence is not present in .
Hiss-AN222. To test the hypothesis that 14-3-3 interacts with U PR SRR R—
ExoS in a phosphoserine-independent fashion, we used 0 2 4 6 8 10
electrospray ionization mass spectrometry (ESI-MS) for [Peptide] (uM)
determination of the amount of covalently bound phosphate figyre 2: Both phosphorylated and nonphosphorylated 14-3-3
in Hiss-AN222. Tryptic peptides of HisAN222 were binding peptides inhibit the ExoS/14-Z3nteraction. Various
subjected to ESI-MS and subsequent analysis using theconcentrations of pS-Raf-258) or R18 (O) were incubated with
MassChrom software package for the presence of phospho_loo nM 14-3-3 for 1 h, and the resulting mixtures were flowed

P . . ._over a Hig-AN222 surface in a Biacore 2000 instrument. The
rylated peptides. No phosphopeptide signals were found Inapparent concentration of 14-3-t the mixtures was estimated

the trypsin digests of 200 pmol of Hig&AN222 (data not  from the association phase of the sensorgram as described in the
shown). Under identical digestion and analysis conditions, Methods section.

50 pmol of bovings-casein yielded two phosphopeptides of

mass 3123 and 2062 Da (data not shown). These massesbility to block the 14-3-8/Hiss-AN222 interaction by
match the predicted values for the known tryptic phospho- equilibrating various concentrations with 14-8-nd testing
peptides of 3-casein, residues 125 phosphorylated on the resulting solution for binding to HgAN222. In this
serines 17, 18, 19, and 22 and residues 43 phosphory- method, peptide binding causes a decrease in the free
lated on serine 35, respectively. This critical positive control concentration of 14-343 which is reflected by a decrease
indicates that our preparation of HiAN222 is not likely in 14-3-3 association with ExoS in the SPR assay. Both
phosphorylated. To provide additional support for this peptides inhibited the formation of the 14-3/8xoS com-
conclusion, we treated HigA\N222 with calf intestinal plex, and they did so with a similar concentration dependence
alkaline phosphatase and tested for its binding to 14-3-3 (Figure 2). Competition for 14-3-3 binding between pS-Raf-
by SPR. As shown in Table 2, alkaline phosphatase treatment259 and ExoS indicated that ExoS may bind 14-3-3 near
did not cause a large change in the kinetic rate constants forl4-3-3's phosphoserine binding site, despite the lack of
the 14-3-&/Hiss-AN222 interaction compared to the mock phosphoserine in ExoS.

treated control. These data are consistent with the model that

14-3-3 can bind to unphosphorylated ExoS. DISCUSSION

Both Phosphorylated and Nonphosphorylated 14-3-3 Pep- Among the family of bacterial ADP-ribosylating exotoxins,
tide Ligands Can Disrupt the ExoS/14-3-3 Interactidine ExoS and cholera toxin/heat labile enterotoxin (CT/LT) are
model that ExoS can bind 14-3-3 in a phosphorylation- unique with respect to the requirement for a eukaryotic
independent manner was extended to determine whether the@rotein to express optimal ADP-ribosyltransferase activity
interaction site on 14-3-3 is distinct for ExoS and the more (33). Members of the family of 14-3-3 proteins activate ExoS,
common phosphoserine-containing 14-3-3 ligands, such aswhile members of the family of ARF proteins activate CT/
Raf-1. To address this issue, we examined two 14-3-3 LT. The observation thdk. coli-expressed recombinant 14-
binding peptides for their effect on formation of the His  3-3¢ retains the ability to activate. coli-expressed recom-
AN222/14-3-F complex. The first peptide, R18, binds 14- binant ExoS suggests that otfeseudomonaproteins are
3-3¢ in a nonphosphorylated state wittkg of 89 nM (22). not involved in this activation proces84). Here we have
The second peptide was pS-Raf-259, which contains one ofused affinity chromatography and surface plasmon resonance
the R-S-x-pS-x-P motifs from Raf-1 and binds 14-3v@ith technigues to demonstrate that the zeta isoform of 14-3-3
aKp of 122 nM 3). These peptides were tested for their directly binds ExoSAN222, a C-terminal fragment of ExoS

14-3-3( Effective Concentration (nM)
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that contains the 14-3-3-dependent catalytic domain. This
binding is of high affinity, with aKp of 7.2 nM. The
interaction appears to be necessary for ExoS activation, since
a 14-3-3 mutant that is 100-fold less potent at activating
ExoS, 14-3-3 K49E, was unable to bind ExoS. We assume
that this mutant does bind ExoS, but at a level below the
detection limit of our assays, since 14-3449E is able to

fully activate ExoS when it is present at very high concentra-
tions (@4).

14-3-3 ligands are generally thought to require phospho-
rylation on serine 41, 23, 25) before they can bind with i
high affinity. However, the form of ExoS used in these
studies lacked 14-3-3 binding phosphoserine motifs or related
sequences. Mass spectral analysis of ExoS detected no
protein-bound phosphate, and treatment of ExoS with a
nonspecific phosphatase had little effect on the interaction
between 14-3-3 and ExoS. These data strongly argue againskicure 3: Structural model of 14-3&3cocrystallized with pS-Raf-

the possibility that the ExoS was phosphorylated during 52935;2(’ R18 tpelepttidets. (A)(;‘Z)S.ing'r? moromer ;romheach_ of (thg

o P T -3-F cocrystal structures is shown. Both phosphoserine (pS-
expression irE. coli leen_the low detectlon “.m't. of the Raf-259) and non-phosphoserine-containing (R18) peptides bind
mass spectrometry anal_yS|s and the high stoichiometry Pf 14-3-% in its amphipathic groove. Aspartate and glutamate residues
the 14-3-3/ExoS interaction (Table 1), we conclude that this from R18 (labeled D and E) are positioned to create a negative

interaction is not phosphoserine-dependent. charge density similar to that of the phosphoserine of pS-Raf-259

. . (labeled pS). This negative charge interacts with several basic
On the basis of our results supporting a non-phosphory- regjques of 14-33 including lysine 49 (@ approximate position
lation-dependent interaction between 14-3-3 and EX0S, wemarked with *). (B) The same structures as in A, rotated &0

guestioned whether ExoS interacts with the same epitopeshow the amphipathic groove. Labeling is as in A, except that lysine
on 14-3-3 as phosphorylated ligands do. It seems that this is49 iS not marked. This figure was prepared using the program
the case, with the conserved amphipathic groove of 14-3-3 R1PPons (35).

serving as the ExoS interaction site. The first piece of data
to support this hypothesis is the lack of binding of 14£3-3
K49E to ExoS. This mutant has a charge reversal (positive
to negative) in the charged face of the amphipathic groove.
It has been shown that this mutation does not dramatically
alter the three-dimensional structure of 14-3-3 as measure
by partial proteolysis and circular dichroism, but that it does
abolish binding of 14-3-3 to Raf-114). Second, we
demonstrated that pS-Raf-259, a phosphoserine-containin
peptide that binds in the amphipathic groove of 14-3-3,
inhibits the 14-3-8/Ex0S interaction in a potent fashion.
Because a small peptide would not be expected to sterically
hinder distant interactions, it is likely that pS-Raf-259 and
ExoS share a common binding _site_on 14-3-3. The finding ACKNOWLEDGMENT
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