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SUMMARY

Regulatory 14-3-3 proteins activate the plant
plasma membrane H+-ATPase by binding to its
C-terminal autoinhibitory domain. This interac-
tion requires phosphorylation of a C-terminal,
mode III, recognition motif as well as an adja-
cent span of approximately 50 amino acids.
Here we report the X-ray crystal structure of
14-3-3 in complex with the entire binding motif,
revealing a previously unidentified mode of in-
teraction. A 14-3-3 dimer simultaneously binds
two H+-ATPase peptides, each of which forms
a loop within the typical 14-3-3 binding groove
and therefore exits from the center of the dimer.
Several H+-ATPase mutants support this struc-
ture determination. Accordingly, 14-3-3 binding
could result in H+-ATPase oligomerization. In-
deed, by using single-particle electron cryomi-
croscopy, the 3D reconstruction of the purified
H+-ATPase/14-3-3 complex demonstrates a
hexameric arrangement. Fitting of 14-3-3 and
H+-ATPase atomic structures into the 3D recon-
struction map suggests the spatial arrangement
of the holocomplex.

INTRODUCTION

P-type H+-ATPases of plants are responsible for building

up an electrochemical proton gradient across the plasma

membrane that provides the driving force for nutrient up-

take and maintenance of cell turgor. The fundamental

role of the H+-ATPase in plant physiology has stimulated

the search for factors involved in its regulation. The en-

zyme is kept at a low activity level by its C-terminal do-

main, the autoinhibitory action of which is released upon

binding of 14-3-3 proteins (Oecking et al., 1997; Piotrow-

ski et al., 1998; Fuglsang et al., 1999; Maudoux et al.,

2000).

Members of the eukaryotic 14-3-3 family are highly con-

served proteins that have been implicated in the regulation

of diverse physiological processes by protein-protein

interactions. Coordination of a client protein within the

amphipathic groove of a 14-3-3 dimer most often requires

a phosphorylated consensus motif (mode I, RSXpSXP;

mode II, RXY/FXpSXP; Yaffe et al., 1997) and can have a

range of context-dependent effects such as conforma-

tional change or relocalization (MacKintosh, 2004). With

respect to the H+-ATPase, phosphorylation of the C termi-

nus (YpTV-COOH) is a prerequisite for 14-3-3 binding in

vivo. Although initially termed atypical, such C-terminal

motifs are now referred to as mode III motifs ([pS/pT]X1-2-

COOH; Ganguly et al., 2005; Coblitz et al., 2005).

The fungal phytotoxin fusicoccin (FC), a diterpene glu-

coside, is a well-known activator of the H+-pump in vivo

and has been shown to bind to the preformed H+-

ATPase/14-3-3 complex, thereby stabilizing the enzyme

in its activated state (Oecking et al., 1997; Piotrowski

et al., 1998; Fuglsang et al., 1999; Maudoux et al., 2000).

The crystal structure of 14-3-3 in complex with a phos-

phorylated pentapeptide of PMA2 (mode III, residues

952–956, QSYpTV-COOH), a H+-ATPase isoform from

Nicotiana plumbaginifolia, explains the mechanism of the

toxin’s action (Würtele et al., 2003). In brief, FC closes

a gap that remains in the 14-3-3 groove after binding of

the phosphopeptide, leading to mutual stabilization of

both ligands. As a consequence of permanent activation

of the H+-ATPase, stomatal pores are irreversibly opened

followed by wilting of plants (Marrè, 1979).
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Within the C-terminal domain of the plant H+-ATPase,

two autoinhibitory regions (regions I and II) have been

identified (Axelsen et al., 1999; Dambly and Boutry,

2001). Since they do not encompass the C terminus, it is

difficult to imagine how 14-3-3 association can abolish

their inhibitory action. Previous experiments have demon-

strated that, in addition to the YpTV-motif, a number of

adjacent residues including the autoinhibitory region II

contribute to binding of activatory 14-3-3 proteins (Jelich-

Ottmann et al., 2001; Fuglsang et al., 2003).

Here, by using X-ray crystallography, it is shown that

a 14-3-3 dimer binds two entire binding motifs of PMA2

H+-ATPase (52 amino acids) in an as-yet-unrecognized

manner that allows exit of both peptides from the center

of the dimer in the same direction. This unusual structure

is supported by reduced 14-3-3 binding capability of sev-

eral H+-ATPase mutants and suggests that the membrane

embedded enzyme oligomerizes upon 14-3-3 associa-

tion. In this regard, Kanczewska et al. (2005) have recently

shown that activation of PMA2 by phosphorylation and

14-3-3 binding converts a dimer into a hexamer, which

is therefore expected to be the active form of the enzyme.

We used single-particle electron cryomicroscopy to re-

construct the 3D structure of the purified hexameric

PMA2/14-3-3 complex. A model of the holocomplex was

built based upon 14-3-3 and H+-ATPase atomic struc-

tures. The fit of the modeled structure into the obtained

3D volume suggests the relative positions of 14-3-3 within

the assumed hexameric structure. Three 14-3-3 dimers

appear to be located on top of a PMA2 hexamer where

they may coordinate six autoinhibitory domains of the

active enzyme.

RESULTS AND DISCUSSION

The 14-3-3/CT52 Complex

The entire 14-3-3 binding motif of PMA2 H+-ATPase com-

prises 52 amino acids (CT52, residues 905–956) including

the mode III consensus YpTV-COOH as well as the auto-

inhibitory region II (Jelich-Ottmann et al., 2001). With the

aim of solving the crystal structure of the corresponding

complex, its reconstitution using bacterially expressed

polypeptides in the presence of FC seems to be of advan-

tage. FC enables 14-3-3 to bind to the unphosphorylated

C terminus of the H+-ATPase (Svennelid et al., 1999;

Jelich-Ottmann et al., 2001). Nonetheless, due to missing

phosphorylation, the complex is probably unstable.

Therefore, we first exchanged Thr in the C-terminal tripep-

tide of PMA2 (YTV) for Asp (YDV), the latter well known to

mimic phosphorylation sites. Furthermore, we substituted

Val for Ileu (YTI), which—according to the previous crystal

structure (Würtele et al., 2003)—seems to fit better into the

cavity due to an enhanced contact surface. Since the indi-

vidual substitutions (YDV, YTI) caused increased 14-3-3

binding to the unphosphorylated C terminus in the pres-

ence of FC (data not shown), they were combined yielding

the C-terminal tripeptide YDI. This double exchange al-

lowed 14-3-3 association even in the absence of FC

(shown in Figure 3D), indicating that the stability of the

complex is enhanced.

Subsequently, the CT52 peptide (YTV or YDI) was puri-

fied by means of the IMPACT system, which utilizes the

inducible self-cleavage activity of intein to separate the

target protein from the affinity tag. In addition, we purified

the recombinant His-tagged tobacco 14-3-3c isoform

(T14-3c) deleted of its C-terminal 18 amino acids (T14-

3cDC). Since the structure of the C terminus is not re-

solved in any of the available X-ray data, the region is pre-

sumably highly mobile and seems to represent an inhibitor

of 14-3-3/ligand interactions (Truong et al., 2002; Shen

et al., 2003; Obsilova et al., 2004). Indeed, as compared

to wild-type T14-3c (dissociation constant KD, 14 nM,

data not shown), deletion of the tail (T14-3cDC) increased

the binding affinity (KD, 0.85 nM) for the CT52 peptide (YDI)

in the presence of 1 mM FC (measured by surface plasmon

resonance spectroscopy [SPRS], see Figure 4 and see

Figure S1 in the Supplemental Data available with this ar-

ticle online). Furthermore, for the interaction between the

T14-3cDC and the wild-type CT52 peptide (YTV), a KD of

41 nM (1 mM FC, Figure S1) was calculated, thus confirm-

ing that the double exchange (YDI) causes a significantly

enhanced affinity.

Following incubation of the peptide CT52(YDI) with T14-

3cDC in the presence of FC, we observed coelution during

gel filtration (data not shown). The apparent molecular

mass of the complex was 140 kDa, which is indicative of

a 14-3-3 tetramer, and its structure was solved at 2.7 Å.

Data for crystal structure analysis are summarized in

Table 1. Notably, the formation of a 14-3-3 tetramer was

exclusively due to intermolecular contacts between the

N-terminal parts of the bound PMA2 peptides (approxi-

mately residues 906–925, shown in Figure 6A). Thus,

two 14-3-3 dimers are connected via the CT52 peptides

while the individual 14-3-3 dimers themselves do not

contact each other (Figure S2). We limit the structural de-

scription to one 14-3-3 dimer since this is the biologically

active unit as supported by biochemical data (Oecking

et al., 1997; Oecking and Hagemann, 1999; Maudoux

et al., 2000). Nonetheless, the intermolecular interaction

of the PMA2 peptides constitutes the basis for a model

that will be discussed later.

Crystal Structure of the 14-3-3/CT52 Complex

As compared to the pentapeptide including the C-terminal

YpTV-motif (Würtele et al., 2003), the corresponding span

of the CT52 peptide (YDI, Figure 1D) shows a root-mean-

square deviation (rmsd) of the backbone Ca atoms of 0.3 Å

(rmsd FC, 0.38 Å, data not shown), indicating that there

are no major conformational changes caused by the

exchange of the two C-terminal residues (pTV, by DI).

A 14-3-3 dimer is simultaneously occupied by two mol-

ecules of FC and two entire H+-ATPase binding motifs (Fig-

ure 1). The latter are arranged in an unexpected and

unusual conformation since each CT52 peptide forms a

loop via its C-terminal 27 amino acids (956–930, Figure 2A)

within the typical 14-3-3 binding groove. Consequently,
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