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ABSTRACT: Fusicoccin A (FC) is a fungal phytotoxin that stabilizes protein–protein interactions (PPIs) between 14-3-3 adapter 
proteins and their phosphoprotein interaction partners. In recent years, FC has emerged as an important chemical probe of human 
14-3-3 PPIs implicated in cancer and neurological diseases. These previous studies have established the structural requirements for 
FC-induced stabilization of 14-3-3•client phosphoprotein complexes; however, the effect of different 14-3-3 isoforms on FC 
activity has not been systematically explored. This is a relevant question for the continued development of FC variants because 
there are seven distinct isoforms of 14-3-3 in humans. Despite their remarkable sequence and structural similarities, a growing body 
of experimental evidence supports both tissue-specific expression of 14-3-3 isoforms and isoform-specific functions in vivo. Herein, 
we report the isoform-specificity profile of FC in vitro using recombinant human 14-3-3 isoforms and a focused library of 
fluorescein-labeled hexaphosphopeptides mimicking the C-terminal 14-3-3 recognition domains of client phosphoproteins targeted 
by FC in cell culture. Our results reveal modest isoform preferences for individual client phospholigands and demonstrate that FC 
differentially stabilizes PPIs involving 14-3-3σ. Together, these data provide strong motivation for the development of non-natural 
FC variants with enhanced selectivity for individual 14-3-3 isoforms.   
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

     Proteins are the main executers of cellular biochemistry, 
and while some proteins carry out their roles independently, 
most require contacts with other proteins for proper function. 
The resultant protein-protein interactions (PPIs) are often 
integrated with posttranslational modifications to form 
multifaceted signaling networks.1,2 The 14-3-3-protein family 
exemplifies this type of dynamic system. 14-3-3 proteins are 
phospho-binding molecules that form PPIs with a group of at 
least 500 client proteins that includes enzymes, receptors and 
transcription factors.3 This diverse interactome is directed by 
phosphorylation of the client at serine or threonine residues, 
typically within the consensus sequence RXXpZXP (X = any 
residue, pZ = phosphorylated S or T), although alternative 
recognition motifs exist.4,5 Binding of the client 
phosphoprotein occurs along an extended amphipathic groove 
on the surface of 14-3-3. The effect of 14-3-3 binding is 
variable depending on the nature of the client and serves to 
finalize phosphorylation-based, signal-induced changes. In 
this regard, interaction with 14-3-3 can modify cellular 
compartmentalization, protein trafficking, or block interaction 
sites for other effector proteins.6 In other settings, 14-3-3 
proteins constrain binding partners into an active/inactive 
conformation or serve as scaffolding to connect two client 
phosphoproteins together.7,8 The biochemistry of 14-3-3 is 
intrinsically complex; however, dysregulation of 14-3-3 
function is recognized as a contributor to the pathobiology of 
cancer and certain neurological diseases.9,10 As such, the 
design of chemical tools to resolve the roles of individual 14-
3-3 PPIs in modifying disease pathways has become an 
important objective.11   
     The natural product fusicoccin A (FC) provides one 
attractive entry point to 14-3-3 PPI modulators (Figure 1).12 
This diterpene glycoside is a phytotoxin produced by the 
fungus Fusicoccum amygdali that damages infected plants via 
stabilization of PPIs formed between plant 14-3-3 isoforms 
and phosphorylated plasma membrane H+ATPase.13,14 Binding 
of FC enhances the lifetime of this regulatory protein complex 
by ~90-fold, leading to significant alterations in stoma 
dynamics. Intriguingly, FC also possesses pro-apoptotic and 
neuroprotective activity in cell culture.15,16 Human 14-3-3 PPIs 
directly contribute to this pharmacology, as evidenced by 

 

Figure 1. Fusicoccin A (FC) is a toxin produced by fungus 
Fusicoccum amygdali. This cell-permeable diterpene glycoside is 
a stabilizer of 14-3-3 PPIs that utilize a C-terminal recognition 
motif (X = any residue; pZ = phosphorylated S or T; Y = V, L, I, 
A, T, or S) for molecular recognition. 

multiple studies linking FC-induced stabilization of 14-3-
3•client phosphoprotein contacts in vitro to modified client 
function in cell culture.16,17–23 These investigations have 
established that FC is selective for 14-3-3 PPIs that rely on the 
atypical C-terminal phosphorylation recognition motif 
XpZYCOOH for molecular recognition, and also critically, that 
FC cannot effectively bind 14-3-3 PPIs involving the more 
common RXXpZXP consensus sequence.22,24 The identity of 
the C-terminal residue (Y) within this alternative motif is 
critical for FC activity.25 Recently, we demonstrated that small 
branched residues are required at this position, and leveraging 
this observation, we developed a comprehensive list of 
candidate 14-3-3 PPI targets for FC.26  
     Together, the aforementioned studies provide a clear 
picture of the requirements for interactions between FC and 
client proteins within the 14-3-3 binding groove. However, the 
effect of different 14-3-3 isoforms on FC activity remains an 
important open-ended question. There are seven isoforms of 
14-3-3 in humans (α, β, ε, ζ, τ, η and γ), each expressed by a 
distinct gene. Detailed structural comparisons show that the 
amino acid sequences and overall structures of 14-3-3  
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Table 1. Distribution and isoform-specific functions of human 14-3-3 isoforms. 
isoform (gene) tissue localization isoform-specific roles in disease reference 

σ (SFN) lung, breast, uterus, ovary, blood, 
skin, liver, pancreas, cornea 

• Epigenetically suppressed in epithelial carcinomas 
• Functions as tumor suppressor 

9,28,31 

β (YWHAB) brain, lung, colon, gastric lining, 
liver, bladder, kidney • Overexpressed in squamous cell carcinoma 28,35 

ε (YWHAE) brain (hippocampus), renal, liver, 
breast, gastric lining 

• YWHAE deleted in Miller-Dieker syndrome 
• Found in Lewy Bodies from Parkinson’s patients 

10,36 

ζ (YWHAZ) brain, breast, lung, colon, head and 
neck, oral, ovary, esophagus 

• Overexpressed in cancer and correlates with poor prognosis 
• Found in NTF’s from Alzheimer’s patents; binds to Tau 

28,32,33 

τ (YWAHQ) brain (frontal cortex), breast, lung, 
prostate 

• Overexpression protects from dopaminergic cell loss  
• Diminished expression in Alzheimer’s patients 

10,34 

η (YWHAH) brain (frontal cortex), liver, lung, 
prostate 

• Binding to α-synuclein disrupted in Parkinson’s disease 
• Diminished expression in Alzheimer’s patients 

10,34 

γ (YWHAG) brain, breast, liver, lung • Correlated with Amyotrophic lateral sclerosis (ALS) 
• Overexpressed in lung cancer; p53 reduces14-3-3γ mRNA 

10,28,37 

isoforms are highly conserved, especially within in the 
phospho-binding amphipathic groove.3,6 This similarity is 
reflected in the ability of one isoform to compensate for 
another in certain settings and suggests functional overlap 
between 14-3-3 isoforms.27 Nevertheless, as summarized in 
Table 1, there is emerging evidence for both tissue-specific 
expression of 14-3-3 isoforms and isoform-specific 
functions.28–30 The most distinct isoform is 14-3-3σ, which is 
expressed in epithelial cells and acts as a tumor suppressor by 
promoting DNA repair pathways.9,31 In contrast, the other 14-
3-3 isoforms promote cell survival. For example, 
overexpression of 14-3-3ζ is common in many cancers and 
depletion of this isoform slows tumor growth in rodent models 
following treatment with cisplatin.32,33 Similarly, 14-3-3τ and 
14-3-3η are the predominant isoforms found in neurons within 
the frontal cortex and their expression levels are significantly 
reduced in brain samples taken from Alzheimer’s patients.34 
The underlying cause for the differential expression patterns of 
14-3-3 isoforms remains to be determined, and similarly, the 
extent to which isoform-dependent interactions with FC 
contribute to the pharmacology of this chemotype is unknown. 
Herein, we report the isoform-specificity profile of FC in vitro 
using recombinant human 14-3-3 isoforms and a focused set 
of fluorescein-labeled hexaphosphopeptides mimicking the C-
terminal 14-3-3 recognition domains of client proteins targeted 
by FC in human cell culture. 
     Our studies commenced with an analysis of the available 
structural data for FC in complex with human 14-3-3•client 
protein complexes. We used the crystal structure (PDB 4DJJ) 
of human 14-3-3σ in complex with FC and a C-terminal 
phosphorylated peptide from human estrogen receptor alpha 
(ERα) as a model to map 14-3-3 residues within the natural 
product and peptide-binding groove (Figure 2).21 The overall 
structures of 14-3-3 isoforms have been reviewed, and thus, 
only a summary of pertinent features related to FC interactions 
are given here.5,6 The monomeric unit of 14-3-3σ is comprised 
of a bundle of nine α-helices (αA to αI). As shown in Figure 
2A, FC and the ERα phospholigand (sequence: 
GFPApTVCOOH) locate to the amphiphilic 14-3-3 binding 
groove (green), which largely is comprised of the α-helices 
αC, αE, αG and αI. The ERa phosphopeptide partially fills 
this groove and is held in place via contacts formed between 
the pendant phosphothreonine and a triad of polar residues (R-

56, R-129, and Y-130) within the 14-3-3 binding groove that 
form a phospho-binding pocket (Figure 2B). Moving up the 
binding groove, hydrogen bonds (2.5–2.9 Å) formed between 
the phospholigand and both K-49 and N-175 on 14-3-3 are 
also apparent. Notably, one would expect these interactions to 
be conserved for any C-terminal phospholigand docking to 14-
3-3σ. Moreover, the union of 14-3-3σ with the ERα peptide 
creates a hydrophobic pocket at the interface of the PPI where 
FC can bind. Binding of the natural product is driven largely 
by hydrophobic contacts with both protein partners.11 As 
previously discussed, the C-terminal residue of ERα makes a 
key hydrophobic contact with the puckered 5-8-5 carbotricycle 
of FC.26 In contrast, contacts with 14-3-3 are limited to the 
convex periphery of the terpene subunit and include three 
hydrogen bonds with 14-3-3 residues: (1) K-122 on 14-3-3 
and the A-ring methylmethoxy group on FC; (2) D-215 of 14-
3-3 and the C8 alcohol of FC; and (C) a water-mediated 
hydrogen bond formed between N-42 of 14-3-3 and the sugar 
moiety of FC. Importantly, a sequence comparison of the 
different human 14-3-3 isoforms demonstrates a remarkably 
high degree of residue conservation within the phospholigand 
binding groove (Figure 2B). This similarity in 14-3-3 contrasts 
with the diversity of C-terminal client protein sequences that 
are compatible with FC.26 Nevertheless, our sequence and 
structural analysis unambiguously show that residues of 14-3-
3 contacting both FC (including D-122, D215 and N-42) and 
ERα (including R-56, R-129, Y-130, K-49 and N-175) are 
strictly conserved across all human isoforms. 
     To understand the extent to which the observed 
conservation of residues within the 14-3-3 phospholigand 
binding groove leads to similarities in the strength of PPI 
stabilization provided by FC, we determined EC50 values for 
FC across a subset of human 14-3-3 isoforms using a suite of 
three client phosphoproteins, namely, ERα,21 Task322 and 
Gplbα.23 These clients were selected because they are well-
established targets for stabilization by FC, and because their 
sequences are variable with regard to relative hydrophobicity, 
number of charged residues, identity of the phosphorylated 
side chain (S or T), and identity of the C-terminal residue.  
     As shown in Figure 3, fluorescence polarization assays 
using fluorescein-labeled, C-terminal hexaphosphopeptide 
(ctp) motifs replicating the functional 14-3-3 binding domains 
of human ERα (1), Task3 (2) and Gplbα (3) provided  



 

 

Figure 2. Structural and sequence analysis of the 14-3-3σ•ERα•FC ternary complex (PDB 4JDD). (a) Renderings of the ternary complex 
showing the 14-3-3 phospholigand binding groove (green) and key interactions between 14-3-3σ and both FC and ERα. (b) Sequence 
homology analysis of the phospholigand-binding groove across all human isoforms revealing a high degree of residue conservation (fully 
conserved residues shown in blue) in this region.  

complete dose-response curves that allowed us to extract EC50 
values for FC-induced stabilization of each peptide in 
association with five recombinant human 14-3-3 isoforms. 
With both ERα-ctp and Task3-ctp as clients, the EC50 values 
for FC were similar to one another across all isoforms, 
demonstrating a lack of specificity for FC association with the 
binary complex between individual 14-3-3 isoforms and these 
two peptides. In contrast, using the Gplbα-ctp, we observed 
notable isoform-specific differences in EC50 values for FC. 
The lowest EC50 value, 5.2 ± 1.4 µM, was obtained with 14-3-
3ζ, whereas the highest EC50 values, 25 ± 1.4 µM and 25 ± 3.6 
µM, were observed with 14-3-3ε and 14-3-3σ, respectively. 
While modest in magnitude, this approximately 5-fold 
difference lies outside the standard deviation of our 
measurements and demonstrates that, for certain client 
phosphoproteins, FC exhibits a 14-3-3 isoform preference. 

     Next, we investigated the extent to which the intrinsic 
affinity of individual client phosphopeptides varies across 14-
3-3 isoforms using an established fluorescence polarization 
assay.22,26 Thus, 100 nM solutions of phospholigands 1–3 were 
titrated with individual 14-3-3 isoforms to establish the 
affinity (apparent Kd) of each PPI in the absence of FC. The 
results of these experiments revealed unexpected differences 
in 14-3-3 isoform preferences for individual client 
phospholigands (Table 2). Titrations using the ERα-ctp 
(1) showed that 14-3-3β had the strongest affinity (apparent Kd 
= 0.8 ± 0.1 µM), whereas the interaction using 14-3-3σ was 
comparatively weaker (apparent Kd = 6.1 ± 0.6 µM). This 
represents a surprising 7.6-fold preference between the two 
isoforms. In contrast, for Task3-ctp (2), 14-3-3ζ showed the  
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14-3-3 
isoform ERα-ctp (1) Task3-ctp (2) Gplbα-ctp (3) 

β 1.3 ± 1.1 2.2 ± 1.1 13 ± 1.4 
ε 2.3 ± 1.1 1.1 ± 1.1 25 ± 1.4 
ζ 2.4 ± 1.1 1.9 ± 1.1 5.2 ± 1.4 
σ 3.5 ± 1.0 3.0 ± 1.1 25 ± 3.6 
τ 1.8 ± 1.1 1.8 ± 1.1 21 ± 2.0 

Figure 3. Summary of dose-response experiments for FC. Dose-
response curves for the 14-3-3σ•ERα-ctp, 14-3-3σ•Task3-ctp and 
14-3-3σ•GPIbα-ctp PPIs are shown. Structures and sequences of 
client FAM-labeled hexaphosphopeptides (ctp) replicating the 14-
3-3 recognition domains of ERα (1), Task3 (2) and GPIbα (3). 
Complied EC50 (µM) extracted from the dose-response curves 
were generated from phospholigands 1–3 across five human 14-3-
3 isoforms are provided (see the SI for details). 

highest affinity (apparent Kd = 1.4 ± 0.1 µM), whereas 14-3-3ε 
showed the lowest affinity (apparent Kd = 6.2 ± 0.5 µM). 
Although this 4.4-fold difference in isoform preference is less 
than we observed using the ERα-ctp, it is nonetheless 
significant in light of the standard deviation of our 
measurements. Finally, we found that the results using Gplbα-
ctp mirrored the trends observed with Task3-ctp. Specifically, 
14-3-3ζ exhibited the highest affinity (apparent Kd = 16 ± 3.0 
µM), whereas 14-3-3ε showed the lowest affinity (apparent Kd 
= 63 ± 12.0 µM).  It should be noted, however, that the 
standard deviation of data collected for Gplbα-ctp is 
significantly larger than with other phospholigands, 
presumably because this peptide binds to 14-3-3 weakly 
relative to ERα-ctp and Task3-ctp. Together, these data 
demonstrate small, yet potentially relevant, preferences of 
individual client proteins for specific human 14-3-3 isoforms. 
     To examine whether the differential intrinsic affinities 
noted above were also manifested in isoform specific FC- 

Table 2.a Intrinsic affinity (apparent Kd) of phospholigands 1–
3 across 14-3-3 isoforms 
 
14-3-3 
isoform ERα-ctp (1) Task3-ctp (2) Gplbα-ctp (3) 

β 0.8 ± 0.07 2.5 ± 0.14 22 ± 7.5 
ε 3.9 ± 0.15 6.2 ± 0.50 63 ± 12 
ζ 1.5 ± 0.27 1.4 ± 0.10 16 ± 3.0 
σ 6.1 ± 0.56 2.2 ± 0.13 23 ± 9.7 
τ 1.3 ± 0.10 2.2 ± 0.27 30 ± 2.9 

a Reported Kd (µM) values represent the average of two independent 
experiments.  
 
induced stabilization of 14-3-3 PPIs, we repeated our titrations 
of client phospholigands 1–3 with 14-3-3 isoforms in the 
presence of 80 mM FC.  As expected based on our previous 
study, we found that FC stabilizes all three client 
phosphopeptides across the five human 14-3-3 isoforms 
investigated by at least one order of magnitude (Figure 4).26 In 
addition, we also observed differences in isoform preference 
trends relative to the titrations carried out in the absence of 
FC. Thus, for ERα-ctp, 14-3-3β showed the highest FC-
stabilized affinity (apparent Kd = 0.04 ± 0.01 µM), whereas 
14-3-3τ was the weakest binder (apparent Kd = 0.13 ± 0.01 
µM). In this case, the difference between the best and worst 
performing isoform (3.3-fold) is notably less than observed for 
the same titrations carried out in the absence of FC (7.6-fold). 
In contrast, for Task3-ctp, 14-3-3ζ and 14-3-3σ exhibited the 
highest affinity (apparent Kd = 0.06 ± 0.01 µM for both 
isoforms), whereas 14-3-3ε showed the lowest affinity 
(apparent Kd = 0.14 ± 0.03 µM). Again, similar to ERα-ctp, 
the magnitude of the isoform-specificity was minimized (2.2-
fold) in presence of FC. The same trend was observed for the 
Gplbα-ctp; 14-3-3ζ showed the highest affinity (apparent Kd = 
0.50 ± 0.25 µM) and 14-3-3σ had the lowest affinity (apparent 
Kd = 1.7 ± 0.30 µM), resulting in 3.4-fold preference between 
these isoforms. 
     When combined with the intrinsic affinities of client 
phosphopeptides measured in the absence of FC (Table 2), the 
data presented in Figure 4 also provide a measure of the extent 
to which FC stabilizes the interaction between each 
phospholigand/14-3-3 isoform combination. The resultant 
fold-stabilization (SF) for each PPI is summarized by the 
histogram shown in Figure 4. Analysis of these data reveals 
several noteworthy trends. Considering initially the 
stabilization of individual client phosphoproteins across 14-3-
3 isoforms, we determined that for the ERα-ctp, FC provides 
5.4-fold greater stabilization with 14-3-3σ compared to the 
same interaction with 14-3-3τ.  Conversely, for both the 
Task3-ctp and Gplbα-ctp phosphopeptides, FC exhibits less 
than 3-fold differential stability between the highest and 
lowest affinity isoforms. In addition, the isoform with the 
lowest intrinsic affinity for each client phosphopeptide in 
Table 2 exhibits that highest degree of stabilization in the 
presence of FC (Figure 4, bold). In these cases, the activity of 
FC is impressive. For example, FC induces a 39-fold increase 
in affinity for the 14-3-3ε•Gplbα-ctp PPI, from an intrinsic 
apparent Kd of 63 ± 12 µM to a stabilized apparent Kd of 1.6 ± 
0.18 µM. Finally, analysis of differential FC-induced 
stabilization across 14-3-3 isoforms suggests that 14-3-3σ is 
distinct. For example, FC provides 4.2-fold greater  
 

N
V

S
K

R
R

K

O

CO2
–

TASK3-ctp (R = FAM, 2)

P
O

O

O–
–

N
V

T
A

P
F

G

O

CO2
–

ERα-ctp (R = FAM, 1)

P
O

O

O–
–Me

N
L

S
H

G
S

Y

O

CO2
–

GPIbα-ctp (R = FAM, 3)

P
O

O

O–
–

Phospholigand library

R

H H

R

H

R

N
or

m
al

iz
ed

 s
ig

na
l (

%
)

log [FC•µM]

100

50

0

–2 –1 0 1 2

Dose-response curves using 14-3-3σ



 

 
 

14-3-3 isoform ERα-ctp (1) SF Task3-ctp (2) SF Gplbα-ctp (3) SF 
β 0.04 ± 0.01 18 ± 3 0.11 ± 0.01 23 ± 3 1.0 ± 0.26 22 ± 4 
ε 0.10 ± 0.01 39 ± 3 0.14 ± 0.03 44 ±  11 1.6 ± 0.18 39 ±  2 
ζ 0.09 ± 0.02 16 ± 4 0.06 ± 0.01 21 ± 3 0.50 ± 0.25 33 ± 9 
σ 0.11 ± 0.01 54 ±  6 0.06 ± 0.01 38 ± 9 1.7 ± 0.30 13 ± 3 
τ 0.13 ± 0.01 10 ± 1 0.09 ± 0.01 25 ± 5 1.5 ± 0.10 20 ± 1 

a Reported Kd (µM) values represent the average of two independent experiments carried out in the presence of 80 µM FC. b Fold-stabilization (SF) 
was determined by diving the intrinsic apparent Kd reported in Table 2 by the stabilized apparent Kd shown above.  
 

Figure 4.a,b Affinity (apparent Kd) and fold-stabilization (SF) of phospholigands 1–3 across 14-3-3 isoforms in the presence of FC. 
 
stabilization for 14-3-3s•ERα-ctp PPI (54 ± 6) than the 14-3-
3s•Gplbα-ctp PPI (13 ± 3). Although the overall magnitude of 
this differential stability is modest, it sharply contrasts with 
phospholigands 1–3 across the remaining isoforms, where the 
differential of FC-induced stabilization was markedly less 
variable (≤2.5-fold differential). Together, these data 
demonstrate that FC stabilizes interactions between ERα-ctp, 
Task3-ctp, and Gplbα-ctp to a similar extent across all 14-3-3 
isoforms, with the notable exception of 14-3-3σ, which 
appears to be an outlier in our study.   
     In conclusion, we have established the 14-3-3 isoform-
specificity profile of PPIs stabilized by fusicoccin A (FC), a 
natural product that has recently amassed attention as a 
chemical probe of 14-3-3 functions. Our sequence analysis of 
human 14-3-3 isoforms, along with inspection of available 
crystallographic data, demonstrate a remarkable degree of 
conservation of residues that contact both FC and client 
phospholigands within the 14-3-3 binding groove. Based on 
these observations, one would expect both the intrinsic 
affinities of client proteins and FC-induced stabilization of 14-
3-3•client protein complexes to be very similar across the 14-
3-3 isoforms. In contrast, our results reveal a modest, yet 
unexpected, level of isoform preferences for individual client 
phospholigands. These isoform-specific effects were most 
notable in the absence of FC; however, our data suggests that 
FC differentially stabilizes PPIs involving 14-3-3σ. These 
isoform-dependent activities might be enhanced via rational 

design of synthetic, non-natural FC analogs. We believe there 
is strong motivation for such work, especially in light of the 
fact that 14-3-3σ possesses isoform-specific functions as a 
tumor suppressor in human cell culture.31,39 
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