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29The 14-3-3 proteins are important effectors of Ser/Thr phosphorylation in eukaryotic cells. Using
30mathematical modelling we investigated the roles of these proteins as effectors in signalling path-
31ways that involve multi-phosphorylation events. We defined optimal conditions for positive and
32negative cross-talk. Particularly, synergistic signal interaction was evident at very different sets of
33binding affinities and phosphorylation kinetics. We identified three classes of 14-3-3 targets that
34all have two binding sites, but displayed synergistic interaction between converging signalling path-
35ways for different ranges of parameter values. Consequently, these protein targets will respond dif-
36ferently to interventions that affect 14-3-3 binding affinities or phosphorylation kinetics.
37� 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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41 1. Introduction

42 Cellular adaption and decision-making rely on the communica-
43 tion between multiple signalling pathways. Post-translational pro-
44 tein modifications on multiple sites is one important mechanism
45 for signal cross communication. To execute a response specific to
46 such multisite modifications, it often has to be ‘‘read’’ by special-
47 ized domains in the receiving signal transduction protein. Among
48 the many specialized cellular signal transduction molecules that
49 have been discovered during recent decades, the family of 14-3-3
50 proteins occupies a remarkably ubiquitous role as downstream
51 effectors of phosphorylation events. Essentially being soluble di-
52 mers of single phospho-Ser/Thr binding domains, the 14-3-3
53 proteins are reported to bind hundreds of different cellular

54proteins, although there are also examples of binding to non-phos-
55phorylated target proteins (for review see [1–3]). Upon binding to
56their phospho-recognition site, they are reported to affect the tar-
57get protein (TP) by modulating its activity [4], interaction with
58other molecules [5], intracellular localization [6] or stability [7].
59Dimeric 14-3-3s are required for binding to many targets, and
60several TPs like the PKCe, Cdc25B, c-Raf and Foxo4 require two
61sites to be phosphorylated for high affinity binding of 14-3-3
62[6,8–10] (see [11] for more examples). The term ‘‘gatekeeper site’’
63refers to the primary role of one phospho-site in determining 14-3-
643 binding. A secondary phosphorylation site, which in some cases
65can be more divergent from the consensus sequence, can further
66contribute to increased affinity binding or induction of structural
67changes in the TP. The latter is referred to as the ‘‘molecular anvil’’
68hypothesis [12]. Multi-phosphorylation events have also been re-
69ported to negatively regulate binding of 14-3-3 proteins, by phos-
70phorylation of TPs at a site close to the 14-3-3 interaction site,
71thereby preventing complex-formation [10,13,14].
72Context dependent signalling mechanisms can act at the level of
73signalling pathways or at their downstream targets. Examples exist
74for the action of 14-3-3 proteins at both levels [4,13]. We wanted
75to investigate in more detail how 14-3-3 proteins may influence
76signal transduction, particularly in multi-pathway communication
77executed through phosphorylation at multiple sites. A mathemat-
78ical modelling approach was chosen for generality, but the model-
79ling was based on previously reported mechanisms of interaction
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80 between 14-3-3 and TPs and experimentally derived affinity con-
81 stants. We first investigated 14-3-3 binding to TP downstream of
82 one signalling pathway and its regulation by phosphorylation
83 kinetics and binding affinities. Next, we modelled inhibitory signal
84 communication for 14-3-3–TP interactions where the TPs in addi-
85 tion had a phosphorylation site that inhibited 14-3-3 binding, a
86 mechanism reported for several TPs. The capability of dual phos-
87 phorylation site recognition of 14-3-3 proteins has been suggested
88 to make them functional logic AND-gates or coincidence detectors
89 [11]. Based on the nature of their signal output, we defined three
90 functional classes of dual site 14-3-3 TPs. The influence of phos-
91 phorylation rate kinetics of TPs and the binding affinities of
92 14-3-3 to different phosphorylated states on the signalling re-
93 sponse of the different classes was then investigated. In particular,
94 we report on conditions that gave optimal synergistic cross-talk
95 between the two signalling pathways, mediated by 14-3-3 interac-
96 tions. These conditions varied substantially between the three clas-
97 ses of 14-3-3 TPs. Our findings provide new insights into the
98 regulation of 14-3-3 target proteins and open up for new strategies
99 for therapeutic modification of 14-3-3 regulated processes.

100 2. Materials and methods

101 2.1. Modelling of protein phosphorylation and 14-3-3 binding

102 We refer to the Supplemental text for details on the modelling
103 approach. The reactions were implemented in the simulation soft-
104 ware Copasi (v4.8) [15]. We used the LSODA algorithm for numer-
105 ical integration using an absolute tolerance of 10�12.

106 3. Results and discussion

107 3.1. Signalling interaction through disrupted 14-3-3 binding

108 Several hundred binding partners have been reported for the
109 14-3-3 proteins. Most of the available 14-3-3 proteins in a cell
110 can therefore be expected to be bound to different target proteins.
111 To tackle this in our models we classified the bulk cellular 14-3-3
112 TPs as high and low affinity binders, and used a buffered protein
113 interaction modelling approach for all the calculations (Supple-
114 mental text, Fig. S1).
115 Starting with the simple case where only one signalling path-
116 way targets the TP 14-3-3 binding site, we show how different sig-
117 nalling strengths (kinase/phosphatase rate ratios, rR) and Kd-values
118 of 14-3-3 binding can modulate outputs such as complex forma-
119 tion and TP phosphorylation (Figs. S2 and S3). This simple model
120 would apply to many 14-3-3 TPs. Multiple signalling inputs occur
121 when several kinases or phosphatases target the same phosphory-
122 lation site. As such, additional input signals will change the rR-
123 value, leading to altered response (Fig. S3).
124 Alternatively, signalling pathways may modulate the affinity of
125 14-3-3 binding, e.g., by expression of different 14-3-3 isoforms,
126 modification of 14-3-3s [16,17] or by additional modification of
127 their TPs [18]. The latter mechanism has been shown for the
128 proteins Cdc25B, RGS18, Rap1GAP2 and Bad, where phosphoryla-
129 tion-mediated inhibition of 14-3-3 binding by direct phosphoryla-
130 tion of the TP close to the 14-3-3 binding site has been reported
131 [10,13,14,19]. This provides a mechanism for inhibitory signalling
132 communication, and we investigated this mechanism more closely
133 where one signalling pathway downstream of signal 1 (S1) controls
134 phosphorylation of site 1 on TP, necessary for 14-3-3 binding
135 (Fig. 1A, Fig. S4A). We modelled the situation where a strong inhib-
136 itory phosphorylation was included downstream of signal 2 (S2),
137 that targeted a site 2 on TP and rendered it incapable of binding
138 14-3-3 (Fig. 1A, Fig. S4A). As the proteins reported to be regulated

139by this mechanism have the inhibitory phosphorylation site (site 2)
140placed adjacent to the 14-3-3 binding site (site 1), we assumed that
141site 2 was unavailable for phosphorylation in the complex between
14214-3-3 and pS1-TP.
143Expectedly, for high 14-3-3 binding affinities (Kd = 1 nM) only
144modest inhibition was obtained (Fig. 1B) even at phosphorylation
145conditions favouring high phosphorylation stoichiometry on the
146inhibitory site (rate constant ratio of kinase/phosphatase of site
1472, r2 = 5). This low inhibition occurred as most of the TP resided
148in a complex with 14-3-3 unavailable for inhibitory input. This is
149shown in Fig. S4B, where increasing S1 generated more pS1-
150TP:14-3-3 complex that was unresponsive to S2 signal input. A
151lower affinity (Kd = 10 nM) opened for more sensitive pathway
152communication (Fig. 1C). In comparison, the influence of 14-3-3

Fig. 1. Inhibitory signal communication. We modelled a TP with two phosphory-
lation sites (see Fig. S4A for details on the model) where site 1 was phosphorylated
downstream of signal 1 (S1) and site 2 downstream of signal 2 (S2) (A).
Phosphorylation of site 1 (pS1-TP, r1 = kK1/kP1 = 0.1) initiated binding of 14-3-3
with high affinity, which was necessary for the regulation of TP. Phosphorylation of
TP on site 2 (pS2-TP and pS1pS2-TP, r2 = kK2/kP2 = 5) inhibited any binding to 14-3-
3. Phosphorylation and dephophorylation of the two sites was independent and did
not occur on pS1-TP bound to 14-3-3 (Fig. S4A). In (B), the amount of TP
(phosphorylated only on site 1) in complex with 14-3-3 (pS1-TP:14-3-3 complex,
fraction of total TP) is shown for varying signalling strengths of S1 and S2. A Kd of
1 nM was used for the binding of 14-3-3 to pS1-TP. The results in panel (C) are
obtained using the same model as in (B), but the Kd of 14-3-3 binding was changed
to 10 nM. The dotted circles illustrates changes in TP:14-3-3 complex expected
going from basal states of 0.1 or 1.0 nM S2, b1 or b2, respectively, to activated states
a1 and a2. The signal strength from S1 is kept constant (10 nM).
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