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Phosphatidylinositol 4-kinase IIIβ (PI4KB) is responsible for the synthesis of the Golgi and trans-Golgi network
(TGN) pool of phosphatidylinositol 4-phospahte (PI4P). PI4P is the deﬁning lipid hallmark of Golgi and TGN and
also serves as a signaling lipid and as a precursor for higher phosphoinositides. In addition, PI4KB is hijacked by
many single stranded plus RNA (+RNA) viruses to generate PI4P-rich membranes that serve as viral replication
organelles. Given the importance of this enzyme in cells, it has to be regulated. 14-3-3 proteins bind PI4KB upon
its phosphorylation by protein kinase D, however, the structural basis of PI4KB recognition by 14-3-3 proteins is
unknown. Here, we characterized the PI4KB:14-3-3 protein complex biophysically and structurally. We discovered that the PI4KB:14-3-3 protein complex is tight and is formed with 2:2 stoichiometry. Surprisingly, the
enzymatic activity of PI4KB is not directly modulated by 14-3-3 proteins. However, 14-3-3 proteins protect
PI4KB from proteolytic degradation in vitro. Our structural analysis revealed that the PI4KB:14-3-3 protein
complex is ﬂexible but mostly within the disordered regions connecting the 14-3-3 binding site of the PI4KB with
the rest of the PI4KB enzyme. It also predicted no direct modulation of PI4KB enzymatic activity by 14-3-3
proteins and that 14-3-3 binding will not interfere with PI4KB recruitment to the membrane by the ACBD3
protein. In addition, the structural analysis explains the observed protection from degradation; it revealed that
several disordered regions of PI4KB become protected from proteolytical degradation upon 14-3-3 binding. All
the structural predictions were subsequently biochemically validated.

1. Introduction
Phosphatidylinositol 4-kinase IIIβ (PI4KB or PI4K IIIβ) produces,
together with PI4K2A, the Golgi pool of phosphatidylinositol 4-phosphate (PI4P) (Boura and Nencka, 2015; Clayton et al., 2013). PI4P
serves as a signaling molecule, and, additionally, as a precursor for
higher phosphoinositides (Balla, 2013; Tan and Brill, 2014). PI4Ks and
their product, PI4P, have also been implicated in human diseases such
as cancer, Gaucher disease, several neural disorders and degeneration
of spinal cord axons (Jovic et al., 2012; Jovic et al., 2014; Simons et al.,
2009; Waugh, 2012, 2015). Additionally, PI4KB was identiﬁed as an
essential host factor for several human viruses including poliovirus,
hepatitis C virus, coxsackievirus B3, enterovirus 71, and Aichi virus and
is, thus, considered a potential target for antiviral therapy (AltanBonnet and Balla, 2012; Berger et al., 2009; Dornan et al., 2016;
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Greninger et al., 2012; Sasaki et al., 2012; van der Schaar et al., 2013).
Subsequently, highly speciﬁc inhibitors of PI4KB were developed
(Mejdrova et al., 2015, 2017; Rutaganira et al., 2016; Sala et al., 2016)
including ﬂuorescent inhibitors (Humpolickova et al., 2017). Additionally, the crystal structures of PI4KB and other PI4K isozymes
became available (Baumlova et al., 2014, 2016; Burke et al., 2014;
Klima et al., 2015). Given the importance of this enzyme and its product, the PI4P lipid, in human physiology, the PI4KB enzyme should be
tightly controlled within the cell. Indeed, several mechanisms were
reported. PI4KB is a soluble cytoplasmic enzyme with no membrane
binding properties yet it phosphorylates phosphatidylinositol embedded within the membrane. Therefore, it must be recruited to the
target (Golgi) membrane. Recently, the Golgi resident protein ACBD3
was shown to be the major factor that recruits PI4KB to membranes and
increases its enzymatic activity (Klima et al., 2017, 2016; McPhail et al.,
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AUC estimated Mw correspond nicely (Fig. 1F).
Once the stoichiometry was known, we used microscale thermophoresis (MST) to determine the dissociation constant (Kd) of the
PI4KB:14-3-3ζ protein complex. The capillaries were loaded with a
mixture of the recombinant GFP-14-3-3ζ protein (100 nM) and phosphorylated or non-phosphorylated PI4KB kinase (a concentration range
from 4 nM to 36 µM). The samples were excited with the 488 nm laser
and the changes in thermophoresis were analyzed using the Monolith
NT Analysis Software with the 1:1 stoichiometry model as suggested by
AUC experiments yielding the apparent Kd of 175 ± 14 nM for the
phosphorylated PI4KB while no interaction was observed for the nonphosphorylated PI4KB (Fig. 1G).

2017). Another protein that has been reported to control the PI4KB
enzymatic activity in the cell is the 14-3-3 protein (Hausser et al., 2005,
2006).
14-3-3 proteins are a highly conserved family of acidic regulators
present in every eukaryotic organism from yeast to humans that have
been reported to play a role in many diverse cellular processes ranging
from signal transduction to carcinogenesis and apoptosis (Aghazadeh
and Papadopoulos, 2016; Morrison, 2009). 14-3-3 proteins act in
multiple diverse pathways because they regulate more than 300
binding partners that function in many cellular processes (de Boer et al.,
2013; Obsilova et al., 2008a; Uhart and Bustos, 2014). 14-3-3 proteins
recognize their binding partners upon phosphorylation of a speciﬁc
serine or threonine residue although several binding partners that do
not need to be phosphorylated have been described as well (Obsilova
et al., 2014). Upon binding, they induce a speciﬁc molecular switch in
their binding partners that can modulate their enzymatic activity (both
up or down) (Ganguly et al., 2001; Lambeck et al., 2012), induce a
conformational change (Rezabkova et al., 2011; Rezabkova et al.,
2010), protect from dephosphorylation (Dent et al., 1995; Kacirova
et al., 2015; Thorson et al., 1998) or change their subcellular localization as was reported for the FOXO4 transcription factor (Boura et al.,
2010; Obsilova et al., 2005). PI4KB enzyme can be phosphorylated by
protein kinase D (PKD) (Hausser et al., 2005) which was reported to
protect PI4KB from dephosphorylation in vivo leading to increased PI4P
production (Hausser et al., 2006). Here, we report on the structural
basis for PI4KB regulation by 14-3-3 proteins. Surprisingly, we show
that 14-3-3 does not directly increase the PI4KB enzymatic activity,
however, we confer that it does protect the kinase from enzymatic
degradation in vitro and that binding to 14-3-3 does not interfere with
PI4KB membrane recruitment by ACBD3 protein.

2.2. Structural characterization of PI4KB:14-3-3 protein complex
Crystallization trials using both full length and signiﬁcantly truncated variants of PI4KB and 14-3-3 proteins have failed. We speculated
that intrinsic ﬂexibility and disorder of PI4KB could be the reason for
the failed crystallization trials. The method of choice for analysis of
large, ﬂexible protein complexes is small angle X-ray scattering (SAXS)
(Rozycki and Boura, 2014). Recently we co-developed the ensemble
reﬁnement of SAXS (EROS) method that is designed for structural
characterization of ﬂexible multi-protein complexes (Boura et al., 2011;
Boura et al., 2012b; Rozycki et al., 2011) such as the membrane
bending ESCRT system (Boura and Hurley, 2012; Rozycki et al., 2012).
The EROS method requires structural (usually crystallographically- or
NMR-derived) restrains, usually individual domains or subunits that are
treated as rigid bodies. The crystal structures of PI4KB and 14-3-3
proteins are known (Burke et al., 2014; Liu et al., 1995). However, the
details of 14-3-3 binding to the PI4KB phosphoserine 294 were not
described before. In principle, homology modeling based on the known
structure of Bmh1 (a yeast 14-3-3 homolog) with PI4KB-derived phosphopeptide (Eisenreichova et al., 2016) could be used. However, to be
more accurate, we sought to solve the crystal structure of human 14-33ζ in complex with the PI4KB-derived phosphopeptide.
We mixed 14-3-3ζ with PI4KB-derived phosphopeptide (289LKRTApSNPKV-298) and obtained crystals that diﬀracted to 2.1 Å resolution. The structure was solved by molecular replacement and reﬁned to Rwork = 18.79% and Rfree = 23.11% as summarized in Table 1.
The structure revealed the usual 14-3-3-fold – a dimer formed from two
α-helical monomers (Fig. 2A). Each monomer is composed of nine αhelices that form a central phosphopeptide binding groove within each
monomer. The density for the phosphopeptide was clearly visible upon
molecular replacement. Compared to the previously solved structure of
yeast 14-3-3 protein with PI4KB peptide (Eisenreichova et al., 2016)
two additional residues (R291 and K290) were visible. However, we
could not trace the ﬁrst and last amino acid of the peptide (L289 and
V298) suggesting that these two residues are already disordered. We
conclude that they are part of the ﬂexible linker that connects phosphoserine 294 (pS294) to the rest of the PI4KB. We also note that the
segment 290-KRTApSNPK-297 that we could trace is missing (disordered or deleted) in all previous crystal structures of PI4KB (Burke
et al., 2014; Fowler et al., 2016; Mejdrova et al., 2015, 2017). The
PI4KB phosphopeptide is held in the 14-3-3 central binding groove by a
series of hydrogen bonds. The phosphate group of pS294PI4KB interacts
with sidechains of R5614-3-3, R12714-3-3, and Y12814-3-3 while K4914-3-3,
N17314-3-3, N22414-3-3, and W22814-3-3 form hydrogen bonds with the
backbone of the PI4KB peptide (Fig. 2B). Importantly, the sidechain of
residue T292PI4KB makes no contacts with the 14-3-3 protein suggesting
that its mutation will not inﬂuence PI4KB binding to 14-3-3 protein.
With all the prerequisites in place, we utilized SAXS in combination
with molecular dynamics simulations to reveal the structure of the
PI4KB:14-3-3 protein complex. We collected the SAXS data using
equimolar mixtures of phosphorylated PI4KB and 14-3-3ζ at diﬀerent
concentrations, which were at least three orders of magnitude larger
than the dissociation constant of the PI4KB:14-3-3ζ complex. The

2. Results and discussion
2.1. Biophysical characterization of PI4KB:14-3-3 protein complex
The interaction of PI4KB with 14-3-3 in a phosphorylation dependent manner is well documented in living cells (Hausser et al., 2005,
2006) and also the structure of yeast 14-3-3 protein Bmh1 with PI4KB
derived phosphopeptide was solved recently (Eisenreichova et al.,
2016). However, the PI4KB:14-3-3 protein complex formation was
never shown in vitro. We used puriﬁed recombinant PI4KB (phosphorylated and non-phosphorylated) and 14-3-3ζ to characterize the
PI4KB:14-3-3 protein complex in vitro. First we performed pull-down
experiments and, as expected, only phosphorylated PI4KB was able to
pull down 14-3-3 (Fig. 1A).
Next, we investigated the PI4KB:14-3-3 protein complex using
analytical ultracentrifugation (AUC). Sedimentation velocity (SV)
measurements revealed that PI4KB alone can dimerize with an apparent
dissociation constant of 3 µM (Fig. 1B). Two peaks with weight average
sedimentation coeﬃcients (sw) of 4.3 S and 5.4 S corresponding to the
monomer and dimer can be observed in the distribution. The dimerization is not aﬀected by phosphorylation (Fig. 1C). As expected, continuous distribution of sedimentation coeﬃcients – c(S) – of 14-3-3
protein showed a single peak with a sw of 3.6 S, which corresponds to a
Mw of 56 kDa and is consistent with a dimeric-fold of the 14-3-3 protein
family (Fig. 1D). Consistent with the pull-down experiments, nonphosphorylated PI4KB showed no signiﬁcant interaction with 14-3-3,
whereas phosphorylated PI4KB formed a stable complex with 14-3-3
(Fig. 1D). Analysis of SV data revealed that the binding stoichiometry of
PI4KB:14-3-3 complex is preferentially 2:2 (dimeric 14-3-3 protein
binds two molecules of PI4K). However, experiments with excess of 143-3 protein showed that the complex with 2:1 stoichiometry (dimeric
14-3-3 protein binds one molecules of PI4K) can also be formed
(Fig. 1E). Although AUC estimates of molecular weights from complex
protein mixtures are rather inaccurate because only an average friction
coeﬃcient is obtained during ﬁtting in this case the theoretical and
2
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Fig. 1. Analysis of PI4KB binding to 14-3-3. A) Pull-down
experiments were performed using puriﬁed recombinant
proteins. Fusion proteins His8x-SUMO-PI4KB or phosphorylated His8x-SUMO-PI4KB were immobilized on Ni-NTA
agarose beads and incubated with untagged 14-3-3. Eluted
protein samples were analyzed by SDS-PAGE. Lines 1,2 and
3 represent 14-3-3, His8x-SUMO-PI4KB, and phosphorylated
His8x-SUMO-PI4KB proteins used as the input in the experiment. Lines 4 and 5 represent the pull-down experiment, in line 4 the non-phosphorylated His8x-SUMO-PI4KB
was used as bait, in line 5 the phosphorylated His8x-SUMOPI4KB was used as bait for the 14-3-3. B-E) SV-AUC analysis
of PI4K and its interaction with 14-3-3 protein. B, C) c(S)
distribution proﬁles of PI4KB (B) and phosphorylated PI4KB
(P-PI4KB) (C) showing the dimerization of the protein. D) c
(S) distribution proﬁles showing that the phosphorylation of
PI4KB is necessary for interaction with the 14-3-3 protein.
E) c(S) distribution proﬁles of diﬀerent ratios between PI4KP and 14-3-3 revealing that P-PI4KB:14-3-3 complex is
preferentially formed with 2:2 stoichiometry. F) Table
comparing the theoretical and AUC estimated molecular
weights. G) MST analysis of the interaction of the phosphorylated PI4KB (blue line) and non-phosphorylated
PI4KB (orange line) kinase and the GFP-14-3-3 fusion protein. Change in relative thermophoresis and the concomitant ﬁtting curve are shown. Data are presented as
mean values ± standard errors of the means based on three
independent experiments.

3-3ζ complex is 54 Å.
Next, we performed a series of molecular simulations of the
PI4KB:14-3-3ζ protein complex with 2:2 stoichiometry and compared
the simulation results with the experimental SAXS data. We found that
many simulation structures were consistent with the SAXS data
(Fig. 3B and C). We thus selected ‘top 20’ structures that individually ﬁt
the SAXS data best (χ2 = 1.5–1.7) and sorted them into three groups
based on the mutual similarity in the location of the two PI4KB
monomers. Fig. 3C shows three exemplary structures that represent
these three groups, and Fig. 3B compares their scattering intensity
proﬁles with the experimental SAXS data. These three structures have a
radius of gyration of 54 Å. Their maximum extension is in the range of
180–190 Å. Their characteristic dimensions, Rg and Dmax, appear to be
typical within the pool of simulation structures.
Overall, the PI4KB:14-3-3 models that ﬁt the SAXS data are mutually similar (Fig. 3C). Interestingly, in all of these models, the active
site of PI4KB is not occluded by 14-3-3 and presented away from the
PI4KB:14-3-3 complex. This observation has far-reaching implications,
as we discuss in the subsequent paragraphs. The characteristic hyperbolic feature of the Kratky plot (Fig. 3B) at high q-values (q > 0.25/Å)
(Rozycki and Boura, 2014) indicates ﬂexibility of the PI4KB:14-3-3
complex. To gain insights into the source of the molecular ﬂexibility,
we performed an EROS analysis which is devised to determine a
minimum ensemble of simulation structures that ﬁts the experimental
SAXS data (Boura et al., 2011; Boura et al., 2012b). However, this

Table 1
Statistics of crystallographic data collection and reﬁnement.
Data collection
Crystal
X-ray source
Wavelength, Å
Space group
Cell dimension
Resolution, Å
No. of unique reﬂections
I/σ (I)
Rmerge
Data completeness,%
Multiplicity
CC1/2

14-3-3ζ with PI4KB peptide
BESSY ID 14.1
0.97625
P212121
a = 71.82 Å, b = 83.55 Å, c = 111.54 Å
48.94 – 2.08 (2.154 – 2.08)
41025 (4034)
21.76 (3.38)
9.3 (98.5)
99.99 (100.00)
15.9 (16.2)
0.998 (0.82)

Reﬁnement
Rwork,%
Rfree,%
rms bond angle deviation, °
rms bond angle deviation, Å
Ramachandran (outliers/favored)

18.79 (26.60)
23.11 (31.02)
0.008
0.95
0%/99%

Numbers in parentheses refer to the highest resolution shell.

corresponding SAXS data sets (Table 2) overlay after rescaling
(Fig. 3A), indicating no protein aggregation in the samples. The Guinier
plot (inset in Fig. 3A) shows that the radius of gyration of the PI4KB:143
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Fig. 2. The crystal structure of 14-3-3ζ with a PI4KB derived
phosphopeptide. A) The overall fold. 14-3-3ζ is in cartoon
representation and colored in blue and green, the phosphopeptide is in stick representation. B) Detailed view of the
14-3-3ζ binding groove with PI4KB phosphopeptide. An
unbiased Fo-Fc omit map contoured at 3σ is shown in green.

approach did not lead to any signiﬁcant improvement of the ﬁt quality,
and resulted in decreasing χ2 from about 1.5 to only about 1.3.
Moreover, the resulting models were found to be rather similar to those
depicted in Fig. 3C. These results indicate that the 2:2 PI4KB:14-3-3
protein complex in solution does not exhibit excessive conformational
variability, except for the disordered segments connecting the phosphopeptide with the PI4KB domain.
The main aim of this study was to elucidate the molecular architecture of PI4KB:14-3-3 protein complex. We failed to obtain crystals
despite immense eﬀorts presumably because of the intrinsic ﬂexibility
of the PI4KB:14-3-3 complex. SAXS is increasingly used as the method
of choice for the analysis of intrinsically disordered or ﬂexible proteins.
We used SAXS in combination with molecular dynamics simulations to
obtain structural insight into the assembly of PI4KB:14-3-3 protein
complex. Many of the PI4KB:14-3-3 structures generated in the simulations were found to ﬁt the SAXS data very well. These structures are
similar overall – in terms of their dimensions (Rg and Dmax) as well as
the positioning of the two PI4KB monomers with respect to the 14-3-3
dimer – but diﬀer in the relative orientation of PI4KB subunits with
respect to the 14-3-3 protein core (Fig. 3C). The structural explanation

Table 2
Characterization of the SAXS data.
Protein
concentration
Gunier analysis
q-range

Rg
I(0)
P(r) function
q-range
Dmax
Rg
I(0)
Porod Volume

c = 1.17 mg/ml

c = 2.72 mg/ml

c = 3.97 mg/ml

0.005–0.025 (1/Å)
0.26 ≤ q Rg ≤ 1.29
77 data points
51.4 Å
85390

0.005–0.024 (1/Å)
0.27 ≤ q Rg ≤ 1.3
73 data points
53.8 Å
218110

0.005–0.023 (1/Å)
0.28 ≤ q Rg ≤ 1.29
70 data points
55.6 Å
482620

0.005–0.48 (1/Å)
1808 data points
180 Å
53.1 Å
85810
286040 Å3

180 Å
54.9 Å
218100
315880 Å3

180 Å
55.9 Å
479900
338550 Å3

Fig. 3. SAXS analysis of PI4KB:14-3-3 protein complex. A)
Experimental SAXS intensity as a function of momentum
transfer, q, obtained at three diﬀerent protein concentrations (1.17 mg/ml – green, 2.72 mg/ml – red, 3.97 mg/ml –
blue). Note that the logarithmic scale is used on the vertical
axis. Inset: The region qRg < 1.3 where the Guinier approximation is valid for a globular protein is shaded gray.
The dashed line indicates the best ﬁt of the Guinier approximation, which leads to Rg = 54 Å. B) Experimental
(c = 2.72 mg/ml – red) and theoretical (model 1 – black,
model 2 – green, model 3 – blue) scattering data shown as I
(q) vs. q (top) and q2I(q) vs. q (Kratky plot; bottom). Any of
the three models ﬁts the experimental SAXS data with
χ2 = 1.6. C) Three representative models of the 2:2
PI4KB:14-3-3 complex (PI4KB – magenta and purple, 14-3-3
– green and blue) that ﬁt the experimental SAXS data. Their
scattering proﬁles are shown in panel B in black, green and
blue, respectively. The active site in the PI4KB enzyme is
highlighted by a modeled inhibitor (magenta and purple
arrows).
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Fig. 4. Lipid kinase activity and recruitment assay. A) The
lipid kinase activity was determined using ADP-GloTM
Kinase Assay (Promega). The activity of phosphorylated and
non-phosphorylated PI4KB in the absence of 14-3-3ζ was set
to 100%. Presence of 14-3-3 in the concentrations ranging
from 1 to 20 μM had slightly inhibiting eﬀect on lipid kinase
activity of both PI4KB or phosphorylated PI4KB. Shown are
the mean values calculated from three independent experiments with the associated errors (s.d.). B) Membrane recruitment assay. GUVs containing ATTO647-DOPE as a
membrane marker (red) were mixed with 600 nM P-PI4KB
labeled by Alexa488 (green). PI4P production was visualized by the PI4P biosensor CFP-SidC (blue) that was added
at 250 nM concentration. The reaction was carried out with
or without ATP, ACBD3 and 14-3-3 as indicated. The scale
bar is 6 µm. C) Quantiﬁcation of membrane recruitment of
PI4KB – mean ﬂuorescence signal of Alexa488-labeled
PI4KB on the surface (red columns) of GUVs and in the
surrounding space (black columns) in the presence/absence
of 14-3-3 and ACBD3. The error bar stands for the standard
error of the mean.

et al., 2000; Dar et al., 2014; Dobson et al., 2011; Weiner and Kaiser,
1999). For instance, 14-3-3 proteins were shown to protect the FoxO3
transcription factor from degradation (Dobson et al., 2011) or for the
Ctd2 (a substrate recognition adaptor of CRL4Cdt2 E3 ubiquitin ligase
complex) (Dar et al., 2014) and in plants it was shown that 14-3-3
proteins regulate global proteolytical cleavage of their diverse binding
partners (Cotelle et al., 2000). We performed a protease degradation
assay (Fig. 5) and we discovered that 14-3-3 proteins are able to protect
phosphorylated PI4KB but not non-phosphorylated PI4KB from degradation by both chymotrypsin and Zymit (a commercial mixture with
strong proteolytic activity) in vitro. It is tempting to speculate that 14-33 proteins act as molecular chaperones that stabilize PI4KB. However,
this remains only a hypothesis until it can be conﬁrmed in vivo.

is rather simple. The long, disordered linkers within PI4KB that contain
the 14-3-3 binding site allow for multiple conformations of the PI4KB
monomers respective to the 14-3-3 proteins. However, steric hindrance
prevents too compact structures of PI4KB:14-3-3 protein complex at the
preferred 2:2 stoichiometry. Notably, the PI4KB active site is well accessible in each of our model structures (colored arrows in Fig. 3C).
Actually, our structural analysis predicts no eﬀect of 14-3-3 binding on
the activity of PI4KB. To verify our structural results, we measured
PI4KB lipid kinase activity with and without 14-3-3. We did not observe
any activation of the PI4KB kinase; however, we observed a very small
decrease in its lipid kinase activity, albeit with poor statistical signiﬁcance. Importantly, the enzymatic activity of the non-phosphorylated PI4KB that was used as a control also slightly decreased suggesting non-speciﬁc interference of 14-3-3 proteins with the assay used
(Fig. 4A).
Our structural analysis also predicted that membrane recruitment of
PI4KB by the ACBD3 protein would be unaﬀected by the 14-3-3 protein
binding because the 14-3-3 binding site is distant from the disordered
PI4KB N-terminus that binds ACBD3 (Klima et al., 2016). To further
verify our structural model, we tested the membrane recruitment of
PI4KB by membrane tethered ACBD3 in the biomimetic giant unilamellar vesicle (GUV) system. As expected, phosphorylated PI4KB was
recruited regardless of the presence of 14-3-3 (Fig. 4B and C). In addition, the PI4P production by PI4KB in the GUV model system was
comparable with or without the 14-3-3 protein (Fig. 4B) as measured by
the ﬂuorescent PI4P biosensor CFP-SidC (Klima et al., 2017).
However, in cells PI4KB was reported to be activated by 14-3-3
proteins (Hausser et al., 2005, 2006). If 14-3-3 proteins do not activate
PI4KB enzyme directly then a diﬀerent mechanism must be in place. We
speculated that 14-3-3 proteins could protect PI4KB from degradation.
That would be, in fact, in good agreement with our structural analysis,
which reveals that 14-3-3 proteins bind a disordered segment of PI4KB
and thus can protect it from proteolytical degradation. This mode of
action was already reported for 14-3-3 proteins previously (Cotelle

3. Experimental procedures
3.1. Protein expression and puriﬁcation
The recombinant proteins (PI4KB, 14-3-3, GFP-14-3-3, CFP-SidC,
ACBD3, PKA) were expressed and puriﬁed using our standard methods
(Hercik et al., 2017; Nemecek et al., 2013) that were modiﬁed for
PI4KB as described previously (Burke et al., 2014; Mejdrova et al.,
2015). Brieﬂy the disordered N-terminal region 1-127 and a disordered
loop 423-522 were deleted. These deletions do not signiﬁcantly aﬀect
the enzymatic activity of the enzyme (Fowler et al., 2016). However,
the disordered C-terminus (amino acids 800-816) is required for enzymatic activity and was deleted only for SAXS experiments. 14-3-3
proteins bind PI4KB phosphorylated at the residue S294. To produce
phosphorylated PI4KB we adopted a widely used strategy where the
sequence of the phosphorylation site is mutated to be recognized by the
cAMP-dependent protein kinase (PKA) (Obsilova et al., 2008b). In this
case, the introduction of a single point mutation (T292R) was suﬃcient.
PI4KB was expressed as a fusion protein with His8x –SUMO (SMT3 from
S. cerevisiae) tag in E. coli BL21 Star. Cells were grown overnight in auto
5
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Fig. 5. Limited proteolysis assay was used to test whether binding of 14-3-3 to phosphorylated PI4KB (P-PI4KB) has a protective eﬀect. PI4KB or P-PI4KB in the absence or presence of 143-3 was digested by chymotrypsin (A) or by Zymit (B) for 5, 10, 30 and 60 min. Undigested protein served as the zero-time point. The reactions were terminated by adding SDS-PAGE
sample loading buﬀer and boiling 5 min before they were analyzed by SDS-PAGE. One representative picture is shown for each of the three independent experiments. Red rectangle marks
highlight P-PI4KB protected from proteolytical degradation. The density of bands representing PI4KB from the individual experiments were quantiﬁed using ImageJ (Schindelin et al.,
2015). The quantiﬁcation of PI4KB degradation in the three independent experiments are shown for both chymotrypsin (C) and Zymit (D) in graphs with associated errors (s.d.).

3.3. Microscale thermophoresis (MST)

induction media, harvested by centrifugation, resuspended in lysis
buﬀer (50 mM Tris pH 8.0, 20 mM imidazole, 300 mM NaCl, 10%
glycerol, and 3 mM β-mercaptoethanol) and lysed using EmulsiFlex C3.
Subsequently, the lysate was cleared by centrifugation and the proteins
were puriﬁed from the supernatant by aﬃnity chromatography on a NiNTA resin (Machery-Nagel). Column. His8x –SUMO was cleaved by
SUMO protease (Ulp1 from S. cerevisiae) and PI4KB was then dialyzed
to 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 3 mM β-mercaptoethanol.
Optionally, recombinant PI4KB was phosphorylated by incubation with
PKA (4 μg of PKA per 1 mg of PI4KB) for 2 h at 26 °C and then overnight
at 4 °C in buﬀer containing 20 mM pH 7.4, 150 mM NaCl, 2 mM DTT,
300 μM ATP, 10 mM MgCl2. PI4KB was further puriﬁed using anionexchange chromatography on Mono Q 5/50GL (GE Healthcare) and
size-exclusion chromatography on a Superdex 200 HiLoad 16/60
column (GE Healthcare) in SEC buﬀer (20 mM Tris pH 8.0, 200 mM
NaCl, 3 mM β-mercaptoethanol). Phosphorylation was ﬁnally checked
using mass spectroscopy and because we were unable to observe a peak
of non-phosphorylated PI4KB we assumed ∼100% eﬃciency of the
phosphorylation reaction.

The MST technology (Jerabek-Willemsen et al., 2014) was used to
determine solution equilibrium binding constants between PI4KB
(phosphorylated versus non-phosphorylated) and the fusion protein
GFP-14-3-3ζ. All measurements were performed using Monolith NT.115
(NanoTemper Technologies GmbH). We used 100 nM GFP-14-3-3 ζ and
PI4KB or phosphorylated PI4KB in the concentration range from 4.4 nM
to 36 μM in binding buﬀer (20 mM Tris pH 8.0, 200 mM NaCl, 3 mM βmercaptoethanol). Samples were loaded into capillaries NT.115 (standard treated) and the thermophoresis signals were measured at 22 °C
with a light-emitting diode (LED) power of 20% and MST power of
50%. The changes in thermophoresis were analyzed with the Monolith
NT Analysis Software and the data were visualized with the LibreOﬃce
software package.
3.4. Crystallization and crystallographic analysis
For crystallization, 14-3-3ζ was mixed with PI4KB derived peptide
289-LKRTApSNPKV-298 (Eisenreichova et al., 2016) in a 1:1.4 M ratio.
The crystals were obtained by mixing 300 nl protein solution with
300 nl well solution (0.1M MES pH6, 10% PEG 8000, 20% ethylene
glycol) in a sitting drop. The crystals grew within three days, were
ﬂash-cooled in liquid nitrogen and analysed at the BESSY-II beamline
14.1 (Mueller et al., 2012). They belonged to the orthorhombic P212121
space group and diﬀracted to 2.1 Å. Diﬀraction data were processed
using XDSAPP (Krug et al., 2012) and the structure was solved by
molecular replacement in Phaser (McCoy et al., 2007) using previously
solved structure of 14-3-3 protein (PDB entry 1a4o) as a search model
and subsequently reﬁned in Phenix (Adams et al., 2010) and Coot
(Debreczeni and Emsley, 2012) to Rwork = 18.79% and Rfree = 23.11%
good stereochemistry as summarized in Table 1. The structure was
deposited in the PDB databank (http://www.rcsb.org/pdb) under accession code: 5NAS.

3.2. Analytical ultracentrifugation analysis
Sedimentation velocity (SV) experiments were performed at 20 °C
and 42,000 rpm in a Beckman Coulter ProteomeLab XL-I analytical
ultracentrifuge using standard protocols (Brown et al., 2008; Zhao
et al., 2013a). All measurements were conducted in 20 mM Tris, pH 8.0,
supplemented with 200 mM NaCl, 3 mM βME and collected with an
absorbance (250 and 280 nm) or interference optical system. Proteins
were measured at the concentration of 2–20 μM and mixed at diﬀerent
ratios. Protein partial speciﬁc volumes, solution density and viscosity
were calculated in SEDNTERP (http://sednterp.unh.edu/). Data were
analyzed in terms of a continuous c(s) distribution of Lamm equation
solutions with the software SEDFIT (Schuck, 2000). Scan ﬁle timestamps were corrected (Zhao et al., 2013b) and good ﬁts were obtained
with r.m.s.d. values corresponding to typical instrument noise values.

3.5. Small angle X-ray scattering (SAXS) measurements
An equimolar mixture of phosphorylated PI4KB and 14-3-3ζ
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(122 μM each) was passed through Superdex 200 10/300 GL column in
SAXS buﬀer (20 mM Tris pH 8.0, 150 mM NaCl, 1 mM TCEP, 1% glycerol). The complex was subsequently concentrated to 1.17 mg/ml,
2.72 mg/ml and 3.97 mg/ml (concentration was determined by UV
absorbance). Samples were analysed on the BioSAXS Beamline BM29
(ESRF Grenoble) and EMBL SAXS beamline P12 at the Petra III storage
ring at DESY (Deutsches Elektronen-Synchrotron, Hamburg, Germany).

3.7. Pull-down assays
Pull-down experiments were performed using puriﬁed recombinant
proteins. Fusion proteins His8x-SUMO-PI4KB (8 μM) or phosphorylated
His8x-SUMO-PI4KB(8 μM) were immobilized on Ni-NTA agarose beads,
washed with wash buﬀer (50 mM Tris pH 8.0, 150 mM NaCl, 20 mM
imidazole, 3 mM β-mercaptoethanol) and then incubated with 8 μM 143-3. The beads were washed two times with wash buﬀer and bound
proteins were eluted with wash buﬀer supplemented with 300 mM
imidazole. Eluted protein samples were analyzed by SDS-PAGE.

3.6. Molecular simulations and SAXS analysis of PI4KB:14-3-3 protein
complex

3.8. Lipid kinase assay

To sample physical conformations of the PI4KB:14-3-3 protein
complex in solution, we used a coarse-grained model introduced by Kim
and Hummer (Kim and Hummer, 2008). Here, the crystallized PI4KB as
well as the crystallized phosphopeptide-bound 14-3-3ζ dimer were
treated as rigid bodies whereas the ﬂexible loops and disordered segments within PI4KB were simulated as chains of amino-acid beads with
appropriate bending, stretching and torsional potentials (Kim and
Hummer, 2008). We performed eight independent Monte Carlo (MC)
simulations of the PI4KB:14-3-3 protein complex with 2:2 stoichiometry. To enhance sampling and generate a pool of diverse structures
for SAXS analysis, the replica exchange (RE) method was adopted with
replicas at eight diﬀerent temperatures ranging from 300 K to 500 K.
Each of the REMC simulations was started from a diﬀerent conformation of the PI4KB:14-3-3 complex, and involved 2.5·106 MC sweeps. The
simulation structures were saved every 1000 MC sweeps. In this way we
obtained 8*8 = 64 trajectories containing 2500 simulation structures
each.
The resulting pool of structures was found to be very diverse: The
simulation structures had the radius of gyration, Rg, ranging from 39 to
64 Å. Their maximum extension, Dmax, was found to vary between 115
and 215 Å. The overall shapes of the structures could be described by a
distortion parameter, w (Rozycki et al., 2015). Elongated cigar-like
shapes are characterized by substantial positive values of w, globular
shapes correspond to w ≈ 0, and pancake-like shapes yield substantial
negative values of w. The distortion parameter of the simulated conformations of the PI4KB:14-3-3 protein complex was found to be in the
range between −0.1 and 0.5.
The scattering intensity proﬁle was computed for each of the simulation structures individually using the coarse-grained algorithm
that was co-developed with the EROS method (Rozycki et al., 2011). In
these calculations, the electron density of solvent was taken to be equal
to 0.334 e/Å3, and the electron density contrast of the hydration shell
was assumed to be 0.03 e/Å3. These quantities are the default values of
parameters of CRYSOL (Svergun et al., 1995). The discrepancy between
the experimental SAXS data, Iexp(q), and the scattering intensity proﬁle
of the k-th simulation structure, Ik(q), was quantiﬁed by
Nq

χk2 =

∑
i=1

The enzymatic activity of PI4KB was determined using the ADPGloTM Kinase Assay (Promega) as described previously (Tai et al.,
2011). Reactions were carried out in a total volume of 5 μl and contained 50 μM PI, 2 μM PI4KB or phosphorylated PI4KB, and a concentration series of 14-3-3 ranging from 0 to 20 μM. The reaction was
started by adding ATP to ﬁnal concentration 100 μM. All the components were diluted in kinase buﬀer (20 mM Tris pH 7.5, 5 mM MgCl2;
0,2% Triton-X, 0.1 mg/ml BSA, 2 mM DTT). The reaction was carried
out for 60 min at 25 °C and the amount of hydrolyzed ATP was measured according to the manufacturer's instructions using spectrophotometer TECAN inﬁnite M 1000.
3.9. Limited proteolysis assay
PI4KB or phosphorylated PI4KB in the absence or presence of 14-3-3
was digested by chymotrypsin (0.25 μg/ml in 60 mM Tris pH 7.8,
150 mM NaCl, 10 mM CaCl2) or by Zymit (100 000 times diluted
commercial enzyme mixture in 50 mM Tris pH 8, 150 mM NaCl) for 5,
10, 30 and 60 min. Undigested protein served as the zero-time point.
The reactions were terminated by adding SDS-PAGE sample loading
buﬀer and boiling for 5 min. The results were analyzed by SDS-PAGE.
3.10. Giant unilamellar vesicles (GUVs) preparation and imaging
GUVs were prepared as before (Boura et al., 2012a), brieﬂy,
chloroform lipid mixture containing 54.99 mol% of POPC, 10 mol%
POPS, 10 mol% PI, 20 mol% cholesterol, 5 mol% DGS-NTA(Ni) and
0.01 mol% ATTO647NDOPE (all Avanti Polar Lipids) was prepared at
overall lipid concentration 5 µg/µL. 10 µL of the lipid mixture was
spread on two ITO coated glass electrodes each. The electrodes were
dried under vacuum overnight and then parallel assembled into a home
made Teﬂon chamber containing 5 mL of 600 mM sucrose solution. For
the electroformation, 10 kHz, harmonically oscillating voltage of 1 V
peak value was applied to the electrodes for 1 h at 60 °C. For imaging,
BSA-coated 4-chamber glass bottom dish (In Vitro Scientiﬁc) were used.
100 µL of GUVs mixed with 100 µL isosmotic buﬀer (25 mM Tris pH 8,
10 mM MgCl2, 20 mM Imidazole, 261.5 mM NaCl, 2 mM βME) containing proteins of interest and ATP, so that the ﬁnal concentrations
were: 600 nM (ACBD3, PI4KB), 20 µM (14-3-3ζ), 250 nM (SidC-CFP),
and 1 mM (ATP).
The images of GUVs were acquired on LSM 710 confocal microscope
(Zeiss, Jena, Germany) using 40×/1.2 water objective. The images
were taken line-sequentially in two tracks: CFP and ATTO647N (excitation/emission wavelengths: 405 nm/454–490 nm, and 625 nm/
645–759 nm, respectively), and Alexa488 (488 nm/499–595 nm).

(Iexp (qi )−aIk (qi ) + b)2
σ 2 (qi )

Here, index k labels the simulation structures, Nq is the number of data
points, σ(q) is the statistical error of intensity Iexp(q), whereas a and b
are ﬁtting parameters obtained from conditions ∂χ2/∂a = 0 and ∂χ2/
∂b = 0. The parameter a sets the intensity scale and the parameter
b ≪ Iexp (q = 0) is a background correction (Francis et al., 2011).
Out of the pool of 64*2500 = 160,000 simulation structures, we
selected 20 models with the smallest values of χ2, which were found to
be within the range from 1.54 to 1.66. To make a structural comparison
of the top 20 models, we sorted them into groups, or clusters, on the
basis of the relative positions of the two PI4KB monomers. We used the
QT-clustering method with DRMS as metric (Rozycki et al., 2011). We
obtained one major cluster and two or three minor clusters, depending
on the cutoﬀ on DRMS. For the DRMS cutoﬀ of 6 Å, the major cluster
contains 12 models, and the two minor clusters contain 5 and 3 models,
respectively.
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