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Mono- and Bivalent 14-3-3 Inhibitors for Characterizing
Supramolecular “Lysine Wrapping” of Oligoethylene Glycol (OEG)
Moieties in Proteins
Elvan Yilmaz+,[a] David Bier+,[b, c] Xavier Guillory+,[b, c] Jeroen Briels,[c] Yasser B. Ruiz-Blanco,[d]
Elsa Sanchez-Garcia,[d] Christian Ottmann,*[b, c] and Markus Kaiser*[a]

14-3-3 proteins and designed as well as synthesized a set of
bivalent 14-3-3 inhibitors for biochemical and X-ray crystallography-based structural studies. We found that all synthesized derivatives adapted the “lysine-wrapping” binding
mode in the crystal structures; in solution, a different binding mode is however observed, most probably as the
“lysine-wrapping” binding mode turned out to be a rather
weak interaction. Accordingly, our studies demonstrate that
structural studies of OEG-lysine interactions are difficult to
interpret and their presence in structural studies may not automatically be correlated with a relevant interaction also in
solution but requires further biochemical studies.

Abstract: Previous studies have indicated the presence of
defined interactions between oligo or poly(ethylene glycol)
(OEG or PEG) and lysine residues. In these interactions, the
OEG or PEG residues “wrap around” the lysine amino group,
thereby enabling complexation of the amino group by the
ether oxygen residues. The resulting biochemical binding affinity and thus biological relevance of this supramolecular interaction however remains unclear so far. Here, we report
that OEG-containing phosphophenol ether inhibitors of 143-3 proteins also display such a “lysine-wrapping” binding
mode. For better investigating the biochemical relevance of
this binding mode, we made use of the dimeric nature of

Introduction

circulation half-time, stability and solubility, and impairing protein aggregation.[1] To this end, PEGylation of side chain moieties on proteins, often in a site-specific manner, is usually performed although recently alternative approaches such as the
incorporation of PEG units directly into the backbone of proteins or the use of “structured PEGs” have also been reported.[2] PEG is furthermore regularly used as a crowding agent
for mimicking the effects of high macromolecular concentrations in biochemical assays or for precipitating proteins in Xray crystallography.[3] Finally, OEG- or PEG-based linkers are frequently incorporated into small molecules for generating all
types of bi- to multifunctional chemical probes from monovalent binding units.[4] The wide use of OEG and PEG in these applications is thereby based on its low immunogenic characteristics in conjunction with its favorable inert chemical properties.
Several reports, however, have challenged the view that PEG
or OEG is completely inert but instead pinpoint that these moieties may undergo defined molecular interactions with proteins which warrant a cautionary use of such residues in various applications.[3a, 5] Indeed, extensive molecular dynamics
(MD) studies of PEG protein interactions indicate that in particular lysine residues may undergo defined supramolecular interactions with PEG or OEG units by “wrapping” around their
amino group.[6] Interestingly, this binding mode has also been
observed in crystallographic studies, for example, in the structure of the purine repressor of Bacillus subtilis, PurR (PDB ID:
1O57), that was obtained in presence of a small PEG moiety or

Poly and oligo(ethylene glycol) (PEG and OEG) and PEG/OEGmodified small molecules or biomacromolecules have found
wide applications in chemical biology, biochemistry and biomedicine. For example, PEGylation of proteins has become an
established strategy to improve the applicability of protein biologicals, for example, by reducing immunogenicity, enhancing
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Figure 1. OEG or PEG-mediated “lysine wrapping” in proteins. A) PEG-lysine interaction in PurR (PDB ID: 1O57). B) OEG-modified kinase inhibitor-lysine interaction in the threonine tyrosine kinase (PDB ID: 5NA0).

an OEG-modified kinase inhibitor (PDB ID: 5NA0) (Figure 1).[7]
In addition, NMR-based chemical shift perturbation experiments of cytochrome c in the presence of PEG have revealed a
lysine residue as particularly sensitive.[8] In contrast, recently
the first structural analyses of PEGylated proteins became available; these studies, however, did not reveal defined interactions between the protein and the PEG moieties.[9] Clearly, further studies for better understanding the biochemical relevance of PEG binding to lysine residues of proteins are required.
In the present study, we will therefore investigate such interactions with the help of the model protein 14-3-3. 14-3-3 proteins are dimeric, ubiquitous adapter proteins that form protein-protein interactions with several hundred protein partners,
thereby regulating a vast array of cell biological processes. In
humans, seven 14-3-3 isoforms are known that are differentiated by Greek letters (b, e, g, h, t, z, s) and are highly homologous to each other, especially in their peptide binding groove.
14-3-3 proteins are druggable and an increasing number of 143-3 binding molecules have been reported, among them natural products[10] and derivatives thereof,[11] peptidic inhibitors,[12]
screening hits and fragments,[13] and supramolecular ligands.[14]
To date, all so far known 14-3-3 chemical probes act as
monovalent modulators. In contrast, many 14-3-3 partner proteins use the dimeric nature of 14-3-3 proteins and bind in a
bivalent fashion, resulting in an overall significantly more
potent binding. To this end, they display tandem binding sites
with two phosphoserine/threonine motifs.[15] An archetypical
example for such a bivalent 14-3-3 binding is the regulation of
protein kinase C (PKC) activity.[16] In PKC, one binding site
(pS368) displays such a low affinity that a precise determination of a Kd is not possible, whereas the second site (pS346)
displays a Kd of 8.9 mm to 14-3-3. Combining these two sites in
one synthetic peptide, however, results in dramatically increased binding affinity with a calculated Kd of 59 nm, 166
times stronger than the single high-affinity site pS346.[17] Although the concept of bivalent (or multivalent) binders for oligomeric proteins is also well-established in the small molecule
field, its application to 14-3-3 proteins has not been reported
so far.[18]
In the present study, we report our finding that a monovalent 14-3-3 binder decorated with a OEG moiety displays a
“lysine wrapping” binding mode in the X-ray structure, as pre&

&
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viously seen for other PEG or OEG lysine interactions. To investigate the biochemical implications of this unusual binding
mode, we then developed specific OEG-containing bivalent 143-3 binders with such a linker length that they may either bind
via a “lysine wrapping” mode or in a bivalent fashion. To our
surprise, subsequent studies with these derivatives revealed
that some compounds displayed the expected bivalent binding affinities in biochemical assays but nevertheless a “lysine
wrapping” binding mode in the X-ray based structural studies.
These findings thus indicate that the outcome of studies on
OEG-lysine interactions is strongly affected by the analysis
methodology which warrants precaution for interpreting results from these approaches.

Results
Synthesis and bioactivity of monovalent phosphophenol
ether 14-3-3 ligands
As starting point, we used a class of 14-3-3 inhibitors based on
a phosphophenol ether scaffold that was previously identified
by us (Figure 2 A).[19] These compounds are promising inhibitors but lack good pharmacokinetic properties. We therefore
envisioned that proper incorporation of an OEG residue might
improve their applicability in biological systems.[1] Previous
structure–activity studies for this compound class revealed that

Figure 2. Phosphophenol ethers as 14–3-3 inhibitors. A) Scaffold structure of
the phosphophenol ether-based 14–3-3 inhibitor class.[19] B) Crystal structure
of the 14–3-3 inhibitor B4. The phosphonate moiety of B4 (green sticks) is
coordinated by residues from 14–3-3s (white cartoon and sticks) that are
part of the invariable phosphoserine/threonine binding pocket of 14-3-3.
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67 mm, while Mov2 and Mov3 showed an IC50 of 284  60 mm
and 164  53 mm, respectively. These compounds were thus
less active than the parent compound B4 that in previous
assays displayed an IC50 of 27 mm.
We then set out to investigate why the synthesized compounds were less active than the parent inhibitor B4. We focused on Mov2, as our primary aim was the generation of an
OEG-containing 14-3-3 binder. In order to elucidate the structural basis of Mov2 binding to 14-3-3, we mixed 14-3-3z with
Mov2 and set up this complex for crystallization. Crystals appeared after 4 weeks at 4 8C and grew to dimensions of 100 
150  300 mm (average), were flash-cooled in liquid nitrogen
and diffracted from 2.1 to 2.3 . The co-complex structure was
then solved by molecular replacement using PDB ID: 3NKX as
the search model and showing one 14-3-3 dimer in the asymmetric unit (Table S1).[20]
Both phospho-accepting pockets in the 14-3-3z dimer were
found occupied with the phosphonate headgroups of Mov2
and the overall binding mode of Mov2 is very similar to the
one of B4. However and unexpected for us, the OEG moiety
was completely visible in the electron density (Figure 3 B).
More specifically, the phosphonate was found coordinated as
previously observed, that is, Arg56 and Arg127 are establishing
salt-bridges and Tyr128 establishes a hydrogen bond interaction with the phosphate group of Mov2 (Figure 3 C).[19] The
OEG moiety was however not randomly oriented but was welldefined in the electron density and underwent a sharp U-turn
to wrap around the amino group of Lys49 for establishing contacts between one carbonyl and the three ether oxygen atoms
in the OEG moiety. This enabled Mov2 to extend into the direction of the hydrophobic “upper” part of the amphipathic
groove and to establish hydrophobic contacts with the side
chains of Val172, Ile216, Ile217, and Leu220. In this way, Mov2
made not only use of the strong polar interactions between
the phosphate moiety and hot spots residues in 14-3-3 (Arg56,
Arg127, and Tyr128) but also established additional supramolecular contacts with Lys49, which furthermore directed the
more lipophilic part of the linker towards a cluster of hydrophobic residues in 14-3-3.

modifications at the ortho- and meta-position of the aniline
moiety were generally better tolerated than corresponding
changes in para.[19] Nevertheless, these studies also demonstrated that the impact of structural changes at the aniline residue is difficult to predict, inter alia due to the rotatability of
the aniline moiety in the binding pocket. We therefore decided
to take the co-crystal structure of the potent 14-3-3 binder B4
(a 2-chloroaniline phosphophenol ether derivative) with 14-3-3
as a blueprint for generating the desired derivatives (Figure 2 B). In this structure, the aniline residue sticks out of the
“standard” 14-3-3 phosphopeptide binding groove and a substitution at the meta-position may thus allow to introduce
modifications for improving bioactivity. Accordingly, we set out
to generate three derivatives, that is, Mov1 with a short alkyl
chain modification, Mov2 with the desired OEG moiety and
Mov3 with a long alkyl chain (Scheme 1).
Chemical synthesis of these compounds relied on the generation of a carboxylic acid-derivatized phosphophenol ether intermediate that was subsequently converted into the different
amides via standard coupling reactions (Scheme 1 and Supporting Information). Accordingly, we started from phenol that
was phosphorylated by reaction with dimethyl phosphite, followed by a base-induced isomerization. The resulting intermediate 6 was used in a Williamson ether synthesis with N(bromoacetyl)-methyl 3-aminobenzoate, thereby generating
the phosphophenol ether 7. LiOH-mediated methyl ester hydrolysis delivered intermediate 8 which was coupled with
three different amines via N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride/1-hydroxybenzotriazole hydrate
(EDC/HOBt) activation, followed by conversion into the final
compounds Mov1–Mov3 by treatment with trimethylbromosilane (TMSBr) and hydrolysis in a methanol–water mixture.
We then tested these three compounds for their 14-3-3g
binding affinity. To this end, an established competitive fluorescence polarization assay was used in which the release of the
fluorophore-labelled
14-3-3
phosphopeptide
ligand
LRRK2pS935-FITC was quantified at increasing compound concentrations (Figure 3 A, Table 1 and Figure S1 in the Supporting
Information). In this assay, Mov1 displayed an IC50 of 239 

Scheme 1. Chemical synthesis of Mov1–Mov3. Reagents and conditions: a) HPO(OMe)2, NEt3, CCl4, 0 8C to rt, o/n, 59 %; b) LDA, THF, 78 8C to rt, o/n, 74 %;
c) N-(bromoacetyl)-methyl 3-aminobenzoate, K2CO3, acetone, rt, 3 h, 85 %; d) LiOH, THF/H2O (1:1), 40 8C, 3 h, 57 %, e) i) amines, EDC, HOBt, DIPEA, DCM, rt, o/n,
%; ii) TMSBr, DCM, rt, 30 min; iii) MeOH/H2O (3:1), rt, 30 min, 6–31 %.
Chem. Eur. J. 2018, 24, 1 – 9
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Table 1. Overview on the EC50 values calculated from the competitive FP
measurements.
Compound
Mov1
Mov2
Mov3
Biv1
Biv2
Biv3

EC50 [mm] with LRRK2
phosphopeptide[a]

EC50 [mm] with CRaf
phosphopeptide[b]

239  67
284  60
164  53
n.d.
n.d.
n.d.

> 250 mm
n.d.
n.d
> 250 mm
7.3  0.8
1.8  0.7

[a] Calculated from the competitive FP curves depicted in Figure 3 A.
[b] Calculated from the competitive FP curves depicted in Figure 5 A. n.d.:
not determined.

ring-closed “crown ethers” due to the negative entropic effect
arising from adapting an ordered structure and the loss of favorable water–oligoethylene binding interactions that is not
compensated by the enthalpy gain from lysine binding.
To test the biochemical relevance of the “wrapped lysine”
binding mode in buffer solution, we therefore designed an experiment making use of the dimeric nature of 14-3-3 proteins
that allows design of bivalent inhibitors from monovalent
binders. The distance between both binding sites is ca. 35 
(Figure 4 A, blue line) which can be bridged by an adequately
long OEG-containing linker. The “wrapping interaction” with
lysine however extends the required length of the linking
moiety between the phosphophenol ether residues as already
a part of the linker is required to establish the interaction with
lysine. Indeed, the corresponding distance that would need to
be bridged after “lysine wrapping” is also ca. 35  (Figure 4 A,
yellow line).
Bivalent binding is associated with a significant increase in
binding affinity.[18] Accordingly, the synthesis and subsequent
biochemical characterization of bivalent inhibitors with a suitable linker length should allow to differentiate between monovalent and bivalent binding via measurement of their binding
affinities. We therefore generated three bivalent chemical
probes, Biv1–Biv3 (Figure 4 B) that differed in their length of
the linker between the phosphophenol ether moieties: Biv1
has a length of ca. 16.5 , Biv2 of ca. 34.5  and Biv3 a length
of ca. 48  in an extended conformation.
The synthesis of these bivalent compounds was performed
from intermediate 8 via coupling of the corresponding bisamine building blocks and subsequent phosphonate deprotection (Supporting Information). These compounds were subsequently tested for their binding affinity in a competitive FP
assay with the phosphopeptide FAM-C-RafpS259 that binds
more tightly to 14-3-3 proteins and thus allows a better resolution of more potent 14-3-3 inhibitors (Figure 5 A).[21] These
assays revealed that Biv1, the compound with the shortest
linker that according to the X-ray structure should be too short
for bivalent binding, displayed only weak binding (EC50 >
250 mm, Table 1). A comparably weak binding interaction was
also observed for Mov1 that was also employed in this screen
as a representative binder for the Mov series (EC50 > 250 mm,
Table 1). Therefore, these two compounds seem to bind in a

Figure 3. Mov2 is a weak 14-3-3 binder that however displays a “lysinewrapping” binding mode. A) A competitive FP assay with the phosphopeptide LRRK2 pS935-FITC reveals Mov1–Mov3 as weak 14-3-3g binders with
similar binding affinities. B) X-ray analysis of a Mov2:14-3-3z complex reveals
electron density for the whole molecule; the OEG residues undergo a welldefined binding interaction with Lys49 via a “wrapped” binding mode, resulting in a back-folding of the OEG moiety in the central binding cleft.
C) Detailed overview on the molecular interactions underlying Mov2 binding
to 14-3-3z.

Synthesis and activity of specifically designed bivalent phosphophenol ether 14-3-3 ligands
Our biochemical binding studies thus indicated that Mov2 despite displaying an efficient binding mode in which almost the
whole molecule is involved in “favorable” interactions, does
not bind more potently than Mov1 or Mov3 that cannot undergo the “lysine wrapping” binding mode. This may be explained that the observed complexation of the lysine residue
by Mov2 is much less pronounced by “open-chain” than by
&

&
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Figure 4. Design of bivalent inhibitors to probe the impact of the observed lysine-OEG interaction. A) The monovalent binder Mov2 occupies both binding
pockets; the distance between both phosphonate groups is ca. 35  (blue line). The interaction of the OEG residues with the amino group of the lysine
moiety however induces a backfolding of the linker. To bridge this gap, a linker length of ca. 35.5  (yellow line) in addition to the already incorporated linker
moiety is required; accordingly, such a binding mode requires an even longer linker for bivalent inhibition. The red surface indicates the spatial position of
Lys49 from the Lys-OEG interaction. B) Chemical structures of the bivalent inhibitors for probing the impact of the Lys-OEG interaction. Biv1–Biv3 range in
their linker length from ca. 16.5  (Biv1) to ca. 34.5  (Biv2) and ca. 48  (Biv3). Accordingly, these compounds can only bind bivalently if the lysine-OEG interaction is not established. The structures of Mov1 and Mov2 are also given for comparison.

and Figure S5). Altogether, these results indicate that in the Xray structures, the observed “lysine-wrapping” binding mode is
obviously strongly favored.

monovalent manner. Biv2 and Biv3 bound with an EC50 of
7.3  0.8 mm and 1.8  0.7 mm, respectively, and thus much
more strongly, thereby indicating a bivalent inhibition mode
(Table 1).
We therefore next asked if this bivalent binding mode is also
reflected in the X-ray structure. To this end, we crystallized
Biv1–Biv3 in complex with 14-3-3z and determined their molecular binding mode (Figure 5 B, Figure S2 and Table S1). We
found that all three Biv derivatives, despite their highly different binding affinities and therefore most probably different
mode-of-binding, displayed a highly similar binding architecture in the crystal structure that furthermore also corresponded to Mov2 binding (Figure S3). In all derivatives, a “lysine
wrapping” binding mode was observed, in which the lysine
residue was “trapped” in the “phosphate-out” binding conformation which is one of the two frequently occurring Lys49
conformations in 14-3-3 crystal structures (Figure S4). Even in
the case of Biv3, the bivalent derivative with the longest linker,
no bivalent binding mode was apparent as the resulting “gap”
between the visible linker residues (connected to the phosphophonol ether) at each phospho binding site is much too long
to be bridged by the non-visible part of the linker (Figure 5 C
Chem. Eur. J. 2018, 24, 1 – 9
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Conformational studies of Biv3
To explore whether the observed “monovalent” binding mode
in the X-ray structures is triggered by a pre-organization of the
bivalent ligands in solution, we performed metadynamics simulations with the most active compound Biv3. The resulting
free energy surface [potential of mean force (PMF)][22] revealed
low free energy barriers between the different conformations
of the molecule, in the order of one kcal mol 1 (Figure 6 A and
Figure S6). Next, we performed Quantum Mechanics/Molecular
Mechanics (QM/MM) geometry optimizations (DFT-D3(B3LYPD3/Def2SVP))/CHARMM36[23] with Biv3 as QM region and the
solvent as MM region (TIP3P water)[24] of representative structures of the conformational landscape (Figure 6 B). The analysis
of the optimized geometries also supports the presence of
moderately compact arrangements with an average radius of
gyration of about 8  (Table 2, Table S2 and Figure S7).
5
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Figure 6. Overview on the results of the metadynamics simulation. A) Free
energy landscape from 330 ns metadynamics simulation. The upper surface
is defined by the values of r3 that minimize the free energy (kcal mol 1) for
every pair of values of r1 and r2 (ngstroms). The projection in the plane defined by r1 and r2 is shown at the bottom. B) Representative conformations
corresponding to the minima of the free energy landscape.

Table 2. Representative structural parameters of the most populated
clusters from the metadynamics simulation.
Structure

Radius of gyration
[Rg, ]

Ext-1
Ext-2
Ext-3
Ext-4
Ext-5
Ext-6

7.80
7.10
9.77
8.02
9.18
7.69

DSASA[a]
[2]
670.08
596.62
557.04
450.07
454.37
475.51

R(P-P)[b]
[]
7.807
9.064
8.333
15.023
19.779
17.572

[a] Difference of SASA with respect to the fully extended conformation.
[b] Distance between phosphonyl groups.

Discussion and Conclusions
In this study, we have generated two sets of rationally designed 14-3-3 inhibitors: the Mov series that carries one phosphophenol ether unit and may thus only bind monovalently
and the Biv series that harbors two phosphophenol other moieties and that can also bind in a bivalent fashion if a long
enough linker between both residues is used. Indeed, in biochemical binding assays, two of these compounds, that is, the
derivatives Biv2 and Biv3 with EC50 values of 7.3  0.8 mm and
1.8  0.7 mm, respectively, displayed strong 14-3-3 binding
(Table 1). This finding is in agreement with their long linker
structures that, according to our calculations, were sufficiently
long to bridge both binding sites. In contrast, the monovalent
inhibitors such as Mov2 and the bivalent derivative Biv1 with
a linker too short for a bivalent binding mode showed only
weak 14-3-3 binding with EC50 values > 250 mm (Table 1). Altogether, these results strongly indicate that Biv2 and Biv3 bind
in a bivalent fashion (and thus as they were designed), while
the other derivatives are monovalent binders, again as expected.
X-ray crystallography studies of complexes of these compounds with 14-3-3z, however, revealed a uniform, highly simi-

Figure 5. Binding affinities and analyses of the X-ray structure-derived binding modes of Biv1–Biv3. A) A competitive FP assay with the phosphopeptide FAM-CRafpS259 reveals Mov1 and Biv1 as weak 14-3-3g binders with
EC50 values > 250 mm, while Biv2 and Biv3 bind with EC50 values of
7.3  0.8 mm and 1.8  0.7 mm, respectively. B) Biv1–Biv3 display a highly similar electron density, including the “lysine-wrapping” binding mode. C) The
observed binding mode is incompatible with a bivalent binding mode as
the remaining gap of ca. 35.5  between the “visible” OEG residues is too
large to be bridged by the remaining “non-visible” part of the linker.

These geometries showed hydrophobic interactions, hydrogen bonding and parallel displaced p-stacking interactions between the aromatic rings of the phosphophenol ether moieties
(Figures S7 and S8). The diversity of interactions among conformers and the rather flat free-energy landscape evidence
that, in solution, there is no bias toward specific structural
motifs (more computational details in section “Computational
studies” of the Supporting Information). Overall, the calculations indicate that the observed “lysine-wrapped” binding
mode is not the result of a pronounced structural pre-organization in solution but a consequence of protein-ligand interactions and/or crystallization conditions.
&
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lar binding mode for all four derivatives (Biv1–Biv3 and
Mov2). Indeed, an unbiased analysis of the obtained X-ray
structures does not provide a structural basis for the different
binding affinities of Biv2 and Biv3 vs. the two other derivatives. We therefore conclude that the observed binding mode
in our X-ray structures does not reflect the “true” binding in solution but it is a result of the crystallization conditions.
Our findings thus imply that the biochemical relevance of
the “lysine-wrapping” binding mode observed in X-ray structures is much more difficult to grasp than often anticipated.
The interaction is only weak but nevertheless may be used to
enhance binding if the lysine-OEG interaction is additive to the
other binding interactions; this has for example been achieved
in the study of a OEGylated inhibitor with threonine tyrosine
kinase (TKK).[7b] If the lysine-OEG interaction however is opposite to other favorable interactions (e.g. a bivalent interaction
as in our test case), the observed binding mode observed in
the X-ray structure is probably misleading and should be interpreted cautiously. This effect is caused from overall low binding affinities of open-chain OEG or PEG residues to lysine residues that are too weak to display a major impact under
normal physiological conditions. This is in contrast to crown
ethers that bind much more tightly to lysine residues and are
thus able to induce chemical perturbations also under physiological conditions.[25]
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