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Abstract
Post-translational modifications of histones are determining factors in the global and local
regulation of genome activity. Phosphorylation of histone H3 is globally associated with mitotic
chromatin compaction but occurs in a much more restricted manner during interphase
transcriptional regulation of a limited subset of genes. In the course of gene regulation, serine 10
phosphorylation at histone H3 is targeted to a very small fraction of nucleosomes that is highly
susceptible to additional acetylation events. Recently, we and others have identified 14-3-3 as a
binding protein that recognizes both phosphorylated serine 10 and phosphorylated serine 28 on
histone H3. In vitro, the affinity of 14-3-3 for phosphoserine 10 is weak but becomes significantly
increased by additional acetylation of either lysine 9 or lysine 14 on the same histone tail. In
contrast, the histone H3S28 site matches elements of 14-3-3 high affinity consensus motifs. This
region mediates an initial stronger interaction that is less susceptible to modulation by “auxiliary”
modifications. Here we discuss the binding of 14-3-3 proteins to histone H3 in detail and putative
biological implications of these interactions.
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Intrinsic Factors Influencing 14-3-3 Histone H3 Interaction
14-3-3 proteins comprise a highly conserved protein family with at least two isoforms
expressed in lower eukaryotic organisms and up to 15 in plants. In mammals the 14-3-3
family comprises seven members (β, γ, ε, η, τ/θ, ζ and σ) each encoded by a distinct gene.
Despite considerable variability in the coding sequences, 14-3-3 proteins display a high
degree of overall conservation in primary and tertiary protein structure. Although most
isoform are ubiquitously expressed, 14-3-3σ expression appears restricted to epithelial
tissue. Further, spatial and temporal patterns of isoforms expression occur during
developmental progression.1-3 Differential post-translational modifications of particular
isoforms have also been reported.4-6

Pioneering research revealed the dimeric nature of this protein class7,8 as an important
hallmark of 14-3-3 biology.9,10 Moreover, 14-3-3 proteins were identified as the first
phosphoserine/threonine dependent adaptor molecules.11 Detailed investigations on
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substrate preferences demonstrated that 14-3-3 proteins recognize two internal consensus
motifs: the sequences RSXS/TphXP (mode 1) and RXXXS/TphXP (mode 2) where S/Tph
indicates phosphorylated serine or threonine and X any amino acid except cysteine with
position dependent preferences.11-13 Further, a carboxy-terminal consensus referred to as
mode 3 has been identified.14-16 Although one of these consensus sequences is frequently
found within 14-3-3 associated proteins, several interaction partners contain variations of
this motif or do not require phosphorylation for binding at all.17-22

Recently, 14-3-3 proteins were reported to interact with phosphorylated histone H3.23-25

These studies indicated a function of this association in transcriptional activation.25 The two
phosphorylated serines within histone H3, S10 and S28 that were shown to mediate
interaction with 14-3-3, do not perfectly match one of the two consensus motifs (Fig. 1A). In
vitro, H3S28ph however mediates a significantly stronger interaction with 14-3-3 than
H3S10ph (Fig. 1B).23,25

Both mode 1 and mode 2 consensus motifs contain proline at position P + 2 which adopts
either cis conformation in mode 1 or trans conformation in mode 2.12 In general there is a
strong selection for turn-forming residues at this position.12,13 Histone H3S10 and H3S28
are preceded by the same amino acid motif ARK. The carboxy-terminal sequence however
differs considerably between the two sites (Fig. 1A). H3S10 is followed by an additional
phosphorylatable threonine at P + 1. Tandem glycine residues follow at P + 2 and P + 3. In
the crystal structure of 14-3-3ζ bound to the phosphorylated H3 tail these residues allow the
H3 peptide to exit the binding cleft (Fig. 3).23 In contrast, H3S28 is followed by an alanine
and contains proline at position 30 (H3P30) matching the strongly preferred proline at
position P + 2 contained within the two 14-3-3 consensus motifs (Fig. 1A).12,13 The
presence of proline at P + 2 appears to be favorable over tandem glycines as indicated by
significantly stronger interaction of 14-3-3 with the H3S28 site compared to the H3S10 site
(Fig. 1B).23,25 Further, mutation of H3P30 to alanine (H3P30A) significantly decreased the
affinity of 14-3-3ζ for the H3 tail (Fig. 1C). Conversely, exchange of glycine at position 12
by proline (H3G12P) resulted in enhanced 14-3-3ζ binding to the H3S10ph peptide (Fig.
1D). Therefore and in agreement with profound structural data,12,13,23 H3P30 appears to be
a crucial residue in mediating the high affinity of 14-3-3 towards the S28 phosphorylated H3
tail.

Another important parameter of 14-3-3 interaction with histone H3 peptides is a
conformational stabilization of the peptide by several intramolecular interactions.23 The
phosphate oxyanion forms interactions with the H3G12 backbone amide. In addition, an
intramolecular salt bridge is formed between arginine 8 (P − 2) and the phosphate oxyanion
of serine 10. This is analogous to the interaction of 14-3-3 with the mode 2 consensus
peptide where the guanidine group of the P − 4 arginine forms a salt bridge with the
phosphate oxyanion. This conformation is not observed for the P − 3 arginine in mode 1
binding.12,23 Therefore, the interaction between H3S10ph and 14-3-3 exhibits structural
features of mode 2 binding. However, in this case the exit of the peptide from the binding
cleft is not mediated by the P + 2 proline but via the tandem glycine residues at P + 2 and P
+ 3. To this point, there are no structural data on the interaction between H3S28ph and
14-3-3. Given the identical amino acid composition amino-terminal of H3S10 and H3S28 it
is likely that arginine 26 (P − 2) adopts a similar conformation as arginine 8 (P − 2) and
forms a salt bridge with the phosphate oxyanion. This mode of interaction would imply the
P + 2 proline (H3P30) adopting trans conformation thereby allowing the peptide to exit the
binding cleft.12

Does isomerisation of prolines in the histone H3 tail therefore participate in the regulation of
14-3-3 binding to the histone H3 tail? Proline isomerisation constitutes an important factor
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in regulation of protein folding. For 14-3-3 interaction with target proteins, proline is
strongly preferred at position P + 2 and adopts either cis conformation in mode 1 and trans
conformation in mode 2 binding.12 In solution the cis conformation is relatively abundant
(5–10% of peptidyl-prolyl bonds) compared to other non-prolyl peptide bonds and proline
isomerisation events constitute an important factor for secondary structure formation.26

Peptidyl-prolyl isomerisation has been reported for histone H3P30 and H3P38 via the FKBP
proline isomerase family member Fpr4.27 In this study histone H3P30 isomerisation was
demonstrated to directly impact Set2 mediated K36 methylation. Therefore, it will be
interesting to investigate whether H3P30 isomerisation could impact 14-3-3 binding to
phosphorylated histone H3.

Extrinsic Factors Influencing 14-3-3 Histone H3 Interaction
Histone proteins are subject of an extensive and steadily expanding list of post-translational
modifications (PTMs).28-30 Several reports indicate interphase H3S10 phosphorylation
frequently coinciding with adjacent acetylation events (phosphoacetylation). This process
has been investigated in particular for H3K9acS10ph and H3S10phK14ac
phosphoacetylation.25,30-35 Studies using antibodies directed against double modified H3
species and mass spectrometry based approaches also demonstrated H3S10 phosphorylation
co-existing with neighboring lysine methylation (mono-, di- and trimethylation) on H3K9.
In addition, triple modified forms (H3K9meS10phK14ac) were identified.25,36,37

Recent evidence indicates that additional histone modifications modulate interaction
between S10 phosphorylated histone H3 and 14-3-3. Additional acetylation on either H3K9
or H3K14 significantly increases the affinity for the S10 phosphorylated H3 tail.24,25

Importantly, this enhancing effect is only observed for single acetylation events, as an
H3K9acS10phK14ac peptide showed interaction parameters similar to the single
phosphorylated histone H3 tail (Fig. 2A and ref. 23). This demonstrates that discrete degrees
of histone H3 acetylation result in different affinities for the interaction with 14-3-3.

Since the crystal structure of 14-3-3ζ in complex with the histone H3 tail has been
determined with the phosphorylated and double phosphoacetylated form, it is unclear how
single acetylation may increase the affinity of 14-3-3. The H3K14 side chain is directed
outward of the 14-3-3 binding cleft, but the acetyl moiety is not visible in the crystal
structure suggesting a flexible state of this group.23 In contrast, the acetyl group at H3K9
folds back and forms a hydrogen bond with the backbone amide of alanine 7, causing some
minor reorganization of the peptide backbone. The selectivity of the 14-3-3 consensus
motifs is restricted to the sequence from position P − 4 to P + 2.13 Thus, it is likely that
acetylation of H3K14 causes increased affinity via a peptide intramolecular interaction
rather than by direct interaction with 14-3-3. The exit of the histone H3S10ph peptide from
the binding cleft is mediated by the tandem glycines at P + 2 and P + 3. This structural
feature appears to be not optimal for the interaction with 14-3-3 and proline at P + 2 would
be clearly favorable (Figs. 1C, D and 3).13,23 Therefore, we speculate that one mode how
lysine acetylation could cause increased affinity may be via the stabilization of a kinked
structure that might improve the exit of the peptide from the binding cleft directing it
outwards analogously to the P + 2 proline in mode 2 consensus motif. Putatively, the peptide
may only assume this conformation upon fitting into the cleft, which requires an extended
conformation.23 This hypothesis is supported by the observation that mutation of H3G12 to
proline results in increased affinity of 14-3-3 for the peptide (Fig. 1D) that is not further
increased by additional acetylation of H3K14 (Fig. 2B). Similarly, the high binding affinity
of 14-3-3 for H3S28ph is also not affected by additional acetylation of H3K27 (Fig. 2C).
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Structural analysis shows the H3K9 acetyl group forming a hydrogen bond with the
backbone amide of H3A7. This residue points outward the binding cleft and is not involved
in intramolecular interactions in the non-acetylated peptide.23 Further, the acetyl group of
H3K14 appears not to participate in any interactions in the double acetylated peptide and
remains flexible.23 Interestingly, double H3K9/K14 acetylation does not significantly
increase the interaction with the H3S10ph peptide (Fig. 2A and ref. 23). Likewise,
dimethylation of H3K9 has no significant effect on the affinity of 14-3-3 for the peptide.25

These observations imply that charge neutralization via acetylation of one lysine (H3K9 or
H3K14) is favorable for the interaction with 14-3-3, whereas charge neutralization of both
lysines (H3K9 and H3K14) abrogates the enhancing effect. Based on these observations it is
tempting to speculate that acetylation of one lysine may result in the formation of either an
inter- or intramolecular interaction (see above), that supports the organization of the peptide
in the 14-3-3 binding cleft. If both lysines are acetylated, this interaction cannot be
established. The acetyl group of H3K9 folds back to form the hydrogen bond with the
backbone amid of alanine 7, while the acetyl group on H3K14 adopts a flexible
conformation.23

Another possible way how PTMs may facilitate the interaction with 14-3-3 comes from
structural predictions of the histone H3 tail. The histone H3 amino-terminal region is
assumed to be mainly unstructured. Several stretches were recently predicted to have a high
probability of adopting α-helical conformation, in particular the stretch from H3T3 to
H3S10.38 Computational simulation showed that the stability of this helical population may
be significantly reduced upon lysine acetylation,38 whereas serine phosphorylation was
predicted to stabilize helical conformations.39 In addition, the computer model predicts that
single dimethylation of H3K9 shows no major shift in α-helix population, but in concert
with H3K4 dimethylation leads to reduced stability of the α-helical conformation.38 In
general, the interaction of proteins with the histone H3 tail requires an extended
conformation. The relaxation of putative α-helical structures by PTMs could therefore
enhance the contact with binding proteins by facilitating a shift in the equilibrium between
the helical and non-helical conformation states. Although, the impact of H3K9/H3K14
double acetylation was not simulated, it appears that these effects are rather cumulative.
Such an interpretation is therefore hardly compatible with the observation that double
acetylation abolishes enhanced 14-3-3 binding (Fig. 2A).

Besides the discussed examples, the impact of several other possible modifications on the
interaction between histone H3 and 14-3-3 has not yet been investigated. For example,
methylation of arginine 8 (P − 2) could probably impact the interaction with the phosphate-
oxyanion (see above). Also, phosphorylation of threonine 11 might modulate the
accessibility of phosphorylated serine 10. However, it is not clear whether such hypothetical
modification patterns are indeed established in vivo.

Implications for Combinatorial Modification Patterns
Several examples for modulation of protein binding via combinatorial modification patterns
have been described,24,25,36,37,40-43 suggesting that histone modifications are frequently
cooperative. A biological effect of a PTM might rather depend on the complete modification
“make-up” of the histone tail or even entire nucleosomes than on a singular readout.

One obvious advantage of modulating the binding of PTM detector proteins to substrates via
combinatorial modification patterns is the increased ability to fine tune the interaction and
gain additional control levels. In the case of histone H3S10 phosphorylation the interplay
with the binding protein of H3K9 methylation, heterochromatin protein 1 (HP1), and 14-3-3
proteins constitutes a reciprocal system. HP1 is displaced by additional S10

Winter et al. Page 4

Cell Cycle. Author manuscript; available in PMC 2011 September 29.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



phosphorylation36,41 or phosphoacetylation44 while 14-3-3 is recruited at the same time
(Fig. 4).25 Additional acetylation of H3K14 increases the affinity of 14-3-3 for
H3K9me2S10ph histone H3 thereby supporting recruitment to relevant genomic regions.
Hence, the triple modified form allows to efficiently “override” the transcriptional
repressive H3K9 methylation not only by HP1 displacement but also via 14-3-3
recruitment.25 Since H3S10ph already leads to displacement of HP1, why should
“overriding” of H3K9 methylation be important for transcriptional activation?

Knockdown of particular 14-3-3 isoforms resulted in reduced transcriptional induction of
genes regulated by histone H3 phosphoacetylation.25 Therefore, it appears that
establishment of H3 phosphoacetylation and displacement of HP1 is not sufficient for gene
activation. An H3S10ph binding protein with activator function seems to be required.

Shut-down of transcription in this system might involve the activity of histone deacetylases
(HDACs) as well as serine/threonine phosphatases. These enzymes re-establish the
repressive H3K9me2 signature without the requirement of histone methyltransferases and
allow for re-association of HP1, provided that the promoter-associated nucleosomes are not
exchanged during transcription.

Active deprivation of H3K9 methylation was demonstrated for other systems such as
androgen receptor mediated transcriptional activation.45-47 In the case of some
phosphoacetylation target genes H3K9 methylation is rather transformed into complex
modification forms like H3K9meS10ph or H3K9meS10phK14ac.25,48 Why then is H3K9
methylation not always removed? The repressive effect of H3K9 methylation is in these
modification states “ignored” since both activating modifications are efficiently bound by
14-3-3.25 Obviously, cellular regulation relies on memory systems and certain histone
methylation signals must be retained. In these cases, the readout is rather regulated than the
mark itself. Removal of phosphorylation and acetylation signals suffices for re-establishing
a transcriptional repressive environment.

Two enzymes are able to remove methylation of H3K9. In the context of androgen receptor
mediated transcriptional induction LSD1 resolves the dimethylated and monomethylated
states. JmjC-domain containing demethylases like JMJD2C are active on trimethylated
H3K9.45,47,49 Interestingly, both enzymes appear to be excluded from their substrates when
H3S10 is phosphorylated. Also, the activity of LSD1 on hyperacetylated nucleosomal
substrates is reduced.50,51 Obviously, phosphorylation and acetylation signals therefore can
protect H3K9me against demodification. Interestingly, phosphorylation of threonine 11 was
recently demonstrated to stimulate H3K9 demethylation and to facilitate androgen receptor
mediated transcription46 suggesting that histone phosphorylation can also propagate
demethylation depending on the particular modified residue.

Implications for Intrinsic Factors
All different enzymes adding or removing diverse but spatial closely located modifications
on histones have to recognize and act on the same amino acid “platform” (apart from
previously positioned modifications). Therefore, evolutionary constraints imposed on the
amino-terminal tails of histones may have favored the generation of multi-modifiable
patches, accessible to a vast variety of different enzymatic machineries, probably at the cost
of substrate efficiency.

The same restrictions might limit the interaction with PTM-dependent binding proteins. One
concrete example, the interaction between 14-3-3 and phosphorylated histone H3 was
discussed in this article. H3S10 phosphorylation mediates only weak interaction with 14-3-3
proteins and one particular factor for this low affinity is the lack of the P + 2 proline, which
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is functionally replaced by tandem glycine residues (Fig. 1A). Substitution of the P + 2
position by proline would be clearly favorable for 14-3-3 binding (Fig. 1D), but evolutionary
constraint retained tandem glycines, indicating that these residues may be important for
other interactions and therefore indispensable.51 The insufficiency of the amino acid patch
surrounding H3S10, to mediate strong initial interaction with 14-3-3 can be compensated by
additional acetylation of either H3K9 or H3K14.24,25 One particular function of
combinatorial modification patterns for this interaction may therefore be compensation of
non-optimal interaction platforms (Fig. 4). Such non-optimal motifs may have originated
from evolutionary constraint amino-acid mutability required to maintain modification
versatility. However, acetylation of H3K9 or H3K14 has additional effects than modulating
14-3-3 binding. Also this modification is much more abundant than interphase histone
phosphorylation. Therefore direct coevolution of both events appears unlikely.

Histone H3S10 phosphorylation can be mediated via mitogen activated protein (MAP)
kinase pathways and some immediate early genes (IE) are rapidly and transiently induced by
stress stimuli.33 It however appears desirable to restrict the plethora of potentially activated
genes in a manner adequate to the precise stimulus. One possibility for such tight control is
to limit the kinase substrate interaction. Indeed it was demonstrated that overexpression of
the histone H3S10 kinase MSK1 does not change either distribution or overall amounts of
histone H3S10 or H3S28 phosphorylation, despite full activation of the exogenous kinase.52

Obviously additional factors are critical to allow for the placement of either histone H3S10
or H3S28 phosphorylation. Not all genes targeted by histone H3S10 phosphorylation are
activated upon transient MAP kinase stimulation but rather require complex modification
patterns.25,34 The requirement for a dual modification also allows for a more refined binding
regulation and transcriptional activation. Expression of these genes is more tightly regulated
as two distinct pathways are required for full transcriptional activation.

Another example on the function of combinatorial modification patterns was provided by
studies on the displacement of HP1 proteins bound to H3K9me2/3 via H3S10
phosphorylation (Fig. 4).36,41 In this context the combinatorial modification obviously does
not compensate for non-optimal binding conditions but rather provides a rapid displacement
of the binding protein without need to “erase” the epigenetic information of H3K9
methylation.53 Obviously this epigenetic “memory maintenance” system is extremely
valuable during mitotic progression.

These examples demonstrate possible functional outcomes of combinatorial modification
patterns: positive compensation for non-optimal binding motifs and increased regulatory
control in the case of the 14-3-3 and H3S10ph interaction, or generation of unfavorable
binding platforms epitomized by H3K9me2/3S10ph in the case of HP1 proteins (Fig. 4). It is
important to mention that in vivo the complexity of these events may be significantly
expanded by the putative contribution of additional factors and also the more limited access
to nucleosomal histones.

Consideration of Histone Variants
Posttranslational modification of histone amino-terminal tails constitutes an important
mechanism for the regulation of genome accessibility.54 Within the nucleosomal core
histones specialized variants have evolved. These take over particular functions in genome
organization like centromere maintenance or constitutive heterochromatin formation.30,54

Besides the centromere specific isoform, Centromeric protein A (CenpA), three additional
histone H3 isoforms are expressed in mammals, designated as H3.1, H3.2 and H3.3.

Concerning the transcription-associated interaction between histone H3 and 14-3-3 proteins
the latter isoform H3.3 is particular interesting. Histone H3.3 can be incorporated into
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chromatin outside of S-phase in a replication independent manner (RI), which is important
for nucleosome exchange during transcription.55 Phosphorylation of H3S10 and H3S28 may
be spatially separated52,56 and asymmetrically targeted to specific isoforms, as H3.3 was
found to be the main species phosphorylated at serine 28 in chicken erythrocytes.57

Because of the spatial separation in interphase cells, H3S10ph and H3S28ph may correlate
with transcriptional activation of distinct target genes. As interaction between 14-3-3 and
H3S28ph is significantly stronger,23,25 target genes for H3S28 phosphorylation may be less
dependent on additional histone acetylation to enable 14-3-3 binding. For genes targeted by
serine 10 phosphorylation, additional lysine acetylation, besides other functions, is important
to stabilize the interaction with 14-3-3.25

Although H3S28 phosphorylation may not require additional acetylation for 14-3-3 binding,
the modification co-exists with additional histone H3 acetylation in vivo and is even
stimulated by preceding HDAC inhibition.52 This indicates that histone acetylation may be
nevertheless important for transcriptional activation of H3S28ph targets but in a different
context than reinforcement of 14-3-3 binding. Based on the in vitro interaction studies the
reason for this may differ between both systems. In the case of H3S10 phosphorylation,
binding of 14-3-3 is stabilized by additional acetylation (H3K9 or H3K14). The interaction
with the H3S28 phosphorylated histone H3 tail is not modulated (Fig. 2C). However,
increased acetylation supports phosphorylation of H3S2852 and thereby creation of an
efficiently bound 14-3-3 substrate. Therefore, the recruitment 14-3-3 to H3S10ph and
H3S28ph, may be modulated by additional acetylation. H3S28 phosphorylation is more
abundant in the context of hyperacetylated histone H3 and this may directly correlate with
increased recruitment of 14-3-3 proteins and transcriptional activation.

It will be important to determine whether histone H3 acetylation directly mediates increased
S28 phosphorylation, or if HDAC inhibition modulates the activity of H3S28 kinase
activity.

Conclusions
The high degree of conservation and slow evolution of histone molecules emphasizes the
evolutionary constraints imposed on these proteins that provide the structural basis for
genome organization.54 Besides specialized histone variants, PTMs provide an additional
tool for the generation of diversity in a more dynamic manner. Several studies indicate that
PTMs can operate as combinatorial rather than single entity. These investigations
demonstrated different readouts of combinatorial modifications either by generating positive
or repulsive effects. The advantages of combinatorial modification patterns discussed here
are multi-layered, which is emphasized by the different effects of known combination
systems. These include increase in binding affinity and thereby gain of control options, as
demonstrated for 14-3-3, or reduced affinity as demonstrated for HP1.24,25,36,41

A major step to investigate this interplay is the mapping of combinatorial modification
patterns in vivo. Mass spectrometry based approaches are promising tools towards a
profound understanding in combinatorial modification patterns.25,36,58-63 Such studies may
also provide a basis for the generation of antibodies against complex PTM patterns and
genome wide mapping approaches.

Complex PTM patterns may constitute biological relevant factors and yield a single readout
rather than simple additive effects (e.g., the more acetylation the more binding the more
transcription). This is supported by the observation that increased affinity of 14-3-3 for
histone H3S10ph is mediated by single acetylation, but abandoned by double acetylation
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(Fig. 2A). Different “forms” of phosphoacetylation therefore result in different impacts on
the interaction with 14-3-3 and not in simple additive effects.

Also the displacement of HP1 proteins from H3K9me2/3 by H3S10 phosphorylation
constitutes a specific non-additive event. The obvious advantage of this system is the
retention of epigenetic information. This appears to be desirable not only during mitotic
progression36,41,44,53 but also during transcriptional activation of particular target
genes.25,48 The generation of multiple modified histone forms may comprise an important
tool to temporarily switch from an epigenetically determined state to another. The epigenetic
information is not removed but temporarily “faded out” by assembly into complex PTM
patterns. The generation of complex PTM combinations may therefore provide an elegant
system to dynamically regulate the maintenance of cellular memory.
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Figure 1.
Intrinsic factors influencing the interaction of 14-3-3 with histone H3. (A) Sequence
alignment of high affinity 14-3-3 consensus motifs of mode 1 (upper box) and mode 2
(lower box) with histone H3. The critical position at P + 2 (green residues) from the
phosphorylated serines (red residues) is formed by glycine 12 for serine 10 and proline 30
for serine 28, respectively. Histone H3.3 contains a serine at position 31 (blue residue)
whereas histones H3.1 and H3.2 contain an alanine at this site. (B) Serine 28 phosphorylated
histone H3 is bound by 14-3-3ζ with higher affinity than H3 phosphorylated at serine 10.
Binding curves determined by fluorescence polarization measurement are shown.60 Binding
assays were performed for H3S28ph peptide, H3S10ph peptide and the respective
unmodified controls. Data points of at least three independent measurements were averaged.
Binding curves were fitted using least square algorithm. Dissociation constants (Kd) values
are summarized in Table 1. (C) Proline 30 constitutes an important factor for the higher
affinity of the H3S28ph peptide. Proline 30 was mutated to alanine (H3S28phP30A) and
affinity for 14-3-3 binding was determined. (D) Proline at position 12 enhances binding to
the H3S10ph peptide. The P + 2 position was changed from glycine to proline
(H3S10phG12P) and binding assays were performed as described for (B). (D) Proline 30
constitutes an important factor for the higher affinity of the H3S28ph peptide. Proline 30
was mutated to alanine (H3S28phP30A) and affinity for 14-3-3 binding was determined.
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Figure 2.
Extrinsic factors influencing the interaction of 14-3-3 with histone H3. (A) Discrete degrees
of acetylation result in different effects on the interaction with 14-3-3ζ. Binding curves for
the phosphorylated histone H3 peptide (H3S10ph), the single phosphoacetylated peptide
(H3S10phK14ac) and the double phosphoacetylated peptide (H3K9acS10phK14ac) were
determined as described for Figure 1. Single acetylation of H3K9 or H3K14 results in
increased affinity of 14-3-3 for the H3S10ph peptide24,25 whereas for the double
phosphoacetylated peptide (H3K9acS10phK14ac) this effect is abolished. (B) Acetylation
cannot further increase the affinity for the H3S10phK14ac when proline is at position P + 2
from serine 10. (C) Acetylation of H3K27 does not increase binding to the H3S28ph
peptide, which already contains a proline at P + 2.
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Figure 3.
Critical amino acids at position P + 2 mediate the exit of the peptide from the 14-3-3 binding
cleft. (A) H3S10ph histone H3 peptide (ball and stick view with dotted van der Waals radii)
located within the 14-3-3 binding cleft (spacefill view, orange atoms) (PDB entry 2C1N).23

The tandem glycine residues that mediate exit of the peptide from the binding cleft are
highlighted in yellow. (B) Representative view of the H3K9acS10phK14ac histone H3
peptide (PDB entry 2C1J) arranged as described for panel A.23 Representative view of the
mode 2 binding peptide (PDB entry 1QJA) the proline at position P + 2 that mediates the
exit from the binding cleft adopts trans conformation and is highlighted in yellow.12 Figures
were rendered using RasMol software on the designated PDB-data files.
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Figure 4.
Modulation of detector protein binding by combinatorial modification patterns. The panel
depicts two distinct modes of action for combinatorial modification patterns. In the case of
the 14-3-3 histone H3 interaction phosphorylation of serine 10 (green residue) is the initial
trigger for binding (green arrow upwards), which is of low affinity. Additional acetylation of
lysine 9 or 14 compensates for the non-optimal interaction platform provided by the P + 2/3
tandem glycine backbone (orange residues) and supports the interaction between histone H3
and 14-3-3 (blue arrows up). The binding of the HP1 chromodomain exemplifies another
mode how complex modification patterns can impact the interaction of modification
dependent binding proteins. The initial trigger for the interaction with the chromodomain is
di- or trimethylation of H3K9 (green arrow down), which in general generates
transcriptional repressive chromatin. The additional phosphorylation of serine10 results in
displacement of HP1 and allows for subsequent interaction with 14-3-3 proteins (upper
part).
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Table 1

Dissociation constants in μM for differentially modified histone H3 peptides determined by fluorescence
polarization measurements

Peptide Kd [μM]

H3Um (1–20) 450,86 ± 158,67

H3S10ph (1–20) 140,68 ± 22,68

H3S10phG12P (1–20) 19,92 ± 5,36

H3S10phK14ac (1–20) 19,28 ± 5,6

H3S10phK14acG12P (1–20) 39,98 ± 7,9

H3K9acS10phK14ac 108,88 ± 18,6

H3Um (25–38) 403,55 ± 51,55

H3S28ph (25–38) 18,65 ± 2,9

H3K27acS28ph (25–38) 34,86 ± 5,68

H3S28phP30A (25–38) 162,0 ± 18,56

Values are average of at least three independent measurements (Kd [μM]) and Standard deviation is indicated.
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