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Phosphorylation offers a dynamic way to regulate protein activity and subcellular localiza-
tion, which is achieved through its reversibility and fast kinetics. Adding or removing a
dianionic phosphate group somewhere on a protein often changes the protein’s structural
properties, its stability and dynamics. Moreover, the majority of signaling pathways involve
an extensive set of protein–protein interactions, and phosphorylation can be used to
regulate and modulate protein–protein binding. Losses of phosphorylation sites, as a result
of disease mutations, might disrupt protein binding and deregulate signal transduction. In
this paper we focus on the effects of phosphorylation on protein stability, dynamics, and
binding. We describe several physico-chemical mechanisms of protein regulation through
phosphorylation and pay particular attention to phosphorylation in protein complexes and
phosphorylation in the context of disorder–order and order–disorder transitions. Finally we
assess the role of multiple phosphorylation sites in a protein molecule, their possible
cooperativity and function.
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INTRODUCTION
Cellular regulatory mechanisms provide a sensitive, specific, and
robust response to external stimuli and posttranslational mod-
ifications (PTMs) play an important role in these mechanisms
and control protein activity, subcellular localization, and sta-
bility (Olsen et al., 2006). Such dynamic regulation is achieved
through reversibility and fast kinetics of PTMs. Recent phospho-
proteomic analyses have revealed that the majority of proteins
in a mammalian cell are phosphorylated (Olsen et al., 2010). In
eukaryotes phosphoryl group can be attached to serine, threonine,
and tyrosine residues and in prokaryotes the most commonly
phosphorylated residues are histidine and aspartic acid. While
majority of phospho complexes in human contain only few phos-
phorylation sites, some proteins have up to half of their serine,
threonine, and tyrosine sites phosphorylated (Nishi et al., 2011).
Overall, phosphorylated serines are the most abundant (86%), fol-
lowed by threonine (12%), and tyrosine phosphorylations (2%;
Olsen et al., 2006). The abundance and specificity of phosphoryla-
tion as regulatory mechanism is evident from the large number of
genes (more than 500) encoding protein kinases which constitute
almost 2% of human protein coding genes (Manning et al., 2002).
The number of phosphatases is almost ten times smaller.

In this paper we summarize biological effects of phosphory-
lation which are explained through the lens of structural and
dynamical changes. Below we will review a number of rep-
resentative studies of computer simulations of the effects of
phosphorylation on protein dynamics and stability together with

experimental techniques to reveal the details and underlying
mechanisms of phosphorylation events at atomistic scale.

EFFECT OF PHOSPHORYLATION ON STRUCTURE AND
DYNAMICS
STRUCTURAL CONSEQUENCES OF PHOSPHORYLATION
Phosphoryl group is dianionic at physiological pH and can form
extensive hydrogen bond networks and salt bridges with neigh-
boring residues of the same or different chains. One of the most
dominant modes of interactions between phosphoryl and other
residues is the interaction with the α-helical dipole at the C-
terminal main chain nitrogen to neutralize the combined effect
of carbonyl dipoles (Johnson and Lewis, 2001). Another common
mode of interaction is the formation of hydrogen bonds and salt
bridges between the phosphate oxygens and arginine or lysine side
chains. Arginine side chain usually makes stronger salt bridges
with phosphorylated side chains compared to lysine whereas
phosphoserine (pSer) hydrogen-bond acceptor forms more sta-
ble interactions than phosphoaspartate (pAsp) acceptor (Mandell
et al., 2007). Although the strength of hydrogen bonds in general
should depend on the phosphate protonation state, the latter effect
was shown to be rather subtle (Mandell et al., 2007) with a more
pronounced effect of protonation state on pAsp than on pSer.
All things considered, adding or removing a dianionic phosphate
group in a protein might considerably change its local physico-
chemical properties and affect stability, kinetics, and dynamics
(Johnson, 2009).
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Analyses of phosphorylation in different proteins revealed
the diversity and heterogeneity of its effects on protein struc-
ture (Zanzoni et al., 2011), phosphorylation can impact protein
structure at local as well as global levels. A recent large-scale
study compared the sets of phosphorylated and unphosphorylated
protein structures and showed that phosphorylation produced
local as well as global changes in structure (Xin and Radivojac,
2012). Structural changes produced by phosphorylation were the
highest among other PTMs. However, according to this study, only
13% of proteins exhibited the root mean square deviation (RMSD)
of 2 Å or higher between phosphorylated and unphosphorylated
forms and it has been argued that phosphorylation in many cases
might restrict the conformational flexibility of protein monomers
(Xin and Radivojac, 2012; Li et al., 2013).

There were several attempts to predict structural rearrange-
ments induced by phosphorylation or dephosphorylation events.
Although accurate predictions could be made only for a few
cases, such analyses allowed to pinpoint the underlying mecha-
nisms which govern the transitions between phosphorylated and
unphosphorylated states. For example, by in silico phosphorylating
several proteins and evaluating their conformations by OPLS-AA
(all atom Optimized Potentials for Liquid Simulations) force field
and a Generalized Born implicit solvent model, it was shown that
structures of phosphorylated regions and conformational changes
induced by phosphorylation could be predicted in some cases
with near-atomic accuracy compared to the actual phosphory-
lated conformations (Groban et al., 2006). In another study a
coarse-grained model was applied to sample the conformations
of nuclear factor of activated T cells (NFAT) which was phos-
phorylated at multiple sites. It was found that predicted changes
produced by phosphorylation differed between cytoplasmic and
nuclear forms of NFAT and were driven mostly by electrostatic and
solvation energy contributions (Shen et al., 2005). Several cases
of the effects of phosphorylation on structure and dynamics are
reviewed in Table 1.

COUPLING BETWEEN PHOSPHORYLATION AND PROLINE
ISOMERIZATION
Interestingly, phosphorylation might not induce the structural
change by itself but rather may serve as a recognition site for
an enzyme which catalyzes the conformational switch. A classical
example of such mechanism is proline-directed phosphorylation
which occurs on serine or threonine residues preceding proline
(Lu et al., 2002). This mechanism of regulation involves spe-
cific peptidyl–prolyl cis/trans isomerase Pin1 (Lu et al., 1996)
which recognizes phosphorylated Ser/Thr-Pro motif and catalyzes
cis/trans isomerization of phosphorylated Ser/Thr-Pro bonds.
Phosphorylation dramatically slows down the uncatalyzed iso-
merization rate of Ser/Thr-Pro bonds, while rendering them
inappropriate for the action of general peptidyl–prolyl cis/trans
isomerases (Yaffe et al., 1997). This complex interplay of changes
introduced by phosphorylation in relation to isomerization may
affect dynamics and reaction kinetics of processes involved in tim-
ing and duration of cellular response. With the help of accelerated
molecular dynamics (MD) simulations, it was elegantly demon-
strated in molecular details how serine phosphorylation in Ser-Pro
motifs may shift the equilibrium between cis and trans proline

isoforms and consequently slow down the rate of isomerization
(Hamelberg et al., 2005). The authors found that isomerization of
the omega-bond of proline is asymmetric and strongly depends on
the psi-backbone angle of proline whereas phosphorylation might
favor the α-helical backbone conformation.

ALLOSTERIC REGULATION BY PHOSPHORYLATION AND DISORDER
Phosphorylation may trigger the transitions between conforma-
tions with different activity and/or binding specificity leading to
activation or deactivation of a protein (Dou et al., 2012; Kales et al.,
2012). It can play a role of covalently attached allosteric effector
which induces local changes at first which may propagate there-
after into larger tertiary or quaternary structure rearrangements
(Nussinov et al., 2012). One of the classical examples of a protein
with large conformational changes produced by phosphorylation
is glycogen phosphorylase which exists as a homodimer in inac-
tive T state and as a tetramer in an active R state. This transition is
allosterically controlled by phosphorylation of only one residue
Ser14 (Johnson, 1992). Catalytic sites of glycogen phosphory-
lase are buried and are not solvent accessible in inactive form.
Phosphorylation of Ser14 leads to large conformational move-
ments displacing protein N-terminal region by almost 50 Å so
that some intrachain contacts of Ser14 can be replaced with the
contacts between pSer14 and arginine of another identical chain
in a homodimer. The change in a dimer binding mode causes
reconfiguration of the catalytic site and a subsequent activation of
glycogen phosphorylase. Recently the model was proposed which
tried to explain the allosteric coupling between phosphorylation
and allostery (Mitternacht and Berezovsky, 2011). In the case of
glycogen phosphorylase the authors found that the active sites had
very high allosteric coupling via so-called binding leverage mech-
anism with those sites where the unphosphorylated N-terminal
segment binds.

Another two examples illustrate the mechanism of allosteric
regulation of protein activity through the coupled interplay
between phosphorylation and disorder–order transitions. Activa-
tion of myosin in smooth muscle depends on the phosphorylation
of regulatory light chain (RLC). In the unphosphorylated state
myosin is auto-inhibited by interactions between the two cat-
alytic domains, while phosphorylation of RLC at Ser19, which
is rather distant from catalytic domain, disrupts these interac-
tions and relieves the inhibition (Sellers, 1985). The complete
mechanism by which phosphorylation of RLC activates myosin
is still not known, but a series of combined experimental (EPR,
TR-FRET) and MD studies were able to elucidate first steps
in a cascade of conformational transitions (Nelson et al., 2005;
Espinoza-Fonseca et al., 2007, 2008; Kast et al., 2010). In partic-
ular, upon phosphorylation little change in the direct vicinity
of phosphorylation site is seen, while the α-helical content in
region Lys11–Ala17 increases dramatically. This finding revealed
a disorder–order transition induced by phosphorylation, and
corroborates published experimental data on site-directed spin
labeling (Nelson et al., 2005). The thermodynamic and structural
basis of this phosphorylation-induced disorder–order transitions
were further studied (Espinoza-Fonseca et al., 2008) and revealed
a delicate balance between the gain in enthalpy due to electro-
static interactions and loss in entropy due to constraining the
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conformational dynamics of positively charged residues upon
phosphorylation.

An interesting mechanism where phosphorylation inhibits
disorder–order transition was reported for myelin basic protein
(MBP), which includes a proline rich peptide containing two
Thr-Pro motifs (-TPRTPPPS-) and an adjacent amphipathic a-
helix which can bind to membrane (Vassall et al., 2013). Both
Thr-Pro motifs can be phosphorylated by mitogen-activated pro-
tein kinases. Using a combination of NMR spectroscopy, circular
dichroism spectroscopy, trifluoroethanol-titration and MD sim-
ulations the authors investigated the structure of α-helical and
proline-rich regions and the effects of phosphorylation on their
conformation. It was found that phosphorylation on one or both
sites impedes the formation of the neighboring amphipathic α-
helix. This supports the hypothesis that structure of the membrane
anchoring α-helix is disrupted upon phosphorylation and thus
regulates the association of MBP with the membrane. In addi-
tion, the proline-rich region may adopt PPII structure near the
lipid interface when the MPB is anchored to the membrane via
amphipathic helix.

PHOSPHORYLATION IN PROTEIN–PROTEIN BINDING
PHOSPHORYLATION ON INTERFACES MODULATES PROTEIN–PROTEIN
BINDING
Many cellular control mechanisms operate at the level of protein–
protein interactions, and main signaling pathways involve dense
networks of protein–protein interactions and phosphorylation
events. Phosphorylation may not only trigger the transitions
between different conformation states of one protein but in some
cases may modulate transitions between different conformations
or oligomeric states in homooligomeric and heterooligomeric
complexes and might represent an important mechanism for
regulation of protein activity (Randez-Gil et al., 1998; Jia-Lin
Ma and Stern, 2008; Hashimoto et al., 2011). Recently Nishi
et al. performed a comprehensive analysis of phosphorylation
sites on protein–protein binding interfaces (Nishi et al., 2011).
They mapped experimentally identified phosphorylation sites
onto crystal structures of human homo- and hetero-oligomers
and showed that protein interfaces of transient homo- and hetero-
oligomers are statistically enriched with phosphorylation sites
compared to non-interfacial protein surface sites. The authors
found that changes in binding affinity produced by substitutions at
phosphorylation sites on binding interfaces of heterooligomers are
larger compared to other sites on interfaces. In addition, consistent
with the observation that phosphosites may frequently target bind-
ing hot spots, significant association between phosphosites and
binding hotspots was observed (binding hot spots were defined
if substitutions of residues in these sites into alanine consider-
ably destabilizes the complex by more than 2 kcal/mol; Bogan and
Thorn, 1998; Nishi et al., 2011).

Calculation of binding energy differences upon phosphoryla-
tion showed that the majority of phosphorylation events did not
affect protein–protein binding (Nishi et al., 2011). It was consis-
tent with several experimental studies pointing to the modest effect
of phosphorylation on protein stability (Murray et al., 1998; Ser-
ber and Ferrell, 2007). Even if phosphorylation does not affect
complex stability, it can provide diversity in recognition patterns

and offer recognition sites for binding of phosphoresidue binding
domains thereby modulating binding selectivity. Phosphoresidue-
binding domains are common functional modules distributed
widely among cellular signaling proteins. Numerous studies have
identified and investigated phosphoresidue binding domains in
various proteins (Via et al., 2011; Reinhardt andYaffe,2013) such as
SH2 and PTB domains for phosphotyrosine (Pawson et al., 2001),
14-3-3 domains for phosphorserine (Yaffe et al., 1997), and FHA
domains for phosphothreonine (Durocher et al., 2000). Usually
these domains contain arginine or lysine residues in their bind-
ing regions to form hydrogen bonds with phosphates, and may
have neighboring residues (e.g., hydrophobic residues for phos-
photyrosine) which help to recognize phosphorylated site, or any
specific residues in the binding motifs (Liang and Van Doren, 2008;
Johnson et al., 2010). Several cases of the effects of phosphoryla-
tion on protein–protein binding are reviewed in Table 1.

REGULATION OF BINDING BY DISORDER–ORDER AND
ORDER–DISORDER TRANSITIONS UPON PHOSPHORYLATION
Many proteins and protein regions are intrinsically disordered
under native conditions, namely, they contain no or very little
well-defined structure. Folding of disordered proteins into ordered
structures may occur upon binding to their specific partners which
in turn might provide high specificity even if binding affinity is low
(Wright and Dyson, 1999; Sugase et al., 2007). On the other hand, a
number of experimental studies on p53 (Scheinin et al., 1990), cys-
tic fibrosis transmembrane-conductance regulator (CFTR; Bozoky
et al., 2013), p27 (Yoon et al., 2012), and other proteins (Johnson,
2009) have shown that disordered regions often contain phos-
phorylation sites and (de)phosphorylation events can be coupled
to disorder–order transitions. The first systematic study was per-
formed on a large set of proteins trying to link disordered regions
with the locations of experimental phosphorylation sites. This
study found that intrinsically disordered regions were enriched in
phosphorylation sites (Iakoucheva et al., 2004). Moreover, protein
N- and C-terminal regions which are usually disordered often par-
ticipate in binding to other proteins (Fong and Panchenko, 2010)
and there are many cases where terminal regions contain multiple
phosphorylation sites (Chacko et al., 2001). Functional diversity
of disordered regions and their propensity for PTMs allow them
to play a unique role in signaling networks where phosphorylation
events might serve as switches and regulate binding events. In some
cases, as was shown in the previous section, the regulation of bind-
ing might happen without invoking disordered regions while in
others the regulatory mechanism might involve phosphorylation
as well as disorder–order or order–disorder transitions.

Before describing specific cases of proteins involving the cou-
pling between disorder, phosphorylation and binding, we would
like to describe several studies which tried to generalize funda-
mental principles of such coupling in many different proteins.
Mohan et al. analyzed relatively short (10–70 residues) segments
called MoRFs (molecular recognition features) contained within
longer disordered sequences that were structurally characterized
in a complex with a larger protein (Mohan et al., 2006). It was
assumed that MoRFs may undergo folding upon binding but
would be disordered in their unbound state. The authors of this
study applied DISorder-enhanced PHOSphorylation predictor
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(DisPhos) to MoRF regions and found that in 305 MoRFs of more
than 12 residues long, 159 of them had potential phosphoryla-
tion sites, suggesting that phosphorylation may be a common
mechanism to modulate binding. Later, another group studied
an association between phosphorylation and disordered binding
regions in human protein complexes using experimentally identi-
fied phosphorylation sites and disorder prediction methods (Nishi
et al., 2013). They showed that disordered interface residues (cor-
responding to sites disordered in unbound states and structured
in the complex) had the highest fraction of phosphorylation sites
(25%) compared to ordered interface (8%) or disordered non-
interface (18%) residues, suggesting a strong association between
phosphorylation and disordered interface residues. Disorder and
interfacial location were significantly linked to phosphorylation
of serine and to a lesser extent to phosphorylation of threonine.
Tyrosine phosphorylation was not found to be directly associated
with binding through disorder, and was often observed in ordered
interface regions which were not predicted to be disordered in the
unbound state. The fractions of phosphorylated Ser, Thr, and Tyr
in disordered interfaces were 59, 26, and 15%, respectively, and
were found to be quite different from those of structured interface
(28, 22, and 50%; Nishi et al., 2013).

While in many disorder-involving transitions phosphorylated
residues may directly regulate binding orthosterically, this is
not necessarily the case. Centromere protein T (CENP-T) is an
essential component of the inner kinetochore and consists of N-
terminal disordered region and C-terminal histone-fold domain.
The long disordered region is employed to bind to outer kine-
tochore complexes, namely, to Spc24/Spc25 subunits of Ndc80
complex (Gascoigne et al., 2011; Nishino et al., 2013). Nishino
et al. (2013) revealed that phosphorylation on Thr72 of chicken
CENP-T is crucial for its binding to Spc24/Spc25. The X-ray
crystal structure of a complex between CENP and Spc24/Spc25
showed that binding segment comprising residues 63–93 contains
two short helices, and Thr72 is located on a loop between these
two helices. Interestingly, site-directed phosphomimicking muta-
genesis experiments showed that Thr72Asp mutant forms a salt
bridge with Arg74 on the second helix facilitating the orientation
of hydrophobic residues on the second helix toward the hydropho-
bic patch on Spc25 partner. As a consequence, it enhances an
interaction between CENP-T and Spc24/Spc25 (Figure 1). In addi-
tion, this phosphorylation site and salt bridge are conserved in
many eukaryotic species which suggests that this mechanism is
widespread for the CENP-T regulation. This example shows that
phosphorylated residue can be critical for the complex formation
through disorder even if it is located far away from the binding
interface.

MULTIPLE SITE PHOSPHORYLATION
DISTRIBUTION AND FUNCTION OF MULTIPLE PHOSPHORYLATION
SITES IN PROTEINS
Single protein may contain multiple phosphorylation sites. Mul-
tisite phosphorylation can expand the patterns of regulation, give
more accurate modulation of conformational change (Kumar
et al., 2012) and cooperatively increase binding affinity to other
proteins (Ferreon et al., 2009). Large scale analyses revealed that
multiple phosphorylation sites are not distributed randomly, but

FIGURE 1 | Phosphorylation and disorder–order transition.

CENP-T-Spc24/Spc25 complex (PDBID: 3VZA). CENP-T, Spc24, and Spc25
are colored in pink, green, and blue, respectively. CENP-T has an N-terminal
disordered region (shown in the dashed line) which folds when it binds to
Spc24/Spc25. Phosphomimetic Thr72Asp mutant forms a salt bridge with
Arg74 (shown in stick models), which enhances an interaction between
CENP-T and Spc24/Spc25.

are often clustered on a protein (Li et al., 2009; Schweiger and
Linial,2010; Freschi et al., 2014). Namely 54% of all pSer/pThr sites
are located within four residues of each other, while the tendency
to form clusters is not very pronounced for pTyr sites. Clustered
pSer/pThr sites are usually phosphorylated by the same kinase
and clustered Ser/Thr prefer to be located in disordered regions
compared to non-clustered Ser/Thr (Schweiger and Linial, 2010).
Moreover, evolutionary clustered sites are 1.4 times more likely to
be phosphorylated by the same kinases than expected by chance
(Freschi et al., 2014).

Retinoblastoma protein (Rb) is one of the classical exam-
ples of a protein which has multiple phosphorylation sites and
concerted phosphorylation patterns with very specific functional
roles. Rb contains RbN, pocket, and RbC domains together with
13 different Ser/Thr phosphorylation sites that are phosphory-
lated by Cdk kinases. Phosphorylation sites are roughly grouped
into eight clusters which mostly reside in flexible loop regions
between structured regions or domains, and mediate domain–
domain, domain–loop, and protein–protein interactions (Hassler
et al., 2007; Burke et al., 2012). For example, Thr373 is located
at the end of a flexible loop between RbN and pocket domains
which do not interact if this residue is not phosphorylated.
Phosphorylation of Thr373 induces large conformational changes
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FIGURE 2 | Regulation of multisite phosphorylation. (A) A phosphory-
lated model of Rb constructed based on 4ELJ and 4ELL PDB structures [as
described in the previous paper (Rubin, 2013)]. Thr373 phosphorylation
(shown in sphere model) induces the association between RbN (gray) and
Pocket (blue) whereas Ser608 phosphorylation (shown in sphere model)
allows an intra-domain loop (cyan) to directly bind to the cleft. (B) A model
of the cyclin–Cdk–Cks1 complex with the relevant substrate peptide
constructed based on 1BUH, 2CCI, and 4LPA PDB structures [as described
in the previous paper (Koivomagi et al., 2013)]. Cyclin, Cdk, Cks1, and the
peptide are colored in red, orange, green, and blue, respectively.
Phosphorylated Thr at the priming phosphorylation site and Ser at the
secondary phosphorylation sites are shown in sphere models. Structural
superposition and model building was performed with Pymol.

and, as a consequence, an interaction between RbN and pocket
domains, which allosterically inhibits binding of transactivation
domain of E2F transcription factor (E2FTD) to the pocket domain
(Burke et al., 2012; Figure 2A). Meanwhile, phosphorylation on
Ser608 and Ser612 directly and orthosterically inhibits binding
of E2FTD to the pocket. This mechanism involves a competi-
tive binding between E2FTD and Ser608/Ser612 containing loop,

namely, pSer608 stabilizes the association with the binding cleft,
thereby mimicking and competing with E2FTD (Burke et al., 2010;
Figure 2A). A recent study showed that phosphorylation of Ser788
and Ser795 may also cause the inhibition of E2FTD binding to the
pocket by inducing the association between RbC and the pocket
domain (Burke et al., 2014). This phosphorylation is additive
with the effect of other preceding phosphorylations in inhibiting
E2FTD binding, demonstrating separate regulatory mechanisms
by different phosphorylation site clusters.

MECHANISMS OF MULTIPLE PHOSPHOSITE PROCESSING
Processes of (de)phosphorylation on multiple sites can be classi-
fied by the order of (de)phosphorylation events, which can be
sequential or random. In sequential phosphorylation sites are
phosphorylated in a strict order of events where phosphoryla-
tion of one site depends on the phosphorylation state of another.
Sequential phosphorylation has been observed for several kinases,
especially Ser/Thr kinases (Salazar and Hofer, 2009). In con-
trast, random phosphorylation does not require the strict order of
phosphorylation events. Kinetics of (de)phosphorylation can be
distinguished by the number of binding events of kinases or phos-
phatases. A kinase may phosphorylate all sites while staying bound
to the substrate (processive mechanism) or may bind and then
dissociate after each phosphorylation (distributive mechanism;
Patwardhan and Miller, 2007). For example, phosphorylation
of Cdc25 by Cdk1 is most likely to be random and distributive,
namely, mutations on single phosphorylation sites do not pre-
clude other phosphorylation events, and intermediate levels of
Cdk1 yield partially phosphorylated Cdc25 (Lu et al., 2012). On
the other hand, some kinases require “priming” phosphorylation,
which automatically determines the order of phosphorylation.
Known priming recognition motifs include (S/T)XXX(pS/pT)
motif for GSK3 (ter Haar et al., 2001) or (S/T)XX(E/D/pS/pT)
for CK2 kinases (Meggio and Pinna, 2003). Interestingly, some
recent studies on human CFTR protein showed that tyrosine
residue in “SYDE” motif can act as both positive and nega-
tive regulator of phosphorylation of the first serine by CK2
kinase (Cesaro et al., 2013). While “SYDE” sequence matches
the CK2 canonical phosphorylation motif (SXXE), this motif
is not properly phosphorylated unless tyrosine is replaced or
phosphorylated.

In sequential and processive phosphorylation, distances
between phosphorylation sites can be critical to maintain the
phosphorylation process. Koivomagi et al. (2013) revealed the
molecular mechanism of semi-processive phosphorylation on Sic1
by cyclin–Cdk1–Cks1 complex (Figure 2B). Sic1 contains seven
Ser/Thr sites in its N-terminal region, which are phosphorylated
by Cdk1. Thr5 and Thr33 were previously identified as priming
phosphorylation sites compared to downstream secondary phos-
phorylation sites (Thr45, Thr48, Ser69, Ser76, and Ser80). First,
Sic1 binds to cyclin, which induces priming phosphorylation on
Thr5 and Thr33 by Cdk1. This process is inhibited if priming
Thr residues are placed closer to the cyclin docking sites, indicat-
ing the importance of maintaining the proper distance between
cyclin-binding motif and the phosphorylation target residues of
Sic1 (Koivomagi et al., 2013). Subsequently, the phosphorylated
priming sites are docked to the Cks1 pocket which in turn allows
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Cdk1 to access and phosphorylate downstream Ser/Thr sites which
are located between the priming sites and the cyclin-binding sites.
Additionally it has been shown that priming and secondary phos-
phorylation sites should be separated by at least 12 amino acids,
otherwise the efficiency of secondary phosphorylation is greatly
reduced. Overall, the authors of this paper proposed that the
ability of Cdk1 to process multiple phosphorylation sites depends
on spatial patterns of multiple phosphosite clusters and correct
arrangements of cyclin and Cks binding elements (Koivomagi
et al., 2013).

Sequential phosphorylation may also gradually increase the
negative charge of a region and lead to the cooperative behavior
between different phosphorylation sites. For example, phospho-
rylation of the Neurospora clock protein FREQUENCY (FRQ)
is rate limiting for degradation and therefore crucial for circa-
dian time keeping (Querfurth et al., 2011). This protein exists in
closed and open states and in the course of the day the N-terminal
domain of FRQ is sequentially phosphorylated at up to 46 sites,
which increases its negative charge. As a result, the interaction
with the negatively charged middle and C-terminal domains are
destabilized which in turn shifts the equilibrium toward an open
conformation. In an open conformation the signaling motif is
exposed which targets protein for degradation.

Receptor tyrosine kinases (RTKs) represent another example.
They transduce signals from the extracellular matrix to the cyto-
plasm of a cell and contain extracellular, transmembrane, and
catalytic kinase domains and may include regulatory domains. In
many cases binding of a ligand to the extracellular part induces
dimerization or higher order oligomer formation and leads to
the activation of intracellular kinase domain and its subsequent
cross-phosphorylation. The interconversion between active and
inactive states in kinases is highly regulated and kinases differ
in their mechanisms of activation and inactivation (Hubbard
and Miller, 2007). A key tyrosine in insulin receptor kinase
domain protrudes into its active site, stabilizes inactive state
and blocks access to ATP (Huse and Kuriyan, 2002) whereas
tyrosines of activation loop in FGFR1 do not obstruct the ATP
binding site but block the substrate binding site. Phosphory-
lated tyrosine can form an electrostatic contact with the basic
residues, stabilize the active state of kinase and enable phosphory-
lation of other tyrosine residues on the C-terminal tail, which
in turn mediate binding of SH2 and PTB domains of down-
stream signaling molecules. Phosphorylation of tyrosines happens
in precise sequential order and autophosphorylation of Tyr653
in activation loop of FGFR1 increases kinase activity by 10–50-
fold (Furdui et al., 2006) while subsequent phosphorylation of
Tyr583, Tyr463, and Tyr585 boosts the catalytic activity up to
500-fold.

PHOSPHORYLATION AND POST-TRANSLATIONAL MODIFICATION
CROSSTALK
Post-translational modification crosstalk occurs in those cases
where the presence of one modification influences the modifi-
cation of another site. Phosphorylation can change the activity
of proteins that regulate other types of PTMs and, as a conse-
quence, can promote or inhibit the modification of other sites.
Several studies attempted to identify crosstalk between concerted

phosphosites and other PTMs by looking at PTM sites within the
sequence proximity from each other and by analyzing their evo-
lutionary conservation and functional importance (Beltrao et al.,
2012; Peng et al., 2014). Some of these studies have been recently
reviewed (Lothrop et al., 2013; Gajadhar and White, 2014; Venne
et al., 2014).

Phosphorylation in some cases can promote subsequent ubiq-
uitylation and the crosstalk between phosphorylation and ubiq-
uitylation is reciprocal, namely, phosphorylation can be regulated
by ubiquitylation and vice versa (Swaney et al., 2013). Interplay
between phosphorylation and protein GlcNAcylation was further
examined and it was shown that an increased GlcNAcylation led
to lower phosphorylation at 280 phosphosites while causing an
increased phosphorylation at 148 sites (Wang et al., 2008). Differ-
ent patterns of PTMs may govern the interactions with different
proteins; these patterns are dynamic and may respond to changes
in a cellular state. In particular, it was found that majority of pro-
teins detected in response to stimulation with epidermal growth
factor (EGF) were phosphorylated on multiple sites. Moreover,
various phosphosites on one protein showed different kinetics
pointing to the fact that they might play different functional roles
(Olsen et al., 2006).

Several comprehensive statistical studies were recently per-
formed trying to decipher the co-evolutionary links between
different types of post-translationally modified sites. It was shown
that phosphorylation associates with eleven other PTM types,
followed by glycosylation and acetylation (Minguez et al., 2012;
Beltrao et al., 2013). In addition it was reported that the coordi-
nation between different types of PTMs may occur at the level of
one subunit in a protein complex since subunits highly modified
by one PTM were also enriched by other PTM type (Woodsmith
et al., 2013).

Crosstalk between phosphorylation and other PTMs can be
illustrated by an example of histone tail modifications that are
sometimes called the “histone code.” One important modification
includes histone H3 Lys9 methylation that creates a binding site for
chromodomain of heterochromatin protein 1 (HP1) which plays
a key role in heterochromatin formation. Adjacent residue Ser10
is a known phosphorylation site. While the ultimate mechanism
of Lys9 methylation and Ser10 phosphorylation crosstalk in H3
histone is still unknown, MD simulations showed that upon phos-
phorylation Ser10 forms a stable salt bridge with Arg8 rather than
with the positively charged Lys9. It leads to a rearrangement of tail
conformation and affects the binding of HP1 to methylated H3
Lys9 (Papamokos et al., 2012).

CONCLUSION
In this paper we reviewed the present state of the structural
and biophysical studies of protein phosphorylation. Physico-
chemical consequences of phosphorylation are very diverse which
makes it difficult to summarize and deduce general mechanisms
of phosphorylation events. However, recent experimental and
computational studies point to several major mechanisms for
how phosphorylation may ultimately affect and modulate pro-
tein function. They include orthosterical and allosterical effects of
phosphorylation on protein structure and protein–protein bind-
ing, disorder–order and order–disorder coupled transitions upon
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phosphorylation and, finally, cooperativity and crosstalk between
multiple phosphorylation sites or other PTMs. The structural
and biophysical characterization of phosphorylation crosstalk is
still in its infancy but in the future it will provide important
clues about mechanisms of signal propagation, integration, and
separation.

ACKNOWLEDGMENTS
This work was supported by the Intramural Research Program
of the National Library of Medicine at the US National Institutes
of Health. Alexey Shaytan was in part supported by US–Russia
Collaboration in the Biomedical Sciences Fellowship Program.
Hafumi Nishi was in part supported by JSPS Research Fellowships
for Young Scientists.

REFERENCES
Barr, D., Oashi, T., Burkhard, K., Lucius, S., Samadani, R., Zhang, J., et al. (2011).

Importance of domain closure for the autoactivation of ERK2. Biochemistry 50,
8038–8048. doi: 10.1021/bi200503a

Beltrao, P., Albanese, V., Kenner, L. R., Swaney, D. L., Burlingame, A., Villen, J.,
et al. (2012). Systematic functional prioritization of protein posttranslational
modifications. Cell 150, 413–425. doi: 10.1016/j.cell.2012.05.036

Beltrao, P., Bork, P., Krogan, N. J., andVan Noort,V. (2013). Evolution and functional
cross-talk of protein post-translational modifications. Mol. Syst. Biol. 9, 714. doi:
10.1002/msb.201304521

Bogan, A. A., and Thorn, K. S. (1998). Anatomy of hot spots in protein interfaces. J.
Mol. Biol. 280, 1–9. doi: 10.1006/jmbi.1998.1843

Bozoky, Z., Krzeminski, M., Chong, P. A., and Forman-Kay, J. D. (2013). Struc-
tural changes of CFTR R region upon phosphorylation: a plastic platform for
intramolecular and intermolecular interactions. FEBS J. 280, 4407–4416. doi:
10.1111/febs.12422

Burke, J. R., Deshong, A. J., Pelton, J. G., and Rubin, S. M. (2010). Phosphorylation-
induced conformational changes in the retinoblastoma protein inhibit E2F
transactivation domain binding. J. Biol. Chem. 285, 16286–16293. doi:
10.1074/jbc.M110.108167

Burke, J. R., Hura, G. L., and Rubin, S. M. (2012). Structures of inactive retinoblas-
toma protein reveal multiple mechanisms for cell cycle control. Genes Dev. 26,
1156–1166. doi: 10.1101/gad.189837.112

Burke, J. R., Liban, T. J., Restrepo, T., Lee, H. W., and Rubin, S. M. (2014).
Multiple mechanisms for E2F binding inhibition by phosphorylation of the
retinoblastoma protein C-terminal domain. J. Mol. Biol. 426, 245–255. doi:
10.1016/j.jmb.2013.09.031

Cesaro, L., Marin, O., Venerando, A., Donella-Deana, A., and Pinna, L. A. (2013).
Phosphorylation of cystic fibrosis transmembrane conductance regulator (CFTR)
serine-511 by the combined action of tyrosine kinases and CK2: the implica-
tion of tyrosine-512 and phenylalanine-508. Amino Acids 45, 1423–1429. doi:
10.1007/s00726-013-1613-y

Chacko, B. M., Qin, B., Correia, J. J., Lam, S. S., De Caestecker, M. P., and Lin, K.
(2001). The L3 loop and C-terminal phosphorylation jointly define Smad protein
trimerization. Nat. Struct. Biol. 8, 248–253. doi: 10.1038/84995

Dou, H., Buetow, L., Hock, A., Sibbet, G. J., Vousden, K. H., and Huang, D. T. (2012).
Structural basis for autoinhibition and phosphorylation-dependent activation of
c-Cbl. Nat. Struct. Mol. Biol. 19, 184–192. doi: 10.1038/nsmb.2231

Durocher, D., Taylor, I. A., Sarbassova, D., Haire, L. F., Westcott, S. L., Jackson, S.
P., et al. (2000). The molecular basis of FHA domain: phosphopeptide binding
specificity and implications for phospho-dependent signaling mechanisms. Mol.
Cell. 6, 1169–1182. doi: 10.1016/S1097-2765(00)00114-3

Espinoza-Fonseca, L. M., Kast, D., and Thomas, D. D. (2007). Molecular dynamics
simulations reveal a disorder-to-order transition on phosphorylation of smooth
muscle myosin. Biophys. J. 93, 2083–2090. doi: 10.1529/biophysj.106.095802

Espinoza-Fonseca, L. M., Kast, D., and Thomas, D. D. (2008). Thermodynamic
and structural basis of phosphorylation-induced disorder-to-order transition in
the regulatory light chain of smooth muscle myosin. J. Am. Chem. Soc. 130,
12208–12209. doi: 10.1021/ja803143g

Ferreon, J. C., Lee, C. W., Arai, M., Martinez-Yamout, M. A., Dyson, H. J., and
Wright, P. E. (2009). Cooperative regulation of p53 by modulation of ternary

complex formation with CBP/p300 and HDM2. Proc. Natl. Acad. Sci. U.S.A. 106,
6591–6596. doi: 10.1073/pnas.0811023106

Fong, J. H., and Panchenko, A. R. (2010). Intrinsic disorder and protein multi-
binding in domain, terminal, and linker regions. Mol. Biosyst. 6, 1821–1828. doi:
10.1039/c005144f

Freschi, L., Osseni, M., and Landry, C. R. (2014). Functional divergence and evo-
lutionary turnover in mammalian phosphoproteomes. PLoS Genet. 10:e1004062.
doi: 10.1371/journal.pgen.1004062

Furdui, C. M., Lew, E. D., Schlessinger, J., and Anderson, K. S. (2006). Autophos-
phorylation of FGFR1 kinase is mediated by a sequential and precisely ordered
reaction. Mol. Cell 21, 711–717. doi: 10.1016/j.molcel.2006.01.022

Gajadhar, A. S., and White, F. M. (2014). System level dynamics of
post-translational modifications. Curr. Opin. Biotechnol. 28C, 83–87. doi:
10.1016/j.copbio.2013.12.009

Gascoigne, K. E., Takeuchi, K., Suzuki, A., Hori, T., Fukagawa, T., and Cheeseman,
I. M. (2011). Induced ectopic kinetochore assembly bypasses the requirement for
CENP-A nucleosomes. Cell 145, 410–422. doi: 10.1016/j.cell.2011.03.031

Groban, E. S., Narayanan, A., and Jacobson, M. P. (2006). Conformational changes
in protein loops and helices induced by post-translational phosphorylation. PLoS
Comput. Biol. 2:e32. doi: 10.1371/journal.pcbi.0020032

Hamelberg, D., Shen, T., and Mccammon, J. A. (2005). Phosphorylation effects on
cis/trans isomerization and the backbone conformation of serine-proline motifs:
accelerated molecular dynamics analysis. J. Am. Chem. Soc. 127, 1969–1974. doi:
10.1021/ja0446707

Hashimoto, K., Nishi, H., Bryant, S., and Panchenko, A. R. (2011). Caught in self-
interaction: evolutionary and functional mechanisms of protein homooligomer-
ization. Phys. Biol. 8, 035007. doi: 10.1088/1478-3975/8/3/035007

Hassler, M., Singh, S., Yue, W. W., Luczynski, M., Lakbir, R., Sanchez-Sanchez, F.,
et al. (2007). Crystal structure of the retinoblastoma protein N domain provides
insight into tumor suppression, ligand interaction, and holoprotein architecture.
Mol. Cell. 28, 371–385. doi: 10.1016/j.molcel.2007.08.023

Hubbard, S. R., and Miller, W. T. (2007). Receptor tyrosine kinases: mecha-
nisms of activation and signaling. Curr. Opin. Cell Biol 19, 117–123. doi:
10.1016/j.ceb.2007.02.010

Huse, M., and Kuriyan, J. (2002). The conformational plasticity of protein kinases.
Cell 109, 275–282. doi: 10.1016/S0092-8674(02)00741-9

Iakoucheva, L. M., Radivojac, P., Brown, C. J., O’Connor, T. R., Sikes, J. G.,
Obradovic, Z., et al. (2004). The importance of intrinsic disorder for protein
phosphorylation. Nucleic Acids Res. 32, 1037–1049. doi: 10.1093/nar/gkh253

Jia-Lin Ma, N., and Stern, D. F. (2008). Regulation of the Rad53 protein kinase in
signal amplification by oligomer assembly and disassembly. Cell Cycle 7, 808–817.
doi: 10.4161/cc.7.6.5595

Johnson, C., Crowther, S., Stafford, M. J., Campbell, D. G., Toth, R., and
Mackintosh, C. (2010). Bioinformatic and experimental survey of 14-3-3-binding
sites. Biochem. J. 427, 69–78. doi: 10.1042/BJ20091834

Johnson, L. N. (1992). Glycogen phosphorylase: control by phosphorylation and
allosteric effectors. FASEB J. 6, 2274–2282.

Johnson, L. N. (2009). The regulation of protein phosphorylation. Biochem. Soc.
Trans. 37, 627–641. doi: 10.1042/BST0370627

Johnson, L. N., and Lewis, R. J. (2001). Structural basis for control by phosphoryla-
tion. Chem. Rev. 101, 2209–2242. doi: 10.1021/cr000225s

Kales, S. C., Ryan, P. E., and Lipkowitz, S. (2012). Cbl exposes its RING finger. Nat.
Struct. Mol. Biol. 19, 131–133. doi: 10.1038/nsmb.2241

Kast, D., Espinoza-Fonseca, L. M., Yi, C., and Thomas, D. D. (2010).
Phosphorylation-induced structural changes in smooth muscle myosin reg-
ulatory light chain. Proc. Natl. Acad. Sci. U.S.A. 107, 8207–8212. doi:
10.1073/pnas.1001941107

Koivomagi, M., Ord, M., Iofik, A., Valk, E., Venta, R., Faustova, I., et al. (2013).
Multisite phosphorylation networks as signal processors for Cdk1. Nat. Struct.
Mol. Biol. 20, 1415–1424. doi: 10.1038/nsmb.2706

Kumar, P., Chimenti, M. S., Pemble, H., Schonichen, A., Thompson, O., Jacobson,
M. P., et al. (2012). Multisite phosphorylation disrupts arginine-glutamate salt
bridge networks required for binding of cytoplasmic linker-associated protein 2
(CLASP2) to end-binding protein 1 (EB1). J. Biol. Chem. 287, 17050–17064. doi:
10.1074/jbc.M111.316661

Li, H., Xing, X., Ding, G., Li, Q., Wang, C., Xie, L., et al. (2009). SysPTM: a systematic
resource for proteomic research on post-translational modifications. Mol. Cell.
Proteomics 8, 1839–1849. doi: 10.1074/mcp.M900030-MCP200

Frontiers in Genetics | Systems Biology August 2014 | Volume 5 | Article 270 | 8

http://www.frontiersin.org/Systems_Biology/
http://www.frontiersin.org/Systems_Biology/archive


Nishi et al. Protein regulation by phosphorylation

Li, M., Shoemaker, B. A., Thangudu, R. R., Ferraris, J. D., Burg, M. B., and Panchenko,
A. R. (2013). Mutations in DNA-binding loop of NFAT5 transcription factor
produce unique outcomes on protein–DNA binding and dynamics. J. Phys. Chem.
B 117, 13226–13234. doi: 10.1021/jp403310a

Liang, X., and Van Doren, S. R. (2008). Mechanistic insights into phosphoprotein-
binding FHA domains. Acc. Chem. Res. 41, 991–999. doi: 10.1021/ar700148u

Liokatis, S., Stutzer, A., Elsasser, S. J., Theillet, F. X., Klingberg, R., Van Rossum,
B., et al. (2012). Phosphorylation of histone H3 Ser10 establishes a hierarchy
for subsequent intramolecular modification events. Nat. Struct. Mol. Biol. 19,
819–823. doi: 10.1038/nsmb.2310

Lothrop, A. P., Torres, M. P., and Fuchs, S. M. (2013). Deciphering post-translational
modification codes. FEBS Lett. 587, 1247–1257. doi: 10.1016/j.febslet.2013.01.047

Lu, K. P., Hanes, S. D., and Hunter, T. (1996). A human peptidyl-prolyl isomerase
essential for regulation of mitosis. Nature 380, 544–547. doi: 10.1038/380544a0

Lu, K. P., Liou, Y. C., and Zhou, X. Z. (2002). Pinning down proline-directed
phosphorylation signaling. Trends Cell Biol. 12, 164–172. doi: 10.1016/S0962-
8924(02)02253-5

Lu, L. X., Domingo-Sananes, M. R., Huzarska, M., Novak, B., and Gould, K.
L. (2012). Multisite phosphoregulation of Cdc25 activity refines the mitotic
entrance and exit switches. Proc. Natl. Acad. Sci. U.S.A. 109, 9899–9904. doi:
10.1073/pnas.1201366109

Mandell, D. J., Chorny, I., Groban, E. S., Wong, S. E., Levine, E., Rapp, C. S., et al.
(2007). Strengths of hydrogen bonds involving phosphorylated amino acid side
chains. J. Am. Chem. Soc. 129, 820–827. doi: 10.1021/ja063019w

Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002).
The protein kinase complement of the human genome. Science 298, 1912–1934.
doi: 10.1126/science.1075762

Meggio, F., and Pinna, L. A. (2003). One-thousand-and-one substrates of protein
kinase CK2? FASEB J. 17, 349–368. doi: 10.1096/fj.02-0473rev

Meng, Y., and Roux, B. (2014). Locking the active conformation of c-Src kinase
through the phosphorylation of the activation loop. J. Mol. Biol. 426, 423–435.
doi: 10.1016/j.jmb.2013.10.001

Minguez, P., Parca, L., Diella, F., Mende, D. R., Kumar, R., Helmer-Citterich,
M., et al. (2012). Deciphering a global network of functionally associated
post-translational modifications. Mol. Syst. Biol. 8:599. doi: 10.1038/msb.2012.31

Mitternacht, S., and Berezovsky, I. N. (2011). Coherent conformational degrees of
freedom as a structural basis for allosteric communication. PLoS Comput. Biol.
7:e1002301. doi: 10.1371/journal.pcbi.1002301

Mohan, A., Oldfield, C. J., Radivojac, P., Vacic, V., Cortese, M. S., Dunker, A. K.,
et al. (2006). Analysis of molecular recognition features (MoRFs). J. Mol. Biol.
362, 1043–1059. doi: 10.1016/j.jmb.2006.07.087

Murray, D., Hermida-Matsumoto, L., Buser, C. A., Tsang, J., Sigal, C. T., Ben-Tal,
N., et al. (1998). Electrostatics and the membrane association of Src: theory and
experiment. Biochemistry 37, 2145–2159. doi: 10.1021/bi972012b

Nelson, W. D., Blakely, S. E., Nesmelov, Y. E., and Thomas, D. D. (2005). Site-
directed spin labeling reveals a conformational switch in the phosphorylation
domain of smooth muscle myosin. Proc. Natl. Acad. Sci. U.S.A. 102, 4000–4005.
doi: 10.1073/pnas.0401664102

Nishi, H., Fong, J. H., Chang, C., Teichmann, S. A., and Panchenko, A. R. (2013).
Regulation of protein-protein binding by coupling between phosphorylation and
intrinsic disorder: analysis of human protein complexes. Mol. Biosyst. 9, 1620–
1626. doi: 10.1039/c3mb25514j

Nishi, H., Hashimoto, K., and Panchenko, A. R. (2011). Phosphorylation in protein–
protein binding: effect on stability and function. Structure 19, 1807–1815. doi:
10.1016/j.str.2011.09.021

Nishino, T., Rago, F., Hori, T., Tomii, K., Cheeseman, I. M., and Fukagawa, T. (2013).
CENP-T provides a structural platform for outer kinetochore assembly. EMBO J.
32, 424–436. doi: 10.1038/emboj.2012.348

Nussinov, R., Tsai, C. J., Xin, F., and Radivojac, P. (2012). Allosteric post-
translational modification codes. Trends Biochem. Sci. 37, 447–455. doi:
10.1016/j.tibs.2012.07.001

Olsen, J. V., Blagoev, B., Gnad, F., Macek, B., Kumar, C., Mortensen, P., et al. (2006).
Global, in vivo, and site-specific phosphorylation dynamics in signaling networks.
Cell 127, 635–648. doi: 10.1016/j.cell.2006.09.026

Olsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L.,
Jensen, L. J., et al. (2010). Quantitative phosphoproteomics reveals widespread
full phosphorylation site occupancy during mitosis. Sci. Signal. 3:ra3. doi:
10.1126/scisignal.2000475

Papamokos, G. V., Tziatzos, G., Papageorgiou, D. G., Georgatos, S. D., Politou, A. S.,
and Kaxiras, E. (2012). Structural role of RKS motifs in chromatin interactions:
a molecular dynamics study of HP1 bound to a variably modified histone tail.
Biophys. J. 102, 1926–1933. doi: 10.1016/j.bpj.2012.03.030

Patwardhan, P., and Miller, W. T. (2007). Processive phosphorylation: mech-
anism and biological importance. Cell. Signal. 19, 2218–2226. doi:
10.1016/j.cellsig.2007.06.006

Pawson, T., Gish, G. D., and Nash, P. (2001). SH2 domains, interaction modules
and cellular wiring. Trends Cell Biol. 11, 504–511. doi: 10.1016/S0962-8924(01)
02154-7

Peng, M., Scholten, A., Heck, A. J., and Van Breukelen, B. (2014). Identification
of enriched PTM crosstalk motifs from large-scale experimental data sets. J.
Proteome Res. 13, 249–259. doi: 10.1021/pr4005579

Poulsen, H., Nissen, P., Mouritsen, O. G., and Khandelia, H. (2012). Protein kinase A
(PKA) phosphorylation of Na+/K+-ATPase opens intracellular C-terminal water
pathway leading to third Na+-binding site in molecular dynamics simulations. J.
Biol. Chem. 287, 15959–15965. doi: 10.1074/jbc.M112.340406

Querfurth, C., Diernfellner, A. C., Gin, E., Malzahn, E., Hofer, T., and Brunner,
M. (2011). Circadian conformational change of the Neurospora clock protein
FREQUENCY triggered by clustered hyperphosphorylation of a basic domain.
Mol. Cell 43, 713–722. doi: 10.1016/j.molcel.2011.06.033

Randez-Gil, F., Sanz, P., Entian, K. D., and Prieto, J. A. (1998). Carbon source-
dependent phosphorylation of hexokinase PII and its role in the glucose-signaling
response in yeast. Mol. Cell. Biol. 18, 2940–2948.

Reinhardt, H. C., and Yaffe, M. B. (2013). Phospho-Ser/Thr-binding domains: nav-
igating the cell cycle and DNA damage response. Nat. Rev. Mol. Cell Biol. 14,
563–580. doi: 10.1038/nrm3640

Rubin, S. M. (2013). Deciphering the retinoblastoma protein phosphorylation code.
Trends Biochem. Sci. 38, 12–19. doi: 10.1016/j.tibs.2012.10.007

Salazar, C., and Hofer, T. (2009). Multisite protein phosphorylation – from
molecular mechanisms to kinetic models. FEBS J. 276, 3177–3198. doi:
10.1111/j.1742-4658.2009.07027.x

Scheinin, M., Koulu, M., Karhuvaara, S., and Zimmer, R. H. (1990). Evidence that
the reversible MAO-A inhibitor moclobemide increases prolactin secretion by a
serotonergic mechanism in healthy male volunteers. Life Sci. 47, 1491–1499. doi:
10.1016/0024-3205(90)90529-Z

Schweiger, R., and Linial, M. (2010). Cooperativity within proximal phosphory-
lation sites is revealed from large-scale proteomics data. Biol. Direct 5:6. doi:
10.1186/1745-6150-5-6

Sellers, J. R. (1985). Mechanism of the phosphorylation-dependent regulation of
smooth muscle heavy meromyosin. J. Biol. Chem. 260, 15815–15819.

Serber, Z., and Ferrell, J. E. Jr. (2007). Tuning bulk electrostatics to regulate protein
function. Cell 128, 441–444. doi: 10.1016/j.cell.2007.01.018

Shen, T., Zong, C., Hamelberg, D., Mccammon, J. A., and Wolynes, P. G. (2005).
The folding energy landscape and phosphorylation: modeling the conforma-
tional switch of the NFAT regulatory domain. FASEB J. 19, 1389–1395. doi:
10.1096/fj.04-3590hyp

Suenaga, A., Hatakeyama, M., Kiyatkin, A. B., Radhakrishnan, R., Taiji,
M., and Kholodenko, B. N. (2009). Molecular dynamics simulations reveal
that Tyr-317 phosphorylation reduces Shc binding affinity for phosphotyrosyl
residues of epidermal growth factor receptor. Biophys. J. 96, 2278–2288. doi:
10.1016/j.bpj.2008.11.018

Sugase, K., Dyson, H. J., and Wright, P. E. (2007). Mechanism of coupled folding
and binding of an intrinsically disordered protein. Nature 447, 1021–1025. doi:
10.1038/nature05858

Swaney, D. L., Beltrao, P., Starita, L., Guo, A., Rush, J., Fields, S., et al. (2013). Global
analysis of phosphorylation and ubiquitylation cross-talk in protein degradation.
Nat. Methods 10, 676–682. doi: 10.1038/nmeth.2519

ter Haar, E., Coll, J. T., Austen, D. A., Hsiao, H. M., Swenson, L., and Jain, J. (2001).
Structure of GSK3β reveals a primed phosphorylation mechanism. Nat. Struct.
Biol. 8, 593–596. doi: 10.1038/89624

Vassall, K. A., Bessonov, K., De Avila, M., Polverini, E., and Harauz, G. (2013). The
effects of threonine phosphorylation on the stability and dynamics of the central
molecular switch region of 18.5-kDa myelin basic protein. PLoS ONE 8:e68175.
doi: 10.1371/journal.pone.0068175

Venne, A. S., Kollipara, L., and Zahedi, R. P. (2014). The next level of complex-
ity: crosstalk of posttranslational modifications. Proteomics 14, 513–524. doi:
10.1002/pmic.201300344

www.frontiersin.org August 2014 | Volume 5 | Article 270 | 9

http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Biology/archive


Nishi et al. Protein regulation by phosphorylation

Via, A., Diella, F., Gibson, T. J., and Helmer-Citterich, M. (2011). From sequence to
structural analysis in protein phosphorylation motifs. Front. Biosci. (Landmark
Ed.) 16:1261–1275.

Wang, Z., Gucek, M., and Hart, G. W. (2008). Cross-talk between GlcNAcyla-
tion and phosphorylation: site-specific phosphorylation dynamics in response to
globally elevated O-GlcNAc. Proc. Natl. Acad. Sci. U.S.A. 105, 13793–13798. doi:
10.1073/pnas.0806216105

Woodsmith, J., Kamburov, A., and Stelzl, U. (2013). Dual coordination of post
translational modifications in human protein networks. PLoS Comput. Biol.
9:e1002933. doi: 10.1371/journal.pcbi.1002933

Wright, P. E., and Dyson, H. J. (1999). Intrinsically unstructured proteins: re-
assessing the protein structure-function paradigm. J. Mol. Biol. 293, 321–331.
doi: 10.1006/jmbi.1999.3110

Xin, F., and Radivojac, P. (2012). Post-translational modifications induce significant
yet not extreme changes to protein structure. Bioinformatics 28, 2905–2913. doi:
10.1093/bioinformatics/bts541

Yaffe, M. B., Rittinger, K., Volinia, S., Caron, P. R., Aitken, A., Leffers, H., et al.
(1997). The structural basis for 14-3-3: phosphopeptide binding specificity. Cell
91, 961–971. doi: 10.1016/S0092-8674(00)80487-0

Yoon, M. K., Mitrea, D. M., Ou, L., and Kriwacki, R. W. (2012). Cell cycle regulation
by the intrinsically disordered proteins p21 and p27. Biochem. Soc. Trans. 40,
981–988. doi: 10.1042/BST20120092

Zanzoni, A., Carbajo, D., Diella, F., Gherardini, P. F., Tramontano, A., Helmer-
Citterich, M., et al. (2011). Phospho3D 2.0: an enhanced database of three-
dimensional structures of phosphorylation sites. Nucleic Acids Res. 39, D268–
D271. doi: 10.1093/nar/gkq936

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 24 April 2014; accepted: 22 July 2014; published online: 07 August
2014.
Citation: Nishi H, Shaytan A and Panchenko AR (2014) Physicochemical mechanisms
of protein regulation by phosphorylation. Front. Genet. 5:270. doi: 10.3389/fgene.2014.
00270
This article was submitted to Systems Biology, a section of the journal Frontiers in
Genetics.
Copyright © 2014 Nishi, Shaytan and Panchenko. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Genetics | Systems Biology August 2014 | Volume 5 | Article 270 | 10

http://dx.doi.org/10.3389/fgene.2014.00270
http://dx.doi.org/10.3389/fgene.2014.00270
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Biology/
http://www.frontiersin.org/Systems_Biology/archive

	Physicochemical mechanisms of protein regulation by phosphorylation
	Introduction
	Effect of phosphorylation on structure and dynamics
	Structural consequences of phosphorylation
	Coupling between phosphorylation and proline isomerization
	Allosteric regulation by phosphorylation and disorder

	Phosphorylation in protein-protein binding
	Phosphorylation on interfaces modulates protein-protein binding
	Regulation of binding by disorder-order and order-disorder transitions upon phosphorylation

	Multiple site phosphorylation
	Distribution and function of multiple phosphorylation sites in proteins
	Mechanisms of multiple phosphosite processing
	Phosphorylation and post-translational modification crosstalk

	Conclusion
	Acknowledgments
	References


