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Abstract
Recent proteomic data indicate that a majority of the phosphorylated proteins in a eucaryotic cell
contain multiple sites of phosphorylation. In many signaling events, a single kinase phosphorylates
multiple sites on a target protein. Processive phosphorylation occurs when a protein kinase binds
once to a substrate and phosphorylates all of the available sites before dissociating. In this review,
we discuss examples of processive phosphorylation by serine/threonine kinases and tyrosine kinases.
We describe current experimental approaches for distinguishing processive from non-processive
phosphorylation. Finally, we contrast the biological situations that are suited to regulation by
processive and non-processive phosphorylation.

1. Introduction
1.1 Multisite protein modification

The inventory of proteins in a eucaryotic cell is increased significantly by covalent
modifications to amino acid sidechains or to the polypeptide backbone [1]. These
posttranslational modifications represent the most common mechanism by which the functions
of proteins can be altered. In many cases, multiple modifications (of the same chemical type
or of different types) can occur on a single polypeptide, giving rise to a complex regulatory
network that controls protein function. The multisite modification of such proteins has been
referred to as a “molecular barcode.” According to this hypothesis, each combination of
modifications on a protein conveys a unique meaning that can be interpreted by the cell [2,3].

The barcode hypothesis was first advanced in the context of histone modification. The post-
translational modification of histone proteins plays an important role in regulating
heterochromatin-mediated silencing, chromosome segregation, and gene expression [3-8]. The
N-terminal tails of the four core histone proteins (H2A, H2B, H3, and H4) have multiple sites
that undergo lysine acetylation, lysine methylation, serine phosphorylation, and other types of
covalent modification. Separate enzymes exist to catalyze the addition and removal of these
modifications; thus, the modification pattern is dynamic and responsive to the status of the cell.
The patterns of histone modifications are believed to guide the interactions between histones,
chromatin, and non-histone regulatory proteins. Histone acetylation and methylation have
recently been studied on a genomic scale [3,9].
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The p53 tumor suppressor also undergoes a complex set of modifications. In response to various
genotoxic stresses such as DNA damage, nucleotide depletion, and hypoxia, p53 accumulates
in the nucleus and undergoes activation, leading to growth arrest or apoptosis. The p53 protein
is covalently modified on multiple sites at its N-terminus and C-terminus. The predominant
modification at the N-terminus is phosphorylation, whereas the C-terminal modifications
include phosphorylation, acetylation and sumoylation [10]. A variety of protein kinases have
been shown to target p53, including DNA-activated protein kinase, members of the casein
kinase family, mitogen-activated protein kinases (MAPKs), stress activated protein kinases,
and protein kinase C [11,12]. Cell signaling pathways that converge on p53 result in dynamic
changes to the pattern of modification.

1.2 Multisite phosphorylation
Approximately one-third of all eucaryotic proteins are modified by phosphorylation on serine,
threonine, or tyrosine during their lifetime in the cell. These phosphorylation events control a
multitude of cellular functions [1,13-15]. It is increasingly clear that the activities of many
proteins are regulated by phosphorylation at more than one site. In a recent study using a mass
spectrometric approach to identify and quantitate phosphorylation sites as a function of
stimulus, time, and subcellular location, it was shown that a majority of proteins detected in
response to stimulation with epidermal growth factor (EGF) were phosphorylated on multiple
sites [16]. Of the proteins containing a phosphorylation site that responded to EGF, most (77%)
contained an additional site that responded differently; thus, protein phosphorylation often
plays distinct roles at different sites on a protein.

The stoichiometry of multisite phosphorylation can be remarkably high. The C-terminal repeat
domain (CTD) of RNA polymerase II undergoes extensive phosphorylation and thereby serves
as a binding scaffold for a variety of nuclear factors [17-19]. The CTD comprises approximately
25 to 52 tandem copies of the consensus repeat heptad YSPTSPS [20]. The CTD contains as
many as 50 phosphorylated residues in vivo [18]. The predominant phosphorylation near the
beginning of genes occurs on Ser5, whereas phosphorylation of Ser2 predominates near the
end of genes [21]. This phosphorylation pattern is crucial in order to determine which factors
associate with RNA Pol II.

In some cases of multisite phosphorylation, the sheer number of sites appears to be more
important than the identities of the individual phosphorylated residues. Multisite
phosphorylation of the yeast cyclin dependent kinase inhibitor Sic1 sets a threshold for the
onset of DNA replication. Out of the nine possible phosphorylation sites on Sic1, six or more
must be phosphorylated to promote binding to the ubiquitin ligase SCFCdc4, which then targets
Sic1 for degradation [22,23]. Strikingly, phosphorylation of any combination of six sites (but
not five or fewer) appears to be sufficient for SCFCdc4 binding. In another example, multisite
phosphorylation of Ste5, a MAPK scaffold protein, is essential for inhibition of the yeast mating
pheromone pathway. These multiple phosphorylations (on eight Ser/Thr sites) inhibit
membrane binding (and pheromone signaling) by repelling the negatively charged lipids of the
inner leaflet of the plasma membrane. Thus, multisite phosphorylation of Ste5 provides a
switch-like deactivation that is driven by bulk electrostatics [24].

1.3 Multisite phosphorylation by two or more kinases
There are numerous cases in which phosphorylation of a protein at one site increases its activity,
while phosphorylation at a second site (by a second kinase) decreases its activity. For example,
the activity of the cell cycle regulator Cdc25 is governed by antagonistic phosphorylation
events. Cdc25 is a protein phosphatase that removes the inhibitory phosphates on Cdc2, thereby
triggering entry into mitosis [25]. Phosphorylation of Ser216 on Cdc25 is catalyzed by the
checkpoint control kinases CHK1 and CHK2 in response to DNA damage. Phosphorylation
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at Ser216 promotes binding to 14-3-3 proteins and cell cycle arrest at the G2/M checkpoint
[26,27]. In contrast, in the transition to mitosis, Cdc25 is phosphorylated at several alternate
sites by the Cdc2/cyclin B complex (Thr48, Thr67, Ser122, Thr130, and Ser214) [28,29]. These
phosphorylations activate Cdc25, contributing to a feedback activation loop that facilitates the
rapid onset of mitosis [25].

The activities of G-protein coupled receptors (GPCRs) are regulated by multiple Ser/Thr
protein kinases. Agonist-induced desensitization of GPCRs involves phosphorylation of the
intracellular portions of the receptors by G-protein coupled receptor kinases (GRKs), cAMP-
dependent protein kinase (PKA), or protein kinase C (PKC) [30]. The GRK family consists of
seven members, designated GRK1-7 [30]. GRK phosphorylation of GPCRs promotes binding
of arrestin proteins, which block signaling to G-proteins and target GPCRs to clathrin-coated
pits for internalization. Prevention of phosphorylation by GPCR truncation or mutation of the
C-terminal serine/threonine rich segment, or by the use of kinase inhibitors (e.g., the PKA
inhibitor H-89) can delay the onset of agonist-induced desensitization [30]. Recent studies have
uncovered differential effects of GPCR phosphorylation at different sites. While GRK
phosphorylation of β1-adrenergic receptor targets the protein to clathrin-coated pits, PKA
phosphorylation triggers internalization through a pathway involving caveolae [31]. The β2-
adrenergic receptor is phosphorylated by PKA at Ser262 in the third intracellular loop and by
GRK at Ser355 and Ser256 in the C-terminus. The kinetics of PKA and GRK phosphorylation
are different in this case, and the events are differentially affected by interfering with
endocytosis [32]. PKA phosphorylation of β1- or β2-adrenergic receptors can also redirect the
G protein coupling specificity, so that the receptors have reduced affinity for Gs and increased
affinity for Gi. For β2-adrenergic receptor, this switch in coupling from Gs to Gi correlates with
a shift from pro-apoptotic signaling to anti-apoptotic signaling [33-35].

As an additional layer of complexity in GPCR phosphorylation, the various GRK isoforms
appear to have distinct specificities, leading to different physiological outcomes. This has been
demonstrated for the angiotensin II type 1A receptor, where arrestin proteins have a role in
transducing signals independent of G proteins. RNA interference experiments showed that the
signaling consequences of arrestin-receptor binding depended on which GRK isoform was
responsible for phosphorylating the receptor [36]. Thus, GRK2 and GRK3 were primarily
responsible for receptor endocytosis, while GRK5 and GRK6 were required for arrestin-
mediated ERK activation. GPCRs contain many potential phosphorylation sites for these GRK
isoforms, leading the authors to suggest that “the location of these phosphorylation sites may
constitute a ‘bar code’ that instructs the bound β-arrestin as to its intended function.”

In some cases of multisite phosphorylation, the action of one protein kinase is required to
“prime” phosphorylation at a nearby site by a second kinase. Glycogen synthase kinase
(GSK3), an enzyme important in the insulin and Wnt signaling pathways, is a well-studied
example of an enzyme that requires priming [14,37]. GSK3 phosphorylates Ser/Thr residues
in sequences that contain a phospho-Ser residue at the P+4 position (i.e., 4 residues to the C-
terminal side). Thus, after Ser656 of glycogen synthase has been phosphorylated by casein
kinase II, GSK3β sequentially phosphorylates Ser652, Ser648, Ser644, and Ser640; each
phosphorylation depends on prior phosphorylation at the P+4 position [38,39]. The crystal
structure of GSK3 β provides an explanation for this unusual substrate specificity. Three basic
residues in the substrate-binding cleft are positioned to interact with the negatively charged
phosphoserine at the P+4 position [40,41]. Casein kinase I (CK1) is another protein kinase that
requires pre-phosphorylation of its substrate. CK1 phosphorylates serine residues that contain
another phosphoserine at the P-3 position [42]. Several reviews have focused on
phosphorylations by multiple kinases that are additive, hierarchical, or mutually exclusive
[13-15].
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1.4 Multisite phosphorylation by a single protein kinase
We will focus the remainder of this review on situations in which a protein is modified at
multiple sites by a single protein kinase. Multisite phosphorylation by a kinase can be carried
out by two basic mechanisms: (i) a processive mechanism, in which the kinase binds substrate
and catalyzes all the phosphorylation events before dissociating from the fully phosphorylated
product; or (ii) a non-processive (distributive) mechanism, in which each phosphorylation
requires a separate binding event between the kinase and substrate (Figure 1). There are
examples in the literature of both of these mechanisms of multisite phosphorylation. The dual
phosphorylation of MAPKs by MAPK kinases occurs in a two step, distributive manner [43,
44]. Distributive phosphorylation of MAPKs is important for establishing, for example, the
switch-like response observed in Xenopus oocytes in response to progesterone [45]. In the case
of processive phosphorylation, Mayer et al. first showed that Src homology 2 (SH2) domains
promote hyperphosphorylation of substrates by tyrosine kinases [46], and subsequent model
experiments confirmed that Src family kinases can phosphorylate substrates containing an SH2
domain ligand in a processive manner [47]. In this review, we discuss specific examples of
proteins that undergo a processive mechanism of multisite phosphorylation.

2. SR proteins
2.1 SR protein function and regulation

SR (serine/arginine rich) proteins belong to a family of nuclear splicing regulators that play
crucial roles in both constitutive and alternative splicing [48-51]. These factors are assembled
onto pre-mRNA and are essential for spliceosome assembly [52]. SR proteins are characterized
by the presence of at least one RNA recognition motif (RRM) at the N-terminus, and a C-
terminal RS domain rich in arginine and serine dipeptide repeats that is important for protein-
protein interactions (Figure 2). Individual domains of SR proteins are important for their
cellular localization and alternative splicing in vivo [53]. Although there is a degree of
redundancy in SR protein function, different SR proteins have unique functions and distinct
specificities [54,55].

Most SR proteins are localized completely in the nucleus, but some shuttle continuously
between nucleus and cytoplasm [56]. The latter proteins are present in the cytoplasm only
transiently and are mostly nuclear at steady state. Within the cell nucleus, splicing factors are
typically present in 20-50 distinct domains called nuclear speckles [57]. Speckles are highly
dynamic structures that respond to the activation of nearby genes [58]. Interphase SR proteins
reside in nuclear speckles, and upon gene activation, serine phosphorylation of SR proteins
causes them to relocalize to the sites of pre-mRNA synthesis where they participate in the
splicing process [59,60]. Both phosphorylation and dephosphorylation of SR proteins has been
shown to be crucial for splicing. The hypophosphorylated forms of SR proteins such as 9G8
and ASF/SF2 (alternative splicing factor/splicing factor 2) exhibit higher affinity for the export
receptor TAP, and consequently facilitate the export of mRNA out of the nucleus [61-65].

2.2 SR protein specific kinases and ASF/SF2
The C-terminal RS domain of SR proteins can be phosphorylated at multiple positions by SR
protein specific kinases (SRPKs). SRPKs phosphorylate serine residues on SR proteins with
a high degree of efficiency and specificity. A variety of SRPKs have been described, with
SRPK1 and Clk/Sty being the most prominent [66-68]. Alternative splicing factor (ASF) is an
SR protein that was initially purified as a specific factor in HEK293 cells that modulates
alternate splicing [69]. Sequence analysis later revealed that ASF had also been isolated as a
protein (designated SF2) that is required for 5' splice site cleavage and lariat formation, and
that influences 5' splice site selection in HeLa cell extracts [70]. SRPK1 has a strong preference
for phosphorylating Ser-Arg sites in ASF/SF2, while Clk/Sty can phosphorylate Ser-Arg, Ser-
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Lys, or Ser-Pro sites [67]. SRPK1 turns over ASF/SF2 much faster than Clk/Sty does. Tryptic
phosphopeptide mapping showed that the sites on ASF/SF2 phosphorylated in vitro overlap
with those phosphorylated in vivo, and overexpression of Clk/Sty causes a redistribution of SR
proteins within the nucleus, resulting in the disassembly of nuclear speckles [66].

2.3 Processive phosphorylation of ASF/SF2
ASF/SF2 is a prototypical SR protein with two RNA recognition motifs at the N-terminus and
an RS domain at the C-terminus, containing approximately 20 serine residues that are potential
sites for phosphorylation (Figure 2). Recent reports have shown that ASF/SF2 is
phosphorylated by SRPK1 and Clk/Sty kinases in a fully processive manner [71,72]. SRPK1
binding to ASF/SF2 is dependent on the phosphorylation state of ASF/SF2 [73]. Serine
phosphorylation within the Arg-Ser dipeptide produces a patch of alternating positively and
negatively charged amino acids, which tether SRPK1 to ASF/SF2 [72]. The processive
mechanism for ASF/SF2 was demonstrated using an elegant “start-trap” strategy [72] (Figure
3A). In this method, ATP and an SRPK1 inhibitor peptide were added simultaneously to the
enzyme-substrate complex. If SRPK1 phosphorylated ASF/SF2 by a non-processive
mechanism, the inhibitor would trap the free enzyme after dissociation from ASF/SF2, stopping
the reaction after one round of phosphorylation. The results showed that the inhibitor peptide
did not influence the rate or extent of ASF/SF2 phosphorylation, suggesting that SRPK1
remained locked on to ASF/SF2, allowing processive phosphorylation.

Mass spectrometric analysis showed that SRPK1 phosphorylates approximately 10 sites in the
N-terminal half of the RS domain (RS1), while Clk/Sty phosphorylates the RS1 sites as well
as the remaining serines in the C-terminal portion of the RS domain (RS2) [71]. Start-trap
experiments showed that both SRPK1 and Clk/Sty kinases carry out phosphorylation of the
RS domain in a processive manner. SRPK1 phosphorylates only the N-terminal region of the
RS domain before dissociating, while Clk/Sty remains attached and phosphorylates the entire
RS domain. For SRPK1, this substrate specificity is governed by a docking motif N-terminal
to the RS domains, which restricts the number of serines in ASF/SF2 that can be phosphorylated
[74] (Figure 2). In the cell, SRPK1 is found in the cytoplasm, while Clk/Sty is localized in the
nucleus [66,75-77]. The current model is that SRPK1 phosphorylates ASF/SF2 in the
cytoplasm, triggering nuclear entry and recruitment to speckles. Subsequent phosphorylation
by Clk/Sty promotes release of ASF/SF2 from speckles, at which point the protein can
participate in splicing [74].

3. p130Cas
3.1 Cas structure and function

p130Cas (Crk-associated substrate, 130kDa) was first identified as a protein that is highly
tyrosine phosphorylated in v-Src and v-Crk transformed cells and that forms stable complexes
with these oncoproteins [78-80]. Cas is a multidomain protein containing an N-terminal SH3
domain and Pro-rich sequences, a large central substrate domain with 15 repeats of the motif
YXXP, and a C-terminal Src binding region [81] (Figure 4). Mouse embryos lacking Cas die
in utero due to defects in cardiovascular development, impaired actin stress fiber organization,
disorganization of myofibrils and growth retardation [82]. Cas deficient fibroblasts contain
disorganized actin filaments, and ectopic expression of Cas restores the actin stress fiber
organization [82,83]. Fibroblasts derived from Cas deficient mice are resistant to
transformation by oncogenic Src, suggesting that Cas plays an important role downstream of
Src in cell transformation.

The YXXP motifs in the substrate domain of Cas can be phosphorylated by several protein
tyrosine kinases [46,81,84]. The phosphorylated YXXP motifs serve as ligands for the SH2 or
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phospho-Tyr binding (PTB) domains that are present in many signaling proteins. Cas interacts
with the adaptor protein CrkII through SH2-phosphotyrosine interactions to promote cell
migration via activation of Rac1 [85,86]. The unique domain structure of Cas indicates a role
in assembling signals from multiple SH2 containing molecules. Besides playing a role in the
organization of the actin cytoskeleton and in promoting cell migration, Cas is involved in cell
survival and prevention of apoptosis. A survival pathway in which Cas plays a role is the
activation of c-Jun NH2 terminal kinase (JNK) via the small GTPases Ras and Rac1 [87].

Cas also plays an important role in microbial pathogenesis. Cas is a substrate of the protein
tyrosine phosphatase YopH, an antiphagocytic factor of Y.pseudotuberculosis [88]. YopH is
believed to de-phosphorylate adhesion proteins such as Cas, focal adhesion kinase (FAK), and
paxillin, thereby preventing cytoskeletal rearrangements and inhibiting signaling pathways
which lead to bacterial uptake.

A number of studies have examined the importance of the YXXP motifs in the various
biological roles of Cas. In cells transformed by oncogenic Src, the YXXP motifs are crucial
for invasiveness and the formation of podosomal structures [89,90]. The YXXP motifs in the
substrate domain of Cas can be divided into YDXP and YQXP motifs (Figure 4). The YDXP
motifs are required for the ability of Cas to promote organization of the actin cytoskeleton. Cas
mutants lacking the entire substrate domain or the YDXP motifs are defective in cell migration
[85,86]. Cas mutants containing single or double tyrosine mutations have migration activity
that is comparable to wild-type Cas, and mutants containing as few as 6 tyrosines are able to
promote cell migration to some extent [91]. A single YDXP tyrosine residue in the substrate
domain of Cas, Tyr253, plays a crucial role in cell migration; however, it was dispensable for
Src mediated anchorage independent growth [92]. Cas mutants containing mutations at
multiple (7 or 12) tyrosine residues in the substrate domain are able to support Src-mediated
anchorage independent growth, although these mutants are defective in cell migration [93].
Collectively, these studies suggest that phosphorylation of the YXXP motifs triggers different
downstream pathways for cell migration, cytoskeletal rearrangement, and Src-mediated
transformation.

3.2 Mechanism of Cas phosphorylation by Src
Mass spectrometry studies of Cas [92] and tryptic phosphopeptide mapping experiments [91]
confirmed that the major sites for Src phosphorylation lie within the central substrate region.
The majority of the YXXP motifs were phosphorylated in these studies. Synthetic peptides
based on the Cas YXXP sequences were phosphorylated by Src to varying degrees; a peptide
containing the sequence surrounding Tyr253 was the most efficiently phosphorylated in terms
of kcat/Km. This same site was found to be crucial for Src-mediated migration in fibroblasts
[92].

Kinetic studies with purified Cas have indicated that Src phosphorylates the YXXP motifs
processively [93,94]. Purified Src and Cas were incubated together in the presence of
radioactively labeled ATP and analyzed by SDS-PAGE and autoradiography. Phosphorylated
Cas migrated as a single sharp band with a much lower electrophoretic mobility in these
experiments; the absence of intermediate forms suggested that Cas was fully phosphorylated
[94]. Similar studies were performed with mutant forms of Cas. In one mutant, the Src SH2-
binding motif at the C-terminus (Tyr668) was mutated to phenylalanine and in another mutant,
the proline-rich Src SH3 domain ligand was mutated. The polyproline mutant of Cas was
defective for Src phosphorylation in vitro, and when analyzed by SDS-PAGE, gave rise to
diffuse, partially phosphorylated forms characteristic of non-processive phosphorylation. The
Y668F mutant showed phosphorylation that was comparable to wild-type Cas. These
experiments suggested that SH3 interactions were particularly important for processive
phosphorylation [94].
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Experiments with varying concentrations of Src and Cas were carried out to provide a more
rigorous demonstration of processive phosphorylation [93,94]. Pulse-chase experiments were
used to measure rates of Cas phosphorylation at different concentrations of enzyme. The
processive and non-processive mechanisms make different predictions about the outcome of
these experiments (Figure 3B). For a processive mechanism of phosphorylation, since the
enzyme and substrate remain bound during the multiple phosphorylation events, the rate of
progression from an intermediate phosphorylated form to fully phosphorylated product is
independent of the enzyme concentration. On the other hand, for a non-processive mechanism
of phosphorylation, each phosphorylation depends on a separate binding event between
enzyme and substrate, and consequently the rate of progression is dependent on enzyme
concentration. Cas phosphorylation was independent of Src concentration, consistent with a
processive mechanism [93]. A similar conclusion was reached from experiments with varying
substrate concentrations [93,94]. In the case of a processive mechanism of phosphorylation,
formation of fully phosphorylated product follows classical Michaelis-Menten kinetics. In
contrast, for a non-processive mechanism of phosphorylation (such as the dual phosphorylation
of MAPKs), increases in substrate concentration result in decreased accumulation of fully
phosphorylated product, due to the ability of partially phosphorylated species to act as
competitive inhibitors [43,44]. Cas phosphorylation by Src showed a Michaelian dependence
on substrate concentration, consistent with a processive mechanism.

To test whether particular YXXP motifs were critical for multisite processive phosphorylation
of Cas, single and multisite mutants were studied by a similar strategy. Four single-tyrosine
mutant forms of Cas (Y253F, Y310F, Y366F, and Y414F) were phosphorylated normally by
Src. Multisite mutants of Cas were created which lacked 7 or 12 tyrosines from the YXXP
motifs in the substrate region. Experiments with varying concentrations of Src and Cas showed
that these multisite mutants were phosphorylated processively by Src [93]. The results suggest
that processive phosphorylation of Cas does not follow a defined sequence, and that the
individual sites are not kinetically distinguishable.

4. Other examples of processive phosphorylation
4.1 Nonreceptor tyrosine kinase substrates

In addition to the example of Cas described above, other substrates for Src- and Abl-family
kinases appear to be processively phosphorylated. CD3 is a complex of four distinct
polypeptide chains that associate with the T-cell receptor (TCR) in T-lymphocytes. The
lymphocyte-specific kinase Lck catalyzes phosphorylation of the TCR/CD3 associated ζ chain
during T-cell activation. The three tandem immunoacceptor tyrosine based activation motifs
(ITAMs) within the ζ chain are phosphorylated processively by Lck; mutant forms of Lck
lacking a functional SH2 domain are unable to phosphorylate the ζ chain [95].

Abl tyrosine kinase catalyzes the processive phosphorylation of multiple tyrosine residues in
the C-terminal repeat domain (CTD) of RNA polymerase II, while the CTD is not a substrate
for Src [96]. Mutant forms of Abl in which the SH2 domain of Abl was deleted or replaced
with the SH2 domain of Src were unable to phosphorylate the CTD. These results suggested
that the Abl SH2 domain mediates the association of the partially phosphorylated CTD with
the kinase, so that partially phosphorylated intermediates remain bound to the enzyme and only
fully phosphorylated product is released. In this case as well as for the CD3 ζ chain, SH2 domain
binding to phosphotyrosine residues is predicted to protect the substrates from
dephosphorylation by phosphatases.
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4.2 Semi-processive phosphorylation of Pho4 by Pho80/Pho85
In the yeast Saccharomyces cerevisiae, Pho4 is a transcription factor that responds to
environmental levels of inorganic phosphate. Pho4 is phosphorylated by the cyclin-CDK
complex Pho80/Pho85 as a consequence of the high affinity interaction between Pho4 and
cyclin Pho80 [97]. At low phosphate levels, Pho4 is phosphorylated at low stoichiometry,
resulting in the activation of transcription of phosphate responsive genes. At high phosphate
levels, Pho4 is hyperphosphorylated by Pho80/Pho85, resulting in the inactivation of
transcription and export of Pho4 out of the nucleus [98,99].

Pho4 is phosphorylated by Pho80/Pho85 on five serine residues (referred as SP1, SP2, SP3,
SP4, and SP6) that play distinct roles in the inactivation of Pho4 [100]. Kinetic studies and
computer modeling showed that the multisite phosphorylation of Pho4 is semi-processive with
a site preference [101]. Site SP6 has the highest probability of being phosphorylated first,
followed by SP4. Sites SP2 and SP3 are probably phosphorylated last. By varying the molar
ratios of Pho4 and Pho80/Pho85 and determining the concentrations of each phosphoform in
the reaction, an average of 2.1 phosphorylation events per enzyme-substrate binding event was
calculated. This suggested that the mechanism of phosphorylation is neither processive nor
completely distributive; instead, it is partially processive due to a balance between the rates of
Pho4 phosphorylation and enzyme-substrate dissociation.

5. Biological importance of processive phosphorylation
Approximately 30% of all proteins in a eucaryotic cell are phosphorylated at any time, and
most phosphoproteins are modified at more than one site [16,102]. In cases where multisite
phosphorylation is catalyzed by a single enzyme, the reaction can be processive or distributive;
each mechanism is presumably fine-tuned to the biological system. The distributive
phosphorylation of MAPKs by MAPKKs introduces a dependence on enzyme concentration
[43,44]. Thus, a small change in MAPKK concentration results in a large change in the
proportion of phosphorylated MAPK, resulting in switch-like (or ultrasensitive) behavior. A
similar switch-like response is observed in the multisite phosphorylation of the CDK inhibitor
Sic1 [23]. These mechanisms are manifested in the decisive, all-or-none biological outcomes.
Theoretical studies have augmented these conclusions. For a protein with multiple
phosphorylation sites, the proportion of fully-phosphorylated substrate is maintained at low
levels when the ratio of kinase to phosphatase activity lies below a threshold value, and this
threshold increases as the number of phosphorylation sites increases [103]. True switch-like
behavior requires additional factors, such as a disparity between the catalytic efficiencies of
the kinase and phosphatase modifying a particular site. Another theoretical treatment of
distributive phosphorylation showed that the order of phosphorylation is critical for the
sensitivity and speed of response. Sequential phosphorylation (or dephosphorylation) gave rise
to steeper response curves, whereas random phosphorylation gave rise to shallow response
curves and faster kinetics [104].

In contrast, the lack of dependence on enzyme concentration in a processive mechanism
suggests that processivity would be poorly suited to biological systems where switch-like
behavior is required. The biological importance of processivity is presumably related to the
need for a high rate of multisite phosphorylation. For Cas, this would permit faster assembly
of Cas-Crk complexes and downstream signaling. Furthermore, whereas in a distributive
mechanism partially phosphorylated intermediates are released which can act as competitive
inhibitors, relatively few intermediates are released in a processive mechanism. The absence
of potential competitive inhibitors means that a given signal can produce a significant
population of highly phosphorylated substrate molecules. Thus, the processive mechanism may
be found in situations where downstream signaling depends particularly on the fully
phosphorylated forms of the target proteins.
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Figure 1. Mechanisms of multisite phosphorylation
Multisite phosphorylation of a substrate (S) by a protein kinase (E) can be carried out by either
a processive mechanism (outlined by a dotted line) or a distributive mechanism. For simplicity,
multisite phosphorylation of a protein containing three phosphorylation sites is shown.
Unphosphorylated sites are represented by open circles, and phosphorylated sites are
represented by filled circles.
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Figure 2. Domain architecture of ASF/SF2
Domain structure of the prototypical SR protein ASF/SF2 is shown. The two RNA recognition
motifs are designated RRM1 and RRM2. A docking motif (D) for binding to SRPK1 is located
between residues 184-197. The two serine-rich regions of the RS domain (RS1 and RS2) are
indicated; individual phosphorylation sites are represented by black bars. SRPK1
phosphorylates serines in RS1, while Clk/Sty phosphorylates both RS1 and RS2.
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Figure 3. Experimental methods to determine the mechanism of multisite phosphorylation
A, In the “start-trap” strategy, ATP is added to the enzyme-substrate complex together with
an inhibitor that can trap the free enzyme (green triangle). If the enzyme phosphorylates the
substrate by a non-processive mechanism, the inhibitor traps the free enzyme after dissociation
from the substrate, stopping the reaction after one round of phosphorylation. In a processive
mechanism, the inhibitor does not influence the rate or extent of substrate phosphorylation.
Unphosphorylated sites are shown indicated by open circles; phosphorylated sites are indicated
by red circles. B, Kinetic experiments with varying enzyme concentration. For processive
phosphorylation, the enzyme and substrate remain bound during the multiple phosphorylation
events, so the rate of progression from an intermediate phosphorylated form to fully
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phosphorylated product is independent of the enzyme concentration (red line). For a non-
processive mechanism of phosphorylation, the rate of progression is dependent on enzyme
concentration (black line). Unphosphorylated sites are shown indicated by open circles;
phosphorylated sites are indicated by red circles.
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Figure 4. Domain structure of p130Cas
Cas contains an SH3 domain (SH3), proline-rich sequences (Pro), a substrate region containing
15 YXXP repeats, a serine-rich region (Ser), and a C-terminal Src binding site. The Src binding
site contains a Pro-rich sequence that binds to the SH3 domain of Src, and a phosphorylated
Tyr (Y668) that binds to the SH2 domain of Src. The positions of the four YQXP motifs and
nine YDXP motifs are indicated.
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