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Over the past decade there have been several examples of
crosstalk between two or more different post-translational

modifications (PTMs), with many of these being observed with-
in the context of histones. Generally, this crosstalk is thought to
fine-tune cell signaling cascades such that a desired outcome is
achieved, e.g., transcription of a particular gene or, alternatively,
activation of one gene under the control of a transcription factor
and repression of another. In recent years, several papers have
been published that describe crosstalk in non-histone proteins,
with a particular set of crosstalk examples involving serine/
threonine phosphorylation and the modification of neighboring
arginine and lysine residues. Given that these neighboring argi-
nine and lysines are key substrate recognition elements for many
protein kinases (Figure 1), we hypothesize that crosstalk between
serine/threonine phosphorylation and arginine/lysine modifica-
tions (Figure 2) is a general mechanism to regulate eukaryotic
cell signaling. Given the implications of this hypothesis on both
human cell signaling and disease, this review will mainly focus on
crosstalk between these specific modifications. In particular, we
briefly discuss the concept of crosstalk and its roots in chromatin
biology, provide several known examples of crosstalk between
these modifications, and describe the biophysical reasoning for
this communication. In addition, we highlight key features of
protein kinase substrate recognition, identify potential substrates
for crosstalk between PRMT1 and Akt, and finally discuss future
perspectives and the medical relevance of this type of crosstalk.

’CROSSTALK MODELS

Although crosstalk between two or more PTMs has predo-
minantly been studied within the context of chromatin biology,1,2

as one would expect, this type of regulatory mechanism extends
to non-histone proteins as well. Several models have been
proposed for histone crosstalk,3�5 and they are readily applied

to non-histone proteins as well (Figure 3). For example, cis
crosstalk refers to communication between modifications on the
same protein (Figure 3A). Within cis crosstalk lies the possibility
for adjacent crosstalk (i.e., between residues that are close to one
another in both the primary and tertiary structures) or distal cross-
talk (i.e., between residues that are far apart in both the primary
and tertiary structures) (Figure 3A); trans crosstalk is also possi-
ble and occurs between modifications on two different proteins
(Figure 3B). Functionally, direct crosstalk refers to one PTM
directly affecting the modification of a second residue (e.g., modi-
fication of one residue prevents the modification of another
residue) (Figure 3C). Indirect crosstalk involves modulating a
protein�protein interaction via the presence, or lack, of a PTM
(e.g., a PTM enhances the binding of a transcription factor lead-
ing to the recruitment of other coactivators) (Figure 3D). An
early example of direct cis crosstalk (Figure 3A) from the histone
field involves the phosphorylation of H3S10 and the acetylation
of H3K14. Stimulation of the Ras-MAPK (mitogen-activated
protein kinase) pathway6 results in the Rsk-2 (ribosomal S6
kinase)-dependent phosphorylation of H3S10,7 which enhances
the acetylation of H3K14 by generating a better substrate for the
histone acetyltransferase Gcn5 (general control nonrepressed
5).8�10 Although this is only one example of crosstalk from the
histone field, a plethora of others have been published (reviewed
in refs 1, 2, and 11).

’CROSSTALK: MOVING BEYOND HISTONES

ArginineMethylation Blocks Phosphorylation. Four exam-
ples of direct, adjacent cis crosstalk have emerged involving
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ABSTRACT: The best characterized examples of crosstalk between two or more different post-
translational modifications (PTMs) occur with respect to histones. These examples demonstrate the
critical roles that crosstalk plays in regulating cell signaling pathways. Recently, however, non-histone
crosstalk has been observed between serine/threonine phosphorylation and the modification of
arginine and lysine residues within kinase consensus sequences. Interestingly, many kinase consensus
sequences contain critical arginine/lysine residues surrounding the substrate serine/threonine
residue. Therefore, we hypothesize that non-histone crosstalk between serine/threonine phosphorylation and arginine/lysine
modifications is a global mechanism for the modulation of cellular signaling. In this review, we discuss several recent examples of
non-histone kinase consensus sequence crosstalk, as well as provide the biophysical basis for these observations. In addition, we
predict likely examples of crosstalk between protein arginine methyltransferase 1 (PRMT1) and Akt and discuss the future
implications of these findings.
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arginine methylation and serine phosphorylation. First, Yamagata
et al. demonstrated that FOXO1 (forkhead box O1) is methy-
lated in vitro and in vivo by PRMT1 (Protein Arginine Methyl-
transferase 1).12 FOXO1 is a member of the FOXO family of
transcription factors, which play essential roles in cell cycle regu-
lation, apoptosis, the oxidative stress response, and overall cell
survival.13 The sites of FOXO1modification, R248 and R250, are
conserved across family members and species. Interestingly, the
FOXO family members are phosphorylated by Akt at three
conserved residues, one of which, i.e., S253 in FOXO1,14 lies ad-
jacent to R248 and R250 (mouse numbering). The authors then
demonstrated that methylation of these two arginine residues

inhibited phosphorylation of S253, a clear example of cis cross-
talk. However, the converse was not observed� phosphorylation
does not prevent methylation.12

Functionally, methylation of R248 and R250 blocks the
phosphorylation of S253, thereby preventing the phosphoryla-
tion-dependent nuclear export of FOXO1.15 Additional experi-
ments indicated that it is the lack of phosphorylation and not the
presence of methylated arginine residues that is responsible for
inhibiting FOXO1 export.12 Because the phosphorylation and
nuclear export of FOXO1 is associated with its polyubiquitina-
tion and degradation by the proteosome,16,17 the authors tested
the effects of PRMT1 knockdown on FOXO ubiquitination and

Figure 1. Serine/threonine protein kinase consensus sequences. A number of serine/threonine protein kinases recognize protein sequences that
contain positively charged arginine and lysine residues adjacent to the site of phosphorylation. For example, Akt prefers substrates that have two arginines
(or lysines) at positions -3 and -5 with respect to the modification site that are separated by a variant residue. Each box represents one residue’s position,
and multiple single letter amino acid codes demonstrate variability within that position. Adapted from ref 82.
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stability. The results indicated that PRMT1 knockdown en-
hanced the polyubiquitination of FOXO1, which promoted its
degradation by the proteosome.12

Since it is well established that FOXO family members control
the response to oxidative stress,13 the authors further hypothe-
sized that the methylation of FOXO1 would affect this path-
way. As expected, hydrogen peroxide led to an increase in
the PRMT1-dependent methylation of FOXO1, which in turn
blocked the phosphorylation of S253, and nuclear export. As a
result, the transcription of a number of FOXO1-dependent genes
was increased, including BIM (BCL-2-interacting mediator), an
apoptosis inducing protein.12 Consistent with this model, when
either PRMT1 or FOXO1 were knocked down by siRNA, no
increase in BIM transcription was observed. Although PRMT1
knockdown inhibited apoptosis in response to oxidative stress,
inhibition of PI3K-Akt signaling has the reverse effect.12 Taken

together, these results demonstrate a functional crosstalk be-
tween themethylation of R248 and R250 and phosphorylation of
S253 of FOXO1. This mechanism of crosstalk appears to be
evolutionarily conserved because methylation of the FOXO1
orthologue in C. elegans, DAF-16, also inhibits its phosphoryla-
tion by Akt. Interestingly, this activity inC. elegans appears to play
a role in life span extension, as PRMT1 knockouts died sig-
nificantly earlier than wild type worms, thereby suggesting that
PRMT1 inhibition may exert pleiotropic off target effects.18

Recently, Sakamaki et al. published a second example of cis
crosstalk between PRMT1 and Akt. Specifically, the authors
investigated whether the phosphorylation of other proteins that
contain an Akt consensus sequence (i.e., RXRXXS/T) are modu-
lated by the methylation of adjacent arginine residues.19 Several
known Akt substrates (i.e., BAD, PGC-1R, eNOS, p27, GSK3β,
and MDM2) were tested as PRMT1 substrates. Only PGC-1R

Figure 2. Selected post-translational modifications of arginine, lysine, serine, threonine, and tyrosine. (a) Arginine residues can be mono- and
dimethylated by the PRMTs to form ω-MMA, ADMA, or SDMA. They can also be converted to citrulline by the PADs. (b) Lysine residues can be
mono-, di-, and trimethylated by KMTs, acetylated by KATs, or ubiquitinated by ubiquitin ligases. (c) Serine, threonine, and tyrosine residues can be
phosphorylated by kinases.
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(peroxisome proliferator-activated receptor-γ coactivator)12 and
BAD (BCL-2 antagonist of cell death)19 were shown to be
methylated by PRMT1. The fact that eNOS, p27, GSK3β, and
MDM2 were not methylated19 suggests that additional PRMT1
recognition elements are required for substrate methylation (vide
infra). In BAD, the sites of modification were identified as R94
and R96, and as was the case with FOXO1,12 arginine methyla-
tion prevented phosphorylation of an adjacent serine residue (i.e.,
S99), but prior phosphorylation did not affect BAD methylation
by PRMT1.19

As a result of the functional role of a methylation/phosphor-
ylation switch in regulating FOXO1 activity,12 it was probable
that crosstalk would also affect the physiological activity of BAD.
BAD is a pro-apoptotic member of the BCL-2 protein family and
plays a major role in regulating cellular apoptosis.20 Previous
studies have demonstrated that several kinases and phosphatases
are responsible for altering the phosphorylation state of BAD and
thus dictating its location and activity.20�30 For example, when

BAD is dephosphorylated, it binds to the pro-survival proteins
BCL-XL/BCL-2 and displaces the pro-apoptotic proteins BAK
and/or BAX (from BCL-XL/BCL-2) to create activated homo-
dimers that form a pore in the mitochondria, which ultimately
leads to apoptosis.20,21,31 However, in response to cellular stress,
BAD is phosphorylated at S75, S99, and S118. Once phosphory-
lated, BAD binds to a 14�3�3 protein and is subsequently
removed from the mitochondria and sequestered in the cyto-
plasm. As a consequence, the pro-apoptotic function of BAD is
muted.22�27,32,33 Based on this model, one would expect that
decreased methylation of BAD by PRMT1 would increase
phospho-BAD levels, which would lead to enhanced 14�3�3
binding, sequesteration in the cytoplasm, decreased caspase acti-
vity, and consequently an increase in cell viability, all of which
were observed when PRMT1 was knocked down by siRNA.19 In
contrast to the situation with FOXO1, methylation of BAD was
not triggered by oxidative stress or known BAD activators. Thus
it is unclear whether BADmethylation is constitutive or occurs in
response to an unknown stimulant.19 In any case, these observa-
tions demonstrate that the methyltransferase activity of PRMT1
is critical for the pro-apoptotic function of BAD through its pre-
vention of Akt mediated phosphorylation of S99.19

The previous two examples involved PRMT1, a Type I PRMT
that catalyzes the asymmetric dimethylation of arginine residues
in proteins. In the third example of direct adjacent cis crosstalk,
PRMT5, a Type II PRMT that symmetrically dimethylates argi-
nines, is the responsible enzyme. Specifically, Guo et al. show that
FEN1 (flap endonuclease 1) is methylated at R192 by PRMT5
and that methylation of this particular arginine inhibits the phos-
phorylation of S187 by Cdk2-cyclin E (cyclin-dependent kinase-2).
As with the previous examples, the reverse scenario was not
observed, i.e., phosphorylation does not prevent methylation.34

Since FEN1 phosphorylation prevents its binding to PCNA
(proliferating cell nuclear antigen),35 it is unsurprising that, by
preventing phosphorylation, methylation promotes the PCNA
and FEN1 interaction. However, methylation occurring after
phosphorylation did not re-establish this protein complex, con-
firming that the inhibition of phosphorylation and not methyla-
tion alone is responsible for the observed effect.34 The inter-
action between PCNA and FEN1 is responsible for localizing
FEN1 to the site of replication. This interaction is important
because FEN1 is an exo- and endonuclease involved in essential
DNA processes, such as replication and repair.36 A R192K
mutant, which cannot bemethylated, abrogated both the PCNA/
FEN1 interaction and the localization of FEN1 to the site
of replication. As a consequence, a buildup of DNA double-
stranded breaks was detected, followed by slower progression
through the cell cycle and ultimately mitotic arrest.34 Because
other studies have shown that PRMT1 plays a role in the oxi-
dative stress response,12 the authors also investigated the affect of
hydrogen peroxide on the methylation of FEN1. The results
showed that oxidative stress results in localization of methylated
FEN1 to the nucleus. FEN1 that lacked methylation resulted in a
decrease in cell survival and an increase in mutations, thus
demonstrating a correlation between arginine methylation and
DNA repair.34 These observations demonstrate that PRMT5-
dependent methylation of the R192 residue of FEN1 plays a
critical role in preventing Cdk2-cyclinE-dependent phosphoryla-
tion of S187 and subsequently allows for proper DNA replication
and repair. With respect to human disease, these results suggest
that PRMT5 inhibition would synergize with DNA damaging
agents as a way to treat cancer.

Figure 3. Crosstalk scenarios. (a) The cis-effect refers to crosstalk
between two or more modifications located on the same protein. Within
the same protein there can be adjacent (i.e., between residues that are
close in both primary and tertiary structures) or distal (i.e., between
residues that are separated in primary and tertiary structures) crosstalk.
(b) The trans-effect refers to crosstalk between two modifications
located on two different proteins. Functionally, crosstalk can be
(c) direct (i.e., one modification inhibits or enhances the subsequent
modification of the same or a different residue) or (d) indirect (i.e., a
specific modification inhibits or enhances protein�protein interactions
leading to altered downstream effects). Note that while this figure
depicts crosstalk involving histones, the same explanations can be
applied to non-histone proteins. Adapted from ref 3.
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Phosphorylation Blocks Arginine Methylation. The above
crosstalk examples demonstrate a functional role for the inhibi-
tion of serine phosphorylation by arginine methylation, but
not the inverse. More recently, Sims et al. uncovered such an
example of direct adjacent cis crosstalk, where phosphorylation
of RNA polymerase II (RNAPII) prevents its methylation at
R1810.37 The CTD (carboxy terminal domain) of RNAPII con-
tains a series of heptad repeats whose consensus sequence is
YSPTSPS;38 however, several of these repeats contain arginine or
lysine substitutions in the last position (i.e., YSPTSP[R/K]).37 It
is known that S2 and S5 of these sequences can be phosphory-
lated by P-TEFb (positive transcription elongation factor b) and
CAK (CDK activating kinase), respectively.37 Phosphorylation
of these residues activates RNAPII and aids in the recruitment of
essential proteins39,40 that are important for gene transcription.38

Due to the unique nature of the arginine and lysine substitutions,
the authors investigated whether they were specifically modified.
The only PTM to be identified was methylation of R1810 by
CARM1 (coactivator-associated protein arginine methyltrans-
ferase 1) or PRMT4. Interestingly, phosphorylation of S2 and S5
prevented methylation of R1810, but methylation did not
prevent phosphorylation. Also, the presence of both methylation
and phosphorylation was observed in vivo, suggesting that
methylation occurs before phosphorylation.37 The functional
consequence of a lack of methylation of R1810 is downregulated
transcription of small nuclear RNA (snRNA) and small nucleolar
RNA (snoRNA).37

Distal Crosstalk between ArginineMethylation and Phos-
phorylation. Although the main focus of this paper is direct
adjacent cis crosstalk within kinase consensus sequences, it is
worth noting two additional examples involving distal non-
histone crosstalk between arginine methylation and phosphor-
ylation. The first example involves an interesting interplay be-
tween the CARM1-dependent methylation of R3 in C/EBPβ
(CCAAT/enhancer-binding protein β),41 a transcription factor,
and the phosphorylation of T253 by MAPK.42 Here, phosphor-
ylation of T253 abrogates the interaction between C/EBPβ and
CARM1, which abolishes the methylation of R3.41 Unmethy-
lated C/EBPβ is then free to bind to the SWI/SNF nucleosome
remodeling and the Mediator transcriptional coactivator com-
plexes to facilitate the increased transcription of C/EBPβ-
dependent genes. Thus, R3 methylation inhibits interac-
tions between C/EBPβ, SWI/SNF, and Mediator and as a
consequence down regulates the transcription of genes under
the control of C/EBPβ.
A second example of distal crosstalk involves the members of

the STAT (signal transducer and activator of transcription)
family of proteins, which play important roles in cell differentia-
tion, survival, and apoptosis.43 Given that STAT1 is methylated
by PRMT1 at R31, a conserved arginine residue,44 Chen et al.
investigated whether the corresponding arginine in STAT6, R27,
was also modified and found that this was the case. However, the
responsible methyltransferase was not identified.45 Nevertheless,
the authors did show that the lack of methylation prevented
phosphorylation of a distal tyrosine residue (i.e., Y641) and con-
sequently inhibited nuclear translocation, abrogated DNA bind-
ing, and decreased protein stability. It was shown that this cross-
talk was not due to the activation of tyrosine phosphatases.
Overall, the results demonstrated that arginine methylation of
STAT6 is required for phosphorylation of an essential tyrosine
residue, which ultimately effects the location of the protein, its
DNA binding capabilities, and protein stability.45

Lysine Methylation Blocks Phosphorylation. In addition to
arginine methylation, direct adjacent cis crosstalk has been
observed between lysine methylation and serine phosphoryla-
tion. Recently, Carr et al. determined that K810 of pRb (retino-
blastoma protein), a tumor suppressor protein that plays a critical
role in controlling progression through the cell cycle,46�49 is
methylated by SET7/9. This residues lies within a Cdk (cyclin-
dependent kinase) consensus sequence (i.e., [S/T]PX[K/R]),
and the authors speculated that an interplay might exist between
serine phosphorylation and modification of this lysine. Indeed,
lysine methylation directly prevented phosphorylation of not
only S807 but S811 as well. Additionally, the inhibition of S807
and S811 phosphorylation by methylation of K810 decreased
phosphorylation levels throughout pRb, suggesting that methy-
lation has an indirect effect on the phosphorylation of distal sites.
The reverse case, however, was not true in that prior phosphor-
ylation of pRb did not affect methylation.46

From a physiological standpoint, these findings are significant
because pRb phosphorylation occurs in a cell-cycle-dependent
manner and is a major mechanism to control cell cycle progres-
sion. For example, when pRb is phosphorylated it is incapable of
binding E2F, a transcription factor, resulting in the activated
transcription of E2F target genes (e.g., the cyclins), which ulti-
mate leads to cell cycle progression.46�53 In contrast, when pRb
is hypophosphorylated, it binds to E2F and represses the expres-
sion of E2F target genes, leading to cell cycle arrest.46�53 In light
of the fact that phosphorylation modulates the functional role of
pRb, the authors hypothesized that methylation of pRb would
affect the transcriptional activity of E2F in response to DNA
damage. Knockout of SET7/9 yielded an increase in the levels of
phosphorylated pRb, decreased binding to E2F, and a conse-
quent increase in the expression of several E2F target genes (e.g.,
DHFR, Cdc2, and Cdc6), with and without the addition of
etoposide, a known DNA damaging agent. Overall, these results
suggest that methylation plays a critical role in regulating the
transcriptional activity of E2F and that the methylation of K810
in pRb by SET7/9 is important for cell cycle arrest.46

A Phosphorylation and Lysine Methylation Switch. A
unique example of consensus crosstalk was found to exist be-
tween the methylation and phosphorylation of DNMT1 (DNA
methyltransferase 1); DNMT1 catalyzes the methylation of the
C5 position of cytosines in DNA, which is important for estab-
lishing and maintaining tissue specific gene transcription. Build-
ing on previous work that had shown that K142 of DNMT1 is
methylated by the lysine methyltransferase SET7/9,54 Est�eve
et al. found that an adjacent serine residue (i.e., S143) is phos-
phorylated by Akt. Further investigation yielded the discovery
that, in vivo, phosphorylation of S143 prevents methylation of
K142 and vice versa. Interestingly, in vitro, a small percentage of a
methylated DNMT1 peptide became phosphorylated. There-
fore, it is possible that both modifications may be present at the
same time on a small quantity of the total protein concentration.
Regardless, a knockout of Akt resulted in increased proteolysis of
DNMT1 overtime, although mRNA levels remained constant.
Also, the half-life of phosphorylated DNMT1 was found to be
greater than that of the methylated protein.55 These results
suggest that methylated DNMT1 is more susceptible to degrada-
tion and that phosphorylation can prevent it. Functionally, the
communication between these methylation and phosphorylation
events appears to be cell-cycle-dependent, as increases in phos-
phorylation are observed as the cell cycle progresses from S
phase to G2 followed by a decrease in phosphorylation and a
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corresponding increase in methylation.55 This observation makes
sense because DNMT1 is involved in establishing and regulating
tissue-specific DNA methylation patterns. Overall, the results of
these studies suggest that Akt- and SET7/9-mediated phosphor-
ylation and methylation of DNMT1 regulate its activity in a cell-
cycle-dependent manner. Although not investigated, it is likely
that the activity of DNMT1 is further regulated by phosphatases
and lysine demethylases.
Indirect Crosstalk between Lysine Methylation and Phos-

phorylation. As discussed in regards to histones, indirect cross-
talk involves the enhancement or inhibition of protein�protein
interactions due to specific modifications. Levy et al. provide an
interesting example of such indirect crosstalk between the met-
hylation and phosphorylation of RelA.56 RelA is a subunit of the
transcription factor NF-kB.57,58 First, they first discovered that
RelA is monomethylated at K310 by SETD6 and phosphorylated
at S311 by PKC. Interestingly, the authors also demonstrated
that the modification of either K310 or S311 does not affect the
modification of the other residue, suggesting that both modifica-
tions can be present on RelA at the same time.56 Functionally,
these two modifications modulate the expression of NF-kB tar-
get genes. For example, in the absence of phosphorylation,
methylated RelA interacts with GLP (G9a-like protein), a second
lysine methyltransferase, and localizes at the promoters of NF-k
B target genes (e.g., CCND1, IL8, MYC, IL1A). This interaction
facilitates H3K9 methylation by GLP, which results in decreased
gene transcription. In contrast, when cells are stimulated with
TNF (tumor necrosis factor), RelA is phosphorylated by PKC,
and consequently, the interaction between GLP and RelA is
inhibited. Thus, without the repressive histonemethyltransferase
activity of GLP, RelA activates the expression of NF-kB target
genes.56 In this case it appears that phosphorylation can override
the inhibitory effects of lysine methylation.
A Phosphorylation and Lysine Acetylation Switch. As dis-

cussed above, lysine acetylation transforms a positively charged
residue into a neutral residue and thus also likely affects adjacent
cis crosstalk. This speculation is confirmed in an example in-
volving phosphorylation and acetylation of ERR (estrogen
receptor R), an estrogen-responsive transcription factor.59 ERR
is phosphorylated at S305 by PKA.60,61 Adjacent to S305 and
present within the same PKA consensus sequence (i.e., XRRXSX
or XKKXSX) are K302 and K303, which are acetylated by
p300.62 In light of the fact that K303 is mutated to an arginine
in one-third of patients with premalignant breast hyperplasias
and that this mutation renders the cell hypersensitive to low
doses of estrogen,63 Cui et al. decided to focus on crosstalk be-
tween the acetylation of K303 and phosphorylation of S305. In
addition, they hoped to determine the impact of the K303R
mutation on possible ERR crosstalk. The results showed that
acetylation of K303 prevents the phosphorylation of S305 and
vice versa, thus demonstrating negative crosstalk between these
two residues.59 This is in line with substrate specificity studies on
p300 that showed that positively charged residues adjacent to the
site of acetylation are important for substrate recognition.64

Interestingly, the K303R mutant yielded a higher concentration
of phosphorylated protein compared to wild type ERR, suggest-
ing that when an arginine is present at this position the protein is
a better substrate for PKA.59

With regards to the functional consequences, the authors
investigated the impact of this crosstalk on the involvement of
ERR in transcriptional regulation and cell proliferation. The
results demonstrated that the K303R mutant yielded an increase

Figure 4. Structural basis for crosstalk. (a) A structure of Akt (white)
bound to a GSK3β (cyan)-derived peptide demonstrates that arginine
residues in the -5 and -3 positions are critical for Akt substrate recognition.
Arg-5 forms direct and indirect hydrogen bonds with several key residues
(i.e., E279, Y316, E342), as well as with Thr-2 on the peptide. This residue
is also capable of forming a salt bridge with E279. Arg-3 forms both a
hydrogen bond and salt bride with E236. The methylation of both Arg-5
and Arg-3 would disrupt these key interactions and thus result in the
observed inhibition of serine phosphorylation, which is demonstrated in
several examples presented in this review (i.e., FOXO112 and BAD19).
This figure was prepared with UCSF Chimera using the coordinates for
the Akt 3GSK3β peptide complex (PDB ID 1O6L). (b) A structure of
SET7/9 (white) bound to DNMT1 (cyan) provides the structural basis
for the inhibition of lysine methylation by phosphorylation of an adjacent
serine residue.55 In this case, the potentially phosphorylated residue, i.e.,
Ser143 forms a hydrogen bond with K317 and also has van der Waals
interactions with L267. The addition of a phosphate group would cause
van der Waals respulsions between between the Ser143 and L267 and
thus would prevent methylation. This figure was prepared with UCSF
Chimera using the coordinates for the SET7/9 3DNMT1 peptide com-
plex (PDB ID 3OS5). (c) A structure of SETD6 (white) bound to a RelA
peptide (cyan) shows that the potentially phosphorylated Ser311 forms a
hydrogen bond with the backbone carbonyl of Q226 and also has van der
Waals interactions with P228. As the authors note, the addition of a
phosphate groupwould likely prevent RelA binding due to sterics and thus
abrogate methylation of Lys310.69 Note that in all structures a dashed
line simply represents the distance between two residues and not
necessarily a hydrogen bond. Also note that single letter abbreviations
are used to denote residues on the enzyme and three letter abbreviations
are used to denote residues on the peptide.
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in both transcription and cell proliferation compared to wild type
due to its hypersensitivity toward low doses of estrogen. The
inhibition of PKA, however, diminished this effect, thus demon-
strating that the hypersensitivity and increased activity of the
K303Rmutant is a result of increased phosphorylation of S305.59

In addition, a more recent article provided evidence for crosstalk
between acetylation of K303 and methylation of K302. Sub-
ramanian et al. showed that methylation of K302 of ERR by
SET7/9 stabilizes the protein and is essential for the activation
of ERR. Interestingly, acetylation of K303 by p300 decreases
methylation of K302, however, the K303R mutation increases
methylation. The authors suggest that the repression of tran-
scription that is observed with acetylation of K303 may not
only be due to prevention of S305 phosphorylation, but due to
the degradation of ERR caused by a lack of K302 methylation.
The K303R mutation, however, allows for both K302 methy-
lation and S305 phosphorylation, thus upregulating gene trans-
cription.65

’STRUCTURAL BASIS FOR CROSSTALK

Protein kinases typically bind and phosphorylate serine,
threonine, or tyrosine residues within a distinct consensus sequ-
ence. Of these kinases, Akt is a perfect example of how PTMs
within a consensus sequence can alter substrate binding. For Akt,
the consensus sequence (i.e., RXR[S/T/A][S/T/A][S/T][F/L])
contains two positively charged arginine residues at the -3 and -5
positions relative to the phosphorylation site (Figure 1). On the
basis of the structure of Akt bound to a peptide whose sequence is
derived from GSK3β66 (Figure 4A), it is apparent that R-5 forms
several direct and indirect hydrogen bonds with surrounding Akt
residues, including E279, Y316, and E342, as well as T-2 on the
peptide itself. In addition, the positive charge of R-5 and the
negative charge of E279 are likely capable of forming a salt bridge.
R-3 also forms a hydrogen bond and salt bridge with E236, and
although the distance between R-3 and D440 is too great for a
hydrogen bond interaction, it is also possible that there are elec-
trostatic attractions between these two residues. In the examples
described above, both R-3 and R-5 were methylated, and this
prevented the phosphorylation of the targeted serine residue.12,19

The structural basis for this crosstalk is easily discerned. For
example, while the formation of an asymmetrically dimethylated
arginine would not alter the charge of the residue, it would un-
doubtedly create steric bulk. This added steric bulk would
prevent the formation of key hydrogen bonds with, for example,
E279 and Y316 in the substrate binding cleft, which would result
in an inability to properly bind the substrate and thereby inhibit
phosphorylation. Similar effects would be expected for the
methylation of R-3. One could imagine that deimination of these
two arginine residues by the PADs would likely yield the same
result. However, instead of adding steric bulk, abrogation of pro-
tein binding would be due to the neutralization of the positively
charged arginine residue and the disruption of proper hydrogen
bonding. Although the conversion to citrulline would still allow
for a lower degree of hydrogen bond formation, the carbonyl
oxygen would only be a hydrogen bond acceptor, thus terminat-
ing the bidentate interactions between R-3 and E236 and R-5
and E279.

One of the more interesting examples of crosstalk that was
presented above involved the inhibition of PKA-dependent
phosphorylation of ERR by p300-dependent acetylation. Acet-
ylation of K303 prevents the phosphorylation of S305; however,

a K303R mutation enhances phosphorylation of S305.59 As
described by Yang et al., PKA also has several conserved
glutamate/aspartate residues within the peptide binding cleft
that form critical interactions with positively charged residues
adjacent to the site of phosphorylation.66 As mentioned pre-
viously, acetylation neutralizes the positively charged lysine and,
like methylation, introduces a significant degree of steric bulk.
Thus, it is unsurprising that acetylation of K303 would prevent
the phosphorylation of S305.

Interestingly, phosphorylation does not block methylation by
PRMT1 and PRMT5. On the basis of the crystal structure of
PRMT1,67 as well as work from our own lab,68 this observation is
easily rationalized. For example, although the surface of PRMT1
is highly negatively charged,67 which would suggest that the
introduction of a phosphate group would lead to electrostatic
repulsions, we have shown that the residues between the site
of methylation and distal positively charged residues are rela-
tively unimportant for substrate recognition.68 Although a similar
explanation is likely for PRMT5, detailed substrate specificity
studies have not been performed on this isozyme. In contrast to
the situation with PRMTs 1 and 5, phosphorylation of S2 and S5
in RNAPII blocked the methylation of R1810 by CARM1.37

Given that detailed substrate specificity studies have also not
been performed for this enzyme and no structures of CARM1
bound to cognate peptide substrates are available, it is difficult to
speculate on why phosphorylation blocks methylation. Never-
theless, the addition of two phosphate groups adjacent to the site
of methylation would likely not only cause a perturbation in the
peptide structure itself, due to repulsion between the two
phosphate groups, but would also likely disrupt key interactions
within the substrate binding cleft.

With regard to phosphorylation blocking lysine methylation
or acetylation, as in the cases of DNMT1 55 and ERR,59 it is likely
that transitioning from a neutrally charged hydroxyl group to a
bulky and negatively charged phosphate group would affect the
binding capability of a methyltransferase or acetyltransferase.
This is observed in the structure of the SET7/9-DNMT1 pro-
duct complex between the SET7/9 lysine methyltransferase and
a monomethylated lysine peptide substrate derived from DN-
MT1 (Figure 4B).55 In this structure, Ser143 in DNMT1, which
can be phosphorylated by Akt, forms a hydrogen bond with a
nearby lysine residue, K317, and also has van der Waals interac-
tions with a leucine residue, L267. The authors speculate that the
observed inhibition of methylation is due to van der Waal repul-
sions between the phosphate and leucine residue.55

Chang et al. recently provided a structural explanation for
indirect crosstalk between the methylation by SETD6 at K310
and phosphorylation by PKC at S311 of RelA (Figure 4C).56,69

Within the SETD6 active site, the target lysine (i.e., K310) can
adopt a bent or linear conformation; however, in both cases key
hydrogen bonds are formed with the backbone carboxyl of L250
in the linear conformation or with the hydroxyl of Y297 and the
backbone carbonyl of S224 in the bent conformation. S311
hydroxyl also forms a hydrogen bondwith the backbone carbonyl
oxygen of Q226 and has van der Waal interactions with nearby
P228. As the authors note, the addition of a phosphate group
would likely prevent RelA binding due to sterics.69

’PREDICTING CROSSTALK

Given that protein kinase substrates can be readily predicted
on the basis of the presence/absence of a particular consensus
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sequence, the most obvious question is whether it is possible to
predict crosstalk. The answer appears to be yes. Below we predict
potential crosstalk between Akt substrates and PRMT1-medi-
ated methylation. Note that we focused on these two enzymes
because of prior precedents with Akt (see above) and our own
expertise in predicting PRMT1 substrates.68 Additionally, PR-
MT1 is responsible for 85% of all PRMT activity in vivo,70,71 and
thus it is likely that if kinase consensus crosstalk is a global mech-
anism for cellular regulation, PRMT1 would be the principal
isozyme involved. Nevertheless, it should be recognized that the
same approach could be taken to predict crosstalk between any
given kinase with a known consensus sequence and a lysine- or
arginine-modifying enzyme whose substrate specificity determi-
nants are known.

In contrast to kinases, the distinct substrate recognition sequ-
ences for PRMT1, and the PRMTs in general, are relatively un-
known. In an effort to determine a minimal peptide substrate,
based on the N-terminus of histone H4, our lab discovered that
positively charged residues distal to the site of methylation are
important for substrate recognition and catalysis.68 This makes
sense because the surface of PRMT1 is negatively charged, and
therefore electrostatic interactions between the protein and the
substrate are likely present.67,68 With this knowledge, we inves-
tigated whether similarities are present between histone H4 and
the recently discovered PRMT1 substrates described above. As
shown in Table 1, for histone H4, BAD, and the FOXO family
members, two arginine residues in close proximity to each other
are present distal to the site of methylation in addition to a num-
ber of other positively charged residues. This observation coin-
cides with our previous findings.68 Closer examination of Akt
substrates that failed to be methylated by the PRMTs, (e.g.,
eNOS, p27, and GSK3β)19 shows that they lack distal positively
charged residues throughout the intervening sequences (Table 1).
The one exception is MDM2. However in this case, the presence
of several negatively charged glutamates likely masks the pre-
sence of distal positively charged residues. In light of this analysis,
we hypothesized that novel Akt/PRMT1 substrates can be
predicted on the basis of the identity of residues downstream
from the kinase consensus sequences (Table 2). Note that we
have stratified the Akt substrates into three groups, i.e., highly
probable, likely, and unlikely PRMT1 substrates. Highly prob-
able substrates were selected on the basis of the presence of at
least two distal arginine residues separated by one or two variable

residue(s), as these RXR and RXXR motifs are a common theme
among the known PRMT substrates. These predictions also
include at least one other distal positively charged residue in
addition to these motifs. Likely substrates include those Akt
substrates that possess a number of positively charged residues
distal from the predicted sites of methylation but do not possess
the RXR or RXXR motifs or do not contain an additional posi-
tively charged residue. Note that further studies will need to be
conducted to determine whether lysine can substitute for argi-
nine in these positions or if the presence of several nonspecific
positively charged residues alone is enough for efficient substrate
recognition and catalysis. The effect of the presence and position
of negatively charged residues on substrate recognition also will
need further investigation because, as mentioned above, they
likely mask the positively charged residues. Validation of the
predicted PRMT1 and Akt substrates would indicate that con-
sensus crosstalk is a general mechanism to control eukaryotic cell
signaling.

’FUTURE PERSPECTIVES

Role of Additional Modifications. Although the discussion
so far has focused mainly on arginine and lysine methylation, as
well as lysine acetylation, both of these residues are subject to a
plethora of additional modifications (Figure 2). As such, it is
likely that these modifications will exhibit crosstalk with protein
phosphorylation. In support of this notion, the Coonrod group
recently showed that Elk-1 (ETS like gene 1), a member of the
ETS family of transcription factors, is deiminated by PAD4 and
that this modification increases Elk-1 phosphorylation by ERK2.
Although it has yet to be established that these twomodifications
occur in the same consensus sequence, it is known that phos-
phorylation facilitates a tight interaction between Elk-1 and
p300 leading to increased histone acetylation and ultimately
the activation of c-Fos.72

An additional layer of complexity to the crosstalk puzzle is the
roles of the demodifying enzymes (e.g., HDACs, lysine demethy-
lases, and phosphatases) in modulating crosstalk. It is likely that a
precisely regulated cycle of modification and demodification of
lysine in accord with the phosphorylation and dephosphorylation
of serine, threonine, or tyrosine residues must exist. The situation
with arginine methylation is more complex because an arginine
demethylase has yet to be identified. However, it should be clear

Table 1. Tested Substrates for PRMT1 and Aktf

aKnown PRMT1 substrate. bNot known to be an Akt substrate. cNumbers correspond to human FOXO1. Mouse FOXO1 begins at 248. d Sites of
methylation have not been identified. eNot a PRMT1 substrate. The light blue represents sites of methylation. fThe red represents known sites of Akt
phosphorylation. The purple represents positively charged residues. The orange represents negatively charged residues. The light blue represents sites of
methylation.
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that the dysregulation of any one of those enzymes could faci-
litate the onset of a plethora of diseases.
One final layer of complexity is the role of antagonistic PTMs.

For example, we and others have shown that deimination/
citrullination of an arginine residue can antagonize/prevent
the methylation of that same arginine residue.73�78 In addition,
serine O-GlcNAcylation has been shown to antagonize phos-
phorylation of the same serine residue.79,80 Overall, these indivi-
dual observations suggest that crosstalk within kinase consensus

sequences is potentially quite complex and has multiple levels
and that eukaryotic cell signaling is not well represented by the
linear pathways often depicted in textbooks.
Crosstalk and Disease.Crosstalk between protein phosphor-

ylation and modification of arginine and lysine residues within
kinase consensus sequences potentially has significant relevance
to human disease. This is the case because the modification
of these basic residues can potentially have either growth-pro-
moting or growth-suppressing effects. For example, in the two

Table 2. PRMT1 and Akt Crosstalk Predictionsf

aKnown PRMT1 substrate. bNot known to be an Akt Substrate. cNumbers correspond to human FOXO1. Mouse FOXO1 begins at 248. d Sites of
methylation have not been identified. eNot a PRMT1 Substrate. fThe red represents known sites of Akt phosphorylation. The purple represents
positively charged residues. The orange represents negatively charged residues The light blue represents sites of methylation.
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examples of Akt crosstalk, PRMT1 opposes the effects of Akt-
mediated phosphorylation.12,19 Given that PI3K-Akt signaling is
overactive in multiple cancers, these results suggest that the
inhibition of PRMT1 would further stimulate the growth-pro-
moting and cell-survival effects of Akt signaling. Nevertheless,
PRMT1 has been shown to be required for the growth-promot-
ing effects of estrogen signaling, and siRNA knockdown of
PRMT1 has been shown to suppress the growth of MCF7
cells.81 As such, it is unclear whether PRMT1 represents a valid
target for the development of an anticancer therapeutic, thereby
highlighting the critical need for developing bioavailable PRMT1
inhibitors that can be used to specifically address this question.
Additionally, the putative roles of arginine- and lysine-modifying
enzymes in regulating kinase signaling highlight the possibility
that the effects of inhibitors targeting these enzymes, including
those enzymes that remove these modifications, may be due not
only to effects on gene transcription but also to effects on kinase
signaling pathways. Again, this highlights the need for additional
research to examine the links between consensus crosstalk and
human disease. Finally, the fact that the mutation of K303 to an
arginine residue in ERR is present in one-third of patients with
premalignant hyperplasias63 is highly interesting because it sug-
gests that cancer associated mutations can impinge on crosstalk.
Given the numerous PRMTs, KMTs, andHATs/KATs, research
in this area is undoubtedly an untapped treasure waiting to be
discovered.

’CONCLUSIONS

In this review we have summarized and presented recent
examples of non-histone crosstalk involving arginine and lysine
modifications and the phosphorylation of serine residues. These
examples have led us to hypothesize that crosstalk within kinase
consensus sequences is a general mechanism for controlling
cellular signaling. Although several of the examples described
above indicated that the serine phosphorylation and lysine/argi-
nine modifications are mutually exclusive, it is interesting to note
that phosphorylation does not prevent methylation in all cases
(e.g., FOXO1,12 BAD,19 FEN1,34 pRb46). Although the physio-
logical basis for this effect is not known, it is tempting to speculate
that, in these specific examples, arginine methylation may pre-
vent repeated phosphorylation/dephosphorylation cycles in order
to desensitize cell signaling. Although the substrate specificities
ofmany kinases are known, the sequence requirements for arginine-
and lysine-modifying enzymes remain less clear and their dis-
covery would enable the prediction of additional potential
crosstalk candidates. Overall, the dysregulation of this newly un-
covered mechanism for cellular signaling likely plays an impor-
tant role in numerous human diseases.
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PTM, post-translational modification; PRMT, protein arginine
methyltransferase;MAPK, mitogen-activated protein kinase; Rsk-2,
ribosomal S6 kinase; Gcn5, growth control nonrepressed 5; IE,
immediate-early; COMPASS, complex of proteins associated
with Set1;MLL, mixed lineage leukemia; Paf1, RNA polymerase
II associated factor; SAM, S-adenosyl methionine;ω-MMA,
omega-monomethylarginine; ADMA, asymmetric dimethyl argi-
nine; SDMA, symmetric dimethyl arginine; PAD, protein argi-
nine deiminase; KMT, lysine methyltransferase; HP1, hetero-
chromatin protein 1; KDM, lysine demethylase; KAT, lysine
acetyltransferase; CBP, CREB-binding protein; PCAF, p300/
CBP-associated factor; HDACS, histone deacetylases; FOXO1,
forkhead box O1; BIM, BCL-2-interacting mediator; BCL-2,
B-cell lymphoma-2; PI3K, phopshoinositide 3-kinase; PGC-1R,
peroxisome proliferator-activated receptor-γ coactivator;
BAD, BCL-2 antagonist of cell death; eNOS, endothelial nitric
oxide synthase; GSK3β, glycogen synthase kinase-3 β; MDM2,
murine doubleminute-2; FEN1, flap endonuclease 1;Cdk-2, cyclin-
dependent kinase-2; PCNA, proliferating cell nuclear antigen; RNA-
PII, RNA polymerase II; CTD, carboxy terminal domain;
P-TEFb, positive transcription elongation factor b;CAK, CDK
activating kinase; CARM1, coactivator associated protein arginine
methyltransferase 1; snRNA, small nuclear RNA; snoRNA, small
nucleolar RNA;C/EBPβ, CCAT/enhancer-binding protein β;
SWI/SNF, switch/sucrose nonfermentable; STAT, signal transdu-
cer and activator of transcription; pRb, retinoblastoma protein;
DNMT1, DNA methyltransferase 1;NFkB, nuclear factor kappa-
light-chain-enhancer of activated B cells; GLP, G9a-like protein;
TNF, tumor necrosis factor; ERR, estrogen receptor R; ELK1, ETS
like gene 1; ERK2, mitogen-activated protein kinase 1
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