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Microtubule-associated protein 2 (MAP2) is an important
neuronal target of extracellular signal-regulated kinase 2
(ERK2) involved in Raf signaling pathways, but mechanistic
details of MAP2 phosphorylation are unclear. Here, we used
NMR spectroscopy to quantitatively describe the kinetics of
phosphorylation of individual serines and threonines in the
embryonic MAP2 variant MAP2c. We carried out real-time
monitoring of phosphorylation to discover major phosphory-
lation sites that were not identified in previous studies relying
on specific antibodies. Our comparison with the phosphoryla-
tion of MAP2c by a model cyclin-dependent kinase CDK2 and
with phosphorylation of the MAP2c homolog Tau revealed
differences in phosphorylation profiles that explain specificity
of regulation of biological functions of MAP2c and Tau. To
probe the molecular basis of the regulatory effect of ERK2, we
investigated the interactions of phosphorylated and unphos-
phorylated MAP2c by NMR with single-residue resolution. As
ERK2 phosphorylates mostly outside the regions binding mi-
crotubules, we studied the binding of proteins other than
tubulin, namely regulatory subunit Rlla of cAMP-dependent
PKA, adapter protein Grb2, Src homology domain 3 of tyro-
sine kinases Fyn and Abl, and ERK2 itself. We found ERK2
phosphorylation interfered mostly with binding to proline-rich
regions of MAP2c. Furthermore, our NMR experiments in SH-
SY5Y neuroblastoma cell lysates showed that the kinetics of
dephosphorylation are compatible with in-cell NMR studies
and that residues targeted by ERK2 and PKA are efficiently
phosphorylated in the cell lysates. Taken together, our results
provide a deeper characterization of MAP2c phosphorylation
and its effects on interactions with other proteins.

Cytoskeletal microtubule-associated proteins (MAPs) are
proteins of critical importance for regulating the stability and
dynamics of microtubules (1). MAP2 and Tau represent MAP
subfamilies expressed in neurons, with MAP2 localized in
dendrites, whereas Tau is found mainly in axons (2). Tau and
MARP?2 belong to the class of intrinsically disordered proteins
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(IDPs), which lack a unique structure and which exist in
multiple, quickly interconverting conformations (3-7).

Tau and MAP2 differ in their N-terminal projection do-
mains, containing the N-terminal region, the variable central
region (VCR), and proline-rich regions (PRRs), whereas the
C-terminal part, containing microtubule-binding domain
(MTBD) and the C-terminal region, are homologous (8, 9).

The MAP2 family is composed of two high-molecular
weight proteins, MAP2a and MAP2b, and two low-molecular
weight proteins MAP2c and MAP2d, consisting of 467 and
498 amino-acids, respectively. The MAP2 isoforms differ
mainly in the projection domain (9), with MAP2c being the
shortest functional isoform. MAP2c is mainly expressed peri-
natally (2). Postnatally, its expression is restricted to regions
exhibiting postnatal plasticity, such as the olfactory bulb (10),
suggesting a role in neuronal development.

MAP2 is highly phosphorylated in vivo, and its phosphor-
ylation is regulated during development (11) by a precise
balance of activation of specific kinases and phosphatases (for
review see (12)). Phosphorylation of MAPs regulates their
binding to microtubules (13-18) and consequently microtu-
bule dynamics (19) and is implied in neuronal development
and plasticity (12). MAP2 phosphorylation can also regulate
binding of MAP2 to binding partners (20, 21). Serine/threo-
nine kinases phosphorylating MAPs in nonproliferating
neurons of the adult brain include cAMP-dependent PKA,
extracellular signal-regulated kinases (ERKs), cyclin-
dependent kinase 5 (CDK5), PKC, MAP/microtubule
affinity-regulating kinase (MARK), and glycogen synthase
kinase 3B (GSK3pB) (17, 18, 22-24). MARKs phosphorylate
Tau and MAP2 in the MTBD, decreasing their affinity for the
microtubules (24), whereas PKA phosphorylates Tau but not
MAP2 in the MTBD, inhibiting the microtubule-stabilizing
activity of Tau but not MAP2 (21, 25-27).

Abnormal hyperphosphorylation of Tau by proline-directed
kinases has been found in paired helical filaments and
neurofibrillary tangles formed in brains of patients suffering
from the Alzheimer disease (28, 29). Therefore, phosphoryla-
tion of Tau by proline-directed kinases has been studied in
detail. The results showed that CDK2 and ERK2 phosphorylate
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MAP2c phosphorylation by ERK2

Tau in the PRR, outside of the MTBD, and that the phos-
phorylation induces conformational changes affecting the
ability of Tau to aggregate but its effect on microtubule
binding is less clear (12, 30-35).

Phosphorylation of MAP2 by proline-directed kinases has
been less extensively studied and does not have an effect on
binding to microtubules but may interfere with microtubule
nucleation (36, 37). Only a few phosphorylated residues have
been identified, including (using numbering of rat MAP2c)
Ser136, Thr259, Thr262, Thr289, Ser293. These sites have
been identified using antibodies specific for phosphorylated
residues, not providing information about possible phosphor-
ylation sites not probed by the antibodies. MAP2 phosphory-
lation sites by PKA have been investigated using mass
spectrometry (21, 38).

In this study, we used NMR spectroscopy to identify all Ser/
Thr-Pro sites of MAP2c phosphorylated by proline-directed
kinases ERK2 and CDK2 and to quantitatively describe dif-
ferences in the phosphorylation kinetics of individual sites.
NMR has been used previously to study phosphorylation of
MAP2c by PKA (21), phosphorylation of Tau by PKA and
ERK2 (27, 34), as well as phosphorylation of other proteins
such as histone H3 and p53, both in vitro and in cell extracts
(39-41) and proved to be a reliable method to probe the in-
dividual phosphorylation sites. As the level of phosphorylation
in vivo is a result of a balance between the actions of kinases
and phosphatases, we complemented the study by real-time
monitoring of dephosphorylation of individual residues by
phosphatases in the SH-SY5Y neuroblastoma cell extract.
Finally, we showed that collocation of SH3-binding sites and
target sites of proline-directed kinases results in regulation of
the interactions of MAP2c with SH3 domains and RIla regu-
latory subunit of PKA (RIIa-PKA) by Ser/Thr-Pro
phosphorylation.

Results
Interaction of MAP2c with ERK2

As a first step in our study of the effect of ERK2 on MAP2c,
we investigated the physical interaction of the proteins. We
took advantage of the fact that heights of NMR peaks of
intrinsically disordered proteins decrease when interactions
with other proteins result in formation of well-ordered com-
plexes due to the faster NMR relaxation in large, well-ordered
proteins (Fig. 1, A and B). To determine the docking site of
ERK2 on MAP2c, we measured 3D HNCO spectra of the
complex ERKZ:[ISN,ISC]-MAPZC at 0.3:1, 0.6:1, and 1:1 molar
ratios and compared the intensity of the peaks to the intensity
of the peaks of free MAP2c (Fig. 1C). We observed a gradual
decrease in intensity in the MTBD upon addition of ERK2, in
regions 290 to 310 and 340 to 360, containing two potential
canonical ERK D-box docking sites: D1, 595 KQLRL3¢, and D2,
336 TKKIDL3y; (42). The peak intensities decrease simulta-
neously in both D-docking sites, showing that ERK2 binds
both sites with a comparable affinity. The dissociation constant
of the ERK2:MAP2c complex, determined by microscale
thermophoresis (MST), was (0.8 + 04) puM (Fig. S1 in
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Supplementary material). In addition, the peak intensities
decrease also in the N-terminal region, at residues 10 to 30 and
40 to 120, and in the VCR, between residues 180 and 230.
These regions do not contain a D-box docking site and could
therefore correspond to a secondary binding site.

Assignment of NMR spectra

MAP2c phosphorylation was studied by NMR spectroscopy.
Series of 'H,'”"N-HSQC spectra of ['*N]-MAP2c were
measured after addition of ERK2 or CDK2 for 20 h. Within 4 h
of phosphorylation at our conditions, several new intense
peaks appeared at proton frequencies downfield from 8.5 ppm,
corresponding to a chemical shift of NH groups influenced by
phosphorylation. More than 20 peaks of phosphorylated resi-
dues could be seen in the spectra of MAP2c phosphorylated by
ERK2 and CDK?2 (Fig. 2), which is a number expected for the
19 Ser/Thr residues followed by proline (43).

In order to assign NMR peaks of phosphorylated Ser/Thr,
the type of the preceding residue was first identified based on
frequencies in 3D CBCA(CO)NH spectra. Unambiguous
assignment was obtained by recording 'H,'’N-HSQC spectra
of four shorter MAP2c fragments (1-159, 159-254, 250-347,
and 300-467) and of MAP2c mutants prepared by site-
directed mutagenesis of serines and threonines followed by
proline (mutants S28D, S136D, S140D, S178D, T245E, T259E,
T262E, S264D, S274D, S422D, MAP2c-159-254/T238E,
MAP2c-250-347/T268E, MAP2c-250-347/T271E, MAP2c-
250-347/T289E, MAP2c-250-347/S293A). In the case of
MAP2c phosphorylated by ERK2, assignment of Thr248 and
unexpected phosphorylation at Ser274 were confirmed by
following connectivities in 2D FOSY NMR spectra (44). The
chemical shifts of the phosphorylated Ser/Thr are listed in
Table S1 in Supplementary material.

We assigned peaks of all serines and threonines phosphor-
ylated efficiently by ERK2 including twelve Pro-Xxx-Ser/Thr-
Pro ERK consensus sequences and seven other Ser/Thr-Pro
motifs present in MAP2c. Phosphorylation of some serines
not followed by prolines was also detected, most notably of
Ser274 by ERK2. On the other hand, CDK2 but not ERK2
phosphorylates Ser264. Slow phosphorylation of other residues
(Ser44, Thr80, Ser241) was also observed. Eighteen of the
ERK?2 sites were phosphorylated by CDK2 as well. Ser274 and
Ser448 were phosphorylated by ERK2 but not by CDK2 under
our conditions. In addition, peaks of several residues imme-
diately following the phosphorylated Ser/Thr-Pro sites
appeared in the downfield region of the 'H,">N-HSQC spectra
(Alal42, Gly240, Gly261, Lys273, Lys292, Ala295). Chemical
shifts of CP observed in CBCA(CO)NH spectra (45) allowed us
to distinguish peaks of residues following cis- and trans-
prolines in the Ser/Thr-Pro sites.

The variable central region of MAP2c contains three
important phosphorylation sites, Ser136, Ser140, and Ser178.
Phosphorylated Ser136 is recognized by the antibody AP18
and its biological role has been discussed in the literature (36).

Twelve target motifs for proline-directed kinases are located
in the PRR of MAP2c, forming five clusters of two or three
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Figure 1. Interaction of MAP2c with ERK2. A, schematic representation of a decrease of NMR peak height of residues of IDPs bound to a well-ordered
large protein. B, one-dimensional traces of peaks of Gly305, not interacting with ERK2, and of Arg301 and Lys352 located in the D-box D1 and D2,
respectively, of MAP2c. The traces are plotted for free MAP2c (blue) and for the MAP2c:ERK2 ratios 1:0.3 (green), 1:0.6 (orange), and 1:1 (red). C, heights of
peaks in HNCO spectra of ['3C,"N]-MAP2c with 0.3 (green), 0.6 (orange), and 1 (red) molar equivalents of ERK2, compared to free MAP2c. The identified D-
docking sites D1 and D2 are indicated by shaded boxes. ERK2, extracellular signal-regulated kinase 2; IDPs, intrinsically disordered proteins; MAP,

microtubule-associated protein.

Ser/Thr-Pro sites. Starting from Thr256, the MAP2c sequence
is homologous with that of Tau. Thus, three clusters of Ser/
Thr-Pro sites in MAP2c PRR can be aligned with the Tau
epitopes AT8, AT100, and AT180.

The cluster ,56 TPGTPGTPS,4, (epitope 305) is homologous
with the Tau epitope AT8 (;99SPGSPGTPGS,0g). Phosphory-
lation at Ser202 and Thr205 in AT8 induces formation of a
turn-like structure (32), which is disrupted by further phos-
phorylation at Ser208, resulting in Tau aggregation (33).
Interestingly, CDK2 produces a MAP2c motif with a distri-
bution of phosphates resembling fully phosphorylated AT8 of
Tau. The important difference between Tau and MAP2c is
insertion of Gly207 and presence of two arginine residues in
the Tau sequence, critical for the formation of the turn-like
motif (32).

The cluster ;s TPGTPKSGILy7; in MAP2c substantially
differs from the homologous Tau epitope AT100
(212TPSLPTPPTRy,;). The major PKA phosphorylation site
Ser214 and the class-I SH3-binding site ,;sPTPPTR,,; of Tau
are missing in the MAP2c sequence. Interestingly, Ser274 in
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MAP2c is phosphorylated by ERK2, but not by CDK2. ERK2
thus creates distribution of phosphates more similar to the
Tau epitope AT100, consisting of phosphorylated Thr212,
Ser214, and Thr217.

The MAP2c cluster ,gsRTPPKSPATP,y; aligns with the Tau
sequence ,30RTPPKSPSSA,39, containing the major in vitro
ERK2 phosphorylation site Ser235 (34). The Tau sequence is
recognized by the antibody AT180 when phosphorylated at
Thr231 and Ser235. Phosphorylation of the epitope interferes
with Tau binding to microtubules (46). Phosphorylation of
Ser235, Ser237, and Ser238 in Tau shifts the conformational
equilibrium from polyproline II to a-helical structure (47). The
discussed sequences of both Tau and MAP2c contain the class
I SH3 recognition sites RTPPKSP.

The Ser/Thr-Pro sites occur also in the terminal regions of
MAP2c and Tau. The N-terminal sequences of MAP2c and
Tau differ substantially and direct comparison of the phos-
phorylation sites is not possible. In the case of MAP2c, the
only N-terminal Ser/Thr-Pro site is Ser28 in the sequence
26PHSP9. Three Ser-Pro motifs are present in the highly

J. Biol. Chem. (2022) 298(10) 102384 3
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Figure 2. 'H,"®N-HSQC spectra of the region of phosphoserines and phosphothreonines of ['°N]-MAP2c phosphorylated by CDK2 (green) and ERK2
(red) after 20 h of phosphorylation. The well-resolved peaks of phosphorylated Ser/Thr are labeled with numbers. For phosphorylated residues clustered
in the sequence, phosphorylated neighbor residues that influence the position of the peak are indicated in parenthesis. Label a indicates Ser/Thr residues
that could not be assigned unambiguously, b designates residues preceded by proline in cis-conformation, and c indicates other unassigned residues. The
peaks that are not labeled are already present in nonphosphorylated MAP2c. CDK, cyclin-dependent kinase; ERK2, extracellular signal-regulated kinase 2;

MAP, microtubule-associated protein.

homologous C-terminal regions of MAP2c and Tau. Yet, some
differences between the MAPs exist. ERK2 phosphorylates
Ser396 slowly in Tau (34) but rapidly the homologous Ser422
in MAP2c. The other two serines are phosphorylated effi-
ciently in both MAPs. Phosphorylation of Ser404 primes Tau
for phosphorylation by GSK3p at Ser400 and subsequently at
Ser396, forming the epitope PHF-1 (48). Ser430 of MAP2c is
in proximity to the major PKA phosphorylation site Ser435,
whereas the homologous Ser409 in Tau is phosphorylated only
slowly by PKA. Phosphorylation of Ser422 in Tau may control
cleavage in the immediately preceding caspase-3 recognition
sequence that is missing in MAP2c (49-51). A biological role
of phosphorylation at Ser178 or Ser430 is not known, but
proximity to Ser184 and Ser435, rapidly phosphorylated by
PKA, suggests a possible cross-talk between the kinases (see
below).

Kinetics of ERK2 and CDK2 phosphorylation

We studied the kinetics of phosphorylation of MAP2c by
analyzing peak intensities in the acquired 'H,'""N-HSQC
spectra. The 2D 'H,'>N-SOFAST-HMQC experiment,
providing higher time resolution but worse frequency resolu-
tion, was used to track peaks of Serl78, which was phos-
phorylated most rapidly by CDK2. Concentrations of kinases
were chosen such that the highest phosphorylation rates were
comparable.

A large number of serines and threonines competing for the
enzyme and potentially interfering mutually constitute a very
complex kinetic system. Therefore, exact determination of
individual kinetic constants is not feasible. However,
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phosphorylation of individual sites can be compared. For this
purpose, we used an empirical parameter 14/, corresponding to
the time needed to phosphorylate half of the given residue
under the given conditions (see Experimental procedures). The
comparison is presented in Table 1.

Five Ser-Pro sites (with Ser28, Ser178, Ser422, Ser430, and
Ser448) are isolated in the MAP2c sequence and analysis of
their phosphorylation is straightforward. By contrast, most

Table 1

Values of tq/; (in hours) for phosphorylation of individual MAP2c
residues by ERK2 and CDK2

Residue ERK2 CDK2
Ser28 0.96 + 0.04 9.6 £29
Ser136 0.29 + 0.02 71 %24
Ser140 0.30 + 0.02 3.76 + 0.18
Ser178 (6.32 £ 0.21)° 0.27 + 0.03
Thr235 1.09 + 0.04 17 + 10
Thr238 121 + 0.12 2.94 £ 0.19
Thr245 1.09 + 0.05 82+ 32
Thr248 0.95 + 0.09 0.96 + 0.04
Thr256 1.18 + 0.04 peak overlap
Thr259 peak overlap 0.93 + 0.09
Thr262 peak overlap 2.34 + 0.20
Ser264 not phosphorylated 169 + 5.2
Thr268 0.38 + 0.19 1.90 + 0.19
Thr271 1.04 £ 0.09 0.44 + 0.08
Ser274 0.96 + 0.01 not phosphorylated
Thr289 3.69 + 0.14 peak overlap
Ser293 (=1.1)° 0.53 + 0.08
Thr296 1.18 + 0.07 0.94 + 0.05
Serd22 0.90 + 0.03 0.99 + 0.04
Ser430 0.74 £ 0.01 0.93 + 0.02
Ser4438 (0.87 + 0.23)° not phosphorylated

“ determined for the MAP2c fragment 1 to 159.
b estimated for the MAP2c fragment 250 to 347.
¢ determined for the MAP2c fragment 300 to 467.
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Ser/Thr-Pro sites are clustered in the MAP2c sequence. For
serines and threonines in such clusters, several peaks with
variable phosphorylations of the Ser/Thr neighbors appeared
in the course of the reaction. In most cases, the resolution of
the spectra allowed us to estimate the parameter 11,5 from the
sum of intensities of peaks corresponding to the same phos-
phoserine/phosphothreonine with differently phosphorylated
neighbors (Fig. S2 in Supplementary material). Peak overlaps
were observed for Thr256 and Thr289. In the case of ERK2,
peaks of Ser178 and Ser293 are not well resolved, and peaks of
Ser448 overlapped with peaks of Thr259 and Thr262. As dis-
cussed below, similar phosphorylation rates are observed for
full-length MAP2c and for its shorter fragments. Therefore, 11,
5 values determined from phosphorylation of the fragments
serve as good descriptors of phosphorylation efficiency of
residues not resolved in the full-length spectra (Table 1).

ERK2 and CDK2 substantially differ in the phosphorylation
kinetics. The difference in kinetics can be explained by
different consensus sequences of the kinases: ERK2 prefers
proline at position -2, whereas CDK2 prefers a positive residue
at position +3 and ideally also proline at -2, glycine at +2, and a
positive residue at +4 (52).

Our results show that CDK2 is more specific. Only residues
followed by proline are phosphorylated by CDK2, with a
noteworthy exception of Ser264. Ser178 (with Lys181 and
Arg282 at positions +3 and +4, respectively) is phosphorylated
much faster than any other residue by CDK2, and phosphor-
ylation of Ser422 and Ser430, with arginines at position +3, is
also relatively fast. On the other hand, phosphorylation of
Ser28 is very slow and Ser448 remains unphosphorylated un-
der our conditions. The first residues in the tandem sites
Ser136/Ser140, Thr235/Thr238, and Thr245/Thr248 are also
phosphorylated very slowly. Phosphorylation of the second
residues is somewhat faster. Slower phosphorylation of
Thr235, Thr238, (and possibly of unresolved Thr256) can be
explained by the fact that threonines/serines in the other Ser/
Thr-Pro sites in PRR have proline at the position -2 or positive
charge at the position +3. The positive charge of Arg267 also
explains why Ser264, not followed by proline, is phosphory-
lated. Phosphorylation rates of residues clustered in more
complex sites are close to those of Ser422 and Ser430, with the
exception of Thr262 and Thr268. Interestingly, sequences
256 IPGTPGTPy63 and 163 TPGT,y; are bridged by the afore-
mentioned Ser264.

ERK2 is more promiscuous. More peaks of residues not
followed by proline appear in the spectra and rates of phos-
phorylation of the Ser/Thr-Pro sites are more uniform. Ser136
and Ser140 are phosphorylated most rapidly. It is expected as
both serines in the sequence 3,PPSPPPSPq4; represent ideal
ERK2 targets. Phosphorylated Ser136 constitutes the epitope
AP18 (36), but Ser140, not contributing to the epitope AP18
(36), is phosphorylated at a similar rate. This confirms that
ERK2 efficiently creates the AP18 epitope but also suggests
that phosphorylation of Ser140 may contribute to physiolog-
ical effects attributed to phospho-Ser136. Phosphorylation
rates of Thr235 and Thr245 are comparable with those of
other threonines in the clustered sites. Differences between
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serines/threonines with and without proline at position -2 are
marginal. The same applies to Ser422, Ser430, and Ser448 in
the C-terminal region, which are efficiently phosphorylated by
ERK?2 despite the lack of proline at position -2. The differences
between phosphorylation by ERK2 and CDK2 can be thus
mostly attributed to a more specific consensus sequence of the
latter kinase. However, proline at -2 may contribute to the
observed efficient ERK2 phosphorylation of Ser274 that is not
followed by proline. Phosphorylation of Ser264 by ERK2 is
negligible. Slow phosphorylation of other residues (Ser44,
Thr80, Ser241) was also observed.

It is well described for Tau (53) that phosphorylation by
some kinases depends on prior phosphorylation by other ki-
nases. Therefore, we probed if phosphorylation by ERK2 is
primed by PKA, CDK2, or GSK3p (kinetics for residues with
well-resolved peaks is presented in Fig. S3 in Supplementary
material). Prior phosphorylation by PKA did not have any ef-
fect on the kinetics of phosphorylation by ERK2. Prior phos-
phorylation by CDK2 moderately increased the rate of ERK2
phosphorylation, most notably for Thr235, Thr238, Thr245,
and Thr274. This suggests that ERK2 phosphorylates faster
when other residues in clusters of ERK2 target sites (in our
case Thr238, Thr235, Thr248, Thr271, respectively) are
already phosphorylated by CDK2. A similar effect was
observed for GSK3p, but peaks of residues phosphorylated by
GSK3p are yet to be assigned. We also compared phosphor-
ylation kinetics of full-length MAP2c with MAP2c fragments 1
to 159 and 159 to 254, lacking the ERK D-box docking sites.
Phosphorylation rates were comparable for all three samples
(Fig. S4 in Supplementary material). This indicates that at our
conditions, ERK2 is saturated with the substrates (MAP2c
fragments) even if they lack the docking sites and thus the
interactions of ERK2 with the docking sites do not influence
phosphorylation kinetics significantly.

Effect of ERK2 phosphorylation on long-range interactions of
MAP2c

MAP2c exhibits long-range intramolecular and intermo-
lecular interactions between the MTBD and the N-terminal
region (40-60, 80—120) and the C-terminal region (440-467)
(8). We have shown previously that phosphorylation of MAP2c
by PKA strongly reduces the intermolecular interactions (8).
To determine if phosphorylation of MAP2c by proline-
directed kinases modifies the long-range interaction, we
labeled [*°N,"*C]-MAP2c on its single cysteine C348 with the
paramagnetic tag MTSL and compared the intensity of MAP2c
residues with those in MAP2c tagged with diamagnetic MTS,
at 300 uM concentration (Fig. 3).

ERK2 had a similar effect as PKA on the intermolecular
interactions involving the N-terminal region of MAP2c.
Paramagnetic relaxation enhancement between residues 40
and 110 was strongly reduced upon phosphorylation. On the
other hand, the intensity ratio decreased upon phosphoryla-
tion by ERK2 in the region between residues 270 to 300,
showing a stronger interaction between the MTBD and this
region after ERK2 phosphorylation. The region 270 to 300

J. Biol. Chem. (2022) 298(10) 102384 5
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Figure 3. Intensities of the peaks of the paramagnetic ['°N,'>C]-MAP2c in HNCO spectra, compared to the intensities of the peaks of diamagnetic
['°N,"3C]-MAP2c at 300 uM concentration, unphosphorylated (blue) and phosphorylated by ERK2 (red). The ERK2 phosphorylation sites are marked

by asterisks. ERK2, extracellular signal-regulated kinase 2.

contains several phosphorylation sites (Thr268, Thr271,
Ser274, Thr289, Ser293, and Thr296). These data suggest that
MAP2c phosphorylated by ERK2 forms a more compact core
between the PRR and the MTBD, whereas the intermolecular
and/or intramolecular interaction between the N-terminus
and the MTBD decrease.

Effect of ERK2 phosphorylation on interactions with PKA

The putative RIIa-PKA-binding site, in the region 80 to 120
(54), is close to two main ERK2 phosphorylation sites, Ser136
and Ser140. Phosphorylation of Ser136 (detected by the anti-
body AP18) has been suggested to affect binding of the Rlla-
PKA (36). We determined the binding site of the RIla-PKA
using NMR (Fig. 4A). In the presence of RIla-PKA, a strong
decrease of peak intensity is seen in the region 80 to 120.
However, intensity decrease is observed for many residues in
all regions of MAP2c, suggesting that binding RIla-PKA is not
a local effect, limited to the recognition site between Thr80
and Prol20. In MAP2c phosphorylated by ERK2, the peak
intensity decreases only in the region 80 to 120 or in the
MTBD. This result shows that ERK2 phosphorylation does not
affect the major binding site of RIla-PKA but interferes with
interactions in other regions of the MAP2c complex with RIla-
PKA.

After finding that Ser136 does not influence the binding of
RIIa-PKA to MAP2c, we also checked if phosphorylation by
ERK2 affects the catalytic activity of PKA. We prepared
MAP2c phosphorylated by ERK2 and measured rates of a
subsequent phosphorylation by PKA (Fig. S5 in Supplementary
material). No effect was observed for Ser189, and phosphory-
lation rate of Ser184 was reduced only moderately. However,
the major site targeted by PKA, Ser435, was phosphorylated
substantially slower when MAP2c was phosphorylated by
ERK?2 prior to PKA. This indicates that the phosphate group at
Ser430, introduced by ERK2, interferes with otherwise very fast
phosphorylation of Ser435 by PKA.

Effect of ERK2 phosphorylation on interactions with SH3
domains

MAP2c contains 13 potential SH3 domain binding motifs
(PXXP) (55), eight of them located in the PRR. All these sites

6 J Biol. Chem. (2022) 298(10) 102384

are phosphorylated by ERK2 and could therefore modulate the
interaction of SH3 domains with MAP2c. We therefore
investigated the interaction of the classical SH3 domain of the
tyrosine kinases Fyn (Fyn-SH3), Abl (Abl-SH3), and of the
adapter protein Grb2, containing two SH3 domains, N- and C-
terminal (56).

The intensity of the peaks in 3D HNCO spectra in presence
of Fyn-SH3, Abl-SH3, or Grb2 was compared to those in the
spectrum of free MAP2c. The same experiments were repeated
with ['°N, "*C]-MAP2c phosphorylated by ERK2. The results
are shown in Figure 4, B-D.

In the presence of an equimolar concentration of Fyn-SH3,
we observed a strong (almost 100%) decrease of intensities of
the peaks in the region 295 to 315 (immediately following the
class I SH3-binding site ,5sRTPPKSP,9,) in the PRR and some
(about 50%) decrease in the MTBD and in the C-terminal
region of MAP2c. Phosphorylation by ERK2 reduced the
strong decrease in the peak intensities of residues 295 to 305 to
approximately 50% and almost completely suppressed the
signs of binding in other regions.

In the presence of equimolar amount of Abl-SH3, in-
tensities of the MAP2c peaks decreased to approximately 50%
in the region 240 to 300 in PRR, in MTBD, but also for res-
idues 130 to 150 and 180 to 200 in the variable central region.
Phosphorylation of MAP2c by ERK2 resulted in a weaker
effect of binding of Abl-SH3 on MAP2c spectra, indicating
that phosphorylation in the PRR disrupts the interaction with
Abl-SH3.

These results show that Fyn-SH3 and Abl-SH3 interact with
the SH3-binding motifs in the PRR and VCR, and that phos-
phorylation of the SH3 motifs inhibits the interaction. The
difference in the effect of the binding is in agreement with
different affinities of the SH3 domains (Fig. S6 in Supple-
mentary material). The equimolar concentration of Fyn-SH3,
binding with nanomolar affinity (dissociation constant of the
MAP2c:Fyn-SH3 determined by MST was (22 + 5) nM),
completely saturates MAP2c. On the other hand, similar
amounts of free and bound MAP2c are present at 100 pM
concentrations of MAP2c and Abl-SH3, in agreement with the
dissociation constant of (68 + 10) uM estimated by MST. In
addition, Fyn-SH3 and Abl-SH3 interact with the MTBD,
where ERK2 does not phosphorylate. The reduction of the
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Figure 4. Interactions of MAP2c with various binding partners. Intensities (I) of the peaks in ["*N,"3C]-MAP2¢c HNCO spectra upon addition of Rlla-PKA
(A), Fyn-SH3 (B), Abl-SH3 (C), and Grb2 (D) compared with intensities of the peaks in free MAP2c (lo). Blue color is used for unphosphorylated MAP2c, red color
for MAP2c phosphorylated by ERK2. Asterisks above the plot indicate the phosphorylated residues. The region of MAP2c interacting with the different
partners are shaded. ERK2, extracellular signal-regulated kinase 2; MAP, microtubule-associated protein.

effects of the interactions upon ERK2 phosphorylation
observed also in the MTBD indicates an indirect effect.

In the presence of equimolar Grb2, we observed a 50%
decrease in intensities of residues 180 to 210 and 280 to 310,
suggesting that the two regions are the main Grb2-interacting
sites. Intensities of the peaks of residues 220 to 270 also
decreased, suggesting that this region is also involved in Grb2
binding. After ERK2 phosphorylation of MAP2c, the intensity
in the region 220 to 270 is close to the intensity of free MAP2c,
showing that phosphorylation by ERK2 interferes with in-
teractions of this region with Grb2. On the other hand, the
interaction with the MTBD decreases only partially and the
interaction with the N-terminal residues 180 to 210 is not
affected by phosphorylation.

MAP2c dephosphorylation in neuroblastoma cell extract

The actual level of MAP2 phosphorylation in the cell is a
result of a balance between the activities of kinases and
phosphatases. As the roles of individual phosphatases are
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characterized much less than those of the kinases, we probed
dephosphorylation in the extracts of neuroblastoma SH-SY5Y
cells.

We incubated ['*N]-MAP2c phosphorylated by ERK2 in
SH-SY5Y neuroblastoma cell extract and followed its phos-
phorylation state with 20-min 'H,"’N-SOFAST-HMQC
spectra (Figs. 5A and S7 in Supplementary material). The
spectra showed that Ser274, Thr271, and Thr245 are
dephosphorylated most rapidly, followed by Thr235, Thr238,
Thr259, Thr262, and Thr248. Other residues (Ser136, Ser140,
Thr256, Thr268, Ser422, and Ser430) were dephosphorylated
more slowly.

In order to compare dephosphorylation rates of residues
phosphorylated by ERK2 with nonproline-dependent kinases,
we repeated the experiments with [*>N]-MAP2c phosphory-
lated by PKA (Fig. 5B). A series of 5-min SOFAST-HMQC
spectra revealed that dephosphorylation of Ser189 and
Thr220 is almost complete after 20 min, showing that these
two sites are highly sensitive to phosphatases. This is in
agreement with a previous report of fast dephosphorylation of
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Figure 5. Dephosphorylation of phosphorylated MAP2c in SH-SY5Y
neuroblastoma cell extracts. Relative decrease of the intensities of the
peaks of selected phosphorylated serines and threonines in 'H,'>N-SOFAST-
HMQC spectra of ['>N]-MAP2c phosphorylated by ERK2 (A) and PKA (B) in
SH-SY5Y neuroblastoma cell extracts. The relative intensities of the phos-
phorylated peaks were normalized to the intensity of the Trp14 side chain
peak. ERK2, extracellular signal-regulated kinase 2; MAP, microtubule-
associated protein.

phospho-Thr220 (57). Dephosphorylation of Ser435 is much
slower and phospho-Ser184 is insensitive to phosphatases.

These results show that the residues phosphorylated most
rapidly by ERK2 or PKA remain phosphorylated for a long
time in the presence of uninhibited mixture of kinases and
phosphatases in the neuroblastoma cell lysate.

MAP2c phosphorylation in neuroblastoma cell extract

We also checked the ability of the neuroblastoma cell
extract to phosphorylate MAP2c. Upon incubation of
unphosphorylated ['°N]-MAP2c in SH-SY5Y cell extract
supplemented with nonspecific phosphatase inhibitors, several
signals appeared in the region of the "H,"”N-SOFAST-HMQC
spectra corresponding to phosphothreonines and phospho-
serines (Fig. 6). By overlaying the 'H,'"’N-SOFAST-HMQC
spectra of MAP2c after phosphorylation in cell extract with the
'H,"*>N-SOFAST-HMQC spectra of MAP2c phosphorylated
by ERK2 or PKA, some of the signals could be assigned to
Ser435, phosphorylated by PKA, to Serl78, phosphorylated
most quickly by CDK2, and to major phosphorylation sites of
ERKs, Ser136 and Serl40. To confirm our assignment, we
repeated the phosphorylation in cell extract using the mutants
[*N]-MAP2c-$435D and ['°N]-MAP2c-S140D. In these
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Figure 6. Phosphorylation of ['*IN-MAP2c in SH-SY5Y neuroblastoma
cell extract. 'H,"°N- SOFAST-HMQC spectrum of the region of phosphory-
lated serines and threonines after 17 h of incubation in the cell extract.
Peaks of phosphorylated Ser/Thr are labeled by P. The assigned phos-
phorylated residues (Ser140, Ser136, and Ser435) are labeled with numbers.
MAP, microtubule-associated protein.

mutants, the peak corresponding to putative phosphorylated
Ser435 and Serl40, respectively, disappear, confirming that
Ser435 and Serl40 are phosphorylated in the cell extract
(Fig. S8 in Supplementary material). These results document
that MAP2c is the target of PKA and proline-directed kinases
in the SH-SY5Y cell, as well as of other kinases that remain to
be characterized.

Discussion

ERK2 is a mitogen-activated protein kinase involved in Raf
signaling pathways triggered by various growth factors. ERK2 is
strongly expressed in the brain and associated with microtu-
bules (58). Phosphorylation of Tau by ERK2 has been associ-
ated with the progression of the Alzheimer disease (59) and
studied in detail in vitro (34), but MAP2 is also an important
target of ERK2 under normal physiological conditions (12, 36,
60, 61). Therefore, we employed NMR spectroscopy to fully
characterize phosphorylation of Ser/Thr-Pro sites in MAP2c by
ERK?2 in vitro, including quantitative comparison of kinetics of
phosphorylation at individual residues.

In parallel, we investigated phosphorylation of MAP2c by
another proline-directed kinase, CDK2. Although CDK2 is not
active in the adult brain, Sibille et al. (62) successfully used
CDK?2 to mimic a combined action of CDK5 and GSK3p on
Tau. In the case of MAP2c, expressed prenatally when the
brain develops, investigation of CDK2, active through most
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phases of the cell cycle, is also physiologically relevant. Last but
not least, higher specificity of CDK2 helped us to confirm
assignment of the NMR peaks of MAP2c phosphorylated by
ERK2.

We identified 20 ERK2 phosphorylation sites in MAP2c.
Our results cover epitopes of frequently used antibodies AT18
(36), 305 (63), CP9 (64), and MC6 (65, 66) but show that other
residues may be efficiently phosphorylated as well. As reported
for Tau, the ERK2 phosphorylation sites are not confined to
the docking sites of ERK2 on MAP2c (Fig. 1C). But in contrast
to the ERK2-Tau interactions, ERK2 strongly binds to the
N-terminal domain of MAP2c. However, the docking sites do
not seem to drive the phosphorylation to specific sites, as
MAP2c fragments lacking the docking sites show the same
kinetics.

The phosphorylation by ERK2 influences conformational
ensemble of MAP2c, the main difference being the formation
of a more compact core between the MTBD and the PRR upon
ERK2 phosphorylation (Fig. 3). On the other hand, the inter-
molecular and/or intramolecular interaction between the
N-terminus and the MTBD decrease, leading to an opening of
the paper clip conformation, similar to what was observed
upon PKA phosphorylation (8).

It should be emphasized that phosphorylations observed
in vitro are not necessarily present in the cell. Experiments in
the lysates of SH-SY5Y cells document that the exact phos-
phorylation state of MAP2c is determined by kinetics of
phosphorylation but also dephosphorylation. We assume that
residues with the highest phosphorylation rates are most likely
to be biologically relevant. The major phosphorylation sites of
ERK2, Serl36, and Ser140, together with the major phos-
phorylation site of PKA, Ser435, are efficiently phosphorylated
by the lysate of SH-SY5Y neuroblastoma cells. On the other
hand, phosphates at residues of PRR are hydrolyzed faster, but
the relationship of phosphorylation and dephosphorylation
kinetics is complex. For example, Serl84, phosphorylated
more slowly by PKA than Ser435, is most resistant to hydro-
lysis, whereas dephosphorylation of Thr271, relatively rapidly
phosphorylated by ERK2, is fast.

How does the phosphorylation by ERK2 control the bio-
logical role(s) of MAP2c? In order to answer this question, we
first compare ERK2 with other kinases active in nerve cells.
Distribution of phosphorylation sites targeted by different ki-
nases strongly correlates with the fact that particular regions of
MAPs play different biological roles. MAP2c and Tau are
known primarily as proteins stabilizing microtubules. Sites
recognized by MARKs are localized in the middle of
microtubule-binding repeats of Tau and MAP2 (67). PKA
phosphorylates Tau and MAP2 very differently. It targets
proline-rich region P2 and microtubule-binding repeat 3 in
Tau, but not the homologous regions in MAP2c (27). On the
other hand, PKA phosphorylates most rapidly Ser435 in the
C-terminal region of MAP2c and also a proline-rich region
encoded by exon 14, unique for MAP2 (21). In this study, we
observed that prior phosphorylation by ERK2 slows down
phosphorylation of Ser435 by PKA. This finding may serve as
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an example of a cross-talk between two signaling pathways
(ERK2 affecting the major target of PKA in MAP2c).

Proline-directed kinases, investigated in this study, do not
phosphorylate MTBDs of Tau or MAP2c. Interactions with
microtubules may be influenced by phosphorylation in PRR
(12, 68), but the major ERK2 phosphorylation sites of MAP2c
have no impact on microtubule binding (36). Yet, various
physiological activities have been related to phosphorylation in
the variable central region and in the C-terminal region of
MAP2. Phosphorylation at Ser136 in rat olfactory bulb is
modified by olfactory experience (69) and has been linked to
contextual memory (70). It has been shown recently that
MAP2 is involved in activity-dependent synaptic plasticity in
mature hippocampal networks, and that this function involves
ERK (71). Phosphorylation of the epitope PHF-1 in the
C-terminal region of Tau has been reported to suppress
interaction of Tau with cholinergic muscarinic receptors (72).
Ser1782 (corresponding to Serd22 of rat MAP2c) in a ho-
mologous region of MAP2 is hyperphosphorylated in schizo-
phrenic  patients, while phosphorylation of residues
corresponding to Thr259 and Thr262 in PRR is reduced (73,
74).

Importance of other interactions than microtubule binding
is also evident at the molecular level. MAP2c and Tau interact
with different proteins in cells, in addition to tubulin. In this
study, we investigated ability of MAP2c to bind proteins that
potentially link phosphorylation of MAP2c by ERK2 with other
phosphorylation cascades. In particular, we studied in-
teractions with a regulatory subunit of PKA, with SH3 do-
mains of two tyrosine kinases, and with an adapter protein
Grb2.

The dimeric RIla regulatory subunit (RIIa-PKA) localizes
PKA in the cell by recognizing helical motifs of various A-ki-
nase anchoring proteins (AKAPs). PKA is activated by cAMP,
which releases RIla-PKA from the inactive complex and lib-
erates the active catalytic subunit of PKA that then phos-
phorylates target proteins in the proximity of AKAP. Despite
its disordered nature, MAP2c was identified as one of the
AKAPs. Residues 80 to 120 in the N-terminal domain of
MAP2c bind RIla-PKA (54) and phosphorylation of Ser136
has been suggested to interfere with its binding (36). Our
direct monitoring of RIla-PKA binding to MAP2c revealed
that RIIa-PKA is indeed recognized by residues 80 to 120 of
MAP2c, but motions of many residues throughout the whole
MAP2c sequence are restricted when the complex is formed
(blue circles in Fig. 4A4). On the contrary, backbone flexibility is
strongly reduced by the Rlla binding only for residues 80 to
120 and in MTBD of MAP2c phosphorylated by ERK2 (red
circles in Fig. 4A4). It indicates that multiple residues of MAP2c
form secondary contacts directly with bound RIla-PKA or
with regions of MAP2c interacting with RIla-PKA. Phos-
phorylation by ERK2 weakens such secondary interactions but
does not disrupt strong binding of RIla-PKA to the recogni-
tion site (residues 80-120) and interactions involving the
unphosphorylated MTBD. Our results thus do not support the
hypothesis that phosphorylation of Ser136, efficiently targeted
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by ERK2, suppresses the interaction of RIla-PKA with the
AKAP motif of MAP2c.

SH3 domains are typical recognition structures of various
tyrosine kinases, including Fyn and Abl. Fyn plays a funda-
mental role in cytoskeletal remodeling (for review, see (75)),
and MAP2c interacts with Fyn-SH3 in vivo and in vitro (20,
76). Interaction of Abl-SH3 with MAP2c has not been shown
yet, however, they colocalize in dendrites, and Abl is necessary
for MAP2c segregation in dendrites, suggesting a possible
interaction of Abl and MAP2 in vivo (77). Our data revealed
that Fyn-SH3 and Abl-SH3 bind to MAP2c with different af-
finities, explaining why Fyn, but not Abl, was reported to
interact with MAP2c (20, 76). Resolution of the NMR spectra
allowed us to identify the actual binding sites of MAP2c. Tau
and MAP2c contain 7 and 13 minimal interaction sites for SH3
domains (Pro-Xxx-Xxx-Pro), respectively. PRR of Tau con-
tains one classical class 1 and one classical class II SH3
consensus site, whereas only one class I motif is present in
MAP2c (86]IRTPPKSPATPK,95) (43) that overlaps with a
cluster of residues phosphorylated by ERK2. Indeed, MAP2c
binds Fyn-SH3 and Abl-SH3 in the vicinity of the class I motif
and the interaction is strongly reduced by ERK2 phosphory-
lation (Fig. 4, B and C). Phosphorylation by ERK2 also sup-
presses weaker interactions of MAP2c with Fyn-SH3 and Abl-
SH3. Interestingly, phosphorylation at Ser136 and Serl40
seems to directly interfere with the Abl-SH3 binding to the
134PPSPPPSPy4; motif. This region is similar to the C-terminal
region of p41 peptide (APSYSPPPP), a high affinity ligand of
Abl-SH3 (78) binding the hydrophobic surface of Abl-SH3. In
a similar manner, phosphorylation of Ser422, Ser430, and
Ser448 inhibits interaction of Fyn-SH3 with the C-terminal
domain. In summary, our results suggest that ERK2 regulates
interactions of MAP2c with Fyn (and Abl, if biologically
relevant).

The last examined interaction was binding of MAP2c to the
adapter protein Grb2 linking tyrosine kinases with the Ras
signaling pathway (Fig. 4D). Binding of Grb2 to MAP2 has
been reported (20, 79), but complete residue-specific mapping
of the interactions have not been performed yet. We observed
that Grb2, containing two SH3 domains, binds to the class I
SH3-binding site of MAP2c, but also to residues 180 to 210,
not targeted by proline-directed kinases but phosphorylated by
PKA (21). Phosphorylation by ERK2 thus reduces only the
interaction with the class I motif. In addition, it has been
described (79) that Grb2 binds to Tyr67 phosphorylated by
Fyn. Therefore, it seems that Grb2 can interact with several
MAP2c sites and each interaction may be controlled by a
different kinase.

In summary, in vitro NMR investigation of phosphoryla-
tion of MAP2c by ERK2 provided a detailed picture of
phosphorylated sites and of their kinetics. Among 20 resi-
dues targeted by ERK2, serines 136 and 140 are phosphor-
ylated most rapidly. Phosphorylation of Ser136 and Ser140
was also confirmed in neuroblastoma cell lysate and rela-
tively slow hydrolysis of these phosphoserines in the lysate
supports their potential biological function. The phosphor-
ylation by ERK2 changes compaction of MAP2c. A strong
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suppression of phosphorylation of Ser435 by PKA in MAP2c
phosphorylated by ERK2 was the most evident sign of cross-
talk between kinases tested in this study. Binding studies
with four proteins involved in various signaling pathways
reveals that phosphorylation by ERK2 reduces binding of
SH3 domains to their class I recognition motif in the
proline-rich region of MAP2c but does not influence in-
teractions of RIla-PKA with the N-terminal MAP2c domain
and interactions of Grb2 with MAP2c residues 180 to 210. It
documents that ERK2 is able to specifically influence in-
teractions of MAP2c with other regulatory proteins.
Whereas some ERK2 phosphorylation sites in MAP2c have
been reported in the literature (12, 36, 37, 61, 63, 76), ki-
netics of the phosphorylation has not been studied system-
atically. Our work advances the field by providing
quantitative description of the phosphorylation of individual
residues of MAP2c by ERK2 and by describing its biologi-
cally relevant consequences (regulation of interactions with
proteins involved in signaling pathways and interference
with phosphorylation by PKA).

Experimental procedures
DNA constructs

DNA encoding the fragments MAP2c-1-467, MAP2c-
1-159, MAP2c-159-254, MAP2c-250-347, and MAP2c-
300-467 was amplified by PCR using MAP2c gene in pET3d
vector as template and cloned in pETM11 (MAP2c-1-467,
MAP2c-1-159, MAP2c¢-159-254, MAP2c-250-347) or pET28
(MAP2c-300-467) by restriction cutting using Ncol and
BamHI and ligation. Single point mutants of MAP2c (S28D,
S136D, S140D, S178D, T245E, T259E, T262E, S264D, S274D,
S$422D), MAP2c-159-254 (T238E), MAP2c-250-347 (T268E,
T271E, T289E, S293A) were produced following the protocol
from (80) using MAP2c in the pET3d vector, MAP2c-159-254
or MAP2c-250-347 in pETM11 as a template. The primers
used are listed in Table S2 in Supplementary material. MAP2c/
S435D mutant was prepared previously (21). The result of
mutations was confirmed by sequencing.

The plasmids coding for ERK2, MEKR, CDK2, and CycA3
were a kind gift from Isabelle Landrieu (Université de Lille).
The plasmids coding for human RIIa-PKA was a kind gift from
Enno Klussmann (Max Delbriick Centrum fiir Molekulare
Medizin). pET28-His-Grb2 (C32S, C198A) was used for its
better stability. The parental plasmid for the expression of His-
tagged WT human Grb2 protein (NP 002077.1) was a gift by
JCD Houtman (81). C32S and C198A mutations for the
reduction of Grb2 dimerization were introduced based on the
work of Yuzawa et al. (82) The mutations were introduced
using a QuikChange Lightning Multi Site-Directed Mutagen-
esis Kit (Agilent) with Grb2 C32S 5'—cctcaaggttttgaacgaa-
gaaagtgatcagaactgg— 3’ and Grb2 C198A 5'-ctggtggaaa
ggagctgeecacgggeagac—3' as mutagenesis primers.

The pGEX-2T-Abl SH3 plasmid for the expression of the
GST-tagged SH3 domain (aa 64-120) of human Abl (NP
005148.2) has been described in (83).
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The parental plasmid for expression of Fyn-SH3 was a gift
from Filippo Giancotti (Addgene plasmid nbr 16032, (84)).
The SH3 domain of Fyn (aa 85-141) was cloned in pETM11
vector using the primers described in Table S2 in Supple-
mentary material.

Preparation of recombinant proteins

MAP2c expression and purification was performed as
described earlier (1, 85). The same protocol was used for the
expression and purification of the phosphorylation mutants
and MAP2c-300-467. MAP2c-1-467 with N-terminal histi-
dine tag (H6-MAP2c), MAP2c-1-159, MAP2c-159-254, and
MAP2c-250-347 were expressed in Escherichia coli
BL21(DE3)RIPL strain overnight at 20 °C and bound to a
HisTrap column (GE Healthcare), in 20 mM phosphate buffer,
500 mM NaCl, 20 mM imidazole, and eluted with a 0 to
300 mM imidazole gradient. After cutting of the Histidine tag
with TEV, MAP2c-159-254 and MAP2c-250-347 were puri-
fied on HiTrap SP HP column (GE Healthcare) in 50 mM
acetate, 1 mM MgCl,, 1 mM EDTA and eluted with a gradient
of 0 to 500 mM NaCl. MAP2c-1-159 was further purified on
HiTrap Q column (GE Healthcare) in 20 mM Tris, pH 8 and
eluted with a step gradient of 0 to 500 mM NaCl. After pu-
rification on His-Trap column, H6-MAP2c was dialyzed in
50 mM MOPS, purified on HiTrap SP HP column in 50 mM
MOPS, 1 mM EDTA, and eluted with a gradient of 0 to
500 mM NaCl. All proteins were dialyzed against NMR buffer
consisting of 50 mM MOPS, pH 6.9, 100 mM NaCl, 0.5 mM
TCEP. [**N]-MAP2c and [**N,**C]-MAP2c and the fragments
were expressed in M9 medium containing [**N]H,Cl and/or
[*Cglglucose. ERK2, MEKR, and CDK2/CycA3 were purified
as described previously (86, 87).

The SH3 domain of human Abl fused to GST (GST-Abl-
SH3) was expressed in E. coli BL21(DE3) overnight at 20 °C.
GST-Abl-SH3 was purified on Protino-agarose-4B
(Macherey-Nagel) in 20 mM Tris—HCl pH 7.5, 150 mM
NaCl, and eluted with 10 mM GSH. The SH3 domain of Fyn
fused to hexahistidine tag (Fyn-SH3) was expressed in E. coli
BL21(DE3) overnight at 22 °C and purified on HisTrap HP
column in 50 mM Tris—HCI, 500 mM NaCl, 20 mM imid-
azole, and eluted with a 0 to 300 mM imidazole gradient. The
eluted fractions were dialyzed in 20 mM Tris—HCI, pH 8 and
further purified on HiTrap Q column (GE Healthcare) in
20 mM Tris, pH 8 and eluted with a step gradient of 0 to
500 mM NacCl.

Grb2-C32S/C198A was expressed in BL21(DE3)RIPL over-
night at 20 °C and purified on HisTrap HP column in 50 mM
Tris—HCI, 500 mM NaCl, 25 mM imidazole, and eluted with a
0 to 500 mM imidazole gradient. The eluted fractions were
dialyzed in 20 mM Tris—HCI, 150 mM NaCl, pH 8 and cleaved
with thrombin (0.5 U/mg Grb2) overnight at room tempera-
ture. Thrombin was removed by purification on benzamidine
column (GE Healthcare). Grb2 was further purified on HiTrap
Q column in 20 mM Tris—HCI, pH 8.0 and eluted with a 0 to
500 mM NaCl gradient. RIIa-PKA was expressed in
BL21(DE3)RIPL overnight at 20 °C and purified on HisTrap
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HP column in 20 mM sodium phosphate, pH 7.5, 500 mM
NaCl, 20 mM imidazole, and eluted with a 0 to 300 mM
imidazole gradient. The eluted fractions were dialyzed in
20 mM Tris—HCI, pH 8 overnight at 4 °C. Rlla-PKA was
further purified on HiTrap Q column in 20 mM Tris—HCI, pH
8.0 and eluted with a 0 to 500 mM NaCl gradient. ERK2, Fyn-
SH3, GST-Abl-SH3, Grb2, and Rlla-PKA were dialyzed in
NMR buffer and concentrated using Amicon devices (Milli-
pore) before NMR measurements.

MAP2c phosphorylation

MAP2c was phosphorylated by ERK2 by mixing MAP2c,
ERK2, and MEKR at a mass ratio 50:1:1. For CDK2 phos-
phorylation, 5 pg of CDK2/CycA3 was used per mg of MAP2c.
For PKA phosphorylation, 2.5 pg of PKA was used. All phos-
phorylation reactions were done in NMR buffer containing
10 mM ATP, 10 mM MgCl,, 0.1 mM EDTA, at 27 °C for 20 h.
For HNCO and CBCA(CO)NH measurements, MAP2c was
purified on HiTrap SP column after phosphorylation and
dialyzed in NMR buffer.

NMR spectroscopy

NMR experiments were acquired using 850 and 950 MHz
Bruker Avance III spectrometer equipped with TCI cryogenic
probe heads with z-axis gradients. All experiments were
performed at 27 °C with the temperature calibrated according
to the chemical shift differences of pure methanol peaks. The
indirect dimensions in 3D experiments were acquired in a
nonuniformly sampled manner. On-grid Poisson disk sam-
pling with a Gaussian probability distribution (88) was
applied.

The 'H,">N-HSQC (89, 90) spectra were recorded with
spectral widths set to 11,904 Hz in the direct dimension and to
2240 Hz in the indirect dimension. Two thousand forty eight
and two hundred fifty six complex points were acquired in the
direct and the indirect dimensions, respectively.

To follow real-time kinetics, "H,">N-SOFAST-HMQC (91)
spectra were recorded with spectral widths set to 13297 Hz in
the direct dimension and to 2500 Hz in the indirect dimension.
For phosphorylation of Ser178 by CDK2, 2048 and 128 com-
plex points were acquired in the direct and the indirect di-
mensions respectively. Sixteen scans with the recycle delay set
to 228 ms were recorded in each experiment. For dephos-
phorylation of ["°N]-MAP2c phosphorylated by PKA, 2048
and 64 complex points were acquired in the direct and the
indirect dimensions, respectively, and 16 scans were recorded
in each experiment. For dephosphorylation of [**N]-MAP2c
phosphorylated by ERK2 in the cell extract and [*°N]-MAP2c
phosphorylation in cell extract, 2048 and 256 complex points
were acquired in the direct and the indirect dimensions
respectively. Thirty two and sixty four scans were recorded in
each experiment for dephosphorylation of MAP2c¢ phosphor-
ylated by ERK and phosphorylation of MAP2c in the cell
extract, respectively.
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The 3D HNCO (92) spectra were acquired with spectral
widths set to 18939 (aq) x 2000 (**N) x 2000 (**C’) Hz and
maximal evolution times of 120 ms for **N and 80 ms for *C’
indirectly detected dimensions. The overall number of 2048
complex points was acquired in the acquisition dimension and
2000 hypercomplex points were randomly distributed over the
indirectly detected dimensions. The 3D CBCA(CO)NH
experiment (93) was acquired with spectral widths set to 18939
(aq) x 2500 (*°N) x 17921 (**C’) Hz. The number of recorded
complex points was 2048, 40, and 128 for H, N, and '3C
dimensions respectively.

2D hnco(CA)NH and hncoCA(N)H FOSY spectra (44)
with selective excitation of the probed frequencies were ac-
quired with spectral widths set to 18939 (aq) x 2500
(**N) x 17921 (**C’) Hz. The number of recorded complex
points was 2048, 40, and 128 for 'H, '°N, and '*C dimensions
respectively.

Uniformly sampled data processing and direct dimension
processing of non-uniformly sampled data was done using
NMRPipe software (94). The Multidimensional Fourier
Transform with iterative algorithm for artifact suppression
(95) was employed to process indirect dimensions in three-
dimensional experiments. Spectra analysis was done using
software Sparky 3.115 (T.D. Goddard and D. G. Kneller,
University of California). Peak intensities were extracted from
3D HNCO spectra using NMR pipe.

Phosphorylation kinetics

Real-time phosphorylation by ERK2 and CDK2 was fol-
lowed by recording 'H,"’N-HSQC spectra at 27 °C in 45-min
intervals for 20 h after addition of kinase. [*°N]-MAP2¢, [°N]-
MAP2c-1-159, or [**N]-MAP2c-159-254 at 0.1 mM con-
centration in 50 mM MOPS, pH 6.9, 100 mM NaCl, 0.5 mM
TCEP, 10 mM MgCl,, 10 mM ATP, 0.1 mM EDTA were
mixed with 77 pg of ERK2 and MEKR and 20 pg CDK2,
respectively, directly in the NMR tube. The final volume was
600 pl. The first 1H,ISN-HSQC experiment was started 3 min
after addition of kinase. Relative concentrations of individual
phosphorylation sites were assumed to be proportional to the
corresponding peak volumes and kinases were assumed to be
saturated by ATP and magnesium. To determine the kinetics
of Ser178 phosphorylation by CDK2, we measured “H,'°N-
SOFAST-HMQC spectra at 27 °C in 11-min intervals for
CDK2 for a total of 15 h. The sum of peak intensities (heights)

for a given residue y during fastest phosphorylation was fitted
—In 2(t—A)/(rm_A)), where the parameter ‘l'l

to the equation y = a(e 2 is
time when half of the given serine/threonine is
phosphorylated.

Priming of MAP2c with CDK2, GSK3, and PKA

Ten milligrams of [*°N]-MAP2c was incubated with 50 ug
CDK2, 1 mg GSK3p, and 5 pg PKA in 50 mM MOPS, 100 mM
NaCl, 10 mM ATP, 0.1 mM EDTA, 1 mM PMSEF, overnight at
27 °C. Phosphorylated ['®°N]-MAP2c was then purified on
HiTrap SP column, dialyzed in NMR buffer and concentrated
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to 100 uM. Kinetics of phosphorylation by ERK2 was
measured as described, using 20-min "H,"”N-SOFAST-HMQC
experiments. For comparison of the phosphorylation rates, the
kinetics of phosphorylation of [**N]-MAP2c WT was repeated
using the same conditions and 20-min 'H,'’N-SOFAST-
HMQC experiments.

Kinetics of phosphorylation by PKA of MAP2c primed by ERK2

Three milligrams of [*°N]-MAP2c was incubated with 60 ug
ERK2 and 60 pg MEKR in 50 mM MOPS, 100 mM NadCl,
10 mM ATP, 0.1 mM EDTA, 1 mM PMSEF, overnight at 27 °C.
Phosphorylated [**N]-MAP2c ([**N]-MAP2c-ERK) was then
purified on HiTrap SP column, dialyzed in NMR buffer, and
concentrated to 100 pM. Kinetics of phosphorylation of
100 uM ['°N]-MAP2c or ["°N]-MAP2c-ERK by PKA was
measured using 2.5 pg PKA in 50 mM MOPS, 100 mM NadCl,
10 mM ATP, 0.1 mM EDTA at 27 °C using 20-min ‘H,"*N-
SOFAST-HMQC experiments.

Paramagnetic labeling of MAP2c

After purification and phosphorylation, the cysteines were
reduced by incubating [*°N,'*C]-MAP2c with 0.5 mM TCEP.
For spin labeling, the buffer was changed to 20 mM potassium
phosphate, 150 mM potassium chloride, pH 7.4 using size-
exclusion chromatography on PD-10 desalting column (GE
Healthcare) and the protein was eluted in a 10-fold molar
excess of MTSL or MTS (Toronto Research Chemicals) dis-
solved in DMSO, and MTSL or MTS was allowed to bind
overnight at 4 °C. The protein was then dialyzed into 50 mM
MOPS, 150 mM sodium chloride, pH 6.9 before measurement.
3D HNCO spectra were measured for the paramagnetic and
diamagnetic MAP2c mutants. The paramagnetic relaxation
enhancement profiles were obtained by calculating the ratio of
peak intensities of the paramagnetic and diamagnetic samples.

Interaction of MAP2c with ERK2, GST-Abl-SH3, Fyn-SH3, and
Grb2 and Rlla-PKA

The interactions of [*°N,'>C]-MAP2c and [*°N,*3C]-MAP2c
phosphorylated by ERK2 were measured by NMR spectros-
copy using 3D HNCO spectra. All proteins were dialyzed in
NMR buffer. Titration of ERK2 with MAP2c was done by
mixing 100 puM [**C,'N]-MAP2c with 30, 60 and 100 pM
ERK2. For interaction studies, 100 uM [°N,3C]-MAP2c was
mixed with 200 pM Fyn-SH3, 200 uM GST-Abl-SH3, 100 uM
Grb2, or 200 uM RlIla-PKA. The samples containing Grb2
were supplemented with PMSF at the final concentration of
1 mM to prevent cleavage of MAP2c by residual thrombin.
The error was calculated from noise.

Microscale thermophoresis

Binding affinities between MAP2c and ERK2, Fyn-SH3, and
Abl-SH3 were measured by MST at 27 °C. H6-MAP2c was
fluorescently labeled on the histidine tag with RED-tris-NTA
(Nanotemper). Titration experiments were performed in a
buffer containing 50 mM MOPS, 100 mg/ml NaCl, pH 6.9,
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0.5 mg/ml bovine serum albumin, and 0.05% Tween-20. The
concentration of H6-MAP2c was 5 nM. Concentration of
ERK2, Fyn-SH3, and Abl-SH3 ranges from 1.3 nM to 45 uM,
0.046 nM to 1.5 uM, and 1.8 pM to 533 uM, respectively.
Binding studies were performed at 40% laser power for ERK2
and Fyn-SH3 and 20% laser power for Abl-SH3, with a
Monolith NT.115 Pico device (NanoTemper Technologies) at
medium MST power. The mean values + SD for each con-
centration point were calculated from triplicate measure-
ments. The data were fitted to the following model:

x+nc+Kp - \/(x—i-nc—i-I(D/)z —4ncx

Fnorm = Fnorm (0) + m

where F,,,,,,, = F/Fmax is the normalized fluorescence, c is the
total concentration of MAP2c, x is the total concentration of
ligand, and Kp, is the apparent dissociation constant.

Dephosphorylation and phosphorylation in SH-SY5Y cell
extract

SH-SY5Y human neuroblastoma cells (CRL-2266, ATCC)
were grown at 37 °C in humidified 5% (v/v) CO, incubators
in 80% Dulbecco’s modified Eagle’s medium, 20% fetal
bovine serum, and 50 pg/ml gentamycin. Cells were split at
70 to 80% confluence and not passaged more than 6 to 12
times prior to NMR experiments. All media, supplements,
and PBS were purchased from PAA Laboratories. Cell lines
were routinely tested for mycoplasma contaminations and
were mycoplasma free. For each NMR experiment, (4—10) x
10° cells were harvested 24 h after final feeding at 70 to 80%
confluence. Cells were harvested by scraping them on ice
into lysis buffer (20 mM Tris—HCI pH 7.5, 1.5 mM EDTA,
100 mM NaCl, 1% (v/v) Triton-X100, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 2X EDTA-free protease in-
hibitor cocktail (Cat. nb. 04693159001, Roche), 1.4 pg/ml
pepstatin A (Cat. nb. P4265, Sigma Aldrich), and 0.2 mM
PMSE). In this buffer, whole cell lysates were vortexed for
5 s and mutated on ice for 30 min followed by centrifugation
at 21, 000g for 30 min at 4 °C. The supernatant was sepa-
rated and total protein concentration was determined by
Bradford assay. Aliquots were snap-frozen in liquid nitrogen
and stored at —80 °C.

Thirty microliters of 1.1 mM [**N]-MAP2c phosphorylated
by PKA was diluted to 100 pM in 141 pl of cell extract at
5.53 mg/ml protein and 114 ul lysis buffer with 5% D,O. Sixty
five microliters of ['°N]-MAP2c phosphorylated by ERK2
(465 uM) was diluted to 100 uM in 220 pl of cell extract at
3.4 mg/ml protein with 5% D,O. Intensities of the peaks were
normalized to intensity of Trpl4 side chain and calculated as
the decrease of relative intensities. The dephosphorylation
rates were modeled using the equation y = a, + yee ™, where y,
is the intensity at t = 0 and a, is final intensity.

For the phosphorylation in the cell extract, 50 ul [*°N]-
MAP2c (1.5 mM) was diluted to 200 pM in 220 pl cell extract
at 1.89 mg/ml-containing phosphatase inhibitors at doubled
concentration (PhosSTOP, Roche), 5 mM ATP, 10 mM MgCl,
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and 5% D,O. For reference, we measured the spectra of the
phosphorylated or unphosphorylated MAP2c at the same
concentration in lysis buffer. The decrease of intensity of
Leu467 shows the extent of MAP2c proteolysis over time.

Data availability

All data are contained within the article.
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