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The posttranslational regulation of the neuronal proteome is
critical for brain homeostasis but becomes dysregulated in the
aged or diseased brain, in which abnormal posttranslational
modifications (PTMs) are frequently observed. While the full
extent of modified substrates that comprise the “PTM-ome”
are slowly emerging, how the upstream enzymes catalyzing
these processes are regulated themselves is not well under-
stood, particularly in the context of neurodegeneration. Here,
we describe the reciprocal regulation of a kinase, the micro-
tubule affinity-regulating kinase 2 (MARK2), and an acetyl-
transferase, CREB-binding protein (CBP), two enzymes known
to extensively modify tau proteins in the progression of Alz-
heimer’s disease. We found that MARK2 negatively regulates
CBP and, conversely, CBP directly acetylates and inhibits
MARK?2 kinase activity. These findings highlight a reciprocal
negative feedback loop between a kinase and an acetyl-
transferase, which has implications for how PTM interplay is
coordinated on substrates including tau. Our study suggests
that PTM profiles occur through the posttranslational control
of the master PTM remodeling enzymes themselves.

Distinct patterns of posttranslational modifications (PTMs)
have emerged as a distinguishing and disease-relevant feature
(1-5). Rather than individual PTMs mediating specific out-
puts, in many cases, a coordinated assembly of different PTMs
targeting the same substrate can lead to major regulatory
changes including altered electrostatic interactions between
proteins, altered protein/enzyme activity, or altered biophysi-
cal properties of a substrate. Such dynamic PTM interplay is
best exemplified by the regulation of histones, in which com-
bined acetylation and phosphorylation can modify histone H3
N-terminal tails and thereby influence gene expression (6).
More recent analysis in human Alzheimer’s disease (AD) brain
showed more complex histone PTM dynamics, dependent on
the affected brain regions and the severity of disease pro-
gression. For example, some histone PTMs generally increased
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with aging but become reduced in AD brain (e.g, H4K16ac)
(7, 8).

Beyond histones, the extent to which other substrates are
coordinately regulated by PTMs in the brain is not well
studied. One of the hallmark features of AD is the presence of
neurofibrillary tangles (NFTs), composed of intracellular tau
aggregates, that are extensively modified by phosphorylation,
acetylation, and ubiquitination among other modifications
(9, 10). In addition to tau, other pathological proteins impli-
cated in various neurodegenerative diseases including o-syn-
uclein (11), huntingtin (12, 13), and TDP-43 (14, 15) also
undergo extensive PTM remodeling, indicating that this phe-
nomenon is not limited to tau but is likely more widespread in
the diseased brain. One can potentially explain these obser-
vations through shared pathogenic mechanisms that generate
distinct PTM profiles as a consequence of aging, disease onset,
or disease progression.

How such PTM profiles are choreographed is unclear, but
prior studies on tau suggest a highly regulated PTM cascade.
For example, tau kinases target specific Ser/Thr residues in tau
that, in many cases, can prime additional nearby phosphory-
lation sites (16—-20). In other instances, tau phosphorylation
can inhibit the acetylation of nearby lysines (21-23). Finally,
identical lysine residues on tau are subjected to multiple
distinct PTMs including acetylation (24, 25), sumoylation (26,
27), methylation (28-30), or ubiquitination (31, 32). Therefore,
complex PTM cascades may underlie tau’s functional output
leading to changes in microtubule (MT) dynamics or tau ag-
gregation. This implies that PTM profiles may initially be
established by the remodeling enzymes that act upstream,
whose regulation themselves now becomes a critical focal
point in the context of the diseased brain.

Microtubule affinity-regulating kinases (MARKs) have
become a topic of interest in AD due to their high affinity for
tau, their ability to alter tau aggregation, and their potent
regulation of tau-MT binding (33-35). Once active, MARK2
can phosphorylate tau at four residues within the MT binding
region (MTBR) (Ser-262, Ser-293, Ser-324, and Ser-356) (36)
and was shown to colocalize with tau in AD brain (37). Acti-
vation of MARK2 occurs through the phosphorylation of
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Reciprocal regulation between MARK2 and CBP

residue T208 within the activation loop and is coincident with
local structural changes by which MARK2 switches from the
inactive to active state (38). These findings led us to hypoth-
esize that combinatorial PTMs may directly control MARK2 as
a critical upstream event and thereby elicit widespread effects
on downstream substrates including tau.

The well characterized acetyltransferase CREB-binding
protein (CBP) is known to regulate histones and alter gene
transcription, but more recently we and others demonstrated
that MT-associated proteins (MAPs) including tau and related
MAP2 and MAP4 family members are direct substrates of CBP
acetyltransferase activity (24, 25, 39-42). MAP family acety-
lation at specific lysine residues impairs MT stabilization and,
at least in the context of tau, can promote its aberrant ag-
gregation (24). Given that CBP and MARK2 have common
downstream substrates including tau (43, 44), this prompted
us to investigate their interplay and whether the activities of a
kinase (MARK2) and an acetyltransferase (CBP) could
potentially be coordinated. How PTM remodeling enzymes are
regulated has implications for many neurodegenerative disor-
ders characterized by dysfunctional “PTM-omes”. Here, we
demonstrate that CBP and MARK2 engage in a reciprocal
negative feedback loop that controls their levels and enzymatic
activities.

Results
MARK2 modulates global lysine acetylation

Given that CBP acetylates tau on lysine residues within the
MTBR, a region harboring KXGS motifs that are also targeted
by MARK?2, we suspected potential interplay among tau ace-
tyltransferases and tau kinases, namely between CBP and
MARK?2. To test this possibility, we ectopically expressed both
CBP and MARK2 in a human cell line (293A cells) and
examined readouts of CBP acetyltransferase activity using a
well-characterized pan-acetyl-lysine antibody that
discriminately detects lysine-acetylated substrates (Fig. 1). We
examined acetylated lysine in the presence of three different
MARK?2 variants; WT MARK?2, catalytically inactive MARK2
containing a K82R mutation (KR), and a constitutively active
T208E mutant (TE) known to increase MARK2 activity ~
four-fold (38, 45). Since CBP activity can promote protein
aggregation that is recovered in biochemically insoluble frac-
tions (46), lysates were sequentially fractionated using buffers
of increasing extraction stringency, in which RIPA buffer was
used to extract soluble proteins followed by a urea-based
extraction of insoluble aggregated protein pellets. In this
manner, we were able to examine both soluble (Fig. 1, A-C)
and insoluble (Fig. 1, D—F) fractions by subsequent immuno-
blotting. In the soluble fractions, we observed significantly
reduced CBP activity in the presence of MARK2-WT or active
MARK?2-TE, while the inactive MARK2-KR showed a trend
toward reduced CBP inhibitory activity as determined by partly
restored acetylated lysine levels (Fig. 1, A and C). We note that
given its constitutive activation status, MARK-TE is consis-
tently expressed at lower steady-state levels in cells compared
to the less active WT and KR mutant (Fig. 14). As a control, a
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similar analysis was performed using a catalytically inactive
CBP-LD mutant (containing L1435A/D1436A mutations),
which did not facilitate lysine acetylation (Fig. 1B).

Since CBP can promote generalized protein aggregation
(46), we suspected that the effects of MARK2 on CBP activity
would be more robust in the insoluble urea-extracted fractions
containing aggregated proteins. Indeed, CBP generated a ~ 50
to 250 kDa acetyl-lysine banding profile that was largely
abrogated by either MARK2-WT or MARK2-TE, but not the
inactive KR mutant (Fig. 1, D and F), while the inactive CBD-
LD again had no impact on aggregation or protein acetylation
(Fig. 1E). These data support MARK2 as a negative regulator of
CBP acetyltransferase activity.

MARK2 interacts with and regulates CBP levels

We next examined a potential direct physical interaction
between CBP and MARK?2 through a series of coimmuno-
precipitation (co-IP) assays in transfected cells. Myc-tagged
MARK2 was coexpressed with FLAG-tagged CBP and subse-
quently processed by FLAG pull-downs followed by immu-
noblotting. The input revealed that all MARK2 variants were
expressed, though as noted above, the active MARK-TE
showed slightly reduced steady-state levels due to its height-
ened enzymatic activity (Fig. 24). Interestingly, we observed a
subtle but detectable interaction between CBP and MARK2-
WT, while the strongest interaction occurred with MARK2-
KR, suggesting preferential binding of CBP to inactive
MARK2 (Fig. 2B). Consistent with preference for inactive
MARK2, we were unable to detect CBP binding to the
constitutively active MARK2-TE. Thus, CBP preferentially
associates with inactive MARK2, suggesting the inactive
MARK?2 conformation is a more favorable binding partner and
potential substrate for CBP.

To interrogate how MARK2 might regulate CBP, we
considered MARK2-mediated phosphorylation of CBP and
performed a series of cell-based assays, but we were unable to
observe MARK2-dependent phosphorylation of CBP (Fig. S1).
This result is not unexpected since CBP phosphorylation is
thought to activate rather than suppress its acetyltransferase
activity (47, 48). We therefore explored other mechanisms for
how MARK2 might negatively regulate CBP. To do so, we
immunoprecipitated total full-length CBP from cells coex-
pressing CBP and the MARK2 variants. However, to achieve
more robust CBP detection sensitivity (CBP protein migrates
at ~ 300 kD), we employed a large-scale transfection strategy
and immunoprecipitated a higher final yield of CBP followed
by Coomassie gel staining. Using this total CBP detection
method, we found that active MARK2, particularly the
MARK2-TE variant, led to reduced total CBP protein levels
compared to the less active MARK2-WT and the inactive
MARK2-KR (Fig. 2C). To corroborate and extend the finding
that MARK2 negatively regulates CBP levels, we treated pri-
mary mouse cortical neurons with a MARK2-specific phar-
macological inhibitor (39621) and observed significantly
increased CBP levels in response to MARK2 inhibition (Fig. 2,
D and E), further supporting a negative regulatory mechanism
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in which MARK2 activity is required to maintain lower base-
line CBP levels.

CBP acetylates and impairs MARK2 kinase activity

We next considered the possibility that MARK2 and CBP
engage in a feedback loop in which CBP may reciprocally
modulate MARK2 activity to coordinate the phosphorylation
and acetylation of their downstream substrates. Indeed, there
is mounting evidence that kinases can be subjected to lysine
acetylation leading to impaired catalytic activity (49-52).
Therefore, we examined the reciprocal process by which CBP
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would directly acetylate and inhibit MARK2 activity. First, we
performed an in vitro acetylation reaction using recombinant
purified proteins, in which the CBP catalytic domain was
incubated with full-length GST-tagged MARK?2 in the pres-
ence of acetyl-CoA (Fig. 3, A and B). CBP robustly acetylated
recombinant MARK?2, as determined by acetyl-lysine immu-
noreactivity (Fig. 34, see acetyl-MARK2 band). As expected,
CBP also undergoes prominent auto-acetylation in the pres-
ence of acetyl-CoA (53) (Fig. 3A, see band denoted by the
asterisk).

To confirm the MARK2 acetylation findings in a cell-based
model, we coexpressed CBP with each individual MARK2
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Figure 1. MARK2 modulates CBP acetyltransferase activity. A-C, soluble RIPA-extracted fractions were examined from 293A cells transfected with WT or
catalytically inactive CBP (LD) variants in parallel with either MARK2-WT, constitutively active MARK2 (T208E, MARK2-TE), or catalytically inactive MARK2
(K82R, MARK2-KR) and immunoblotted with a pan-acetyl-lysine antibody (A and B). The relative band intensities of the soluble acetyl-lysine immunore-
activity in the presence of CBP-WT were quantified and plotted in (C). The graphs represent changes in acetyl-lysine immunoreactivity observed in the
presence of MARK2-WT compared to control, as well as relative differences observed among the MARK2 variants. Error bars indicate SEM. n = 8 biologically
independent experiments. p value was assessed by either unpaired Student’s t test (left panel) or one-way ANOVA with Tukey’s post hoc test (right panel).
n.s. p > 0.05; **** p < 0.0001. D-F, RIPA-insoluble cell pellets were extracted with urea buffer to isolate the aggregated protein fraction from the same
transfection described above in (A) and samples were similarly immunoblotted with a pan-acetyl-lysine antibody (D and E). The relative band intensities of
insoluble acetyl-lysine immunoreactivity in the presence of CBP-WT were quantified and plotted in (F) similar to (C) above. Error bars indicate SEM. n = 8
biologically independent experiments. p value was assessed by either unpaired Student’s t test (left panel) or one-way ANOVA with Tukey’s post hoc test
(right panel). *p < 0.05; ****p < 0.0001. CBP, CREB-binding protein; MARK2, microtubule affinity-regulating kinase 2.
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Figure 2. CBP preferentially associates with inactive MARK2. A and B, coimmunoprecipitation (Co-IP) assays were performed to evaluate the binding of
CBP to different MARK2 variants that show varying levels of kinase activity (MARK2-WT, MARK2-TE, MARK2-KR) in 293A cells by FLAG pull-down followed by
immunoblotting to detect the total pool of myc-tagged MARK2 (Myc-MARK2). Input and IP samples are shown in (A) and (B) respectively. CBP preferentially
interacts with the catalytically inactive MARK2 (MARK2-KR). C, Coomassie staining was used to detect immunoprecipitated FLAG-tagged CBP-WT in the
absence (lane 1) or presence of different MARK2 variants (lanes 2-5) to illustrate a moderate reduction of CBP levels in the presence of active MARK2
(MARK2-WT and MARK2-TE). D and E, primary mouse cortical neurons at DIV14 were treated with or without 20 uM MARK2 inhibitor (39621) for 5 h. Neurons
were then harvested and lysed, followed by immunoblotting with total CBP and GAPDH antibodies, and the increased CBP levels were quantified in (e).
Error bars indicate SEM. n = 3 biologically independent experiments. p value was assessed by unpaired Student’s t test. *p < 0.05. CBP, CREB-binding

protein; MARK2, microtubule affinity-regulating kinase 2.

variant, followed by immunoprecipitation/western blot anal-
ysis to determine MARK2 acetylation status. Similar to that
shown in Figure 1, A and D, we observed the expected inhi-
bition of CBP in the presence of active MARK2 (Fig. 3C,
compare lane one to lanes 2—4). While all MARK2 variants
were expressed, they showed different acetylation patterns in
the presence of CBP (Fig. 3D). The partially active MARK-WT
and constitutively active MARK2-TE showed negligible acet-
ylation. In contrast, the inactive MARK2-KR was strongly
acetylated (Fig. 3D, compare lanes 1-3 to lane 4), consistent
with preferential CBP binding and acetylation of only the
inactive MARK2 conformation.

To determine the specific lysine residues in MARK2 that are
subjected to acetylation, we immunopurified MARK2-KR
alone or MARK2-KR that had been acetylated in the

4 | Biol. Chem. (2022) 298(6) 101977

presence of CBP. We then confirmed the isolation by Coo-
massie detection of the ~ 100 kD MARK2 protein band and
analyzed gel-excised MARK2 by LC-MS/MS-based proteomics
(Fig. 4A). We mapped 16 acetylated lysine residues spanning
the entire MARK2 protein with the majority residing in the
catalytic (K61, K86, K224/K225, K283, K291), spacer (K376,
K394, K464, K465, K637, K641), and tail (K730, K776, K781)
domains that regulate MARK?2 kinase activity and/or protein—
protein interactions (Fig. 4B and Table S1). All 16 acetylation
sites were identified in the presence of CBP or were more
abundant when CBP was present compared to MARK2-KR in
the absence of CBP. We identified 11 phosphorylated residues,
eight of which were less abundant in the presence of CBP
(T6, S40, T208, S212, S390, T472, S493, S722), suggesting
MARK?2 acetylation may suppress its ability to undergo
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Figure 3. MARK2 is subjected to CBP-mediated lysine acetylation. A and B, recombinant WT MARK2 containing a GST tag (MARK2-WT) was incubated
with recombinant WT CBP catalytic domain in the presence or absence of the cofactor acetyl-CoA, where indicated, in acetylation buffer for 1.5 h at 37 °C.
The in vitro acetylation reaction was terminated by the addition of 6X SDS sample buffer and analyzed by immunoblotting using an acetyl-lysine antibody.
Acetylated GST-tagged MARK2 is specifically detected at ~ 120 kD, and the asterisk indicates acetylated CBP, which is known to be generated via CBP auto-
acetylation. Acetyl-MARK2 levels were quantified and plotted in (B). Error bars indicate SEM. n = 3 biologically independent experiments. p value was
assessed by one-way ANOVA with Tukey’s post hoc test. ****p < 0.0001. C and D, to confirm that MARK?2 is acetylated in cells, a MARK2 immunopre-
cipitation was performed in 293A cells cotransfected with CBP and the various MARK2 variants. First, the presence of total CBP and MARK2 as inputs (C)
were verified and the expected reduction in acetyl-lysine by active MARK2 was confirmed. Subsequently, the immunoprecipitated MARK2 fractions were
blotted with the acetyl-lysine antibody to detect acetylated MARK2 (D) (see the prominent acetylated MARK2 protein band at ~ 100 kDa). We note that the
MARK2 expression plasmid used in the cell-based assays contains a myc tag and therefore migrates at ~ 100 kD. CBP, CREB-binding protein; MARK2,

microtubule affinity-requlating kinase 2.

phosphorylation. All identified MARK2 acetylation and phos-
phorylation sites are described in Table S1.

Given the abundance of acetylated lysines within the cata-
lytic domain combined with the preferential binding and
acetylation of the inactive MARK2 variant, we suspected there
might be a functional impact of acetylation on MARK2 kinase
activity. We performed in vitro kinase assays in the presence of
purified full-length (2N4R) tau, a well characterized MARK2
substrate (Fig. 4, C and D). In the presence of both CBP and
acetyl-CoA, MARK2 became acetylated, and the acetylated
MARK?2 was associated with reduced tau phosphorylation at
residue $262 within the MARK2-targeting KXGS motif
(Fig. 4C, compare lanes 1-6 to lanes 7-9), an effect that cor-
responded to a ~ 40% reduction in phosphorylated tau
(Fig. 4D).

To complement the recombinant in vitro MARK?2 acetyla-
tion assays, we investigated whether MARK2 activity was
similarly modulated by CBP in primary mouse cortical neu-
rons. Lentiviruses were generated expressing only the active

SASBMB

CBP catalytic domain fused to a nuclear export signal (CBP-
NES-WT) to preferentially restrict CBP localization and ace-
tyltransferase activity to the cytoplasm where MARK2 resides.
This approach avoids any confounding issues and potential
neurotoxicity resulting from the well-characterized nuclear
effects of CBP on histone acetylation and gene transcription.
CBP-NES-WT or the catalytically inactive control (designated
as CBP-NES-LD) were transduced into cortical neurons at
3 days in vitro (DIV3) and tau phosphorylation at S262 was
analyzed as a readout of MARK?2 kinase activity. Despite the
fact that CBP-NES-WT showed lower expression than that of
CBP-NES-LD (which was more stable), CBP-NES-WT none-
theless showed robust cytoplasmic acetyltransferase activity, as
shown by the increase in pan-acetyl-lysine immunoreactivity
(Fig. 54, lanes 4-6). In the presence of CBP-NES-WT, but not
CBP-NES-LD, we observed a significant reduction in phos-
phorylated tau at S262, which coincided with a slight down-
ward trend in total MARK2 levels, though the latter
observation was not significant (Fig. 5, A-C). These findings
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Figure 4. PTM mapping identifies MARK2 as an acetylated substrate. A, 293A cells were transfected with a control vector (pcDNA5/TO) or MARK2
variants in the presence or absence of CBP-WT. Total cell lysates were extracted in low stringency NETN buffer, and myc-tagged MARK2 variants were
immunopurified using myc antibodies conjugated to protein A/G beads. The Coomassie-stained gel shows the purified MARK2 protein at ~ 100 kD that was
subsequently gel-excised and analyzed by LC-MS/MS. B, a MARK2 molecular domain schematic illustrates the acetylated lysines (K) in green, phosphorylated
serines (S) in blue and phosphorylated threonines (T) in red. In the presence of CBP-WT, a panel of MARK2 acetylation sites were identified and the peptide
properties are described in Table S1. C, in vitro kinase reactions were performed in the presence or absence of MARK2-WT, CBP-WT, full-length tau-WT
(2N4R), and acetyl-CoA, followed by immunoblotting analysis to determine whether MARK2 acetylation altered tau phosphorylation at residue $262. D,
quantification of p-5262 across all conditions was determined by band densitometry. Error bars indicate SEM. n = 3 biologically independent experiments.
p value was assessed by one-way ANOVA with Tukey’s post hoc test. n.s. p > 0.05; *p < 0.05. CBP, CREB-binding protein; MARK2, microtubule affinity-

regulating kinase 2; PTM, posttranslational modification.

support the notion that active cytoplasmic CBP can inhibit
MARK2 kinase activity and thereby impact tau
phosphorylation.

To provide further functional support for MARK?2 acetyla-
tion impairing its kinase activity, we focused on a particular
activating MARK2 phosphorylation event at the conserved
T208 residue within the activation loop (38, 54). Our mass
spectrometry data indicated that CBP led to a mild reduction

6 J Biol. Chem. (2022) 298(6) 101977

in T208 phosphorylation, as indicated by a peptide abundance
ratio < 1.0 (0.67) in the presence of CBP compared to the
nonacetylated MARK2 control (Fig. 5D and Table S1, see
phospho-MARK?2 peptide spectrum). To confirm this obser-
vation, we performed immunoblotting analysis using a
phospho-MARK2 specific antibody detecting phosphorylated
residue T208, the quantification of which again showed a
modest reduction in the overall ratio of phosphorylated

SASBMB



Reciprocal regulation between MARK2 and CBP

A Primary neurons B C
MW (kDa) CBP-NES CBP-NES
Control -WT -LD 1.5
100—
o S e 2 = MARK2 & ~ p=0.07
X
N
50—... L 2 3 | . - g Phosphorylated tau (5262) 7] n<:
o
=
=]
— S EENNNNEE - 3 0
- S s
75— - = FLAG (CBP) 2 L
250— " ® o
o
150—
- -
19
100—
75— - - e
- - Acetyl-lysine
il e lerten Tt
37—
25—
20—
3 e awep s anasen #® GAPDH
lane: 1 2 3 4 56 7 8 9
- MARK2-KR
~
LDt Fc GS\PPYAAPELFQGK £ 9 N 1.5+
Precursor m/z:  726.6586 Charge: +3 Fragmented Bonds: ~ 13/18 MW (kDa) é} é?L é?l g *
100 v — X I
% g 1.0
o a
i £ 0.5
£ o - % .
HE 3
E N 0.0-
Y5 yp't? A
:: vs ’ i v, Acetyl-lysine NY 'é\
% Ye Y Q)Q Qg
104 ¥ b, Yo [ I
I it |

200 300

400 500

20

37— —— —— . A\DDH

Figure 5. CBP-mediated acetylation regulates MARK2 kinase activity. A-C, primary mouse cortical neurons were dissected, plated, and transduced at
DIV3 with a lentivirus expressing either control (empty lentivirus), CBP-NES-WT (cytoplasmic CBP), or CBP-NES-LD (cytoplasmic inactive CBP). Neurons were
harvested at DIV10 and analyzed by immunoblotting with MARK2, p-S262 tau, total tau, FLAG, and acetyl-lysine antibodies, while GAPDH served as a
loading control. The extent of p-5262 and MARK2 were quantified and plotted in (B) and (C), which showed that tau phosphorylation at S262 is reduced in
the presence of CBP-NES-WT. Error bars indicate SEM; n = 3 biologically independent experiments. p value was assessed by one-way ANOVA with Tukey’s
post hoc test. *p < 0.05. D, gel-excised MARK2-WT was immunopurified from cell lysates, and global PTM site mapping was performed using LC-MS/MS.
Purified MARK2 was reduced with DTT, alkylated with iodoacetamide, and digested in-gel with trypsin overnight, then subjected to LC-MS/MS analysis. MS/
MS spectrum of the triply-charged ion at m/z 726.6586 corresponding to MARK2 peptide LDtFcGSPPYAAPELFQGK is shown. The spectrum provides evi-
dence that residue T208 is in fact phosphorylated (an indicator of MARK2 activation status). E and F, 293A cells transfected with WT or catalytically inactive
(LD) CBP variants in parallel with the kinase inactive variant of MARK2 (MARK2-KR) were immunoblotted with p-MARK2 (T208) or total MARK2 antibodies to
analyze T208 phosphorylation status in response to acetylation. The ratio of P-MARK2 to total MARK2 (relative p-MARK2) was quantified and plotted in (f).
Error bars indicate SEM; n = 6 biologically independent experiments. p value was assessed by unpaired Student’s t test. *p < 0.05. CBP, CREB-binding
protein; MARK2, microtubule affinity-regulating kinase 2; NES, nuclear export signal; PTM, posttranslational modification.

MARK? relative to the total MARK2 pool (Fig. 5, E and F),
confirming altered MARK?2 activity upon acetylation by CBP.

protein aggregation and the formation of toxic amyloids (46).
Therefore, we asked whether reduced MARK2 protein levels
(and hence increased CBP activity) is a feature of AD brain.
We first analyzed MARK2 levels in cortical brain samples from

MARK2 protein levels are reduced in tauopathy brain 12-month-old WT and symptomatic tau P301S (PS19) trans-

These data support a reciprocal regulatory pathway in which
MARK2 modulates CBP, and conversely that CBP inhibits
MARK?2 activity via direct acetylation. Recent studies suggest
that abnormal CBP activity and excessive acetylation of
downstream substrates (including but not limited to tau) oc-
curs in human AD brain (7, 8) and can accelerate general

SASBMB

genic mice that display tau pathology, neuronal loss, and
cognitive impairments (55). Using a total MARK2-specific
antibody, we found a modest yet significant reduction in
MARK2 protein levels in PS19 mice coincident with tau
accumulation (Fig. 6, A and B). We next analyzed MARK2
levels in fractionated human control and AD postmortem
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Figure 6. MARK2 protein levels are reduced in tauopathy mice and human AD. A and B, the cortex was isolated from 12-month-old WT and PS19 mice
and extracted using high-salt buffer. High-salt fractions were analyzed by immunoblotting using MARK2 or total tau (TAU-5) antibodies. The relative levels
of MARK2 protein were quantified in (B). Error bars indicate SEM. n = 3 biologically independent experiments. p value was assessed by unpaired Student’s t
test. *p < 0.05. C and D, high-salt soluble and urea-extracted insoluble fractions of cortical brain homogenates from control or AD brain tissue was analyzed
by immunoblotting using MARK2 or total tau (TAU-5) antibodies. The urea-extracted tau is present only in AD brain, confirming the presence of tau pa-
thology. GAPDH served as a loading control. The levels of MARK2 in the high-salt fraction were quantified in (D). The molecular weight of MARK2 is ~ 77 to
90 kD, corresponding to the protein doublets observed in mouse and human tissues. For full data transparency, all protein bands are displayed including
possible MARK2 breakdown products < 75 kDa. Error bars indicate SEM. n = 3 biologically independent experiments. p value was assessed by unpaired
Student’s t test. *p < 0.05. AD, Alzheimer's disease; MARK2, microtubule affinity-regulating kinase 2.

brains. We confirmed the extensive NFT pathology in AD
brain by evaluating tau aggregation in insoluble fractions,
which showed the expected pattern of insoluble aggregated
and smeared tau that is present only in AD brain samples
(Fig. 6C). Similar to tauopathy mice, we found significantly
lower MARK2 protein levels in AD brains, again consistent
with a negative correlation between MARK2 levels and AD
progression (Fig. 6, C and D). Overall, these findings suggest
that MARK2 dysfunction and altered downstream regulation
of MARK?2 substrates is associated with the progression of
tauopathy.

Discussion

In this study, we demonstrate that MARK2 operates as part
of a negative feedback loop with the acetyltransferase CBP,
potentially to coordinate downstream acetylation and phos-
phorylation events. We provide evidence that MARK2 reduces
the levels (and therefore activity of CBP) and decreases lysine
acetylation globally, as detected with pan-acetylation anti-
bodies. We did not observe direct MARK2-mediated phos-
phorylation of CBP, but rather we found that MARK2 may
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facilitate the destabilization or degradation of CBP, as CBP
levels were reduced in the presence of active MARK2 (Fig. 2C)
and increased in the presence of a MARK2 pharmacological
inhibitor (Fig. 2, D and E). Consistent with reduction or in-
hibition of MARK2 in AD (Fig. 6, C and D), increased CBP/
p300 activity and histone H3K27/H3K9 acetylation were
observed in AD brain (7, 8). Additional effort beyond this
study is needed to understand mechanistically how MARK2
could deplete CBP levels. For example, a prior study implicated
a caspase-6-dependent mechanism that results in CBP cleav-
age (56), and therefore MARK2 could potentially facilitate
caspase-dependent CBP cleavage. In addition, a recent study
demonstrated that MARK2 can influence protein translation
via phosphorylation of elF2a, which could also regulate CBP
expression (57).

Our findings show that inactive MARK2 (i.e., MARK2-KR)
is preferentially bound (Fig. 2B) and acetylated by CBP
(Fig. 3D). This effect is likely to be direct since CBP was able to
acetylate MARK2 using purified recombinant proteins in the
presence of acetyl-CoA (Fig. 3, A and B). Mass spectrometry-
based PTM mapping indicated a significant number of acety-
lated residues that reside in the catalytic and spacer domains,
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implying that acetylation negatively regulates MARK2 kinase
activity (Fig. 4B and Table S1). Outside the catalytic domain,
another acetylation site of interest (K61) resides in the P-loop
(residues 60-65) (Fig. 4B), which facilitates conversion to the
active state (36, 58). Using kinase activity assays in which tau
was included as a MARK?2 substrate, we found that acetylated
MARK?2 was associated with impaired kinase activity directed
toward the KXGS motif within tau’s MTBR domain (5262)
(Fig. 4, C and D). While tau is considered a well-studied and
easily detected MARK?2 substrate, future studies will be needed
to evaluate other MARK2 substrates beyond tau including
related MAPs (59), kinesin family proteins (60, 61), and stress
response factors (e.g., elF2a) (57).

We suspect that physical binding of CBP to MARK2 fol-
lowed by MARK?2 acetylation are likely required to maintain
MARK? in the inactive state. Several identified MARK2 acet-
ylation sites were clustered in the catalytic domain, including
residue(s) K224/K225 in close proximity to the activating
phosphorylation site at residue T208, suggesting MARK2
acetylation could prevent nearby Ser/Thr phosphorylation
(Fig. 4B and Table S1). There is emerging evidence for lysine
acetylation as a dominant regulatory mechanism to control
kinase activity, as acetylation targets the MAPK family of ki-
nases (62, 63), SIK2 (64), p70 ribosomal S6 kinase (65), the
major AMPK kinase LKB1 (66), and cyclin-dependent kinases
cdk2 (51) and cdk9 (52, 67). The growing list of kinase targets
suggests that acetylation—phosphorylation interplay may be
more broadly applicable to kinase biology, acting as molecular
switch to control signaling pathways largely driven by kinase
activity.

Based on our initial findings, we expected an inverse rela-
tionship between MARK2 and tauopathy progression, though
no prior studies had documented MARK2 protein changes in
AD brain. Currently, we can only correlate MARK2 levels with
AD and cannot assert any causative link between reduced
MARK?2 levels and tau pathology. For example, it is equally
possible that AD progression leads to a reduction in MARK2
levels rather than reduced MARK?2 levels driving tau pathol-
ogy. However, if the latter scenario is correct, reduced MARK2
levels could result in elevated or activated CBP that is capable
of generating the abnormally acetylated tau species that we
and others have documented in AD and other tauopathies.
Indeed, we found a five-fold reduction in MARK2 protein
levels in AD compared to controls (Fig. 6D). While the sce-
nario in which MARK?2 levels are depleted is consistent with
the activation of CBP, it is not consistent with the accumula-
tion of phosphorylated tau at S262 that is so prominent in AD
brain and associated with NFTs (68). However, it is important
to note that other tau kinases including related MARK family
members (69, 70), GSK-3 (71), and PKA (72) are thought to
target the same S$262 residue within the KXGS motifs.
Therefore, MARK2 protein levels are not necessarily a proxy
for S262 phosphorylated tau. Whether the levels of other tau
kinases change in parallel with MARK?2 in tauopathy models
will require further investigation.

While aberrant PTMs including phosphorylation and acet-
ylation are clearly implicated in aging and neurodegeneration,
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their functional interplay is unclear. Our study provides new
evidence for a negative regulatory mechanism between a
kinase (MARK2) and an acetyltransferase (CBP), two master
PTM-remodeling enzymes. These findings could lay the
foundation to explore distinct PTM codes in the brain and
perhaps guide future therapeutic efforts to target disease pa-
thology by modulating PTM feedback loops.

Experimental procedures
Plasmids

The following expression plasmids were used in this study
and, where indicated, mutations were generated by site-
directed mutagenesis. All CBP or MARK2 expression plas-
mids for transient transfections were cloned into the pcDNA5/
TO vector (Life Technologies). FLAG-tagged WT full-length
CBP (CBP-WT) and inactive CBP containing L1435A/
D1436A mutations (CBP-LD) were used to promote acetyla-
tion. Myc-tagged WT full-length MARK2 (MARK2-WT),
constitutively active MARK2-T208E (MARK2-TE), and inac-
tive MARK2-K82R (MARK2-KR) were used to monitor kinase
activity. The detailed descriptions of the plasmids used in this
study can be found in Table S2.

Cell culture

293A cells (Invitrogen) are commercially available and were
grown in full Dulbecco’s Modified Eagle Media (DMEM,
Gibco) supplemented with 10% fetal bovine serum (Sigma), 1X
L-glutamine (Gibco), and 1X penicillin/streptomycin (Sigma).
This cell line is a subclone of the standard HEK293 line with a
relatively flat morphology, is more slowly growing, and
maintains ectopic plasmid expression at more physiological
levels rather than supra-physiological overexpression. Plas-
mids were transfected into 293A cells using Fugene 6 Trans-
fection Reagent (Promega) and incubated for 48 h prior to
harvest to ensure robust expression and sensitive detection.

Lentivirus cloning and generation

To generate lentiviral expression plasmids for CBP-NES-
WT and CBP-NES-LD, the mammalian expression vectors
for flag-CBP-NES-WT and flag-CBP-NES-LD (cloned into
pcDNA3.1) were used as templates and amplified by PCR (with
a FLAG-tag at the 5’ end). The fragments were inserted into
the pUltra vector using Agel and Sall restriction endonucle-
ases to replace the eGFP cassette. A control (empty) lentiviral
vector (pUltraXeGFP) was generated by removing the eGFP
cassette by digestion with Agel and BsrGI, and ligation was
performed after Klenow blunting. Lentiviral production was
performed by cotransfecting 37.5 pg lenti-plasmid with 25 pg
psPAX2, 12.5 ug VSVG, and 6.25 pg REV for each 15 cm dish
of lenti-X 293T cells (CalPhos Transfection Kit, Takara).
Three 15 c¢cm dishes of cells were used for each lentiviral
production. Three days after transfection, culture media were
collected and centrifuged at 2000g for 10 min. Lentiviral par-
ticles were purified using a double-sucrose gradient method.
Briefly, the supernatants were loaded onto a 70%-60%-30%-
20% sucrose gradient and centrifuged at 70,000g for 2 h at
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17 °C (using a Beckman Optima LE-80K ultracentrifuge). The
30%-60% fraction containing the viral particles was retrieved,
resuspended in PBS, filtered with a 0.45 um filter flask before
loaded onto a 20% sucrose cushion, and centrifuged a second
time at 70,000¢g for 2 h at 17 °C. The supernatants were
carefully discarded and the viral particles present in the pellet
were resuspended in PBS, aliquoted, and stored at —80 °C. The
details of the specific lentiviral constructs used in this study
can be found in Table S2.

Biochemical assays and immunoblotting

Biochemical analyses for preparation of lysates were per-
formed as follows using a sequential extraction technique to
generate soluble and insoluble lysates. Before harvest, cells
(either 293A cells or primary mouse cortical neurons) were
washed with PBS. Cells were harvested in RIPA buffer
(50 mM Tris pH 8.0, 0.15 M NaCl, 5 mM EDTA, 12.06 mM
sodium deoxycholate, 1% v/v IGEPAL CA-630, 0.1% w/v
SDS) supplemented with deacetylase (100 mM trichostatin A
and 10 mM nicotinamide; Sigma), phosphatase (1 mM
B-glycerophosphate, 1 mM NaF, 1 mM sodium orthovana-
date; Sigma) and protease inhibitors (1 mg/ml pepstatin,
leupeptin, N-p-tosyl-L-phenylalanine chloromethyl ketone,
Na-Tosyl-L-lysine  chloromethyl ketone hydrochloride,
trypsin inhibitor; Sigma). Cells were sonicated 20 times and
centrifuged at 21,130g for 30 min at 4 °C. The supernatant
was collected as the RIPA (soluble) fraction. The resulting
pellet was washed in RIPA buffer and then re-extracted in
Urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris
pH 8.5) supplemented with deacetylase, phosphatase, and
protease inhibitors (as described above). The samples were
sonicated 10 times and centrifuged at 21,130g for 30 min at
room temperature. The supernatant was collected as RIPA-
insoluble (insoluble) fraction. The samples were then
analyzed using SDS-PAGE, transferred to nitrocellulose
membrane (Biorad), and blocked with 2% milk in 1X TBS for
30 min. Membranes were incubated with primary antibodies,
as indicated, overnight at 4 °C, followed by a 1 h room
temperature incubation with the secondary antibodies con-
jugated to horseradish peroxidase (1:1000, Thermo #31430
or #32460). The following primary antibodies were used in
this study: acetyl-lysine (1:1000, Cell Signaling #9441), Myc
(1:1000, Santa Cruz #sc-40), MARK2 (1:1000, Cell Signaling
#9118), p-MARK2 (1:1000, Cell Signaling #4836), FLAG
(1:1000, Sigma Aldrich #F1804), tau p-S262 (1:1000, Invi-
trogen #44-750G), total tau K9JA (1:5000, DAKO #A0024),
total tau TAU-5 (1:1000, Invitrogen #AHB0042), CBP
(1:1000, Cell Signaling #7389), and GAPDH (1:1000, Milli-
pore #ABS16). An anti-phosphorylated Ser/Thr/Tyr antibody
cocktail was used to detect phosphorylated epitopes on
immunoprecipitated CBP (1:4000, Cell Signaling #5759,
#9477, #6967, #9614, and #6966),. Membranes were devel-
oped with ECL Western Blotting Substrate (ThermoFisher)
and imaged using Image Quant LAS 4000 (Cytiva). Image
Quant TL (Cytiva) or Image Studio Lite (LI-COR Bio-
sciences) was used to quantify and plot protein band
intensities.
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Coimmunoprecipitation assay

For co-IP studies, 293A cells transfected with desired plas-
mids were lysed in a low stringency NETN buffer suitable for
interaction analysis (50 mM Tris—HCI, pH 7.4, 150 mM NacCl,
1 mM EDTA, 1% NP-40, supplemented with deacetylase,
phosphatase, and protease inhibitors as described above) to
maintain protein—protein interactions. Soluble supernatants
(1 mg total protein) were cleared by centrifugation at 21,130g
for 30 min, incubated overnight with protein A/G beads (Santa
Cruz) complexed to the indicated antibodies (myc or FLAG),
and subsequently analyzed by SDS-PAGE and immunoblot-
ting. Analyses and quantification of co-IP assays were as
described in the Biochemical assays and immunoblotting and
Statistical analysis sections.

LC-MS/MS analysis

The inactive MARK2-KR variant (which is bound and
acetylated by CBP) was transfected in the absence or presence
of CBP-WT into 293A cells. Immunoprecipitation followed by
mass spectrometry (LC-MS/MS) was performed. Samples
were run on a 4 to 15% Criterion TGX Stain-Free Protein Gel
and stained according to the SimplyBlue SafeStain protocol
(Invitrogen). The protein bands were submitted to the UNC
Proteomics Core for LC-MS/MS analysis in order to map PTM
sites on MARK2. Briefly, gel bands corresponding to MARK2
were excised, and the proteins were reduced, alkylated, and in-
gel digested with trypsin overnight at 37 °C. Peptides were
extracted, desalted with C18 spin columns (Pierce), and dried
via vacuum centrifugation. Peptide samples were stored at —80
°C until further analysis. The peptide samples (n = 2) were
analyzed by LC/MS/MS using an Easy nLC 1200 coupled to a
QExactive HF mass spectrometer (Thermo Scientific). Samples
were injected onto an Easy Spray PepMap C18 column (75 pm
id x 25 c¢cm, 2 pm particle size) (Thermo Scientific) and sepa-
rated over a 60 min method. The gradient for separation
consisted of 5 to 40% mobile phase B at a 250 nl/min flow rate,
where mobile phase A was 0.1% formic acid in water and
mobile phase B consisted of 0.1% formic acid in 80% ACN. The
QExactive HF was operated in data-dependent mode where
the 15 most intense precursors were selected for subsequent
fragmentation. Resolution for the precursor scan (m/z
350-1600) was set to 120,000 with a target value of 3 x 10°
ions. MS/MS scans resolution was set to 15,000 with a target
value of 1 x 10° ions. The normalized collision energy was set
to 27% for HCD. Dynamic exclusion was set to 30 s, peptide
match was set to preferred, and precursors with unknown
charge or a charge state of 1 and > 8 were excluded.

LC-MS/MS data analysis

Raw data files were processed using Proteome Discoverer
version 2.5 (Thermo Scientific). Peak lists were searched
against a reviewed Uniprot human database (containing 20,350
protein sequences, downloaded in Feb 2020), appended with a
common contaminants database, using Sequest. The following
parameters were used to identify tryptic peptides for protein
identification: 20 ppm precursor ion mass tolerance; 0.02 Da
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product ion mass tolerance; up to three missed trypsin
cleavage sites; (C) carbamidomethylation was set as a fixed
modification; (M) oxidation, (S, T, Y) phosphorylation, and (K,
N-terminus) acetylation were set as variable modifications.
The ptmRS node was used to localize the sites of phosphor-
ylation and acetylation. Peptide false discovery rates were
calculated by the Percolator node using a decoy database
search and data were filtered using a 1% false discovery rate
cutoff. The Minora node was used to extract peak areas for
relative quantitation of the PTM peptides. Peak area ratios
were calculated by dividing the peak area of the MARK2-KR +
CBP-WT sample by the peak area of MARK2-KR alone con-
trol for the PTM peptides. PTM peptides were manually
validated. MS/MS spectrum of the phosphorylated T208
peptide was annotated using IPSA (https://pubmed.ncbi.nlm.
nih.gov/31088857/). The mass spectrometry proteomics data
have been deposited to the PRIDE Archive (http://www.ebi.ac.
uk/pride/archive/) via the PRIDE partner repository with the
data set identifier PXD030937.

In vitro acetylation assay

To determine whether MARK2 could undergo acetylation
in vitro, reactions containing a combination of 400 ng re-
combinant GST-tagged MARK2 (Sigma #SRP5045), 1 pl CBP
catalytic domain (Millipore #03189), or 1 uM acetyl-CoA
(Sigma #A2056) were mixed in acetylation buffer (50 mM
Tris—HCI pH 8.0, 10% glycerol, 1 mM DTT, 100 mM EDTA)
to initiate the in vitro acetylation and incubated for 1.5 h at 37
°C. The reaction was terminated by adding 6X SDS sample
loading buffer, and the ability of CBP to acetylate MARK2 was
determined by pan-acetyl-lysine immunoblotting (Cell
Signaling, #9441)

In vitro kinase assay

To determine whether MARK2 acetylation impacted
MARK? kinase function, we performed standard in vitro ki-
nase assays. Reactions containing a combination of 4 pg re-
combinant full-length tau (2N4R), 1 pg GST-tagged MARK2
(Sigma #SRP5045), 2 pl CBP catalytic domain (Millipore
#03189), or 1 uM acetyl-CoA (Sigma #A2056) were mixed in
the kinase buffer (50 mM Tris—HCl pH 7.2, 10% glycerol,
1 mM DTT, 100 uM EDTA) to initiate in vitro kinase reaction
for 1 h at 30 °C. The reaction was terminated by adding 6X
SDS sample loading buffer, and the kinase activity of MARK2
on tau substrate was determined by the extent of tau
phosphorylation at a preferred MARK2 target site on tau
(phosphorylated Ser-262).

Primary mouse neurons and lentiviral transduction

Primary neuron cultures were prepared from embryonic day
(E) 15 to 16 embryos of nontransgenic C57BL/6 mice (Charles
River). All procedures were performed in strict compliance
with animal protocols approved by the Institutional Animal
Care and Use Committee of the University of North Carolina
at Chapel Hill (#21.257). The mice were lethally anesthetized
in isoflurane and the uterus was removed and placed in cold
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Hepes-buffered Hank’s balanced salt solution. The fetuses
were removed and the brain was harvested from the cranium.
The cerebral hemispheres were minced and digested in the
presence of 20 U/ml papain (Worthington) and 5U/ml DNase
(Promega) for 30 min at 37 °C. Tissue was dissociated me-
chanically using a P1000 pipette. The cell suspension was
passed through a 40 pm cell strainer (Corning, #352340).
Dissociated neurons were counted and plated onto poly-D-
lysine (Sigma)—coated coverslips or plates. Lentiviruses (con-
trol, CBP-NES-WT, or CBP-NES-LD) were transduced into
primary neurons at DIV3, incubated for 7 days, and cells were
harvested at DIV10 for further analysis. Where indicated,
20 uM MARK?2 inhibitor 39621 (Millipore, #454870) was used
treated to primary neurons at DIV14 for 5 h to suppress
MARK?2 kinase activity.

Mouse and human brain homogenate preparation

WT and PS19 mice at 12 months old were sacrificed, and
isolated cortex was homogenized in 4 vol/g of high-salt buffer
(10 mM Tris base, 500 mM NaCl and 2 mM EDTA) sup-
plemented with deacetylase, phosphatase, and protease in-
hibitors as described above and centrifuged at 21,130g for
45 min to generate high-salt fractions. The high-salt soluble
fractions were then analyzed by SDS-PAGE and immuno-
blotting using the indicated antibodies to detect MARK2 and
total tau proteins. Human control and AD brain tissues from
Braak V-VI cases were kindly provided by the University of
Pennsylvania (Center for Neurodegenerative Disease
Research brain bank). Isolated gray matter from frontal
cortex was homogenized in 3 vol/g of cold high-salt RAB
buffer (0.75 M NaCl, 100 mM Tris, 1 mM EGTA, 0.5 mM
MgS04, 0.02 M NaF, 2 mM DTT, pH 7.4) supplemented with
deacetylase, phosphatase, and protease inhibitors as
described above. Homogenates were incubated at 4 °C for
20 min to depolymerize MTs, then, centrifuged at 100,000g
for 30 min at 4 °C. The resulting supernatant is labeled as the
high-salt fraction. Pellets were re-homogenized and centri-
fuged in 3 vol/g of cold high-salt RAB buffer. Resultant pel-
lets were homogenized in 5 vol/g of cold RIPA buffer (50 mM
Tris pH 8.0, 150 mM NacCl, 1% NP-40, 5 mM EDTA, 0.5%
sodium deoxycholate, 0.1% SDS) and centrifuged at 100,000g
for 30 min at 4 °C. Myelin floatation was performed on
pellets re-extracted in RIPA buffer supplemented with 20%
sucrose to remove the excess myelin present in human brain
homogenates. Finally, resultant insoluble pellets were
extracted in 1 vol/g urea extraction buffer (7 M urea, 2 M
Thiourea, 4% CHAPS, 30 mM Tris, pH 8.5). High-salt and
urea fractions were analyzed by SDS-PAGE and immuno-
blotting using the indicated antibodies to detect MARK2 and
total tau proteins.

Statistical analyses

GraphPad Prism 9 software was used for all statistical ana-
lyses. Results were pooled from a minimum of three inde-
pendent experiments and presented as average + SEM.
Comparisons between two groups were analyzed using
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unpaired Student’s ¢ test (where total groups = 2) or one-way
ANOVA with Tukey’s post hoc test (where total groups > 3).
Significance is presented as n.s. p > 0.05, *p < 0.05, or ****p <
0.0001.

Data availability

Mass spectrometry data was deposited in the PRIDE
Archive with the data set identifier PXD030937. All other data
are contained within the article and supporting information.
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