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ABSTRACT: Tau protein plays an important role in neuronal
physiology and Alzheimer’s neurodegeneration. Its abilities to
aggregate abnormally, to bind to microtubules (MTs), and to
promote MT assembly are all influenced by phosphorylation.
Phosphorylation of serine residues in the KXGS motifs of
Tau’s repeat domain, crucial for MT interactions and
aggregation, is facilitated most efficiently by microtubule-
associated protein/microtubule affinity-regulating kinases
(MARKs). Here we applied high-resolution nuclear magnetic
resonance analysis to study the kinetics of phosphorylation of
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Tau by MARK?2 and its impact on the structure and microtubule binding of Tau. We demonstrate that MARK?2 binds to the N-
terminal tail of Tau and selectively phosphorylates three major and five minor serine residues in the repeat domain and C-
terminal tail. Structural changes induced by phosphorylation of Tau by MARK2 are highly localized in the proximity of the
phosphorylation site and do not affect the global conformation, in contrast to phosphorylation in the proline-rich region.
Furthermore, single-residue analysis of binding of Tau to MTs provides support for a model in which Tau’s hot spots of MT
interaction bind independently of each other and are differentially affected by phosphorylation.

N eurodegenerative tauopathies are a group of diseases
marked by the accumulation of hyperphosphorylated
Tau, intracellular Tau deposits, abnormal Tau splicing, and Tau
gene mutations." Among others, this group includes disorders
such as Alzheimer’s disease (AD), frontotemporal dementia
with parkinsonism linked to chromosome 17, Pick disease, and
progressive supranuclear palsy (PSP).> The physiological role
of Tau is to regulate the assembly and stability of microtubules
(MTs) in the axons of neurons of the central nervous system
(CNS).* Tau is therefore important for axonal development
and intracellular transport.* In addition, other cellular roles of
Tau have been described.”

In the human CNS, Tau is expressed in six isoforms because
of alternative splicing of exons 2, 3, and 10. The isoforms differ
by the inclusion of the second tubulin-binding repeat, R2,
giving rise to three or four repeat-containing Tau isoforms (3R
or 4R Tau) and have either zero (ON Tau), one (1N Tau), or
two (2N Tau) N-terminal inserts (N1 and N2). The lack of
stable secondary structure® and its resistance to heat and acid
denaturation” classify Tau as a natively unfolded or intrinsically
disordered protein (IDP).2 Using nuclear magnetic resonance
(NMR) spectroscopy, we have previously identified transient
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elements of secondary structure in Tau.” In addition, transient
contacts between different Tau domains were revealed by
NM;KI,O Forster resonance energy transfer, and other meth-
ods.”

The ability of Tau to bind to MTs and promote their
assembly is regulated by post-translational modifications, in
particular by phosphorylation.'’ Depending on the position and
number of phosphorylated residues, different effects on MT
polymerization and MT binding are observed. Whereas
phosphorylation of either Ser-214,"* Thr-231,"*'* or Ser-
262" decreases the affinity for MTs and inhibits Tau’s MT
assembly ability, phosphorylation of either Ser-202/Thr-205,
Ser-235, or Ser-396/Ser-404 has little effect on MT binding but
abolishes the ability of MTs to self-assemble.'®'” Of particular
importance is phosphorylation of Ser-262, which is localized in
the first repeat domain of Tau within a conserved KXGS motif.
Ser-262 phosphorylation is thought to be at the top of the
phosphorylation cascade leading to Tau hyperphosphorylation
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and precedin§ phosphorylation of Ser-202, Thr-20S, Ser-396,
and Ser-404."® Phosphorylation of Tau with brain extract
facilitates extensive phosphorylation at Ser-262 and the other
KXGS motifs in the repeat domain, as well as many proline-
directed phosphorylation sites in the flanking regions.'>"
Mutation of Ser-262 to alanine largely rescues the MT assembly
properties of Tau that are lost when wild-type Tau is
phosphorylated by brain extracts. Moreover, mutation of Ser-
262 and Ser-356 residues to alanine in cell and animal models
rescues the toxic effects of this type of phosphorylation for
neuronal cells but on the other hand inhibits the outgrowth of
neuronal processes highlighting the importance of these
phosphorylation sites for neuronal differentiation.”®”**

Several kinases have been described to phosphorylate Tau in
vitro at the KXGS motifs; however, most kinases phosphorylate
several sites to varying extents.”®> This is particularly true for
Tau, because of its unfolded structure and its large number of
potential phosphorylation sites (up to 85 phosphorylatable
residues). Preferential phosphorylation of the KXGS motifs is
facilitated by the microtubule-associated protein (MAP)/
microtubule affinity-regulating kinases (MARKs) and other
members of the family of adenosine monophosphate-activated
protein kinases.”* MARK kinases (MARK1—4) were originally
discovered as regulators of MT stability and are important for
the maintenance of neuronal polarity and other processes in
neuronal differentiation. In particular, MARK?2 is essential for
axon formation and neuronal migration.25 Furthermore,
selective inhibition of MARK family members abrogates toxic
effects induced by Ap.>

A major problem in investigating the type and function of
phosphorylation sites in Tau has been their incomplete
detection and quantitation. This is caused by the limited
availability of phospho-site-specific antibodies, variable affinities
(usually unknown), and a lack of defined controls (ie.,
antibodies against specific nonphosphorylated sites). NMR
analysis bypasses this problem because it allows the
simultaneous detection of multiple sites in their phosphorylated
and nonphosphorylated forms, as well as the time course of
phosphorylation.”® Here we analyzed the kinetics and relative
extent of phosphorylation of Tau (2N4R) by MARK2, as well
as the impact of Tau phosphorylation on its structure and MT
binding. We demonstrate that MARK2 directly binds to the N-
terminal tail of 2N4R Tau and selectively phosphorylates up to
eight serine residues (three primary, two secondary, and three
minor sites). Structural changes induced by phosphorylation of
Tau by MARK2 are highly localized in the proximity of the
phosphorylation sites and do not affect the global paperclip
conformation.”” Furthermore, single-residue analysis of binding
of Tau to MTs provides support for a model in which Tau’s hot
spots of MT interaction bind independent of each other and
are differentially affected by phosphorylation.

B EXPERIMENTAL PROCEDURES

Protein Preparation and Peptide Synthesis. The
preparation of full-length 2N4R Tau and Tau peptide
Tau(254—284) comprising residues 254—284 is described in
the Supporting Information.

Phosphorylation of Tau. With the aim of achieving a high
degree of phosphorylation, 2N4R Tau was incubated at 30 °C
with MARK2cat-T208E at a Tau:MARK2 ratio of 10:1 for 8 h.
The buffer contained 25 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (pH 8.0), 100 mM NaCl, S mM MgCl,,
2 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
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dithiothreitol (DTT), 1 mM benzamidine, 0.5 mM phenyl-
methanesulfonyl fluoride (PMSF), and 1 mM ATP. After
phosphorylation, Tau samples were buffer exchanged with 50
mM NaH,PO,/Na,HPO, (pH 6.8) and 10% (v/v) D,O. For
real-time phosphorylation of 2N4R Tau by MARK2cat, the
temperature was decreased to 25 °C and the buffer changed to
25 mM NaH,PO,/Na,HPO, (pH 6.8), 100 mM NaCl, S mM
MgCl,, 2 mM EGTA, 1 mM DTT, 1 mM benzamidine, 0.5
mM PMSF, 1 mM ATP, and 5% (v/v) D,O. In addition, the
Tau:kinase ratio was increased to 40:1.

NMR Spectroscopy. NMR spectra were acquired at field
strengths of 900, 800, 700, and 600 MHz on spectrometers
equipped with Bruker S mm cryogenic or room-temperature,
triple-resonance probeheads or a Bruker 1.7 mm cryogenic,
triple-resonance probe. Unless stated otherwise, spectra were
acquired at § °C. A description of the assignment of 2N4R Tau
and Tau(254—284), determination of paramagnetic relaxation
enhancement (PRE) profiles, and measurement of residual
dipolar couplings (RDCs) is given in the Supporting
Information. The flexible-meccano/ASTEROIDS approach for
the ensemble description of the Tau(254—284) peptide is also
described there.

Real-Time Phosphorylation of 2N4R Tau. A sample
containing 100 M '*N-labeled 2N4R Tau was prepared as
described above with a Tau:MARK2 ratio of 40:1 in buffer (pH
6.8). After the addition of kinase, the sample was transferred to
a S mm Shigemi tube and phosphorylation was assessed by a
series of '"H—'"°N heteronuclear single-quantum coherence
(HSQC) spectra over a time period of approximately 15 h.
Each HSQC experiment was conducted at 800 MHz and 25 °C
with a duration of 30 min. Parameters were eight transients,
sweep widths of 8.0 ("H) X 2.0 (**N) kHz, and 1024 ("H) x
200 ("*N) total points. Carrier frequencies were set to the water
resonance for 'H and to 118 ppm for '*N. To derive site-
specific rate constants for the phosphorylation reaction, peak
intensities were fit to a monoexponential function using
IgorPro6.0 (Wavemetrics). Rate constants listed in Table 1
are the average of constants determined for nonoverlapped
peaks near the phosphorylation site that show an intensity
modulation. The standard deviation is shown as the error in
Table 1. The degree of phosphorylation was calculated from the
peak intensities of the phosphorylated residue divided by the

Table 1. Phosphorylation Kinetics of 2N4R Tau by MARK2“

MARK2cat-T208E,

30 °C, pH 8.0 MARK2cat, 25 °C, pH 6.8
degree of degree of rate constant
residue  phosphorylation (%)  phosphorylation (%) (h™)
Ser-262 100 + 1 100 + 1 0.323 + 0.025
Ser-293 84+ 5 32+3 0.037 + 0.002
Ser-305 66 + 2 20+ 6 b
Ser-324 100 £ 1 100 + 2 0.189 + 0.019
Ser-352 46 +£2 1S+ S b
Ser-356 100 + 2 100 + 2 0.458 + 0.056
Ser-413 45+ 8 14 £ 4 b
Ser-416 58 +8 38+6 0.038 + 0.006

“Degrees of phosphorylation and rate constants (only MARK2cat)
determined from phosphorylation of 2N4R Tau by MARK2cat-T208E
or MARK2cat. “Data for these residues could not be fit reliably
because of the low peak intensities under the specific conditions. This
sets an upper limit of the rate constants of approximately 0.03 h™".
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Figure 1. Phosphorylation of Tau by MARK2. (A) Comparison of the 'H—'N HSQC spectra of 2N4R Tau in its MARK2cat-T208E-
phosphorylated (red contours) and nonphosphorylated state (black contours), both at 5 °C. 2N4R Tau was incubated with MARK2cat-T208E for 8
h. The spectral region with the eight phosphorylated serine residues is highlighted by a black rectangle, and a magnified view of this region is shown
in panel B. Phosphorylation of Ser-352 causes a splitting of the resonance of phosphorylated Ser-356. Phosphorylated Ser-356 associated with
phosphorylated Ser-352 is marked with an asterisk (pSer-356*). (C) Amino acid sequences of the regions each containing one phosphorylation site
(marked by a rectangle). (D) Real-time kinetics of phosphorylation of 2N4R Tau by wild-type MARK2cat: Ser-356 (in R4, red diamonds), Ser-262
(in R1, black circles), Ser-324 (in R3, blue triangles), Ser-293 (in R2, green squares), and Ser-416 (in the C-terminus, magenta circles). Solid lines
show fits obtained from the calculation of rate constants. Errors are <6% based on the signal-to-noise ratio. The phosphorylation kinetics of residues
Ser-305, Ser-352, and Ser-413 could not be analyzed under the specific conditions (25 °C and pH 6.8) because of low NMR peak intensities (Table

1).

sum of the intensities of the phosphorylated and non-
phosphorylated state.

Titration of 2N4R Tau with MARK2. To identify possible
MARK? interaction sites on Tau, **N-labeled 2N4R Tau was
titrated with increasing amounts of MARK2cat. Using a Tau
concentration of 15 yM, MARK2cat was added at concen-
trations of 37.5, 75, 150, and 225 uM (2.5-, 5-, 10-, and 15-fold
molar excesses, respectively, of MARK2cat over 2N4R Tau).
The buffer contained 25 mM NaH,PO,/Na,HPO, (pH 6.8),
100 mM NaCl, 5 mM MgCl,, 2 mM EGTA, 1 mM DTT, 1
mM benzamidine, 0.5 mM PMSF, 5% (v/v) glycerol, and 5%
(v/v) D,0. For each titration point, '"H->N HSQC spectra
were recorded at a spectrometer frequency of 800 MHz with
the following settings: 64 transients, sweep widths of 8.0 ('H)
x 2.0 (PN) kHz, and 1024 ("H) x 512 (**N) total points.
Intensity changes were analyzed relative to a 2N4R Tau sample
under identical conditions but without MARK2. Peak
intensities were averaged over a three-residue window.

Microtubule Binding Assay. Paclitaxel-stabilized MTs
were assembled as described previously.” Nonphosphorylated,
MARK2cat-phosphorylated, and pseudophosphorylated””
2N4R Tau were incubated with MTs at a ratio of 2:1 for 30
min at 37 °C. Afterward, "H—"N HSQC spectra were acquired
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at field strengths of 800 and 900 MHz with 64 transients, sweep
widths of 8.0 (*H) x 2.0 (**N) kHz, and 1024 (*H) X 600
(**N) total points. Peak intensities in the presence of MTs were
normalized to the intensity in the absence of MT's and averaged
over a three-residue window. Note that for all MT interaction
studies, tubulin from the same stock and identical MT assembly
conditions were used.

B RESULTS
Phosphorylation of Tau by MARK2. To phosphorylate

2N4R Tau, we used a kinase construct that comprises only the
catalytic domain of MARK2 (MARK2cat) but displays
comparable in vitro substrate specificity.”® Full-length MARK2
could not be expressed in Escherichia coli cells in quantities
sufficient for phosphorylation of NMR samples. In addition to
the wild-type catalytic domain, we also used the hyperactive
MARK2cat-T208E variant.”> At 30 °C and pH 8.0, MARK2cat-
T208E selectively phosphorylated eight serine residues in the
C-terminal half of 2N4R Tau (Figure 1A,B). Consistent with a
previous study,®® the eight sites included the four KXGS motifs
in the repeat domains. While residues Ser-262, Ser-324, and
Ser-356 were completely phosphorylated, Ser-293 in the second

dx.doi.org/10.1021/bi401266n | Biochemistry 2013, 52, 9068—9079
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Figure 2. Binding of MARK2cat to Tau. (A) Domain structure of 2N4R Tau. Shown are the two N-terminal inserts (N1 and N2, black boxes with
white centers), the two proline-rich domains (P1 and P2, dotted boxes), and the four pseudorepeats (R1—R4, gray boxes). The two hexapeptides
motifs with high f-strand propensity at the N-terminal beginning of R2 and R3 are displayed as black rectangles. Shown below the domain structure
is the distribution of positively (blue) and negatively (red) charged residues, as well as the location of hydrophobic [I, M, L, and V (black bars)] and
aromatic [F and Y (green bars)] residues. (B and C) Changes in NMR signal position (B) and intensity (C) in 2N4R Tau upon addition of
increasing amounts of MARK?2cat. [Note that spikes in panel B at a Tau:MARK2cat ratio of 1:5 stem from histidine residues (marked by circles),
which probably are due to slight differences in pH.] NMR signal intensities in the presence of MARK2cat were normalized to the reference of 2N4R
Tau without MARK2cat and subtracted from one. Tau:MARK2cat ratios were 2:S (red bars), 1:5 (green bars), and 1:10 (black bars). Vertical dashed
lines mark the domain boundaries in Tau. Black arrows mark the eight MARK2cat-phosphorylated serine residues (larger arrows for primary sites

Ser-356, Ser-262, and Ser-324) (Table 1).

repeat was only 84% phosphorylated (Table 1). Furthermore,
four non-KXGS phosphorylation sites were detected, two
within the repeat domain (Ser-305 in R2 and Ser-352 in R4)
and two more at the C-terminus (Ser-413 and Ser-416) (Figure
1B,C). Of these, Ser-305 was 66% phosphorylated and Ser-352,
Ser-413, and Ser-416 were ~45—58% phosphorylated (Table
1). Using wild-type MARK2cat at 25 °C and pH 6.8, the same
phosphorylation sites were observed. The three primary sites,
Ser-262, Ser-324, and Ser-356, were still completely phosphory-
lated. However, Ser-293 and Ser-416 were only 30—40%
phosphorylated, and the three minor sites, Ser-30S, Ser-352,
and Ser-413, were only 20% phosphorylated (Table 1). We
attribute the observed difference to the lower catalytic activity
of MARK2cat and less favorable reaction conditions [the pH
and temperature were slightly reduced for the real-time
phosphorylation to allow for sensitive NMR detection (for
details, see Experimental Procedures)].

Analysis of Tau phosphorylation by NMR spectroscopy is
uniquely suited to investigation of the kinetics of phosphor-
ylation. Indeed, a kinetic analysis revealed differences in the rate
constants of phosphorylation with efficiency decreasing in the
following order: Ser-356 > Ser-262 > Ser-324 > Ser-416 to Ser-
293 (Table 1 and Figure 1D). The phosphorylation reaction
was most efficient for the two KIGS motifs (0.458 h™' for Ser-
356 and 0.323 h™" for Ser-262), whereas Ser-293 and Ser-324
within the KCGS motifs had significantly smaller rate constants
(0.037 and 0.189 h™", respectively). Notably, Ser-262 and Ser-
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356 have different phosphorylation kinetics, despite having the
same recognition motif (KIGS).

MARK2cat Binds to the N-Terminal Tail of Tau. NMR
signal intensities and chemical shifts are sensitive probes for
biomolecular interactions.*" To gain more insight into the
interaction of MARK2 and 2N4R Tau, 2N4R Tau was titrated
with increasing amounts of MARK2cat in the absence of ATP,
i.e., when no phosphorylation can occur. Addition of
MARK2cat induced small chemical shift changes and resonance
broadening (Figure 2A—C), suggesting that the binding
reaction is intermediate on the NMR time scale. Some of
these changes mapped to the C-terminal half of 2N4R Tau
where the phosphorylation sites are located. Comparison with
the distribution of hydrophobic and aromatic residues (Figure
2A) suggests that the binding sites are related to the presence
of these amino acid types. Most pronounced, however, was the
signal broadening of residues 8—33 at the N-terminus of Tau
(Figure 2C), indicating that residues 8—33 have the highest
affinity for MARK2.cat.

Structural Impact of the Phosphorylation by MARK2
on 2N4R Tau. Comparison of NMR chemical shift differences
between phosphorylated and nonphosphorylated 2N4R Tau
indicates that Tau remained disordered after phosphorylation
by MARK?2 (Figures 1A and 3A). Elements of rigid secondary
structure were not induced. However, 8—10 residues up- and
downstream from the phosphorylation site were affected
(Figure 3A—C). Toward the N-terminal end from the

dx.doi.org/10.1021/bi401266n | Biochemistry 2013, 52, 9068—9079
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Figure 3. Phosphorylation-dependent structural changes in 441-residue Tau. Chemical shift differences between 2N4R Tau phosphorylated by
MARK2cat-T208E and nonphosphorylated Tau are shown for the normalized weighted average of "H™ and "N shifts (A), '*C’ shifts (B), and *C*
shifts (C). Major chemical shift perturbations are observed next to the phosphorylation sites. The six strongest phosphorylation sites, Ser-262, Ser-
293, Ser-305, Ser-324, Ser-356, and Ser-416 (Table 1), are highlighted by black arrows (larger arrows for primary sites Ser-356, Ser-262, and Ser-
324). The domain structure of 2N4R Tau is shown at the top. Vertical dashed lines mark domain boundaries. Spikes in the N-terminal half of 2N4R
Tau in panels B and C stem from histidine residues (marked by circles) and are due to slight differences in pH. (D) Comparison of PRE profiles of
highly phosphorylated 2N4R Tau with Ser-262 ~90% phosphorylated (gray bars) with the profile of a modestly phosphorylated 2N4R Tau with Ser-
262 ~34% phosphorylated (black line). The MTSL label was attached to native cysteines Cys-291 (in R2) and Cys-322 (in R3) in 2N4R Tau.
Residues within ~25 A of the spin-label experience a distance-dependent line broadening; however, no long-range conformational changes are
observed upon phosphorylation by MARK?2cat.
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Figure 4. Structural consequences of Ser-262 phosphorylation. Chemical shift differences between phosphorylated and nonphosphorylated 2N4R
Tau (dashed black line) and Tau(254—284) (gray bars) are shown for the backbone amide "N (A) and the '*C? atom (B). (C) 'Dyy and (D)
"D, RDCs of Ser-262-phosphorylated (black line) and nonphosphorylated (gray bars) Tau(254—284). The same color coding is used for panels
D—H and J. Errors for 'Dyy RDCs are <1 Hz and those for ‘D¢, RDCs <1.3 Hz. (E) Secondary C* chemical shifts (AS,.) of Tau(254—284) and
Tau(254—284) phosphorylated at Ser-262. (F—H) Structural propensities of Ser-262-phosphorylated and nonphosphorylated Tau(254—284)
calculated from chemical shifts using MICS.** (F) a-Helical propensity and (H) propensity to be the second residue within a type I S-turn. (G)
Difference (phosphorylated minus nonphosphorylated) in the population of the a-helical region of the Ramachandran space [Ap(aR)] as
determined using the ASTEROIDS approach.35 (I) Summary of sequential and medium-range NOEs in Tau(254—284) (top) and Tau(254—
284)pS262 (bottom). (J) S* order parameters of Ser-262-phosphorylated and nonphosphorylated Tau(254—284) calculated from chemical shifts
using MICS. Pronounced structural differences between Ser-262-phosphorylated and nonphosphorylated Tau(254—284) are present for residues
258-267. Black arrows mark the position of Ser-262 in all panels.

phosphorylated serine in the KXGS motifs, *C’ and *C” moderately and highly phosphorylated state has the advantage

chemical shifts were upfield shifted, while downstream residues that buffer conditions are identical, thereby preventing potential
showed a downfield shift (Figure 3B,C). In addition to the local buffer-specific changes in the PRE profile. The PRE profiles of
changes and despite the absence of a nearby phosphorylation the two phosphorylated Tau species were virtually identical
site, °C’ and "C” atoms of residues 428—439 at the C- (Figure 3D). Thus, the small change in helical propensity for
terminus of Tau, which transiently populate a-helical L428-Q439 did not lead to a detectable change in global
conformations,” were also affected (Figure 3B,C). structure.

To probe the effect of MARK2 phosphorylation on the To obtain further insight into phosphorylation-induced
network of transient long-range interactions in Tau, we used structural changes and to reduce the extent of NMR resonance
paramagnetic relaxation enhancement (PRE). To this end, we overlap, we analyzed the structure of the Tau peptide
attached nitroxide labels to the native cysteines at positions 291 comprising residues 254—284 [Tau(254—284)]. Phosphoryla-
and 322. We then compared PRE intensity profiles of a highly tion at Ser-262 induced almost identical chemical shift changes
phosphorylated 2N4R Tau (~90 + 1% phosphorylated Ser- in Tau(254—284) and 2N4R Tau (Figure 4A,B), supporting

262) and 2N4R Tau with a modest degree of phosphorylation the relevance of the peptide study. We then measured 'Dyyy
(~34 + 2% phosphorylated Ser-262). Comparison of the and 'Dy, residual dipolar couplings (RDCs) that are highly

9073 dx.doi.org/10.1021/bi401266n | Biochemistry 2013, 52, 9068—9079



Biochemistry

M1 E45 D74 A103 1151 S198 Q244 V275 V306 V337 K369 S400 L441
DI [ o0 I
’}: T T T T T T T T T T T
Af’m-wMV“\'vvﬂ'.r\,% | ‘*‘*l*‘*l A
£ | | | [ \ \ [
E -
208 N | -\f AWy WI\M
2 06 B | [\, B L
S0 N/
= 04 | | | [ [ | | [ [ | [
= [ | | I [ I | [ | [ [
g 92 | | ! e Lok
€ 0 —phospho 2N4R Tau ; . L e, . L L \
\:),0 0&0 660 q% ;\’),Q\(\»\b( ,\Q,Q\(\,\Q,Q ’L’LQ\(QP‘Q \'L‘b ¥ Q'Z)QQQ'SL \(3’5‘0 ’56Q€5%05&0 X bfl(’ob.@
Residue number
BS
= 1.0
s
_¥ 0.8
2 0.6
o
>, 0.4
-‘5)‘ = phospho 2N4R Tau
c 0.2
2
£ 0l= T
\,'29 0@ O@“ \1%0 \00 @0 #\m N \#\% 28028 @oﬁ RN 38 %0050_,1 (3_,@ \Q,@Q@,%Q%@ \‘@0 A0
Residue number
CE T T T T T T T T T T T
= 10- 1 | \ w I /
= | w \ \ [ \ [
% 0.8 A
= [ | | [ | | \ | | ‘M
S 06- [ | | [ | ‘\,\\‘ | /' [ |
S o4l o | ! ;o
= | | | | | | | [ | | |
é 0.21 | | | [ | | | | |
£ (lz2N4R Tau-7E : \ ot ar 1 \ .

@0 0@ 060 \‘%0 \00 \'29 «\uﬁ?\e& «\%

ﬂ“@

D«Q \qﬁ) \(\ 306 6!3,'1«0 \(\3&0 \36Q€5‘b°%1® \‘p{)pehb«g

Residue number

Figure 5. Phosphorylation-dependent modulation of the Tau—microtubule interaction. (A) Residue-specific intensity ratios in 2N4R Tau, which was
phosphorylated by MARK2cat to ~72% at Ser-262 (black line), between the MT-bound and unbound state. Serines >25% phosphorylated by
MARK2cat are denoted with arrows (larger arrows for primary sites Ser-356, Ser-262, and Ser-324). (B) Intensity ratios of nonphosphorylated
residues from this partially MARK2cat-phosphorylated 2N4R Tau sample (gray line). For comparison, the resonance broadening of the
phosphorylated form is shown (black bars). Increased signal intensities in the repeat region of MARK2cat-phosphorylated 2N4R Tau are the result
of an impaired MT interaction. The domain structure is shown at the top. Vertical dashed lines mark domain boundaries. (C) Intensity ratios for the
2N4R Tau-7E variant (black line), which was pseudophosphorylated at the AT8, AT100, and PHF1 epitopes (denoted with arrows), between the
MT-bound and unbound state. MT-induced resonance broadening of nonphosphorylated wild-type 2N4R Tau is shown for comparison (gray bars).

sensitive reporters of structure.”> The largest phosphorylation-
induced changes in RDCs were observed for residues Ser-258,
Ile-260, Ser-262, Thr-263, Leu-266, and Lys-267 (Figure
4C,D). In line with the distinct chemical shift changes (Figure
4A,B,E), "Dy RDCs of residues N-terminal to Ser-262 became
more negative upon phosphorylation, while the magnitude of
RDCs for C-terminal residues decreased (Figure 4C). Notably,
in a charged alignment medium, we previously observed sign
inversion of 'Dyy RDCs of Asn-265, Leu-266, and Lys-267
upon pseudophosphorylation at Ser-262.** In the case of true
phosphorylation and using the neutral alignment medium
formed by polyethylene glycol, we did not find evidence of
RDC sign inversion (Figure 4C). However, the decrease in the
RDC magnitude is in line with a phosphorylation-induced shift
to more helical or turnlike structures for residues 265—267.
Structural properties of Tau(254—284) were further studied
by subjecting 'HY, 'H% "N, *C% and BCP chemical shifts to
MICS** and the chemical shifts together with RDCs to the
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program flexible-meccano.”® Both analyses indicated that
residues 264—266 have an increased propensity for helixlike
conformations upon phosphorylation at Ser-262 (Figure 4F,G),
in line with the downfield shift of C* atoms of these residues
(Figure 4E). The chemical shift analysis suggested that residues
263—266 also transiently populate type I f-turn conformations
prior to phosphorylation, which are enhanced upon phosphor-
ylation (Figure 4H). The change of residues C-terminal to the
phosphorylation site to turnlike and helical conformations was
further supported by a medium-range NOE (nuclear Over-
hauser effect) contact between Ser-262 and Glu-264 (Figure
41). In addition, the chemical shift analysis revealed that in the
direct proximity of the site of phosphorylation the order
parameter was increased (Figure 4]), indicating that phosphor-
ylation rigidifies the backbone.

Site-Selective Modulation of MT Binding by Phos-
phorylation. Because of the importance of phosphorylation of
Tau for MT binding, the upregulation of phosphorylation in
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disease, and the potential contribution of impaired MT binding
to neurotoxicity, the mechanism of binding of Tau to MT's is of
great interest.” We previously showed that NMR spectroscopy
can provide unique information about the interaction of Tau
with MTs.”*® MT-binding sites in Tau can be identified from a
decrease in the NMR signal intensity of residues involved in the
interaction, whereas noninteracting residues show little
intensity modulation. The NMR line broadening, in combina-
tion with changes in NMR signal position, is due to an
exchange between free and MT-bound Tau that occurs on an
intermediate NMR time scale.

To obtain insight into the consequences of phosphorylation
on the MT interaction of Tau, we probed binding of
phosphorylated Tau to preassembled MTs using NMR
spectroscopy. First, the effect of phosphorylation was analyzed
using MARK? kinase activity operating mainly at KXGS motifs
within the repeats. Phosphorylation of Tau by MARK2cat
weakened the signal broadening in the repeat domain
compared to that of the nonphosphorylated protein (Figure
SA). In particular for residues in the proximity of Ser-262, Ser-
324, and Ser-356, ie., the primary sites that had the highest
degree of phosphorylation (Table 1), we found stronger NMR
signal intensities. The proline-rich domain, on the other hand,
behaved in a similar manner in nonphosphorylated and
MARK2cat-phosphorylated Tau. Thus, the affinity of the
proline-rich region for MTs is unaltered in Tau phosphorylated
by MARK2cat. A sequence-specific alteration of MT binding of
Tau by MARK2cat phosphorylation was further supported by
experiments using a partially phosphorylated Tau protein (~72
+ 2% phosphorylated Ser-262), which allows the analysis of
NMR line broadening of nonphosphorylated and phosphory-
lated Tau in a single sample. The line broadening detected in
this sample for the nonphosphorylated form (Figure SB) was
very similar to that observed in the completely nonphosphory-
lated protein (Figure SA,B).

In the next step we probed the phosphorylation-dependent
modulation of Tau—microtubule interactions outside the repeat
domain. For this purpose, we prepared a variant of 2N4R Tau,
in which residues Ser-199, Ser-202, Thr-205, Thr-212, Ser-214,
Ser-396, and Ser-404 were mutated to glutamic acid (called
2N4R Tau-7E hereafter). 2N4R Tau-7E mimics phosphor-
ylation at the sites, which form epitopes for the Alzheimer’s
diagnostic antibodies AT8, AT100, and PHF1.* Comparison
of MT-induced NMR line broadening in wild-type 2N4R Tau
and Tau-7E showed that pseudophosphorylation at the ATS,
AT100, and PHFI1 sites slightly attenuated NMR line
broadening in the proline-rich domains, while the repeat
domain remained largely unaffected (Figure SC). Notably, only
small changes in NMR signal broadening were observed in R’
downstream of the repeats despite phosphorylation at Ser-396
and Ser-404. In summary, phosphorylation at the KXGS motifs
more strongly attenuated the Tau—MT interaction than that of
the Tau-7E mutant, and the effects of phosphorylation within
and outside of the repeat domain on the Tau—MT interaction
were largely independent.

Bl DISCUSSION

Identification of Novel and Confirmation of Previ-
ously Detected Phosphorylation Sites. Phosphorylation of
Ser-262 is an important post-translational modification of Tau
that regulates MT dynamics'® and the accessibility of Tau for
other kinases."® Phosphorylation at Ser-262 is detected in

vivo,*® and Ser-262 together with Ser-356 is one of the few
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phosphorylation sites identified within the repeat domain of
AD brain-derived paired helical filaments.*” Although several
kinases can phosphorylate Ser-262 within Tau, only the
MARKSs are specific for this site and the other KXGS
motifs.'"** MARKs predominantly target Ser-262 and Ser-
356 within the KIGS motifs of Tau, while the two KCGS motifs
in repeats R2 and R3 are less phosphorylated.”**® Despite
numerous threonine residues in Tau (up to 35 residues), our
quantitative NMR-based analysis detected no phosphorylation
of this amino acid type, suggesting that MARK2 is highly
specific for serine residues. The analysis confirmed Ser-262 (in
R1) and Ser-356 (in R4) as primary phosphorylation sites of
MARK? but also identified Ser-324 (in R3) as a third primary
site (Figure 1 and Table 1). All three sites are not subject to
alternative splicing and are therefore contained in all Tau
isoforms.

The NMR-based analysis revealed four additional serines that
are phosphorylated by the catalytic domain of MARK?2, albeit at
lower efficiency because of their non-KXGS type (Figure 1 and
Table 1). Whereas it is known that MARKs can phosphorylate
Ser-305,”® no study has reported the phosphorylation of Ser-
352, Ser-413, and Ser-416 by MARK2. These three sites are
known in vitro targets of casein kinase 1/2, cAMP-dependent
protein kinase (PKA), glycogen synthase kinase-3, phosphor-
ylase kinase, and calcium/calmodulin-dependent protein kinase
I (CAMKII).**~*" The physiological significance of phosphor-
ylation of non-KXGS motifs by MARK2 is currently unclear.
Under nonpathological conditions, these sites might not be
phosphorylated in neurons® because of the low efficiency of
MARK?2 and the action of phosphatases. However, durin
disease when the activity of phosphatases is reduced,*
phosphorylation levels at these sites may become relevant. In
support of this hypothesis, Ser-413 and Ser-416 were detected
in brain-derived PHF Tau.** Phosphorylation of Ser-416 by
CAMKII and PKA was shown to be essential for Afi-mediated
cell cycle re-entry in neurons, a critical event in AD
pathogenesis.*> Additionally, phosphorylation of Ser-413 and
Ser-416 might influence the truncation of Tau at Glu-391 and
Asp-421 and in this way contribute to the pathogenesis of
tauopathies.**~*¢

Kinetic Analysis of Tau Phosphorylation and Sub-
strate Specificity. A unique advantage of the NMR-based
analysis of phosphorylation is the ability to determine the
kinetics of phosphorylation at all sites in a single sample
without any purification. The approach therefore allows direct
comparison of the efficiency of phosphorylation at distinct sites.
In line with the observed saturation levels (Table 1), faster
phosphorylation kinetics were found for the two KIGS motifs
(residues 259—262 and 353—356) than for the serine residues
in KCGS sequences (Figure 1D). Previous studies suggested
that efficient recognition by MARK2 requires specific
interactions between the catalytic cleft and the substrate.*’
One of these anchor points involves a salt bridge, in the case of
the complex of MARK2 with the peptide inhibitor CagA W,
from Ar§7-952 of CagA W to Glu-136 and Asp-139 of
MARK2."" Arg-952 of CagA W corresponds to the lysine in
the KXGS motif of Tau (Figure 1C). The more hydrophobic
nature of isoleucine at position i — 2 (relative to the
phosphorylation site) in the two KIGS motifs further favors
binding to the hydrophobic pocket of MARK2. The fact that
the two KIGS (as well as the two KCGS) motifs were
phosphorylated at different rates indicates that residues flanking
the motifs also influence the phosphorylation reaction. The
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amino acid sequence also supports phosphorylation at the four
non-KXGS sites: Ser-416 and Ser-305 are preceded by a
glycine, ie., the same residue present in the KXGS motif
(Figure 1C).

The N-Terminal Tail of Tau Is the Major Binding Site
for MARK2. Titration of Tau with MARK?2cat provided further
insights into the nature of MARK2—substrate interactions.
Stretches in 2N4R Tau with a higher abundance of hydro-
phobic residues displayed more line broadening than regions
that are deprived of hydrophobic residues, e.g., residues 45—
240. The strongest interaction, however, was observed for
residues 8—33 (Figure 2), indicating that MARK2 preferentially
binds to the N-terminal tail of Tau upstream of the alternatively
spliced inserts N1 and N2. Thus, the potential docking site of
MARK? is present on all Tau isoforms. No sites phosphory-
lated by MARK2 are found in this region, but it is remarkable
that the N-terminal residues comprise the interaction site for
various protein partners such as Fyn*® and the p150 subunit of
the dynactin complex.*” Furthermore, it has been shown that
residues 2—18, the so-called phosphatase-activating domain,*
are critically involved in inhibition of fast axonal transport
because of an interaction with protein phosphatase 1 and might
therefore contribute to the toxicity of Tau filaments.”'

The N-terminal tail (or “projection domain”) of MT-bound
Tau protrudes away from the MT surface. We hypothesize that
similar to the binding of PKA to the N-terminus of MAP2,>
the projection domain of Tau may serve as an anchor site for
MARK? localizing it to the vicinity of axonal MTs. Transient
interactions of the N-terminus with the repeat domain of
Tau”*’ may further bring MARK? into close contact with the
KXGS motifs, thus favoring their phosphorylation (Figure 6).

N

Figure 6. Hypothetical model for the binding of MARK2cat to Tau
and its phosphorylation. MARK2cat preferentially binds to the N-
terminal tail of Tau. Transient interactions of the N-terminal tail and
the repeat domain favor phosphorylation of the KXGS motifs within
the pseudorepeats by MARK2cat. MARK2cat phosphorylation sites
are highlighted with a capital P (larger letters are used for primary sites
Ser-262 in R1, Ser-324 in R3, and Ser-356 in R4).

Phosphorylation by MARK2 Induces Localized but No
Global Structural Changes. Despite its intrinsically disor-
dered nature, the ensemble of Tau structures contains globally
compacted conformers.”'® We previously showed that
pseudophosphorylation at the AT8, AT100, and PHF1 epitopes
attenuates long-range interactions because of a weakened
electrostatic attraction of the proline-rich region for the
negatively charged N-terminal domain.”’” In contrast, MARK2
phosphorylation within the repeat domain did not change the
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PRE-induced line broadening (Figure 3D) and thus did not
modulate the global Tau structure.

Phosphorylation, however, did change the structure next to
the phosphorylation sites (Figure 3A—C). A detailed analysis of
NMR chemical shifts, residual dipolar couplings, and NOE
contacts revealed that phosphorylation at Ser-262 pushes
residues 264—267 toward helical and turnlike conformations
(Figure 4). The increase in helical propensity is consistent with
previous results that demonstrated a stabilization of a-helices
through phosphorylation at their N-termini. This was
rationalized through favorable electrostatic interaction of the
phosphate group with the helix dipole, and through possible
hydrogen bonds of the phosphate group to main chain amide
groups.”® Additionally, Ser-262 phosphorylation rigidifies the
protein backbone at the phosphorylation site (Figure 4I),
demonstrating that phosphorylation by MARK2 modulates
both the structure and dynamics of Tau. These modulations
may be the reason for the enhanced intrinsic acetyltransferase
activity of Tau after phosphorylation of the KXGS motifs,
which results in autoacteylation of Tau, thus promoting Tau
toxjcity.54’55

Tau’s MT-Binding Hot Spots Are Regulated Inde-
pendently by Phosphorylation. A major physiological
function of Tau is to regulate MT dynamics.” This process is
influenced by Tau phosphorylation, particularly at Ser-262.">°
We previously showed that four regions in 2N4R Tau are
strongly involved in MT binding: residues 225—231, 245—253,
275—287, and 306—318.° In addition, residues 170—181 and
370—381 contribute to the MT interaction. The interaction
studies with different phosphorylated Tau species now revealed
that Tau’s MT-binding sites act largely independently of each
other. Pseudophosphorylation at AT8, AT100, and PHF1
epitopes reduced the affinity of the proline-rich domain P2,
which harbors the AT8 and AT100 phosphorylation sites, but
hardly affected the interaction of the repeat domain with MTs
(Figure SC). In contrast, phosphorylation at the KXGS motifs
by MARK2cat attenuated binding of the repeat domain to MT's
but had an only limited influence on the proline-rich region
(Figure SA,B). Thus, the proline-rich region is unaffected by
phosphorylation through MARK2 and can still bind to MTs,
despite an overall decrease in affinity.”” An interaction with
MTs solely mediated through the repeat-flanking P2 domain,
however, is nonproductive and does not result in MT assembly
or MT stabilization.>®

The NMR data are therefore in agreement with previous
reports demonstrating that Ser-262-phosphorylated Tau is still
able to bind MTs.'*® Phosphorylation of Ser-262 is
insufficient to abolish the Tau—MT interaction. Phosphor-
ylation at additional sites is required for inhibition of MT
binding.*° It thus seems possible that Ser-324 and Ser-356 have
important accessory roles. Both Ser-324 and Ser-356 were
efficiently phosphorylated by MARK2 (Table 1), and their
phosphorylation weakened the MT-induced line broadening of
nearby residues (Figure SA,B). In particular, Ser-356
phosphorylation may regulate the MT interaction of residues
370—381 in R/, a region that together with the repeat domain
possesses significant binding strength for MTs.>”

Potential Mechanism for the Phosphorylation-In-
duced Decrease in Tau’s Affinity for MTs. A possible
molecular mechanism for a phosphorylation-induced decrease
in the level of binding of Tau to MTs could be a
phosphorylation-induced conformational change in Tau. For
instance, conformational alterations to less globally compacted
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conformations were observed upon pseudophosphorylation of
the proline-rich region.”” Surprisingly, despite the reduced
affinity for MTs, phosphorylation of Tau by MARK2 induced
only limited structural changes (Figures 3 and 4). The local
nature of the structural changes then poses the question of how
phosphorylation in the repeat domain decreases the affinity of
Tau for MTs. A potential hypothesis is therefore that the
observed changes, which are located in regions connecting
different MT-binding hot spots, might interfere with a
conformational rearrangement that is required for MT binding.
In addition, phosphorylation in the repeat domain reduces the
flexibility of the Tau backbone, further disfavoring conforma-
tional changes. Finally, electrostatic repulsion between the
phosphate group and the negatively charged MT surface will
contribute to a decrease in the affinity of Tau for MTs.

In summary, we showed that MARK2 binds to the N-
terminal region of Tau and can phosphorylate eight sites with
distinct kinetics, where the three primary target sites are the
KXGS motifs of R1, R3, and R4. Phosphorylation results in
local structural changes upstream of the phosphorylation sites,
in regions connecting MT interaction sequences that are
regulated independently by phosphorylation. The finding that
phosphorylation of Tau by MARK2 influences the molecular
properties of Tau suggests that regulation of MARK2 might be
an entry point for combating Alzheimer’s disease.
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