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SUMMARY

Phosphorylation of the microtubule-associated pro-
tein Tau influences the assembly and stabilization
of microtubules and is deregulated in several neuro-
degenerative diseases. The high flexibility of Tau,
however, has prevented an atomic-level description
of its phosphorylation-induced structural changes.
Employing an extensive set of distance and orienta-
tional restraints together with a novel ensemble
calculation approach, we determined conformational
ensembles of Tau fragments in the non-phosphory-
lated state and, when phosphorylated at T231/S235
or T231/S235/S237/S238, four important sites of
phosphorylation in Alzheimer disease. Comparison
of the molecular ensembles showed that phosphory-
lation of the regulatory T231 does not perturb the
backbone conformation of the proximal microtu-
bule-binding ??°KVAVVR?*° motif. Instead, phos-
phorylated T231 selectively engages in a salt bridge
with R230 that can compete with the formation of
intermolecular salt bridges to tubulin. Our study pro-
vides an ensemble description which will be useful
for the analysis of conformational transitions in Tau
and other intrinsically disordered proteins.

INTRODUCTION

Tau is a neuronal protein that is critically involved in the patho-
genesis of Alzheimer disease and other neurodegenerative dis-
eases termed tauopathies (Avila et al., 2004). A feature shared
by tauopathies is that abnormally phosphorylated (hyperphos-
phorylated) Tau aggregates in the cell, resulting in the accumu-
lation of so-called paired helical filaments. Tau exists in six major
splice isoforms in neurons of the CNS (Goedert et al., 1989). The
longest Tau isoform with 441 residues contains two N-terminal
inserts, a proline-rich region in the center and four C-terminal
imperfect repeat domains (termed 2N4R). The best-described
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function of Tau is the polymerization and stabilization of microtu-
bules (MTs) (Lee and Leugers, 2012; Weingarten et al., 1975).
The amino acid sequences in Tau, which interact with MTs,
localize to the proline-rich region and the repeat domains, with
225KVAVVR?® in the second proline-rich region and the two hex-
apeptide motifs in repeats R2 and R3 showing the strongest
interaction (Kadavath et al., 2015a, 2015b; Mukrasch et al.,
2009). Critical for MT binding and polymerization are basic resi-
dues such as K225, R230, K274, and K281 (Goode et al., 1997;
Goode and Feinstein, 1994).

Phosphorylation and other posttranslational modifications
regulate the ability of Tau to bind and assemble MTs (Cohen
et al., 2011). Phosphorylation of Tau generally decreases its
affinity for MTs and abolishes its ability to stimulate MT polymer-
ization (Cho and Johnson, 2004; Liu et al., 2007), but the specific
effects depend on the number and location of phosphorylation
sites (Kiris et al., 2011; Liu et al., 2007). Tau contains 85 potential
phosphorylation sites, with the three sites S214, T231, and S262
critically important for the Tau-MT interaction. While phosphory-
lation of S262 strongly reduces the affinity for MTs (Biernat et al.,
1993), phosphorylation of S214 (lllenberger et al., 1998) and
T231 (Amniai et al., 2009; Cho and Johnson, 2004) primarily
decrease the ability of Tau to polymerize MTs (Sillen et al,,
2007). Phosphorylation at T231 not only regulates MT binding
(Sengupta et al., 1998) but is also important for the role of Tau
in disease (Alonso et al., 2010), because it detaches Tau from
MTs and thus might enable the interaction with other cellular
partners (Frost et al., 2015). Phosphorylation of T231 may also
regulate the binding of SH3 domain-containing signaling pro-
teins to the seventh PXXP motif (residues P233-P236) of Tau
(Reynolds et al., 2008). Several kinases can phosphorylate Tau
at T231, including glycogen synthase kinase 33 (GSK3), which
is one of the most important kinases related to the disease pro-
cess (Lin et al., 2007). GSK3B phosphorylates T231 more effi-
ciently after a priming phosphorylation of S235 (Li et al., 2006),
even though this priming phosphorylation is not essential (Lin
et al., 2007). Tau deposits isolated from Alzheimer disease
patients often contain phosphorylated T231 and S235, as well
as phosphorylated S237 and S238 (Hanger and Noble, 2011).

Tau belongs to the class of intrinsically disordered proteins
(IDPs) and exists as an ensemble of interconverting structures
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Figure 1. Domain Organization of the
Microtubule-Associated Protein Tau
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(Mukrasch et al., 2009; Weingarten et al., 1975). In solution, it
transiently forms short «-helical, extended, and polyproline II-
like elements at specific positions within the sequence (Muk-
rasch et al., 2009; Schwalbe et al., 2014). Stretches critical for
MT binding, such as residues 225-230 in the P2 domain and
the aggregation-prone hexapeptides in repeats R2 and RS,
exhibit an enhanced propensity to adopt polyproline Il-like con-
formations (Schwalbe et al., 2014). The structural propensities in
the repeat domain result in a more extended conformation of this
domain than would be expected from a statistical coil model
(Mylonas et al., 2008; Schwalbe et al., 2014). Furthermore, Tau
samples transient tertiary contacts, the so-called paperclip
conformation (Jeganathan et al., 2006). This conformation arises
mainly due to long-range, electrostatic interactions between the
N terminus and the P2 domain and between the repeat domain
and the C terminus, respectively (Mukrasch et al., 2009;
Schwalbe et al., 2014).

To obtain an atomic-level description of the structural changes
induced by phosphorylation of T231, we studied different Tau
fragments as well as full-length Tau by nuclear magnetic reso-
nance (NMR) spectroscopy. We collected an extensive set of
structural information on Tau(225-246) in its non-phosphory-
lated, doubly phosphorylated (T231/S235), and tetra-phosphor-
ylated (T231/5235/5237/S238) state. We then used a novel
approach to calculate molecular ensembles based on the NMR
data. The molecular ensembles show that phosphorylation
of T231 does not perturb the conformation of the critical
225KVAVVRZ2® motif. However, phosphorylation changes the
conformation of the basic side chains through formation of a
network of salt bridges. The integration of distance and orienta-
tional restraints with molecular ensemble calculations, as
described here, will be widely applicable to the study of confor-
mational transitions in IDPs.

RESULTS

Phosphorylation at T231/S235 Modulates the

Interaction of Tau with MTs

To obtain insight into the effect of phosphorylation at T231/5235
on binding of Tau to MTs, we incubated the Tau isoform ON3R
Tau (also known as fetal Tau or htau23; Figure 1) with MTs at a
Tau/tubulin heterodimer ratio of 2:1. Because the interaction of
Tau with MTs is intermediate on the NMR timescale (Mukrasch
et al., 2009), addition of MTs resulted in changes in NMR signal

KVAVV R;I'PPK+SPSSA KSRLQ TA

KVAVV RTPPK SPSSA KSRLQ TA

KVAVV R%’PPK éPééA KSRLQ TA
RTPS LPTPP TREPK KVAVV Ril'PPK SPSSA KSR

ON3R Tau (352 residues), alternative splicing re-
sults in the exclusion of N1, N2, and R2. Below the
domain organization, the amino acid sequences
of Tau(225-246), T231/S235-phosphorylated
Tau(225-246), T231/5235/S237/S238-phosphor-
ylated Tau(225-246), and T231-phosphorylated
Tau(211-242) are listed. Dark and light gray
shading mark the position of Tau(225-246) and
Tau(211-242) within full-length Tau, respectively.
Arrows highlight the sites of phosphorylation.

intensity and position (Figure 2A, black bars). Consistent with ob-
servations for 441-residue 2N4R Tau (Kadavath et al., 2015a;
Mukrasch et al., 2009), parts of P1, P2, R1, R3, and the C-termi-
nal domain were most attenuated, indicating that these regions
facilitate binding to MTs. To analyze the effect of phosphoryla-
tion, we used a pseudophosphorylated ON3R Tau construct,
because of the difficulty in preparing homogeneously and site-
specifically phosphorylated samples. This construct had resi-
dues T231 and S235 mutated to glutamate, and was therefore
termed TauON3R_E231/E235. TauON3R_E231/E235 displayed
a MT-binding profile similar to that of the wild-type protein (Fig-
ure 2A, gray line). However, resonance intensities in the P2
domain, which contains T231E and S235E, were less attenuated
in the presence of MTs, indicating that the MT-interaction mode
of these regions is changed. In addition, residues in the neigh-
boring P1 domain and repeat R1 had higher intensities. Notably,
pseudophosphorylation had very little effect on the other Tau re-
gions, which are involved in binding to MTs, demonstrating that
their binding mode is not altered by pseudophosphorylation at
T231/S235.

Next, we performed saturation transfer difference (STD) NMR
measurements for Tau(225-246), which contains T231 and
S235 and might therefore allow insight into the modified MT
interaction of P2. STD NMR showed an efficient transfer of
magnetization from MTs to Tau(225-246) (Figure 2B). STD inten-
sities were also detected for Tau(225-246) phosphorylated at
either T231/S235 or T231/S235/S237/S238 (Figures 2C and
2D). However, comparison of the STD spectra revealed specific
differences between the phosphorylated and non-phosphory-
lated peptides. The STD spectrum of non-phosphorylated
Tau(225-246) was very similar to the regular one-dimensional
"H spectrum (Figure 2B), suggesting tight binding of the whole
peptide. In contrast, STD spectra of T231/S235-phosphorylated
Tau(225-246) and T231/5235/S237/S238-phosphorylated
Tau(225-246) differed from the reference spectrum, with K225-
V229 receiving more magnetization than the C-terminal residues
(Figures 2C, 2D, and S1A). For example, resonances of the side
chain of Q244 and the C-terminal amide protection group (be-
tween 6.5 and 7.5 ppm) were more enhanced in Tau(225-246)
than in the phosphorylated peptides (Figure S1A). Notably,
high-field irradiation did not directly excite Tau resonances as
observed in control STD experiments of Tau(225-246) and
T231/S235-phosphorylated Tau(225-246) in the absence of
microtubules (Figure S1B). Taken together, these data suggest
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Figure 2. Phosphorylation in the Proline-Rich Region of Tau Modulates Its Interaction with MTs

(A) Residue-specific MT-binding profiles of ON3R Tau (352 residues; black bars) and pseudophosphorylated ON3R Tau_E231/E235 (gray line). Intensity ratios
were obtained from samples with 20 pM ON3R Tau in the presence or absence of 10 uM MTs. Small-intensity ratios indicate an interaction of the corresponding
residues with MTs. Residue numbering corresponds to that of ON3R Tau. Pseudophosphorylation of T231 and S235 (marked by black arrows) caused a selective
intensity increase in P1 and P2, suggesting a perturbed MT interaction.

(B-D) STD NMR spectra of Tau(225-246) (B), T231/S235-phosphorylated Tau(225-246) (C), and T231/S235/S237/S238-phosphorylated Tau(225-246) (D) in the
presence of MTs (molar ratio of 40:1). STD spectra (black contours) were overlaid with reference "H spectra (gray contours), which were scaled to equal intensities
for better comparison. Depending on the phosphorylation state, different amounts of magnetization were transferred, demonstrating that the MT interaction of the

proline-rich region of Tau is perturbed upon phosphorylation.
See also Figure S1.

that phosphorylation at T231/S235 and T231/S235/S237/S238
does not inhibit the binding of Tau to MTs, but locally perturbs
the MT interaction of Tau residues 230-246.

Phosphorylation Changes the Conformation of the Tau
Proline-Rich Region

The aforementioned data show that phosphorylation at T231/
S235 locally modulates the binding mode of the P2 domain
with MTs. To obtain insight into the molecular basis of these
changes, we characterized the structure of Tau(225-246) in its
free form. In agreement with previous studies (Palmer and
Basak, 2009), circular dichroism showed that irrespective of
the number of phosphorylation sites, Tau(225-246) remained
mostly disordered in solution (Figure S1C). However, the global
minimum was red-shifted upon phosphorylation, in particular in
the case of T231/S235/S237/S238-phosphorylated Tau(225-
246), indicating a phosphorylation-induced structural change
and suggesting that phosphorylation of four residues had a
greater effect than phosphorylation of two residues.

To analyze the structure of Tau(225-246) on the single-residue
level, we recorded two-dimensional 'H,"H-TOCSY (total correla-
tion spectroscopy), 'H,"H-NOESY (nuclear Overhauser effect
spectroscopy), and natural abundance HSQC (heteronuclear
single-quantum coherence) spectra. On the basis of these
spectra, a nearly complete sequence-specific assignment of
the NMR resonances was achieved. Comparison of "N and C*
secondary chemical shifts of Tau(225-246) with values from
full-length 2N4R Tau showed a very good agreement between
the two constructs (Figures 3A and 3B). Likewise, C* secondary
chemical shifts of the T231/S235-phosphorylated Tau(225-246)
were very similar to the shifts observed for T231/S235-phos-
phorylated Tau(208-324) (Sibille et al., 2012) (Figure 3C). The
data demonstrate that the conformation adopted by Tau(225-
246) (and its phosphorylated variants) is highly similar to the
conformation of the same sequence within the full-length
protein.

Chemical shifts constitute a rich source of information about
the secondary structure and local backbone dynamics of a
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Figure 3. Comparison of the Chemical Envi-
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protein. Analysis of C* CP, and H* chemical shifts showed that
phosphorylation increased the a-helical propensity of residues
A239-R242, which are downstream of the phosphorylation
sites (Figure 4A). Combined phosphorylation of T231 and
S235 increased the a-helical fraction from about 5% to 15%,
while additional phosphorylation of S237 and S238 further raised
the a-helical content to ~40%. Consistent with a phosphoryla-
tion-induced structuring, chemical shift-derived order parame-
ters revealed a more rigid backbone of S238-R242 upon
phosphorylation (Figure 4B). In contrast, structural propensities
for residues N-terminal to K234 including the 22°KVAVVR2%C
motif remained mostly unaffected by phosphorylation (Figures
4A and 4B).

Residual dipolar couplings (RDCs) provide access to orienta-
tional information for individual residues (Bax and Grishaev,
2005; Tjandra and Bax, 1997). Consistent with the observed
chemical shifts, RDCs of the backbone amide N-H and C*-H*
groups remained largely unchanged for K225-V229 (Figures
4C and 4D). However, 'Dyy RDCs of V229 and T231 became
less negative and the large positive 'Dg,u,, of R230 decreased,
indicative of local changes at the C-terminal side of
225kyYAVVR?® (Figures 4C and 4D). Moreover, residues A239-
243 had fewer negative 'Dyy RDCs upon phosphorylation at
T231 and S235, and even a sign inversion for the same residues
in T231/S235/S237/S238-phosphorylated Tau(225-246) (Fig-
ure 4C), supporting an enhanced o-helical propensity in the
phosphorylated state. Consistent with this finding, a conforma-
tional analysis based on both chemical shifts and RDCs using
the Flexible-Meccano/ASTEROIDS approach (Ozenne et al.,
2012a, 2012b; Salmon et al., 2010), identified an approximately
20% higher propensity for residues S238-R242 to populate
a-helical conformations (Figure S2).

Residue number

tion in NMR spectroscopy is the nuclear
Overhauser effect (NOE) (Wdthrich,
1986). Analysis of NOESY spectra of
Tau(225-246) revealed predominantly
short-range sequential NOEs, consistent
with a highly dynamic conformation (Figures 5A and 5D). Phos-
phorylation at T231 and S235, however, almost tripled the
number of medium-range NOEs to 35, with the majority of these
NOEs arising for residues near the two phosphorylation sites
(Figure 5B). This suggests that phosphorylation-induced local
structuring in the vicinity of T231 and S235. Introduction of
two additional phosphate groups at S237 and S238 drastically
increased the number of medium-range NOEs to 117 (Figure 5C).
The consecutive pattern of HY; — HV;, », H% — HY;, 5, and H%—
HN;.s NOEs supported a phosphorylation-induced a-helical
conformation of residues S238-1243. In addition, H* — HN,-+4
NOE between S238 and R242 indicated that these residues
form the most stable part of the helix.

Determination of Molecular Ensembles

We then used all experimental information consisting of NOESY-
derived distance constraints, RDCs, and chemical shifts as re-
straints for molecular ensemble calculations. We first conducted
a series of calculations to optimize the ensemble size, because
NOE-based distance restraints are prone to overfitting when
the ensemble exceeds two members (Richter et al., 2007). To
this end, we used the data set of T231/S235/S237/S238-phos-
phorylated Tau(225-246), which provided the largest number
of NOE restraints, and calculated 100 structures under identical
conditions, but increasing the number of ensemble members n
from one to ten. The calculations showed that ensembles with
n > 2 perform significantly better than a single structure, which
is unable to fulfill all experimental restraints (Figure 5E). A closer
inspection of the NOE potential also showed that increasing the
ensemble size beyond n = 3 provided no further improvement
(Figure 5F, open bars). Similarly, the Q factor, which describes
the agreement between experimental and calculated RDCs,
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(Marsh et al., 2006) and TALOS-N (Shen and Bax,
2013) analysis of C%, CP, and H* chemical shifts of
Tau(225-246) (open bars), T231/S235-phosphor-
ylated Tau(225-246) (gray circles), and T231/
S235/S237/S238-phosphorylated  Tau(225-246)
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Gray arrows indicate the position of the phos-
phorylated residues T231 and S235, while black

arrows mark the position of phosphorylated S237
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leveled off beyond ensemble sizes of n = 4 (Figure 5F, gray line).
We therefore decided to perform all subsequent ensemble cal-
culations with three ensemble members, to benefit from a better
agreement with experimental RDCs and at the same time avoid
overfitting of the distance restraints.

The resulting ensembles of non-phosphorylated Tau(225-
246), T231/S235-phosphorylated Tau(225-246), and T231/
S235/S237/S238-phosphorylated Tau(225-246) had similar en-
ergies (Figures 5D and 6G-6l). Maximum RDC violations were
less than 0.2 Hz for the ensembles, and distance restraint
violations did not exceed 0.2 A. To cross-validate the ensem-
bles, we back-calculated 1JHaCo¢ couplings, which had not
been used for the ensemble determination. Overall, back-calcu-
lated values agreed well with experimentally determined I
couplings (Figures S3A-S3C), taking into account the accuracy
of the corresponding Karplus curve and the random coil "Jy,c,
values (Vuister et al., 1993; Xiang et al., 2013). In particular, the
tendency for larger "Jy,c,, Scalar couplings, which is expected
for a helical conformation, was evident for the C-terminal resi-
dues in T231/S235/S237/S238-phosphorylated Tau(225-246)
(Figure S3D).

Analysis of the 200 lowest-energy structures of Tau(225-246)
(Figure 6) in the form of a C* distance probability map (Figure 6A)
indicated low probabilities for C* contacts to residues more
than two peptide bonds away, in agreement with its dynamic
nature. In addition, hydrogen bond probabilities derived from
DSSP (Kabsch and Sander, 1983) showed that the non-
phosphorylated main chain has a negligible tendency to form
CO;-HN; . 3/4/5 hydrogen bonds (Figure 6D). Representative en-
sembles of Tau(225-246) are shown in Figure 6G. Notably, we
observed a ~30% probability for a C* contact between P236
and A239 (Figure 6A), which may reflect the intrinsic propensity
of this region to form a helical conformation.

T T T T T T T T T T T T T T T T T T T T 7T

Residue number

and S238 in T231/S235/S237/S238-phosphory-
lated Tau(225-246).

See also Tables S1-S4 and Figure S2. The
experimental errors were estimated on the basis of
the signal-to-noise ratio in the NMR spectra.
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Despite the newly observed medium-range NOEs (Figure 5B)
and RDC changes (Figures 4C and 4D), the C* distance probabil-
ity map of T231/S235-phosphorylated Tau(225-246) showed
only modest differences when compared with the non-phos-
phorylated state (Figure 6B). The enhanced probabilities for
C* — C% 3 contacts (increased by ~10%-15%) and hydrogen
bonds (increased by ~5%) (Figures 6B and 6E) for K240-Q244
reflect an increased helical propensity of these residues. At the
same time, phosphorylation of T231 and S235 abolished
the ~30% probability for the C* contact between P236 and
A239 (Figure 6B). Introduction of additional phosphate groups
at S237 and S238 strongly enhanced the probabilities for
C* — C%,3and C% — C%,4 contacts (Figure 6C), as well as
CO-HN; ., 3/4/5 hydrogen bonds for A239-Q244 (Figure 6F). The
results clearly support the helical character of this region (Fig-
ure 6l), but cannot distinguish between an a or 344 helix. In addi-
tion, the ~60% probability for C*; — C*,4 contacts suggests
that the helix forms transiently. For the 22°KVAVVR?®® MT-bind-
ing motif, which is located N-terminal to the phosphorylated
T231, the C* distance probability maps of T231/S235-phosphor-
ylated Tau(225-246) and T231/S235/S237/S238-phosphory-
lated Tau(225-246) showed little difference (Figures 6G-6l),
although slightly increased probabilities for C*; — C*;, » contacts
(Figures 6A and 6B) suggest a compaction of V229-P232 upon
phosphorylation.

Salt Bridge Formation due to Phosphorylation of T231

While phosphorylation of T231 had little effect on the backbone
conformation of the 22°KVAVVR?3° MT-binding region (Figure 6),
we found that arginine and lysine side chain resonances were
perturbed (Figure 7). Non-phosphorylated Tau(225-246) lacks
acidic residues. It is therefore unable to form salt bridges, and
has narrow chemical shift dispersion and low intensities of the
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Figure 5. Phosphorylation-Induced Restructuring Results in a Large Number of Interproton Contacts

(A-C) Medium and short-range NOE contacts observed in Tau(225-246) in its non-phosphorylated (A), T231/S235-phosphorylated (B), and T231/S235/S237/
S238-phosphorylated (C) states. For short-range NOEs (first three rows), the height of the black bars classifies the respective NOE as strong, medium, or weak.
Black arrows below the amino acid sequence mark the sites of phosphorylation. Protons, which gave rise to the NOE contacts, are indicated to the right.

(D) Overview of experimental restraints and structural statistics in Tau(225-246) as a function of the phosphorylation state. Q factor represents the quality factor
between experimental RDCs and values back-calculated from the molecular ensembles.

(E) Influence of the ensemble size on the overall energy of the conformations. A single structure was not able to fulfill all experimental restraints.

(F) Good agreement between experimental NOE distance restraints and distances observed in the calculated conformations (open bars), as well as between
experimental and back-calculated RDCs (gray line), was observed for ensemble sizes of n > 3.

See also Figure S3.

distal side-chain nuclei (e.g., H®) of its basic residues (Figure 7A).
In contrast, phosphorylation of T231 and S235 resulted in chem-
ical shift changes of the side chains of R230 and K234, suggest-
ing that these two residues interacted with a phosphate group.
R230 especially displayed a strongly downfield shift and sharp-
ened H*®-N° cross peak (Figure 7A). The assignment of the H®
atoms to particular arginine residues is shown in Figures S4
and S5. To elucidate which phosphate group interacts with
which basic group, we used the peptide Tau(211-242) phos-
phorylated only at T231. This Tau fragment displayed the same
specific shift for R230 as T231/S235-phosphorylated Tau(225-
242) (Figure 7B), suggesting that T231 specifically forms a salt
bridge with the preceding R230. Notably, none of the other basic
residues in T231-phosphorylated Tau(211-242) (three arginines
and four lysines) showed any indication for salt bridge formation.
Analysis of the secondary C* chemical shifts of Tau(211-242)
exclusively phosphorylated at T231 further showed that it has
minimal a-helical propensity at its C terminus, similar to non-

phosphorylated Tau(225-246) (Figure 7C). This indicates that
the increase in a-helical propensity of T231/S235-phosphory-
lated Tau(225-246) and T231/S235/S237/S238-phosphorylated
Tau(225-246) is independent of phosphorylation of T231, but
rather depends on the phosphorylation of S235, S237, and S238.

In the case of tetra-phosphorylated Tau(225-246), additional
chemical shift changes were observed for K240 and R242 (Fig-
ures 7A and S6), suggesting that the latter two basic residues
form salt bridges with the phosphate groups of S237 and
S238. The signal enhancement in the NOESY spectrum of
T231/S235/S237/S238-phosphorylated Tau(225-246) relative
to T231/S235-phosphorylated Tau(225-246) further indicated
that the salt bridges were more stable upon phosphorylation of
S237 and S238 (Figures S4 and S6).

We next analyzed our calculated ensembles with respect to
the formation of salt bridges. Note that the ensemble calcula-
tions did not consider electrostatics or include distance re-
straints between basic and acidic groups to specify salt bridges.
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Figure 6. Molecular Ensembles of Non-phosphorylated and Phosphorylated Tau(225-246)

(A-C) C* distance probability maps for the 200 lowest-energy structures of the molecular ensembles (600 individual conformers) of non-phosphorylated (A), T231/
S235-phosphorylated (B), and T231/S235/S237/S238-phosphorylated (C) Tau(225-246). C*; — C?;. 1 distances were generally below 7 A and were omitted from
the diagram. To highlight differences with respect to non-phosphorylated Tau(225-246), difference maps are given below the diagonal in the case of phos-
phorylated variants.

(D-F) Probability of each residue to be a hydrogen bond acceptor or donor in the molecular ensembles of non-phosphorylated (D), T231/S235-phosphorylated
(E), and T231/S235/S237/S238-phosphorylated (F) Tau(225-246). Only hydrogen bonds between the main chain carbonyl oxygen of residue j and the main chain
amide group of residues j + 3, i + 4, and i + 5 were considered. Hydrogen bonds in the 200 lowest-energy structures were derived using DSSP (Kabsch and
Sander, 1983).

(G-l) Backbone conformation of the three lowest-energy structures of non-phosphorylated (G), T231/S235-phosphorylated (H), and T231/S235/S237/S238-
phosphorylated () Tau(225-246). In the top row, structures were aligned to residues V229-K234, while S237-R242 was superimposed in the lower row.
Structures are shown with the N terminus to the left. T231 and S235 are highlighted in red.

See also Figures S4 and S5.

To determine the occurrence of salt bridges, we defined the lated Tau(225-246) ensemble primarily formed salt bridges
maximum distance between the phosphate atom and the nitro-  with the directly preceding basic residues R230 and K234,
gen atom in the basic groups of arginine and lysine to 4.5 A.ln respectively (Figure 7D). For the T231/S235/S237/S238-phos-
agreement with the observation in the NMR spectra, the phos-  phorylated Tau(225-246) ensemble, the phosphate group of
phate groups of T231 and S235 in the T231/S235-phosphory-  T231 predominantly formed a salt bridge with R230, while the
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Figure 7. Electrostatic Interactions in the
Proline-Rich Domain of Tau due to Phos-
phorylation at T231

(A) "H,"N-HSQC spectrum showing the spectral
region of the guanidinium group of arginine side
chains. Due to missing interactions with negatively
charged groups in the non-phosphorylated state,

H*R211 the signals for the H°N® groups of R230 and
:Egi; R242 have weak intensities and display low
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moved the resonance of R242 (blue). The reso-
nance shifts were accompanied by enhanced
peak intensities.

(B) Comparison of the 'H,"®N-HSQC spectrum of
Tau(211-242) phosphorylated at T231 (green) with
that of Tau(225-246) phosphorylated at T231 and
S235 (red) showed that single phosphorylation of
T231 results in the same selective shift of R230.
Resonances of the other three arginine residues
remained unaffected.

(C) Single phosphorylation of T231 does not
stabilize helical structure in the proline-rich
region of Tau according to C* secondary chemi-
cal shifts in T231-phosphorylated Tau(211-242)
(green line). For comparison, C* secondary
chemical shifts in other phosphorylation states
are shown.

T
7.40

— Tau(211-242)pT231
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(D) Representative conformation selected from the molecular ensemble, which was calculated for Tau(225-246) phosphorylated at T231 and S235. The side
chain of R230 and the phosphate group at position 231 (red) are highlighted. The black dashed line marks the potential position of the salt bridge between R230

and T231.
See also Figure S6.

two additional phosphate groups at S237 and S238 preferentially
formed salt bridges with distant residues K234 and R242,
respectively. The medium-range nature of these salt bridges
may be responsible for the stabilization of the a-helical confor-
mation in the proline-rich region of Tau, because the side chains
of S238 and R242 would locate to the same sides of the helix,
thus favoring salt bridge formation.

DISCUSSION

The high degree of disorder in Tau and other IDPs complicates
the analysis of conformational transitions, which occur in these
proteins during physiological and pathological processes. NMR
spectroscopy is the most powerful tool for the characterization
of these processes, as it provides a wealth of information about
both the secondary and tertiary structure with single-residue res-
olution (Dyson and Wright, 2004). At the same time, the rapid ex-
change between multiple conformations requires interpretation
ofthe NMR observables in terms of ensembles (Fisher and Stuliz,
2011; Jensen et al., 2014; Mittag et al., 2010). To this end, molec-
ular dynamics simulations and sample-and-select approaches
were developed, whereby sub-ensembles are derived from a
broader distribution (Allison et al., 2009; Fisher and Stultz,
2011; Jensen et al.,, 2014; Mittag et al., 2010; Xiang et al.,
2013). However, these approaches focused on the use of chem-
ical shifts and RDCs as experimental restraints. Here, we took the
next step and included a large number of distance restraints

derived from experimental NOE contacts. Inclusion of NOE dis-
tance information in the calculation of molecular ensembles of
IDP is not only important as the NOE effect represents the most
important structural restraint in NMR-based structural biology
(Wathrich, 1986), but also because ensemble descriptions of
IDPs are highly underdetermined due to the inherently large num-
ber of degrees of conformational freedom (Allison et al., 2009;
Fisher and Stultz, 2011; Jensen et al., 2014; Mittag and For-
man-Kay, 2007; Xiang et al., 2013). Thus, while long-range
NOEs are difficult to observe in IDPs, the presence and modula-
tion of local structure can be accurately described by medium-
range NOE contacts. Long-range distance information from
paramagnetic spin labels (Gillespie and Shortle, 1997) can be
included just as distance information from NOEs into the
ensemble calculation protocol. In addition, potentials for refine-
ment against small-angle X-ray scattering data are available
(Schwieters and Clore, 2014), allowing to further restrict the
sampled volume space (Sibille and Bernado, 2012).
Phosphorylation of the proline-rich domain of Tau, especially
at T231, regulates assembly of tubulin into microtubules (Cho
and Johnson, 2004; Sengupta et al., 1998). The aim of this study
was therefore to determine the structural changes induced in
Tau upon phosphorylation of T231 and three neighboring sites.
To this end, we combined NMR-derived distance information,
RDCs, and chemical shifts to calculate ensembles of conforma-
tions in different phosphorylation states. In agreement with pre-
vious reports (Amniai et al., 2009; Cho and Johnson, 2004), we
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found that introduction of up to four phosphate groups did not
abolish binding of the proline-rich region of Tau to MTs, but
changed the mode of interaction. We also found that phosphor-
ylation had only a limited effect on the backbone conformation of
the MT-binding motif 22°KVAVVR2®. Instead, phosphorylation of
T231 resulted in the formation of a salt bridge between the phos-
phate group of T231 and the basic side chain of R230. Because
R230 is important for MT binding and assembly (Goode et al.,
1997), we propose that the intramolecular salt bridge between
T231 and R230 competes with the formation of intermolecular
salt bridges to MTs and prevents the 22°KVAVVR2*° motif from
adopting a binding-competent conformation.

Double phosphorylation of T231 and S235 was previously pro-
posed to induce a B turn for residues V229-T231 (Daly et al.,
2000). In addition, introduction of further phosphate groups was
suggested to increase the polyproline Il helix population in the
proline-rich region P2 (Bielska and Zondlo, 2006). In contrast,
NMR chemical shifts and molecular dynamics simulations indi-
cated that in vitro phosphorylation of Tau at T231 and S235 stabi-
lizes an a helix between residues P236 and L243 (Lyons et al.,
2014; Sibille et al., 2012). Our molecular ensemble calculations
of different phosphorylation states of the proline-rich region P2
support a phosphorylation-induced stabilization of a transient he-
lical structure of residues A239-R242. The transient helical struc-
ture, however, is independent of phosphorylation of T231 and
only depends on the phosphorylation of S235, S237, and S238.
Because MT assembly is modulated by the phosphorylation of
T231 (Amniai et al., 2009; Cho and Johnson, 2004), our data indi-
cate that stabilization of the helical conformation is not respon-
sible for the effect of T231 phosphorylation on Tau-mediated
MT assembly. On the other hand, it might affect the interaction
of the conserved P233-XX-P236 motif with SH3 domain-contain-
ing proteins (Reynolds et al., 2008). Notably, the ensemble calcu-
lations showed neither an enhanced propensity for C* — C%, 3
distances of less than 7 A nor an increased occurrence of CO-
NH; . 3 hydrogen bonds for residues V229-T231, interactions
that would support a B-turn formation of residues V229-T231.

Conclusions

Employing an extensive set of distance and orientational re-
straints together with a novel ensemble calculation approach,
we determined molecular ensembles of Tau fragments in the
non-phosphorylated state and when phosphorylated at T231/
S235 or T231/8235/S237/S238. The molecular ensembles
showed that phosphorylated T231, a key site in Alzheimer dis-
ease, selectively engages in a salt bridge with R230 that can
compete with the formation of intermolecular salt bridges to
tubulin. We further showed that a transient helix between S238
and R242 is stabilized by phosphorylation of S235, S237, and
S238, but is independent of phosphorylation at T231. Integration
of distance and orientational restraints with molecular ensemble
calculations, as described here, will be highly useful for the anal-
ysis of conformational transitions in IDPs.

EXPERIMENTAL PROCEDURES

Sample Preparation
5N-Labeled ON3R Tau and its pseudophosphorylated variant, in which resi-
dues T231 and S235 (numbering of residues by analogy with the longest

CNS isoform, 2N4R) were replaced by glutamate (called ON3R Tau_E231/
E235), were expressed in Escherichia coli using M9 minimal medium accord-
ing to established protocols (Mukrasch et al., 2009).

Tau peptides were produced by standard Fmoc-solid-phase peptide syn-
thesis using an ABI 433A synthesizer (Applied Biosystems). Phosphorylated
threonine and serine residues were introduced at positions T231 and S235
for 2pTau(225-246), and at T231, S235, S237, and S238 for 4pTau(225-
246). Peptides were synthesized with acetyl and amide protection groups at
the N and C termini, respectively, and purified by reversed-phase high-perfor-
mance liquid chromatography. T231-phosphorylated Tau(211-242) was ob-
tained from EZBiolab.

Ensemble Calculation

Conformational ensembles were calculated using the ensemble calculation
protocol implemented in XPLOR-NIH (version 2.34) (Schwieters et al., 2006,
2003). Extended starting structures of non-phosphorylated Tau(225-246),
T231/S235-phosphorylated Tau(225-246), and T231/5235/S237/S238-phos-
phorylated Tau(225-246) were created and parameterized through a standard
script available in the XPLOR-NIH distribution. For ensemble calculation, the
simulated annealing protocol provided in the sardc (Huang and Grzesiek,
20009) tutorial was used and modified to include potentials representing exper-
imental distance (NOE), RDC, and chemical shift (C* and CP) restraints. Chem-
ical shifts of the phosphorylated residues, and of their direct predecessors and
successors, were excluded from the calculations due to missing chemical shift
corrections for phosphorylated residues in XPLOR-NIH. Distance restraints
were derived from NOE cross peaks observed in NOESY spectra with mixing
times of 300 ms. Cross-peak intensities were converted into distances using
protocols implemented in CYANA (Herrmann et al., 2002). The distance re-
straints were then divided into two groups. The first group consisted of
sequential i to i + 1 NOEs with distance boundaries of 2.8-4.0 A, and had to
be satisfied by all individual conformers. All other NOEs of the second group
were classified into four categories and were subject to ensemble averaging.
These NOEs were classified as (1) strong, (2) medium, (3) weak, and (4) very
weak, with distance boundaries of 1.8-2.7, 1.8-3.5, 1.8-5.0, and 1.8-6.0 A,
respectively. In addition, standard XPLOR-NIH potentials representing bond
length, bond angle, improper dihedral, and non-bonded repulsive terms
were used. The XPLOR-NIH potential for torsion angles was not used, as it
might bias the ensemble to angles observed for globular proteins.

Starting structures were copied n times according to the ensemble size and
individually randomized by torsion angle dynamics for 50 ps at 3,003 K. Simu-
lated annealing started at 3,003 K and was followed by cooling to 278 K in
12.5-K decrements. During annealing, all potentials named above were
applied and the scaling factors gradually ramped up. Subsequently, ensem-
bles were energy minimized in torsion angle space and Cartesian space. All
torsion angle dynamics used the internal variable module (Schwieters and
Clore, 2001). For all Tau(225-246) peptides, 800 structures with three
ensemble members were calculated, giving rise to 2,400 individual con-
formers. To validate the ensemble structures, 'Ju,c. couplings were back-
calculated using the procedure described by Xiang et al. (2013) and compared
with experimental values. To this end, the backbone torsion angles ¢ and s of
each individual conformer were determined using MOLMOL (Koradi et al.,
1996). From the obtained angles, LN, couplings were calculated and the re-
sulting couplings averaged over the ensemble. To calculate C* contact prob-
ability maps of the 200 lowest-energy structures, the contactMap script of
XPLOR-NIH was used with the distance cut-off set to 7 A.
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