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ABSTRACT

An increase in phosphorylation of the Tau protein is associated with Alzheimer’s disease (AD)
progression through unclear molecular mechanisms. In general, phosphorylation modifies the
interaction of intrinsically disordered proteins, such as Tau, with other proteins, however
elucidating the structural basis of this regulation mechanism remains challenging. The bridging
integrator-1 gene is an AD genetic determinant whose gene product, BIN1, directly interacts with
Tau. The proline-rich motif recognized within a Tau(210-240) peptide by the SH3 domain of BIN1
(BIN1 SH3) is defined as 216PTPP219, and this interaction is modulated by phosphorylation.
Phosphorylation of T217 within the Tau(210-240) peptide led to a 6-fold reduction in the affinity
while single phosphorylation at either T212, T231 or S235 had no effect on the interaction.
Nonetheless, combined phosphorylation of T231 and S235 led to a 3-fold reduction in the affinity,
although these phosphorylations are not within the BIN1 SH3-bound region of the Tau peptide.
Using nuclear magnetic resonance (NMR) spectroscopy, these phosphorylations were shown to
affect the local secondary structure and dynamics of the Tau(210-240) peptide. Models of the
(un)phosphorylated peptides were obtained from molecular dynamics (MD) simulation validated
by experimental data, and showed compaction of the phosphorylated peptide due to increased salt
bridge formation. This dynamic folding might indirectly impact the BIN1 SH3 binding by a
decreased accessibility of the binding site. Regulation of the binding might thus not only be due to
local electrostatic or steric effects from phosphorylation, but also to the modification of the

conformational properties of Tau.



INTRODUCTION

Post-translational modifications (PTMs) in general, and most notably phosphorylation, play a
major role in regulating protein functions, and in particular those of intrinsically disordered
proteins (IDPs). IDPs do not fold into a stable three-dimensional structure but exist in dynamic
equilibrium between different conformations. IDPs are solvent exposed and thus susceptible to
multiple modifications that modulate their properties.! Phosphorylation, namely the attachment
of a phosphate group to specific amino acid side chains, not only increases the steric hindrance,
but also results in the addition of negative charges (1.5 - 2 negative charges per amino acid at pH
6.5 - 7.5), accounting for new electrostatic properties of the modified protein. These extra charges
can directly interfere with the molecular interaction network through electrostatic effects, but can
also exert an indirect effect by modulating the local and global conformations of the IDPs.*?
Phosphorylation can (de)stabilize transient secondary structural elements in IDPs, leading to
disorder-to-order transitions®’ and perturbation of the ensemble of conformations.® In addition, the
multiple phosphorylations interplay in a complex manner, which can lead to a linear response
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described as a “rheostat” ° or an ultrasensitive response involving a threshold.%!°

The neuronal Tau protein is a prime example of an IDP with its functions regulated by
phosphorylation. The longest isoform of Tau has 441 amino acid residues with 80 potential
phosphorylation sites, of which 55 are confirmed by mass spectrometry analysis.!! Tau
phosphorylation is of particular interest because Tau is found hyperphosphorylated in Alzheimer’s
disease (AD). These multiple serine/threonine sites combine into different profiles of
phosphorylation as they can be targeted by various kinases, each of them with its own specificity
for a subset of the serine/threonine residues. Each specific phosphorylation combination

potentially affects Tau functional properties in a different manner. For example, 3 phosphorylation



sites out of the four pS202 (phospho-serine 202)/pT205 (phospho-threonine 205) and
pT231/pS235 are necessary to abolish the tubulin polymerization capacity of Tau, whereas 2
phosphorylations, either pS202/pT205 or pT231/pS235, have no effect on Tau function of tubulin
polymerization.'?> Phosphorylation of Tau at these sites was shown to stabilize secondary structural

elements, including a short helix for pT231/pS235!314

and a dynamic turn conformation for
pS202/pT205."> Multiple phosphorylation of Tau were also proposed to affect Tau transient
folding,'¢ described as a paperclip.!”!® The impact of Tau phosphorylation on its molecular
interactions therefore cannot be reduced to the direct electrostatic and steric effects, but also
involves its local and global conformations. However, establishing a direct link between PTMs,
interaction and conformation in IDPs remains a challenging task.

The bridging integrator 1 gene (BIN1) is a major genetic risk factor for AD, and the SH3 domain
of the BIN1 protein (BIN1 SH3) interacts directly with the Tau proline-rich region.!>** Molecular
details of this interaction have previously been described.?!?> The Tau(210-240) peptide fully
encompasses the interaction site, is enriched in charged residues and contains 8 proline residues.
The proline-rich motif PPII.2 (216-221) of Tau is bound to the Pro-binding pocket of BIN1 SH3
domain while the region downstream this binding site, up to Tau V229, is in interaction with the
negatively-charged specificity surface of BIN1 SH3. Phosphorylation of Tau in the proline rich
region was shown to reduce the interaction with BIN1 protein, and phosphorylated Tau(210-240)
peptide exhibits a decreased affinity for BIN1 SH3.2%?? These data were used in order to rationalize
on a molecular basis the effect of specific phosphorylation, located directly in the binding site or
at distal positions within Tau(210-240) peptide, on the binding affinity to BIN1 SH3. The effect

of such PTMs on the secondary structure of Tau peptides, were first investigated by nuclear

magnetic resonance spectroscopy (NMR) to better understand the parameters that can affect the



interaction due to multiple phosphorylation. In addition, models obtained from molecular
dynamics (MD) simulations provided insights on the preferential fold of the Tau(210-240) peptide.
Our data indicated that multiple phosphorylation induced the formation of transient secondary
motifs and modification of the global fold of the peptide, which became more compact and less
flexible. All these property modifications could conspire to affect the binding properties of the

phosphorylated Tau peptide.
METHODS

Proteins and peptides BINI SH3 domain and Tau(210-240) peptide
SRTPSLPTPPTREPKKVAVVRTPPKSPSSAK were produced in Escherichia coli fused to an N-
terminal histidine-tag or a histidine-tagged SUMO domain, respectively, as previously described.?!
Uniformly labeled "N and '*C or >N protein/peptide samples were produced in M9 medium
containing 0.1% !"NH4Cl and 0.2% !*C-glucose (Sigma-Aldrich) or 0.4% '’C-glucose,
supplemented with 0.5 g/l of '’N-enriched and '*C-enriched or "*N-enriched ISOGRO (Sigma-
Aldrich), depending on the labeling scheme, 0.1 mM CaCl2 and 2 mM MgSO4. Unlabeled
Tau(210-240) phosphopeptides for dissociation constant determination were prepared by solid
phase synthesis (Genecust, France) - except for the 4P-Tau(210-240) peptide sample, which was
enzymatically phosphorylated. After resin cleavage, peptides were purified by reverse-phase high-
performance liquid chromatography. The purity of the phosphopeptides were >95%. The
molecular weight of each peptide was confirmed by mass spectrometry.

Enzymatic phosphorylation Phosphorylation of His6-SUMO-Tau(210-240) was obtained by
incubation with recombinant CDK2/CycA3 kinase,?® at a molar ratio of 1/100, as described.??
Phosphorylated His6-SUMO-Tau(210-240) was next incubated for 16 h with SENP2 protease in

the presence of 2 mM DTT, at 4°C, in order to cleave the His6-SUMO tag. A nickel affinity



chromatography step was performed immediately after cleavage to remove the His6-SUMO tag.
The phosphorylated Tau(210-240) peptide (a mixture of 3P-Tau(210-240) and 4P-Tau(210-240))
was buffer-exchanged using a desalting column (G25 resin, cutoff of 7 kDa; PD-10 Cytiva) against
50 mM sodium phosphate pH 7.3, 30 mM NaCl and 3 mM DTT. A cation-exchange
chromatography step was next necessary to remove the 3P-Tau(210-240) (phosphorylation at
T212, T231 and S235) to obtain an homogeneous 4P-Tau(210-240) peptide (phosphorylation at
T212, T217, T231 and S235) (Figure S1). The cation exchange resin (Mono S HR 5/5 GE
Healthcare) was equilibrated with 50 mM ammonium acetate, pH 4.6. The sample load was
typically 5 mL, 200 uM. Elution was achieved with a linear gradient of NaCl. Phosphorylation at
T212, T217, T231 and S235 was assessed by mass spectrometry analysis.

NMR spectroscopy NMR experiments were recorded on an AVANCE NEO Bruker 900 MHz
or AVANCE I 600-MHz spectrometers both equipped with a triple-resonance cryogenic probe.
NMR measurements to characterize Tau peptides were performed in 50 mM phosphate buffer, pH
6.5,30 mM NaCl, 3 mM DTT and 10% (v/v) D20 (NMR buffer), at 278 K to reduce amide proton-
solvent exchange. Tau(210-240) and 4P-Tau(210-240) backbone and side-chain assignments at
278 K have been reported.?? 3D NOESY peak lists for both Tau(210-240) and 4P-Tau(210-240)
were extracted from 'N- and !*C-edited spectra. 'N-R1, 'SN-R2, and !’N steady-state
heteronuclear NOE (hetNOE) spectra were recorded at 278 K on '’N-labeled Tau peptide samples
(0.12 mM) at 600MHz. For the R1 experiments, 11 data points were recorded, using relaxation
delays between 50 and 1300 ms and a recycle delay of 4 s. For R2 experiments, 13 data points
were recorded, using relaxation delays between 10 and 150 ms (recycle delay was 4 s). The
hetNOE experiment was recorded by including, or not, a 5 s period of 120° 'H saturation pulses,

separated by 5 ms. Recovery delay was 4 s. Uncertainties in peak intensities for ’N-R1 and '>N-



R2 were estimated from two non-successive duplicate data points: 0.6 s for R1 and 40.8 ms for R2
experiments, respectively. Uncertainties in peak intensities for hetNOE were estimated from the
signal to noise ratio of each resonance. 3D HN-HA spectra were recorded at 278 K on '"N-labeled
Tau peptide samples (0.3 mM) at 600 MHz. A direct measure for the magnitude of *Jin-Ha Was
provided by the intensity ratio between the cross-peaks at (F1,F2,F3)=(N,HA,NH) and the
diagonal peaks at (F1,F2,F3)=(N,NH,NH).

NMR data analysis Spectra were processed using TopSpin software (Bruker) and analyzed by
CcpNmr Analysis** and NMRPipe.”®> Two analysis were performed to evaluate the secondary
structure preference of Tau(210-240) peptides. Firstly, the delta2D method uses Ha, Ca, CB, CO,
N and HN chemical shift values with only the first and the last residue excluded from the analysis.?®
The percentage of occupancy of a secondary structure element is obtained by comparing the
experimental chemical shifts with values from a reference database of high-resolution native state
conformations from which chemical shift measurements are available. Secondly, secondary
chemical shifts ('*Ca-'3Cp differences) were used as indicators for residual local secondary
structure by calculating the deviation from neighbour-corrected random coil chemical shift
values.?’ For the phosphorylated residues, the reference values for serine and threonine residues
were replaced with random coil values for phospho-serine and phospho-threonine.?%*

Dissociation constant determination Titration of 70 uM N-BIN1 SH3 with increasing
amount of unlabeled Tau(210-240) peptides (from 35 uM to 840 uM) was performed in 50 mM
phosphate buffer pH 7.3, 30 mM NaCl by monitoring the complex formation using the gradual 'H
and N chemical shift change of the resonances in 'H,"’N HSQC, at 293 K (Figure S2). The

weighted average chemical shift differences were calculated as described by Garrett et al.>° - i.e.

((AH? + (AN/5)%)/2)Y/2 with AH and AN the chemical shift changes for 'H and N,



respectively. Dissociation constants were obtained by fitting the chemical shift perturbation data
to the following equation: Adobs = ASmax((a+b+Ka-((a+b+Ka)>-4ab)'?)/2a) where Adobs is the
observed chemical shift perturbation (including both proton and '°N nuclei) and Admax is the
maximal signal change upon saturation. K is the dissociation constant, and a and b are the peptide
and BIN1 SH3 total concentrations, respectively. Dissociation constants K4 were averaged, and
standard deviations provided, based on chemical shift perturbation analysis of 10 distinct
resonances.

MD simulations Tau(210-240) peptide was modelled keeping all prolines in trans
conformation. Phosphorylation sites were inserted at T212, T217, T231 and S235 using the PyTMs
plugin®! of PyMOL.>> MD simulations were performed at 278 K, 298 K and 310 K, using
GROMACS 5.1.4 package® with the Amber99SB-ILDN (A99)** or CHARMM36m (C36m)>*
force fields for the protein atoms and TIP4P-D* for the water molecules (Table S1). The choice
of force fields and water model was based on Zapletal et al. 2020.37 Details of the performed
simulations can be found in Table S1. The charge of the phosphorylated threonine and serine
residues was set as -2e and the end terminals were capped with NH3" and COO™ groups. The
peptides were solvated using cubic boxes where the protein was inserted at the centre and at a
minimal distance of 2 nm from the box edges. Periodic boundary conditions were employed and
the bond length along with hydrogen atoms were constrained using LINCS algorithm.*®* The
short range electrostatics and the Lennard-Jones interactions were cut-off at 1.0 nm. The long-
range electrostatics were calculated using particle mesh Ewald (PME) summation with 0.12 nm
grid spacing. The charge of the system was neutralized by adding sodium and chloride ions and
the concentration of salt was adjusted to 50 mM to mimic the experimental ionic strength. The

systems were energy minimized using the steepest descent algorithm followed by series of



equilibrations for 100 ps NVT to heat up the systems to reach the desired temperature (278 K, 298
K and 310 K) while restraining protein position at 1000 kJ mol' nm? for relaxation of water
molecules and backbone atoms (1000 kJ mol' nm?) using V-scale temperature coupling*® with a
coupling constant (tT) of 0.1 ps. Further 500 ps backbone atoms restrained (1000 kJ mol' nm?)

t*! with a

and unrestrained 1 ns NPT steps were performed using Parrinello-Rehman barosta
coupling constant (tP) of 2 ps and 1 bar pressure. Other parameters were kept similar as per our
previous MD simulation studies.>”*? Finally, 1 us production simulations were performed for each
system with a 2 fs time step. Based on the initial results C36m systems were further prolonged for
another 1 us each. From all MD trajectories, we calculated the Jun-Ha couplings using Karplus
equation with the Karplus constants set to A = 6.51, B = -1.76 and C = 1.6, using gmx chi
program.>*> Chemical shifts were calculated using SHIFTX2 for each snapshot from the
trajectories*’ and the Co-Cp secondary chemical shift (A8) values were calculated by subtracting
the random-coil values.?” The other analyses were performed using in-house scripts, GROMACS
inbuilt analysis tools®* and contact maps were calculated using CONAN.**

RESULTS

Phosphorylation at T212/T217/T231/S235 modulates the interaction of Tau with BIN1 SH3
The effect of Tau phosphorylation at specific sites on BIN1 SH3/Tau interaction was investigated
with a series of Tau(210-240) peptides phosphorylated at specific threonine or serine residues. The
dissociation constants Kd of the interaction with the BIN1 SH3 domain were measured by NMR
(Figure 1A-C). Increasing amounts of unlabeled peptides were added to "N-labeled BIN1 SH3
domain and the titration was followed by recording 'H,'>N HSQC NMR spectra (Figure S2). The

Kd of the BIN1 SH3/Tau(210-240) interaction was found to be 44 = 3 uM. Phosphorylation at

T217, directly in the proline-rich binding motif of Tau corresponding to a PPII.2 proline-rich motif



(216-221),2 showed a 6-fold reduction in affinity (Kd = 283 + 46 uM). In contrast,
phosphorylation at T212 had no effect on the binding (same Kd as Tau(210-240)). In accordance,
for a double phosphorylation pT212pT217, a Kd value of 280 + 28 uM was found, further
indicating no contribution of T212 to the interaction. Single phosphorylation at T231 or S235 did
not affect the binding affinity (Kd =38 + 10 uM). However, simultaneous phosphorylation at these
two sites showed an unexpected 3-fold reduction in the affinity (Kd = 123 + 7 uM). There was no
obvious molecular basis for the observed weaker interaction due to such combined
phosphorylations because these residues - T231 or S235 - showed no contacts with the BIN1 SH3

domain (Figure 1D).?

Kd measurements performed with a tetraphosphorylated 4P-Tau(210-240)
peptide, pT212pT217pT231pS235 pattern, showed a Kd value of 575 + 126 uM. The
phosphorylation on four sites was expected to have no more impact on the interaction than pT217
alone (Kd =283 + 46 uM), because the other three phosphorylations pT212, pT231 or pS235 had
no effect individually. This Kd value thus indicates a non-linear response compared to the Kd
values measured for each mono-phosphorylated peptide.*® Although the affinity of the
phosphorylated peptides was decreased, they conserved the same binding mode to BIN1-SH3
compared to Tau(210-240) (Figure S3). This led us to consider that phosphorylation could

modulate the interaction by both direct electrostatic repulsive effects and indirect conformational

changes of the Tau peptide due to combined phosphorylations.
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Figure 1. Interaction of BIN1 SH3 with Tau peptides. A. Dissociation constant (Kd) values of
different phosphorylated Tau(210-240) peptides binding to BIN1 SH3, determined by NMR
titration experiments. B. Chemical shift perturbation values of the 'H,'*N resonance of T589
residue of BIN1 SH3 (P = 70 uM) versus increasing amounts of Tau(210-240) (L, from 35uM to
840 uM, blue curve), 2P-Tau(210-240) (green curve, pT212/pT217) and 4P-Tau(210-240) (red
curve). Dots represent experimental values, while the curve is obtained from the fitted saturation
equation. C. Superposition of 'H,'>’N HSQC spectra of BIN1 SH3 (P) zoomed around T589
resonance in the presence of increasing amounts of Tau(210-240) or 4P-Tau(210-240) (L) (from
blue to green) (c). D. Accessible surface representation of BIN1 SH3 (color according to the
electrostatic potential, from red-negative to blue-positive) in complex with Tau (213-229) peptide

(ribbon representation in gold). Side-chains are represented as sticks.
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Impact of phosphorylation on Tau(210-240) secondary structure propensity The effects of
phosphorylation on local conformation were thus next investigated by NMR by using the backbone
and side-chain (HB, CB) chemical shift values of Tau(210-240) and 4P-Tau(210-240) peptides
(Figure 2A-C), which are influenced by the backbone dihedral angles. We first extracted local
secondary structure preferences using the delta2D method,?® which provides a global view of the
modification upon phosphorylation by use of Ha, Ca, CB, CO, N and HN chemical shift values.
We found an increase in the B-strand propensity for the 4P-Tau(210-240) peptide, between
residues L215-P219 and R230-K234, coupled with a decrease in the random coil and PPII content
(Figure 2D). A small increase in the a-helical propensity was also observed at the C-terminus of
the peptide. Additional direct analysis of Ca and CB chemical shifts relative to random coil

values?®?°

showed that phosphorylation indeed increased the a-helical propensity at residues
P236-A239 (Figure 2E), which are located downstream of the pT231/pS235 phosphorylation sites
(Figure 1A). Increased a-helical propensity was also observed at the N-terminus, most likely due
to phosphorylation at residue T212. Performing an analogous characterization on a Tau mutant
peptide (T231A), with only T212 and S235 phosphorylated (same affinity to BIN1 SH3 as
Tau(201-240)), we observed a decrease in the a-helical content at the C-terminus, compared to a

4P-Tau(210-240) peptide with both pT231 and pS235 (Figure 2E). This showed that pT231

contributed to strengthen the a-helical content at the C-terminus, but it was not essential.
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Tau(210-240) C. Chemical shift perturbation (CSP) plot, units are in ppm. D. Delta2D analysis
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peptide sequence. E. Secondary chemical shifts calculated using Ca and CP chemical shift value
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preferences.
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3Jun-Ha values correlate with the @ backbone dihedral angles of the N-Co. bonds and are thus
indicative of secondary structure preferences. *Jun-to values between 6 and 8 Hz are typical for
disordered conformations. Significantly lower values (3-4 Hz) were observed for the
phosphorylated threonine residues (Figure 3), indicating a higher propensity for more ordered
compact conformations, as it has been previously reported.**#’ Analysis of 3D NOESY spectra of
the Tau peptides showed mainly sequential NOE contacts between HN of residue i and Ho/Hp of
residue i-1, typical of disordered conformations (Figure S4, Tables S2-3). However, in the case
of the 4P-Tau(210-240) peptide, additional sequential NOEs were observed between pT231 HN
and R230 HN, and between several HN (i) and HP (i-1) of residues located within the P233-A239
sequence (Figure S4B). In addition, two non-sequential NOEs pT231 HN-V229 Hy and pT231
HN-A227 HP demonstrated the compaction of the C-terminal part of the phosphorylated peptide.
These NOE signals indicative of spatial proximities concurred with J-coupling and secondary

chemical shift analysis to report a more ordered conformation for the phosphorylated peptide.
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Figure 3. Analysis of coupling constants. 3JHN-Ha couplings for Tau(210-240) and 4P-Tau(210-

240). Horizontal lines are marked at 3.9, 4.2, 8.9 and 9.2 Hz, representative values for a-helix, 3'°-
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helix, parallel B-sheet and antiparallel B-sheet, respectively. Proline residue positions in the

sequence are indicated by a green P along the x-axis.

Impact of phosphorylation on Tau(210-240) backbone dynamic parameters To define
whether these conformational modifications due to phosphorylation could affect the peptide
dynamics properties, we used NMR relaxation parameters as reporters.”® Thus, we measured
longitudinal relaxation rates (Ri), transverse relaxation rates (R2), and steady-state 'H,'°N
heteronuclear NOE (hetNOE) values, for both Tau(210-240) and 4P-Tau(210-240) peptides, to

probe the impact of phosphorylation on Tau(220-240) peptide dynamics (Figure 4).
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Figure 4. Dynamics of Tau peptides. Relaxation rates R1, R2 and 'H,'>N heteronuclear NOE

(hetNOE) of Tau(210-240) and 4P-Tau(210-240). Arrow heads indicate the phosphorylation sites.

The R1, R2, and hetNOE measurements are sensitive to motions on the nanosecond to picosecond
timescales, whereas R relaxation rates are additionally influenced by dynamics on the millisecond
to microsecond timescales. An increase in Ri, R2 and hetNOE was observed for the pT residues,
suggesting a reduction in internal motions. An increase in R1 and hetNOE was also observed for

the sequence 234-238 at the C-terminus, in agreement with a decrease in the flexibility.

Molecular Dynamic simulations of Tau(210-240) conformation ensemble In order to
characterize the tertiary structural properties of the Tau peptide, we performed calculations by
using microsecond time-scale MD simulation. We first explored different simulation conditions
(Table S1), including two force fields (C36m and A99) and three temperatures (278 K, 298 K and
310 K). The full convergence was not obtained for all systems, even though the Tau peptide
systems have been simulated in microseconds timescale. Nevertheless, the best simulation strategy
was then chosen based on the agreement between experimental J couplings and secondary
chemical shifts with values predicted from the generated structural ensembles (Figure 5).

The averaged root-mean-square deviation (RMSD) values between predicted and experimental
secondary chemical shift and *Jun-Ha coupling values showed that the C36m force field driven MD
simulations produced the most reliable structural ensemble (Figure 5, Figures S5 and S6).
Therefore, we used the C36m, at all three temperatures, in combination with TIP4P-D water model

simulations to analyze the Tau peptide structural ensembles.
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Figure 5. Validation of the MD simulations. RMSD of secondary chemical shift and Jun-ta
coupling values calculated from NMR experimental parameters and predicted from MD simulation

trajectories.

Structural analysis of the MD-generated structural ensembles of Tau peptides To get a more
detailed picture of the secondary structural preferences of Tau(210-240), we calculated the
secondary structure propensity (SSP) scores for each residue using the DSSP tool (hydrogen bond
estimation algorithm) (Figure S7).*>>° The random coil state was the dominant conformation for
every peptide ensemble, with a population of 75-88%. Upon phosphorylation, an increase in
secondary structural elements was observed, defined as B-turn and B-bend conformations that are
non-regular secondary structures that cause a change of direction of the backbone chain (Figure
S7). To gain further insight into the characteristics of the chain folding, we calculated the time-

dependent variation of the radius of gyration (Rg) (Figure 6).
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Figure 6. Preferential conformations of Tau peptides. Time dependent radius of gyration (Rg)
along with its normalized distributions, from top to bottom at 278 K, 298 K and 310 K. Black

curves represent Tau(210-240) and red curves 4P-Tau(210-240).

For the phosphorylated peptide, we observed a decrease of the average Ry values compared to
Tau(210-240) specially at lower temperatures (Table S4). Contact maps (Figures 7a) for the
structural ensembles generated by the C36m force-field showed indeed more contacts for the
phosphorylated peptide with respect to the Tau(210-240) that is in an extended conformation. Most
of the observed contacts originated from the pT217, pT231, pS235 phosphorylated residues

(Figures 7a) that engaged in intramolecular salt bridges. (Figures 7b and Table S5).
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Arg230
Thr231-
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distances between residue pairs of Tau peptide simulated using C36m. The scales shown at the
right indicate color coding of populations of events when the distance between any pair of residue

atoms was shorter than 0.6 nm. A representative structure of Tau peptide is shown corresponding
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to the final time point (2 ps) of the C36m force-field driven simulation with red colour showing
the phosphorylated residues. B. Occupancy (%) of salt bridges for Tau(210-240) and 4P-Tau(210-

240) peptides simulated by C36m force-field parameters.

DISCUSSION

Formation of a binding interface is governed by various determinants that will control the
binding affinity. Even non-interfacial charges can have an effect on the strength of intermolecular
interactions, affecting the kinetics of binding (Kon) and Kd.>!*? Intrinsically disordered proteins
differ from globular proteins in the kinetics of the binding process and the interactions stabilizing
their complexes due to their specific sequence features.>>* Even more complex is the
contribution of multiple phosphorylation to the regulation of their protein interactions. The impact
of different phosphorylation patterns in the Tau(210-240) peptide on its interaction with BIN1 SH3
was not straightforward to rationalize based on local steric or electrostatic contributions to the
binding surface alone. A similar observation was made for a polyproline sequence of the retinoic
acid hormone nuclear receptor RARy bound by the Vinexin B SH3 domain.>® Introduction of a
fluoroproline residue outside the canonical SH3-PPII binding motif of the RARy polyproline
peptide decreases the interaction, with a two-fold increase in the dissociation constant, although
the fluorine atoms are not expected to contribute significantly to the protein—peptide binding
interface. The effect is attributed to subtle conformational changes induced by the fluorination. In
addition, within the Tau peptide, the multiple phosphorylation behave in a non-additive manner in
regard to their single negative contribution to the binding. Phosphorylation of T231 and S235,
located outside of the binding site negatively influenced the binding, but only when combined.
Phosphorylation could thus indirectly influence the binding by modulating the structural

parameters of the unbound Tau. We indeed observed that the phosphorylation affected the
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secondary structure of Tau(210-240) peptide as well as its preferential conformation. Previous
studies also indicate that phosphorylation in Tau proline-rich region induces structural changes of
the protein backbone. NMR spectroscopy and CD analysis of phosphorylated Tau peptides
(including Tau 211-238 with 6 phosphorylations) show that phosphorylation within these peptides
leads to more compact and more ordered states. The strong decrease in the J coupling constant of
the pT residues is observed specifically in the di-anionic states (pH 8.0).*¢ However, reports on the
impact of Tau phosphorylation in the proline rich region on the secondary structure propensity is
not consensual and might be dependent on the sequence surrounding the phosphorylation site.
Decreased coupling constant values for pT (Figure 3) were reported to indicate a decrease in the
PPII population coupled to an increase in the B-strand population, in agreement with our
observations (Figure 2D).*” However, phosphorylation of the proline rich region of Tau promoting

T46,56

polyproline helix (PPII) was also reported, for pS and p or for pS alone, while pT alone has

t.47 Similarly to our observations, an increased helical propensity at residues

an opposite effec
A239-R242 at the C-terminus of the pT231/pS235 sites has been reported,'*” with an additive
effect due to further phosphorylation of S237 and S238.'4

A decrease in the PPII helix propensity in the proline-rich binding motif might contribute to the
decrease in the affinity for BIN1 SH3 once T217 is phosphorylated. This motif is well-known to
adopt a PPII conformation in the SH3-bound state, and the presence of the bound-conformation in
the free-state might favour the interaction.’®* Stabilization of the helical conformation at the C-
terminus of 4P-Tau(210-240) is instead unlikely to impact the binding because a peptide with
pT212 and pS235, with the same affinity for BIN1 SH3 as the unphosphorylated peptide (Figure

1A), still retains some higher helical content at the C-terminus compared to the unphosphorylated

peptide (Figure 2D). Therefore, the decrease in the binding affinity for a combined
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phosphorylation (pT231 and pS235), ‘outside’ the binding site, could not be ascribed to the
formation of the transient a-helical motif.

Upon phosphorylation, an increase in compactness of the Tau peptide was observed, favored by
decreasing the temperature for the C36m simulation that best captured the experimental parameters
with respect to the A99 simulation. The predictive capacity of generated structural ensembles for
the C36m force-field driven simulations encouraged a more detailed structural analysis. This
analysis revealed that the phosphorylation is causing multiple contacts between residues, as
validated by the observed NOEs signals (Figures S4 and 7a, Tables S2-3). The phospho-Tau
peptide favored a bent conformation stabilized by these multiple intra-molecular contacts mostly
originating from the phosphorylated residues (T217, T231, S235) forming salt bridges with nearby
lysine and arginine residues as well as long-range salt-bridges (pT217-R230 and pS235-R221)
(Figure 7B). In agreement, a previous MD study of a phosphorylated Tau 225-250 peptide, that
overlaps with the peptide from the present study and contains pT231 and pS235, also showed
formation of salt-bridges that stabilize conformation preferences.’’ Salt bridges were observed
with pT231 and pS235, preferentially with the i-1 residue (R230-pT231, K234-pS235) but also
with more distant residues (pT231-K240, pT231 /pS235-R242).57 Similarly, study of Tau peptide
225-246 with 2 or 4 phosphorylations (T231/S235 or T231/S235/S237/S238) showed the
formation of a network of salt bridges using NMR parameters and computation of molecular
ensembles. pT231 and pS235 favor salt bridges with their directly preceding residues R230 and
K234 while pS237 and pS238 are forming salt bridges with distant K240 and R242, respectively.!
It was proposed that pT231 alone is not sufficient to stabilize the a-helix in Tau(225-246) and
while an helix is detected in the NMR spectra for the doubly phosphorylated (pT231-pS235)

Tau(225-246), the helical conformation is much increased in the tetra-phosphorylated
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(pT231/pS235/pS237/pS238) Tau(225-246) peptide, due to the presence of multiple salt-bridges.'*
In agreement, MD simulations of a Tau(225-245) peptides with 0, 1 or 2 phosphorylations at
position T231 and S235 also show that pS235 is not sufficient to affect the conformation of the
peptide.’” A single pT231 or pS235 might thus not be enough to establish the network of salt-
bridges that could be necessary to stabilize secondary structures and peptide compaction and
consequently, binding affinities of the corresponding peptides (Figure 1A). The conformational
changes leading to the more compact conformation may indeed be subtly regulating the binding
of Tau with BIN1 protein by affecting the accessibility of the binding site. In addition, the intra-
molecular salt-bridges involving R221 and K224 in 4P-Tau(210-240) might also impact the
binding by competing with intermolecular salt-bridges (Figure 1D). We previously showed that
mutation of K224 and K225 reduced the affinity for BIN1 SH3 to a Kd of 429 + 94uM,?
comparable to the one of 4P-Tau(210-240). It was similarly proposed that pT231 salt bridge to
R230 competes with the formation of an intermolecular salt bridge with the microtubules.'*
These data emphasize the complex regulation of IDPs by multiple phosphorylation, and the
importance to consider their combinations and indirect structural effects to further understand their

regulatory role in modulating binding with protein partners.

23



PROTEIN ACCESSION ID

Tau protein, microtubule-associated protein tau isoform 2 [Homo sapiens], 441 amino-acid
residues, NCBI reference number NP_005901.2
BIN1 protein, myc box-dependent-interacting protein 1 isoform 1 [Homo sapiens], 593 amino-

acid residues, NCBI reference number NP_647593
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Figure S1. Ion exchange chromatogram of the phosphorylated peptides eluting at different
retention volumes, with the related mass spectra. The elution volume shifts from 22.7 to 27.0 mL

for the 4P- and the 3P-Tau(210-240) peptides.
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Figure S3. Superposition of enlarged regions of the 'H,'>N HSQC spectra of BIN1 SH3, free in
solution (red) or in the presence of a four-fold excess of Tau(210-240) peptide (blue), 2P-Tau(210—
240) peptide (purple) and 4P-Tau(210-240) peptide (green). The observed “diagonal” (or straight
line) formed by the corresponding resonances in each of these spectra between the resonance of
the free (red resonance) and bound (blue resonance) states show that the phosphorylated peptides
sample the same bound conformation as the Tau(210-240) peptide and that only the proportion of

complex presents in the solution is modified at a given stoichiometry (here 1 SH3 BIN: 4 Tau(210-
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Figure S7. Secondary structure propensity (SSP) calculated from C36m MD trajectories
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Supplementary Tables

Table S1. NOE contacts derived from "N HSQC NOESY recorded on Tau(210-240) peptide.

Assign F1 | Assign F2 | Assign F3 Volume
212ThrH | 212ThrN | 211ArgHa 1,92E+12
214SerH | 214SerN | 213ProHa 5,95E+12

215LeuH 215LeuN | 214SerHa 1,05E+13

215LeuH 215LeuN | 214SerHb 1,63E+12
217ThrH | 217ThrN | 216ProHa 1,20E+13
217ThrH | 217ThrN | 216ProHb 1,23E+12
220ThrH | 220ThrN | 219ProHa 1,27E+13
220ThrH | 220ThrN | 219ProHb 1,33E+12
221ArgH | 221ArgN | 220ThrHb 1,32E+13
222GIluH 222GIluN | 221ArgHa 9,11E+12
224LysH 224LysN | 223ProHa 1,26E+13
224LysH 224LysN | 223ProHb 1,33E+12
225LysH 225LysN | 224LysHa 1,61E+13
226ValH | 226ValN | 225LysHa 1,74E+13
226ValH | 226ValN | 225LysHb 2,52E+12
226ValH | 226ValN | 225LysHd 1,62E+12
227AlaH | 227AlaN | 226ValHa 1,30E+13
227AlaH | 227AlaN | 226ValHb 1,32E+12
227AlaH | 227AlaN | 226ValHg 2,32E+12
228ValH | 228ValN | 227AlaHa 2,09E+13
228ValH | 228ValN | 227AlaHb 3,26E+12
229ValH | 229ValN | 228ValHa 2,07E+13
230ArgH | 230ArgN | 229ValHa 1,05E+13
230ArgH 230ArgN | 229ValHg 2,10E+12
231ThrH | 231ThrN | 230ArgHa 9,67E+12
231ThrH | 231ThrN | 230ArgHb 1,47E+12
234LysH 234LysN | 233ProHa 1,21E+13
235SerH | 235SerN | 234LysHa 3,25E+12
239AlaH | 239AlaN | 238SerHa 2,10E+12
240LysH | 240LysN | 239AlaHa 3,52E+12
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Table S2. NOE contacts derived from >N HSQC NOESY recorded on 4P-Tau(210-240) peptide.
Non-sequential NOEs are highlighted.

Assign F1 | Assign F2 Assign F3 Volume
212ThrH | 212ThrN 211ArgHa 1,29E+13
215LeuH | 215LeuN 214SerHa 2,43E+13
215LeuH | 215LeuN 214SerHb 4,70E+12
217ThrH | 217ThtN | 216Pro(Hb/Hg) | 1,58E+12
220ThrH | 220ThrN 219ProHa 1,54E+13
220ThrH | 220ThrN 219ProHg 2,47E+12
221ArgH | 221ArgN 220ThrHa 2,83E+13
221ArgH | 221ArgN 220ThrHb 1,78E+13
222GIluH | 222GIluN 221ArgHa 2,07E+13
224LysH | 224LysN 223ProHa 3,55E+13
224LysH | 224LysN 223ProHb 3,96E+12
225LysH | 225LysN 224LysHa 4,19E+13
226ValH | 226ValN 225LysHa 3,79E+13
226ValH | 226ValN 225LysHb 3,20E+12
226ValH | 226ValN 225LysHg 1,81E+12
226ValH | 226ValN 225LysHd 4,30E+12
227AlaH | 227AlaN 226ValHa 4,00E+13
227AlaH | 227AlaN 226ValHb 4,27E+12
227AlaH | 227AlaN 226ValHg 6,75E+12
228ValH | 228ValN 227AlaHa 4,61E+13
228ValH | 228ValN 227AlaHb 7,69E+12
229ValH | 229ValN 228ValHa 5,18E+13
230ArgH | 230ArgN 231ThrH 2,65E+12
230ArgH | 230ArgN 229ValHa 4,02E+13
230ArgH | 230ArgN 229ValHb 3,58E+12
230ArgH | 230ArgN 229ValHg 8,48E+12
231ThrH | 231ThrN 230ArgHa 5,41E+13
231ThrH | 231ThrtN 230ArgHb 6,47E+12
231ThrH | 231ThrN 229ValHg 1,58E+12
231ThrH | 231ThrN 227AlaHb 5,19E+12
234LysH | 234LysN 233ProHa 4,51E+13
234LysH | 234LysN 233ProHb 3,74E+12
235SerH | 235SerN 234LysHa 2,51E+13
235SerH | 235SerN 234LysHb 5,15E+12
235SerH | 235SerN 234LysHg 1,29E+12
235SerH | 235SerN 234LysHd 2,82E+12
237SerH | 237SerN | 236Pro(Hb/Hg) | 3,10E+12
239AlaH | 239AlaN 238SerHa 8,67E+12
239AlaH | 239AlaN 238SerHb 2,27E+12
240LysH | 240LysN 239AlaHa 8,42E+12




Table S3. Simulated Tau(210-240) Peptide Ensembles

SI. System Consists of Temp (K) System Time
No.

1 Amber99sb-ildn (A99) Force Field 310 Tau(210-240) lus

5 TIP4PD Water Model 4P-Tau(210-240) Tus
50 mM NaCl

3 . 298 Tau(210-240) lus
Trans Prolines

4 Phos Thr/Ser Charge -2 4P-Tau(210-240) Lus

5 Cubic Box 278 Tau(210-240) lus
Capped Terminal NH3" and COO

6 4P-Tau(210-240) Lus

7 Charmm36m (C36m) Force Field 310 Tau(210-240) 2us

3 TIP4PD Water Model 4P-Tau(210-240) 2us
Trans Prolines

9 298 Tau(210-240) 2us
50 mM NaCl

10 Phos Thr/Ser Charge -2 4P-Tau(210-240) 2us

11 Cubic Box 278 Tau(210-240) 2us
Capped Terminal NH3" and COO-

12 4P-Tau(210-240) 2us
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Table S4. Average Radius of Gyration (Rg) calculated from the C36m MD trajectories

Force Field Temp System Average Rg Standard
(K) (nm) Deviations
Tau(210-240) 2.05 0.28
310
4P-Tau(210-240) 1.73 0.41
Tau(210-240) 2.06 0.32
C36m 298
4P-Tau(210-240) 1.40 0.43
Tau(210-240) 2.1 0.26
278
4P-Tau(210-240) 1.48 0.21
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Table S5. Occupancy of Salt bridges formed during the MD simulations, with a cut-off set at 0.55

nm between the bond forming atoms.

System Temp (K) Salt Bridges Occupancy (%)

4P-Tau(210- 278 217THR (P) — 224LYS (N°) 16.8
240) 217THR (P) — 225 LYS (N°) 0.4
C36m 217THR (P) — 230ARG (C) 50.3
231THR (P) - 230ARG (C°) 18
231THR (P) — 234LYS (N 53.4

298 217THR (P) — 225 LYS (N°) 8.5

217THR (P) — 234LYS (N°) 0.9
217THR (P) — 230ARG (C°) 51.8
217THR (P) — 224LYS (N°) 66.7
231THR (P) - 224LYS (N°) 222
231THR (P) — 234LYS (N°) 78.4

231THR (P) - 230ARG (C°) 93
235SER (P) — 221ARG (C) 61.4
310 217THR (P) — 221ARG (C) 49.7

217THR (P) — 225 LYS (N°) 0.9

217THR (P) — 234LYS (N°) 1.9
231THR (P) — 230ARG (C°) 74.2
231THR (P) — 234LYS (N°) 34.5

231THR (P) —224LYS (N%) 6.4
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