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Abstract: The multi-site ubiquitination of Tau protein
found in Alzheimer’s disease filaments hints at the failed
attempt of neurons to remove early toxic species. The
ubiquitin-dependent degradation of Tau is regulated in
vivo by the E3 ligase CHIP, a quality controller of the
cell proteome dedicated to target misfolded proteins for
degradation. In our study, by using site-resolved NMR,
biochemical and computational methods, we elucidate
the structural determinants underlying the molecular
recognition between the ligase and its intrinsically
disordered substrate. We reveal a multi-domain dynamic
interaction that explains how CHIP can direct ubiquiti-
nation of Tau at multiple sites even in the absence of
chaperones, including its typical partner Hsp70/Hsc70.
Our findings thus provide mechanistic insight into the
chaperone-independent engagement of a disordered
protein by its E3 ligase.

Introduction

Maintaining a healthy proteome is pivotal for cellular
functioning and involves the regulation of protein folding,

concentration, localization, interactions and clearance.[1]

One of the key mechanisms governing protein turnover is
the covalent attachment of ubiquitin and of its multimers
(polyubiquitin chains) to target proteins via the formation of
an isopeptide bond between the ubiquitin terminal glycine
and substrate lysine side chains.[2,3] Ubiquitination is carried
out by the synergic activity of ubiquitin-activating (E1),
ubiquitin-conjugating (E2), and ubiquitin ligase (E3) en-
zymes, the latter ensuring target specificity.[2,4] Modification
by Lys48-polyubiquitin is read by cells as a strong signal for
substrate degradation by the proteasome.[5] Ubiquitin-de-
pendent protein degradation is crucial for the health of
neurons, where protein remodeling is at the basis of
specialized brain processes such as memory and learning,
and synaptic plasticity.[6] The age-dependent dysfunction of
the mechanisms controlling protein clearance determines
the accumulation of damaged and misfolded proteins within
neurons.[7] Indeed, the aberrant deposition of misfolded
proteins represents a hallmark of multiple age-related
neurodegenerative conditions such as Alzheimer’s and
Parkinson’s disease.[8]

In Alzheimer’s disease (AD), the protein Tau, a micro-
tubule-associated protein with a central role in axonal
transport and neuronal functionality,[9, 10] converts into toxic
amyloidogenic species and self-assembles into straight and
paired helical filaments (SFs, PHFs) that accumulate within
neurons.[11] In PHFs, Tau is hyperphosphorylated and
modified with both monoubiquitin and polyubiquitin mainly
of the Lys48 type,[12,13] suggesting an attempt of neurons to
eliminate toxic species via the ubiquitin-proteasome system
(UPS). A comprehensive mass-based profiling of patholog-
ical Tau in AD identified 17 specific ubiquitination sites, 16
of which are within the microtubule-binding domain
(MBD)[14] which is involved in the formation of the core of
the PHFs.[15] Notably, conjugation of ubiquitin to distinct
lysine residues of Tau produces diverse effects on the
protein aggregation mechanism.[16,17] Despite the crucial role
of ubiquitin in controlling Tau degradation and formation of
filamentous aggregates, the regulatory and structural aspects
of Tau ubiquitination remain elusive.
CHIP (carboxyl terminus of Hsp70 interacting protein),

an E3 ubiquitin ligase of the RING/U-box type family, binds
directly to Tau, promotes its ubiquitination both in vivo and
in vitro,[18–20] and is required for the in vivo ubiquitin-
dependent degradation of phosphorylated Tau species.[21]

CHIP is known to mediate the ubiquitination of client
proteins bound to Hsc70/Hsp70 or Hsp90 chaperones,
promoting their degradation by the UPS or by the
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autophagy pathways,[22] and preventing the accumulation of
misfolded proteins in the cell.[23–25] Specifically, a lysine
clamp within a groove formed by the odd helices of the
CHIP-TPR domain recruits members of the Hsp70 and
Hsp90 families through the selective binding of their C-
terminal (I/M)EEVD motif, thereby favoring the ubiquitina-
tion of the chaperone-bound proteins.[26,27] On the other
hand, CHIP can also ubiquitinate substrates independently
of bound chaperones.[26] Indeed we have recently shown that
CHIP, in combination with the E2 enzyme Ubc13, and in
the absence of Hsp(c)70, is able to catalyze the ubiquitina-
tion of the four-repeat region of Tau at multiple lysine
residues,[16] most of which have been found ubiquitinated
also in Tau filaments isolated from the brain of AD
patients.[14]

Despite the central role of CHIP in the ubiquitin-
dependent degradation of Tau, structural aspects concerning
the recognition between the two proteins are still unknown.
In the present work, by using high resolution NMR
spectroscopy combined with computational and biochemical
methods on both full-length proteins and shorter constructs,
we provide insights into the recognition mechanism between
Tau and CHIP, explaining the ability of this E3 ligase to
operate in the absence of Hsc70. We show that the
interaction is mainly directed by the repeat region of Tau
which binds to the hairpin domain of CHIP. Additional
contact sites were observed between the TPR domain of
CHIP and N- and C-termini of Tau which might restrict the
conformational flexibility of the protein complex. We found
that the TPR domain is not required for CHIP to
ubiquitinate Tau, thus explaining why Hsc70 is not essential
for Tau ubiquitination and does not influence the ubiquiti-
nation pattern of Tau mediated by CHIP.

Results

Evidence has been provided to support the interaction
between Tau and CHIP in vivo and in vitro,[18,19,21] however
detailed information on their recognition mechanism is
currently lacking. In our work, we performed high resolution
NMR experiments on 15N-labelled proteins, in the absence
or presence of the partner, to unambiguously identify the
binding interface between the two molecules. At first, we
assessed the binding between the full-length human re-
combinant proteins, namely: 1) the Tau 2N4R isoform, an
intrinsically disordered protein (IDP) of 441 residues that
includes the two N-terminal inserts N1 and N2, the proline
rich domains P1 and P2, and the four microtubule binding
repeats (R1-R4) at the C-terminus (Figure 1A); 2) the 303-
residue CHIP protein forming a homodimer in which each
protomer has an N-terminal TPR domain containing the
Hsp(c)70 binding site, a central helical hairpin, and a C-
terminal U-box domain responsible for the binding to the
E2 enzyme (Figure 1B). The two protomers associate
through interactions established by the U-box and the
helical hairpin, which displays an unusual asymmetric
conformation in the crystal structure of the murine

protein[27] but exhibits a high degree of structural flexibility
in solution.[28,29]

The 1H-15N-HSQC spectrum of Tau 2N4R is shown in
Figure 1C. The binding of CHIP caused strong attenuations
of Tau NMR signals, which can be explained by the
formation of a slowly tumbling complex. The plot of the
intensity attenuations versus residue number (Figure 1D)
revealed which regions of Tau contact the E3 ligase: the
beginning of N1 (46–57) and the R3-R4 repeats up to the C-
terminal end of the protein (307–441) exhibited the largest
perturbations, followed by the P2-R1-R2 region (217–306)
and the residues following N2 (100–115), which also
experienced a considerable effect. The binding between full-
length Tau and CHIP was of moderate affinity, as deduced
from the NMR-derived dissociation constant, Kd=14 μM
(Supporting Information Figure S1A). Since we employed a
GST-tagged form of CHIP to confer greater solubility to the
protein complex, we also reported a control experiment
demonstrating that the GST alone had no effect on the
NMR signals of Tau (Figure 1D). Notably, the binding
profile of Tau 2N4R in complex with CHIP was very
effectively reproduced by joining the intensity profiles of
three shorter constructs of Tau, 1–152, 151–243, and 244–
441, which were separately assayed for binding to CHIP
(Figure 1E). Thus, these data indicate that distinct regions
of Tau bind CHIP independently of each other.
To understand which part of CHIP was directly interact-

ing with full-length Tau, NMR binding experiments were
performed using the isolated domains of the E3 ligase. The
U-box domain did not perturb Tau NMR signals (Fig-
ure 1F), thus ruling out its direct involvement in the complex
formation. By contrast, the TPR domain induced a pro-
nounced attenuation of signals for a number of residues
belonging to the very N-terminal and C-terminal regions of
Tau. The plot of the intensity attenuations allowed us to
identify the stretches 46–57 and 413–428 (with I/Ifree<0.5) as
specific TPR interacting regions (Figure 1F). The involve-
ment of these motifs was also observed in the experiment
with the entire CHIP protein (Figure 1D), while it was not
detected on interaction with a CHIP mutant lacking the
TPR domain (CHIPΔTPR) (Figure 1G). The Kd value of
360 μM, determined by ITC (Supporting Information Fig-
ure S1B), indicated that the binding strength between the
isolated TPR domain and Tau was lower than that of the
full protein complex, in agreement with the fact that only
part of the binding sites was engaged. The binding of full-
length Tau to 15N-labelled TPR induced strong signal
attenuations and small chemical shift perturbations (CSP) in
the TPR spectra (Supporting Information Figure S2A,S2B).
The analysis of CSP (Supporting Information Figure S2C)
revealed that residues 64–66, 68, 70 in the N-terminal and
146, 148, 150, 152, 153 in the C-terminal of the TPR domain
were the most perturbed upon binding. A clear signal
perturbation in the region 62–71 was also observed upon
addition of the C-terminal portion of Tau spanning residues
244–441 (Supporting Information Figure S2D). Taken to-
gether, these results suggest that the 413–428 stretch of Tau
contacts directly the 64–70 region of TPR.
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We then used molecular dynamics (MD) simulations and
docking calculations to build a structural model of the Tau-
TPR complex, using an ensemble of structures of the
Tau405-430 peptide as a representative sequence containing
the C-terminal TPR-interacting region. The calculation
produced a bundle of low-energy structures of Tau405-430
centered within the cavity identified by the odd TPR helices
(Figure 2A and Supporting Information Figure S3A,S3B).
The statistical analysis (see experimental methods and

Figure S3C in Supporting Information) indicated that the
Tau–TPR complex was specific and identified a low-energy
hotspot in a cavity that had already been described as the
binding site of Hsc70.[26] From the analysis of the best
lowest-energy ensemble of 200 structures, it appeared that

32% of Tau conformers populated the cavity, with Asp421
being positioned in proximity (<10 Å) of Lys30 or Lys95
(Figure 2B and Supporting Information Figure S3D). The
latter are two key lysine residues that the TPR domain uses
to specifically recognize the terminal carboxylates of the (I/
M)EEVD motif of Hsp90(70) chaperones in a well charac-
terized “two carboxylate clamp” mode.[26,27,30] The absence
of a C-terminal Asp in full-length Tau, as opposed to the
caspase product Tau421D,[30] explains its lower affinity to
TPR.
Indeed, the Lid domain of Hsc70 (hereafter Hsc70LD),

which includes the IEEVD motif, binds with submicromolar
affinity to CHIP-TPR (Supporting Information Figure S1D)
and it could prevent the interaction of TPR with Tau.

Figure 1. A) Domains organization of the Tau2N4R protein. B) Domain organization of CHIP. On the right, the X-ray structure from PDB 2c2v is
shown.[27] C)–G) NMR analysis of the Tau2N4R–CHIP interaction. C) Overlay of 1H,15N-HSQC spectra of 15N-Tau2N4R collected without (blue) and
with (red) GST-CHIP at 3 :1 molar ratio. D) NMR interaction profile of Tau2N4R with GST-CHIP (blue bars) or GST (gray bars), both at 3 :1 molar
ratio. E) NMR interaction profile of Tau1-152 (yellow bars), Tau151-243 (purple bars), Tau244-441 (orange bars), and Tau2N4R (black circles), all
with GST-CHIP at 3 :1 molar ratio. F) NMR interaction profile of Tau2N4R with TPR at 3 :1 molar ratio (blue bars) or UBOX at 1.2 :1 molar ratio
(gray bars). G) NMR interaction profile of Tau2N4R with GST-CHIPΔTPR at 3 :1 molar ratio (blue bars) or GST-CHIP and Hsc70LD at 3 :1 :1 molar
ratio (red sticks). In D–G, the plot of the peak intensity ratio (I/Ifree) from 1H,15N-HSQC spectra of 15N-Tau constructs acquired alone (Ifree) and in
the presence of protein ligand (I), versus Tau sequence, is shown. Residues affected by severe signal overlap or low signal/noise were excluded
from the analysis.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202112374 (3 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



To verify this hypothesis, we performed an NMR bind-
ing experiment between the full-length CHIP and Tau
proteins in the presence of Hsc70LD. The NMR binding
profile reported in Figure 1G indicated that no intensity
attenuation occurred in the TPR-binding regions (46–57 and
413–428) of full-length Tau when Hsc70LD was present.
Indeed, the same profile was obtained when CHIPΔTPR
was used (Figure 1G). The preference of TPR for the Lid
domain of Hsc70 over Tau was confirmed by NMR experi-
ments on 15N-labelled TPR. In the presence of Hsc70LD at
1 :1 molar ratio, the HSQC spectrum of TPR changed with
characteristic peaks shifts and broadening (Supporting
Information Figure S2E). The co-presence of both Hsc70LD
and full-length Tau at equimolar ratio (Supporting Informa-
tion Figure S2F) produced spectral changes that were very
similar to those obtained with Hsc70LD alone (Supporting
Information Figure S2E) and different from those obtained
with the sole Tau (Supporting Information Figure S2B).
The weak binding affinity measured in ITC experiments

suggests that the TPR domain is not the part of CHIP that
controls the interaction with Tau: indeed, the pull-down
assay reported in Figure 3A shows that both CHIP and
CHIPΔTPR were able to bind full-length Tau in a compara-
ble way. The experiment also showed that both CHIP
variants efficiently pulled down the shorter Tau4RD con-
struct, identifying the repeat region of Tau as the hot spot of
the interaction, in agreement with previous biochemical
data.[19] With a Kd of 26 μM (Supporting Information
Figure S1C), the affinity of CHIP for Tau4RD was of the
same order of magnitude as that between the two full-length
proteins. The binding of Tau4RD to CHIP was cooperative,
since almost no interaction occurred when a single repeat
(R1, R2, R3 or R4) was used, while their combination
(R2R3, R3R4, R1-R4) effectively promoted binding to
CHIP (Figure 3B). Moreover, the binding decreased upon
addition of NaCl in a concentration-dependent way (Fig-
ure 3C), indicating a significant contribution of electrostatic
interactions to the formation of the complex. NMR data
collected on 15N-labelled Tau4RD (Figure 3D,E) demon-
strated that the isolated repeat domain associated with full-
length CHIP in the same way as when incorporated in full-
length Tau. No significant interaction was observed between
Tau4RD and the isolated TPR domain, except for a contact

confined to the C-terminal part of the R4 repeat, between
residue 351 and 361 (Figure 3F). On the other hand,
Tau4RD was found to interact effectively with CHIPΔTPR,
exhibiting an NMR binding profile that well reproduced the
pattern obtained with full-length CHIP. Three distinct
binding sites in Tau4RD were identified: the region 263–293
between the R1 and R2 repeats, the region 295–330 between
the R2 and R3 repeats and the stretch 341–361 in the R4
repeat (Figure 3F). The C-terminal of the R4 repeat
appeared less involved in binding to CHIPΔTPR compared
to full-length CHIP (Figure 3E), in agreement with the
absence of the contribution of the TPR domain.
Overall, our data indicate that the repeat region of Tau

directs the interaction with CHIP, independently from the
presence of the TPR domain. Since a significant contribution
of the U-box domain was already ruled out (Figure 1F), we
tested the direct interaction between the Tau repeats
domain and the isolated helical hairpin domain of CHIP.
The NMR binding experiment between 15N-labelled
Tau4RD and a GST-tagged CHIP variant that includes only
residues 130–221 (Figure 3G) confirmed the interaction
between these protein domains and indicated that the three
binding sites in Tau4RD were retained, with the 308–315
site in the R3 repeat displaying the largest signal perturba-
tion. The effect on Tau signal intensity was here less
pronounced, possibly due to the absence of the U-box dimer
that results in a reduced size and faster tumbling of the
complex.
As the data indicated that Tau could bind CHIP in the

absence of the TPR domain, we tested whether the TPR was
required for ubiquitination of Tau by CHIP. The ubiquitina-
tion assays reported in Figure 4A and Supporting Informa-
tion Figure S4 showed that CHIPΔTPR ubiquitinated
Tau4RD in a comparable manner to the full-length ligase.
Moreover, a comparable level of ubiquitination was ob-
tained when full-length CHIP was employed together with
the Hsc70 chaperone (Figure 4A), which we showed to
effectively sequester the TPR domain. Indeed, MS fragmen-
tation analysis of the ub-Tau4RD conjugate obtained by
enzymatic reaction in the absence or presence of full-length
Hsc70 identified the same pattern of ubiquitinated Tau
lysine residues, including K259, K267, K274, K281, K290,
K294, K298, K311, K317, K321, K331, K340, K353, and

Figure 2. A) Data-driven rigid body docking flowchart from CSP data to Tau405-430-TPR complex. In the TPR structure (PDB ID: 4KBQ[31]) reported
as a ribbon on the left, the most perturbed region (63–72) according to NMR data, is highlighted in red. The result of rigid body docking of the
TPR with Tau 405–430 peptides is reported on the right with the globular protein represented in gray ribbons and the Tau peptides as red stick
structures B) Best lower-energy ensemble of 200 structures of Tau405-430-TPR complex, where TPR is shown as a green-colored ribbons and only
Asp421 of Tau peptides is shown as red and grey colored sticks. Lys30 and Lys95 of TPR are shown as cyan and blue colored sticks.
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K370 (see Supporting Information excel and supplementa-
ry_MSdata files). Overall, these data clearly indicate that
the TPR domain is not essential for the CHIP-mediated
ubiquitination of Tau.

Discussion

The described findings provide novel insight into the
molecular recognition between Tau and its ubiquitin ligase

CHIP. NMR binding experiments revealed that Tau asso-
ciates with CHIP through distinct interaction sites: two
stretches at the very N- and C-terminal regions (residues 46–
57 and 413–428), the repeat domain and, to a lesser extent,
part of the proline-rich region and the N2 domain (Fig-
ure 1). This multi-site recognition mode is made possible by
the extraordinary flexibility of Tau, a long and intrinsically
disordered polypeptide able to explore a large conforma-
tional space and offer multiple separate contact points for
interaction with protein partners. Indeed, intrinsically dis-

Figure 3. A) Immunoblot (IB) analysis of the binding between GST-CHIP/GST-CHIPΔTPR and His-Tau4RD/His-Tau2N4R. B) IB analysis of the
binding between His-CHIP and the GST-Tau repeats. C) IB analysis of the binding between His-CHIP and GST-Tau244-380 (R1-R4) at increasing
NaCl concentration. In (A)–(C), the binding was probed by GST-pull down assay and the blots were developed with the anti-His mAb-HRP and the
4-chloro-1-naphthol reagent. D–G) NMR analysis of the Tau4RD–CHIP interaction. D) Overlay of 1H,15N-HSQC spectra of 15N-Tau4RD collected
without (purple) and with (green) GST-CHIP at 1 :1 molar ratio. E) NMR interaction profile of Tau4RD with GST-CHIP at 1 :1 molar ratio (orange
bars) in comparison with that of Tau2N4R with GST-CHIP at 3 :1 molar ratio, restricted to region 244–372 (black circles). F) NMR interaction
profile of Tau4RD with TPR at 1 :1 molar ratio (gray bars) or GST-ΔTPR at 1 :1 molar ratio (orange bars). G) NMR interaction profile of Tau4RD
with GST-hairpin at 1 :1 molar ratio (orange bars). In (E)–(G), the plot of the peak intensity ratio (I/Ifree) from 1H,15N-HSQC spectra of 15N-Tau4RD
acquired alone (Ifree) and in the presence of protein ligand (I), versus Tau sequence is shown. Residues affected by severe signal overlap or low
signal/noise were excluded from the analysis. On the top, the scheme of the Tau repeats organization is shown. The red bars above R2 and R3
identify the hexapeptides motifs PHF6* and PHF6 that promote Tau aggregation.
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ordered proteins and regions (IDPs and IDRs) represent
exceptional binding partners in regulating cellular pathways,
being able to engage with interaction mechanisms not
affordable by globular proteins.[32–35]

Remarkably, the surface of Tau that engages CHIP is
more complex than the one used to interact with other
chaperone or co-chaperone proteins such as Hsp90,[36]

Hsc70,[37] Hsp72[37] or FKBP51.[36] Indeed, in those cases,
only part of the proline-rich domain and the repeat domain
are deeply involved, while in the case of CHIP, additional
recognition sites at the N- and C-terminal regions of Tau
were identified and were shown to interact with the TPR
domain (Figure 1). The NMR and computational analysis
indicated that the C-terminal binding motif of Tau specifi-
cally occupies the TPR groove (Figure 1–2). Based on the
determined binding affinities (Supporting Information Fig-
ure S1), it emerges that in physiological conditions the Tau-
TPR interaction would not be competitive over that of
Hsc70LD-TPR, but it could come to the fore in case of
depletion of the cellular pool of active chaperones, as
observed in neurodegenerative brains.[38] Moreover, it was
shown that other TPR-containing proteins, like FKBP51,
can displace CHIP from binding to Hsp90, and their

elevated cellular levels, as found in AD brain, may increase
the likelihood of CHIP to interact directly with protein
targets.[39]

Notably, we found that Tau exploits multiple sites of
contact to engage CHIP, beyond the TPR, thus making this
domain and co-bound chaperones not essential for the
association with Tau. NMR data (Figure 1) clearly indicate
that CHIP contacts a large portion of Tau, primarily
localized to its repeat domain. The latter exhibits a higher
content of hydrophobic residues, compared to the rest of the
sequence, plunged in an otherwise positively charged
surrounding. The analysis restricted to the isolated repeat
domain (Figure 3) points out two hotspots of interaction
with CHIP: the stretch 263–293 between the R1 and R2
repeats and, most importantly, the stretch 295–330 between
the R2 and R3 repeats. The two regions include the
hexapeptides motifs PHF6* (275VQIINK281) and PHF6
(305VQIVYK311), which are considered crucial for the
amyloid transition and pathological aggregation of Tau.[40]

Interestingly, the two motifs have also been implicated in
mediating the interaction of the Tau repeat domain with
Hsc70-Hsp70[41] and Hsp90,[42] chaperones that have the
important role of burying aggregation-prone hydrophobic
sites of IDPs or misfolded proteins. Thus, we envision that,
beyond acting as a ubiquitin ligase, CHIP could also
chaperone Tau by masking these hydrophobic sites and
preventing their nucleation in pathological processes. In-
deed, CHIP was found to decrease the elongation rate of
filament formation for some Tau isoforms in thioflavin-
based aggregation assays.[43]

Importantly, the two contact regions 263–293 and 295–
330 are retained in the binding between the isolated repeat
domain of Tau and the CHIP mutant lacking the TPR or the
short construct that only contains the helical hairpin domain
(Figure 3). These data, together with evidence from the pull-
down assay (Figure 3), clearly indicate that the repeat
domain of Tau engages CHIP via the helical hairpin. This
interaction is also observed in the context of full-length Tau
in complex with CHIPΔTPR (Figure 1G), although the site-
specific NMR signal intensity attenuation is less evident.
The latter observation is partly due to the higher protein/
ligand ratio, compared to the experiments with Tau4RD,
and may also be attributed to competing intramolecular
interactions between the acidic (Supporting Information
Figure S5) N- and C-terminal regions and the repeat domain
of Tau.[44,45] In addition, the absence of anchors to TPR may
increase the conformational dynamics of the repeat regions
in the Tau–CHIP complex.
A computational energy-based analysis of possible bind-

ing sites for the Tau fragments 263–293, 295–330 and 341–
361 on the surface of CHIP, subdivided in regions of 12
residues (Supporting Information methods and Table S1),
showed an overall uniformity of binding energy values for
all the tested CHIP fragments. This finding suggests that
there is no unique binding site on CHIP and that the repeat
domain of Tau may contact the hairpin domain at multiple
points and with multiple orientations, in agreement with the
flexible nature of an IDP. In the context of the full protein
complex, the binding of the Tau N- and C-termini to the

Figure 4. A) SDS-PAGE showing ubiquitination reaction of Tau4RD
incubated at 37 °C for 5 hours with UBE1, E2N (hUbc13) and GST-
tagged CHIP/CHIPΔTPR. B) Schematic model of the dynamic inter-
action between the E3 ligase CHIP and Tau protein and its chaperone-
independent ubiquitination at multiple sites. Tau is represented as an
orange line placed in multiple arrangements, whereby it can accept
ubiquitin at different positions.
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TPR domain could be functional in facilitating the complex
formation and restricting the conformations of the hairpin-
bound Tau repeats. NMR data suggest that the U-box
domain of CHIP is not directly involved in Tau recognition,
although it might increase the overall affinity of the CHIP–
Tau complex due to its involvement in CHIP dimerization.
The disengagement of the U-box would be in line with its
role in recruiting an E2 enzyme of the Ubc13[27] or Ubch5[19]

type to ubiquitinate the substrate.

Conclusion

CHIP-mediated ubiquitination of Tau has crucial implica-
tions for Tau biology and pathology. We found that Tau
associated with CHIP through a multivalent, cooperative
interaction between three primary binding sites within the
repeat domain of Tau and the helical hairpin of the ligase.
Additional interactions were established between the Tau
terminal regions and the CHIP-TPR domain. Computational
analysis showed that the C-terminus of Tau preferentially
interacted with a lysine clamp in the Hsc70-binding groove
of TPR. Notably, the lack of TPR did not impair the binding
of the Tau repeats to CHIP nor alter the ubiquitination
pattern as determined by MS, although changes in the NMR
intensity attenuation profile suggested an increase in fuzzi-
ness of the protein complex. The observed multi-site binding
of Tau to the CHIP hairpin and the reported conformational
dynamics of this domain in solution well explain how the E3
ligase can ubiquitinate the repeat region of Tau in multiple
positions. These findings may provide the basis for the
conception of molecular approaches aimed at modulating
this protein–protein interaction to promote the ubiquitin-
dependent clearance of Tau and ameliorate the progression
of AD.
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