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ABSTRACT

The cyclization of peptides is a valuable strategy for the development of binding motifs to target
proteins with improved affinity. Microtubules (MTs) are important targets for therapeutics, and a
variety of MT-targeted drugs and peptides have recently been developed. We have previously
designed a Tau-derived peptide (TP) that binds to the interior of MTs. In the present study, the
development of a cyclic TP (TCP) for enhanced binding to tubulin and the stabilization of MTs is
described. The fluorescently labeled cyclic peptide containing three glycine linkers (TCP3-TMR)
exhibited a remarkably enhanced binding affinity to tubulin. The cyclic peptide was also
demonstrated to stabilize MTs by enhancing polymerization and reducing depolymerization.
Moreover, MTs were effectively formed by the treatment of cyclic peptides in the presence of
guanosine triphosphate (GTP), while the linear peptide showed no such effect. These findings
indicate that TCP is a useful binding motif that can stabilize MTs and is valuable for various

therapeutic and material applications.
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INTRODUCTION

Peptides are attractive binding motifs for targeting proteins with high selectivity and affinity.
Protein-binding peptides can be utilized for various applications, such as the inhibition of protein-
protein interactions, signaling, and cell adhesion [1-5]. Cyclic peptides have superior properties
compared to their linear counterparts, including improved binding affinity, target selectivity,
cellular uptake capability, and high proteolytic stability [6—10]. The higher binding affinity of
cyclic peptides can be explained by the lower entropic loss upon binding to target proteins [11].
Linear peptides typically adopt disordered conformations in aqueous solutions and display defined
conformations upon binding to target proteins. The restriction in conformational freedom upon
binding leads to an entropic penalty, which affects the affinity for the target proteins. On the other
hand, in the case of cyclic peptides, the conformational freedom is restricted in solution, and the
entropic loss resulting from binding to the target proteins is minimized, leading to high affinity.
Owing to their unique properties, cyclic peptides are valuable protein binding motifs for various
applications, including therapeutics. For example, Suga et al. developed a screening library of
cyclic peptides for the development of various drug candidates [9].

Microtubules (MTs) are cytoskeletal structures that are widely recognized as important
therapeutic targets for the treatment of MT-related diseases, such as cancer and neurodegenerative
disorders [12, 13]. MTs are hollow tube assemblies formed by the polymerization of tubulin dimers.
The balance between the polymerization and depolymerization of MTs as well as the motility of
motor proteins (e.g., kinesin and dynein) on MTs are critical in a number of cellular processes,
such as cell division [14, 15]. Due to the importance of MTs, various MT-targeted drugs that disrupt
their dynamics by binding to tubulin have been developed [12, 13]. Taxol (paclitaxel) is one of the
most well-known anticancer agents. It stabilizes MTs by binding to their inside pocket, inducing

tubulin polymerization and inhibiting depolymerization [16]. Since the Taxol binding pocket in



MTs is a unique target for the design of novel therapeutic molecules, a number of peptides that
bind in this pocket of MTs have been developed [17-20]. The reported peptides bind to the Taxol
binding pocket with moderate affinities to promote tubulin polymerization. Campiani et al.
designed linear and cyclic peptides, which were shown to bind in this pocket. The group also
revealed that cyclic peptides exhibited pro-apoptotic effects, whereas linear peptides were inactive
[20]. Although the binding affinity of the peptides to tubulin was not evaluated in the
aforementioned study, it is suspected that the cyclic peptides displayed strong binding affinity to
tubulin, resulting in the stabilization of MTs. Hence, the development of cyclic peptides with high
affinities toward the Taxol binding pocket is an attractive strategy for the stabilization of MTs.
As a binding motif for the Taxol binding pocket of MTs, we previously described a Tau-
derived peptide, TP (CGGGKKHVPGGGSVQIVYKPVDL) [21]. TP was designed based on a
repeat domain in the Tau protein, which is involved in binding to the inner surface of MTs through
interactions with the Taxol binding pocket [22, 23]. TP binds to the pocket of MTs by preincubation
with tubulin and subsequent polymerization of the peptide-tubulin complex [21]. The dissociation
constant (Kq) of the tetramethylrhodamine (TMR)-labeled TP (TP-TMR)-tubulin complex was
established as 6.0 uM [21]. We have previously observed the binding of TP-TMR to intracellular
MTs [24], indicating that TP is a suitable binding motif for MTs both in vitro and in living cells.
Furthermore, it has been reported that green fluorescent protein (GFP) can be encapsulated inside
MTs by conjugation with TP [25]. Notably, the GFP-encapsulated MTs exhibited stability similar
to the Taxol-bound MTs. Hence, modulation of TP for enhancing the binding affinity to the Taxol
binding pocket is a promising strategy for stabilizing MTs. In the present study, we successfully
developed a TMR-labeled Tau-derived cyclic peptide (TCP) for enhanced binding to tubulin and

stabilization of MTs (Figure 1).



EXPERIMENTAL
The experimental details, including equipment and materials, estimation of binding affinity by

equilibrium dialysis, and CLSM measurement, are available in the Supplementary Information.

Molecular modeling

Molecular mechanics (MM) calculations were performed by a procedure similar to that reported
previously using MacroModel 10.4 (Schrodinger, Inc., New York, NY) with optimized potentials
for liquid simulations (OPLS) 2005 force field [21]. The refined structure of the tubulin dimer at
aresolution of 3.5 A (PDB ID: 1JFF) [26] was used for the molecular modeling and ligand docking
studies. The addition of the missing hydrogen atoms to the model was carried out using Maestro
interface ver. 10.4 (Schrodinger) based on an explicit all atom model. The model structures of
TCP1-TMR and TCP3-TMR were constructed based on the structure of TP [21], which was based
on the reported binding structure of the Tau fragment, Tau(267-312) to MTs (PDB ID: 2MZ7)
determined by NMR analysis [23]. The additional residues and the TMR moiety were bound to the
NMR structure to prepare TCP1-TMR and TCP3-TMR, and the energies of the structures were
minimized. The obtained TCP1-TMR and TCP3-TMR structures were placed in the Taxol
binding pocket of tubulin instead of Taxol. First, the peptides with the surrounding residues at
approximately 5.0 A were energy-minimized with a shell of constrained residues located within an
additional 5.0 A. The minimum energy conformation was then used as a starting point for a Monte
Carlo multiple minimum (MCMM) conformational search analysis to obtain the most favorable
conformation and orientation of the peptides. The following parameters were used: up to 1000
search steps, an energy window of 200 kJ/mol for saving structures, and a loosened threshold for
conformer redundancy with a root mean square deviation (RMSD) cutoff of 1.0 A. In the

calculations, the peptides with its surrounding residues within 5.0 A were applied for the



conformational search with a shell of constrained residues located within an additional 4.0 A.
Finally, the obtained structures were energy-minimized by using the same parameters as above.
For comparison, minima conformations of TCP1-TMR and TCP3-TMR in water were searched
by a Monte Carlo conformational search with 30000 search steps, an energy window of 100 kJ/mol
for saving structures, and a the loosened threshold for conformer redundancy corresponding to a
RMSD cutoff of 1.0 A. From the minima conformations found in the step, the five most stable
conformations were superimposed on the binding conformations in the Taxol binding pocket by
alignment in the backbone of the core hairpin motif (PGGGSVQIV). The RMSD values of the core
hairpin motif between the tubulin-binding conformations and the minima conformations were

calculated.

Synthesis of the peptides

For ClAc-C(Acm)-GKKHVPGGGSVQIVYKPVDLC peptide (TLP1), H-Cys(Acm)-Gly-
Lys(Boc)-Lys(Boc)-His(Trt)-Val-Pro-Gly-Gly-Gly-Ser(Trt)-Val-Gln(Trt)-Ile-Val-Tyr(tBu)-
Lys(Boc)-Pro-Val-Asp(OtBu)-Leu-Cys(Trt)-Trt(2-Cl) resin was synthesized on H-Cys(Trt)-Trt(2-
Cl)-Resin (Watanabe Chemical Ind. Ltd) using standard Fmoc-based solid-phase chemistry (4
equiv. Fmoc-amino acids). An N-methylpyrrolidone (NMP) solution of 1-[(1-(cyano-2-ethoxy-2-
oxoethylideneaminooxy)-dimethylamino-morpholinomethylene)] methanaminium
hexafluorophosphate (COMU, 4 equiv.) and diisopropylethylamine (DIPEA, 8 equiv.) were used
as the coupling reagents. Each condensation was performed at room temperature for 2 h.
Deprotection of the Fmoc groups from the resin was performed using 40% and 20% piperidine in
N,N-dimethylformamide (DMF). After the last amino acid coupling, Fmoc deprotection was
performed, and the N-terminal amine was chloroacetylated by incubating with 10 equiv. of

chloroacetic anhydride in 1 mL of CH»Cl, for 1 h. The peptidyl resin was washed with NMP and



CH>Cl, and then dried under vacuum. The peptide was deprotected (except for the Acm group) and
cleaved from the resin by treatment with a cleavage cocktail (trifluoroacetic acid
(TFA)/water/thioanisole/ethanedithiol/triisopropylsilane = 86/5/5/3/1, v/v/v/v/v). The mixture was
kept at room temperature for 3 h. After filtration, the peptide was precipitated by adding ice-cooled
tert-butyl methyl ether. After centrifugation, the peptide was washed with fert-butyl methyl ether
3 times. The precipitated peptide was dried under vacuum. The crude product was purified by
reversed-phase high-performance liquid chromatography (RP-HPLC) with water/acetonitrile (both
containing 0.1% TFA, 95/5 to 0/100, v/v for 100 min, linear gradient, 10 mL/min, detected at 220
nm). MALDI-TOF-MS: m/z found: 2433 ([M+H]"), calcd. 2433. The ClAc-C(Acm)-
GGGKKHVPGGGSVQIVYKPVDLC peptide (TLP3) and ClAc-
GGGKKHVPGGGSVQIVYKPVDLC peptide (TLP3c¢c) were synthesized by the procedure
described above. MALDI-TOF-MS for TLP3: m/z found: 2546 ([M+H]"), calcd. 2547, TLP3c:

m/z found: 2374 ([M+H]"), calcd. 2373.

Cyclization

The cyclization was performed by dissolving TLP1 or TLP3 (50 uM) in 0.1 M Tris/HCI, pH 8.1,
containing 85 uM dithiothreitol (DTT) and incubating the solution at 25°C for 3 h. In the case of
TLP3c, TLP3c¢ (600 uM) was dissolved in 0.1 M Tris/HCI, pH 8.1, containing 720 uM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCI) and incubated at 25°C for 24 h. The resulting
cyclic peptides, TCP1-Cys(Acm), TCP3-Cys(Acm), and TCP3, were purified by RP-HPLC with
water/acetonitrile (both containing 0.1% TFA, 95/5 to 0/100, v/v for 100 min, linear gradient, 10
mL/min, detected at 220 nm). MALDI-TOF-MS for TCP1-Cys(Acm): m/z found: 2396 ([M+H]"),
caled. 2397, TCP3-Cys(Aem): m/z found: 2510 ([M+H]"), caled. 2511, TCP3: m/z found: 2337

(IM+H]"), calcd. 2337.



Labeling of TMR on the cyclic peptides

The S-acetamidomethyl (Acm) groups of TCP1-Cys(Acm) and TCP3-Cys(Acm) were
deprotected by iodine oxidation. HCl (10 equiv.) aqueous solution and iodine (3 equiv.) in
methanol were added to TCP1-Cys(Acm) or TCP3-Cys(Acm) (1.1 mM) in 50% (v/v) acetic acid
aqueous solution. The mixture was stirred for 30 min followed by quenching with 1 M ascorbic
acid to obtain the target peptides. MALDI-TOF-MS for TCP1-Cys: m/z found: 2327 ([M+H]"),
caled. 2326, TCP3-Cys: m/z found: 2440 ([M+H]"), calcd. 2440. The obtained TCP1-Cys and
TCP3-Cys were used for labeling with TMR-5-maleimide without purification. A dimethyl
sulfoxide (DMSO) solution of TMR-5-maleimide (100 uM) was added to TCP1-Cys and TCP3-
Cys in 200 mM sodium phosphate buffer, pH 7.0, containing 250 uM TCEP-HCI. The mixture was
stirred at 25°C for at least 12 h in the dark. The mixture was dialyzed against water (1 kDa cut-
off) and purified by RP-HPLC with water/acetonitrile (both containing 0.1% TFA, 95:5 to 0:100,
v/v for 100 min, linear gradient, 10 mL/min, detected at 220 and 551 nm. ESI-QTOF-MS for
TCP3-Cys analyzed by LC-MS: m/z found: 585 ([M+5H]*"), calcd. 585, 731 ([M+4H]*"), calcd.

731, 974 (IM+3H]*"), calced. 974.

Construction of TCPn-TMR-incorporated GMPCPP MTs

TCP1-TMR or TCP3-TMR (375 uM, 1.2 uL) was added to a solution (3.6 pL) containing tubulin
(33 uM) and tubulin-AF (33 uM) in BRB80 buffer (80 mM PIPES, pH 6.9, 1.0 mM MgClL, 1.0
mM EGTA). The mixture (4.8 pL) was kept at 25°C for 30 min in the dark. Then, 1.2 pL of
GMPCPP premix (1 mM GMPCPP, 20 mM MgCl, in BRB80 buffer) was added, and the mixture

was kept at 37°C for 30 min in the dark. The mixture was diluted 10-fold with BRB80 buffer and



used for CLSM imaging. For inhibition experiments with Taxol, the mixture was diluted 10-fold

with various concentrations of Taxol in BRB80 buffer.

Construction of TCPn-TMR-incorporated GTP MTs

TCP1-TMR, TCP3-TMR, TP-TMR, or Taxol (100 uM, 2 uL) was added to a solution (6 pL)
containing tubulin (3.3 pM) and tubulin-AF (3.3 uM) in BRB80 buffer. The mixture (8 pL) was
kept at 25°C for 30 min in the dark. Then, 2 pL. of GTP premix (5§ mM GTP, 20 mM MgClL in
BRBS8O0 buffer, 25% (v/v) DMSO) was added, and the mixture was kept at 37°C for 30 min in the
dark. TCP3-incorporated MTs were prepared by the same procedure using tubulin-TMR instead
of tubulin-AF. The mixture was used for CLSM imaging. The length of each MT was determined

by using ImageJ software.

Turbidity measurement

Turbidity measurements were performed with tubulin (4 uM) and GTP (1 mM) in the absence or
presence of Taxol, TCP1-TMR, TCP3-TMR, or TP-TMR (10 pM) in BRB8O buffer at 37°C. The
optical density at 350 nm was monitored with a UV/Vis spectrometer for 60 min at 1 min intervals.
After measuring for 60 min, the samples were cooled to 4°C for 15 min, and the optical density

was measured again.

RESULTS AND DISCUSSION

To synthesize TMR-labeled TCP, a common cyclization method, specifically a coupling reaction
between an N-terminal chloroacetyl (ClAc) moiety and the thiol functionality of the C-terminal
cysteine residue of the peptide, was utilized to form a thioether bond [27]. TCP was designed by

introducing a ClAc group on the N-terminus and a cysteine residue on the C-terminus of TP to



induce spontaneous cyclization (Figure 2). Furthermore, for labeling with TMR following
cyclization, the N-terminal cysteine in the peptide was protected with an S-acetamidomethyl (Acm)
group. In addition, different numbers of glycine linkers were introduced to investigate their effects
on the binding to MTs. The designed Tau-derived linear peptides, ClAc-C(Acm)-
(G)nKKHVPGGGSVQIVYKPVDLC (TLP1 for n =1 and TLP3 for n = 3), were synthesized using
standard Fmoc-based solid-phase chemistry and a chloroacetylation reaction of the N-terminal
amine of the peptide on the resin. Cyclization of the linear peptides was carried out by incubation
in 0.1 M Tris buffer, pH 8.1, at 25°C for 3 h. The resulting cyclic peptides (TCPn-Cys(Acm)) were
purified by RP-HPLC, and the success of the cyclization was confirmed by MALDI-TOF-MS. The
Acm groups of the N-terminal cysteine residues of TCPn-Cys(Acm) were subsequently
deprotected by iodine oxidation to afford TCPn-Cys, as confirmed by MALDI-TOF-MS (Figure
2 and S1) [28]. Finally, the deprotected cysteine residues of TCPn-Cys were conjugated with
TMR-5-maleimide. The resulting TCP1-TMR and TCP3-TMR were purified by RP-HPLC, and
these compounds were detected by observation of the TMR absorbance at 551 nm. The HPLC
retention times of the obtained peptides were different from that of TMR-5-maleimide, confirming
the conjugation of TMR to the cyclic peptides (Figure S2). Additionally, LC-MS analysis
confirmed the successful formation of TCP3-TMR (Figure S3).

The binding of TCP1-TMR and TCP3-TMR to tubulin was modeled by molecular
mechanics (MM) calculations utilizing the MacroModel module. The model structures of TCP1-
TMR and TCP3-TMR were prepared based on the reported binding structure of the Tau fragment,
Tau(267-312), to MTs obtained by NMR analysis [23]. The peptides were placed into a Taxol
binding pocket of tubulin by replacing the Taxol molecule, and the structures of the peptide-tubulin
complexes were energy minimized. Then, a Monte Carlo multiple minimum (MCMM)

conformational search was performed to predict the favorable conformations and orientations of
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the peptides by randomly varying the torsion angles of the peptides. This method was used to
estimate the binding conformations of the cyclic peptides to the target proteins [29, 30]. It was
estimated that the core hairpin motifs (PGGGSVQIV) of the peptides fit well into the Taxol binding
pocket, and the TMR moieties exhibited no inhibitory effects on the binding of the peptides in the
pocket (Figure 3a and 3b). Moreover, the tubulin-binding conformations of TCP1-TMR and
TCP3-TMR were compared with the minima conformations in solution (Figure 3¢ and 3d). The
root mean square deviation (RMSD) values of the core hairpin motif between the tubulin-binding
conformations and the minima conformations were within 3.03-3.30 A for TCP1-TMR and 1.70—
1.94 A for TCP3-TMR, whereas the RMSD value for TP was within 3.45-3.71 A [21]. Hence,
the minimum conformations of the cyclic peptides, in particular TCP3-TMR, are expected to be
close to the binding conformation in the Taxol binding pocket. The comparison of TCP1-TMR
and TCP3-TMR suggests that TCP3-TMR, with a long glycine linker, may adopt a conformation
close to the binding conformation in solution. In contrast, TCP1-TMR, with a short glycine linker,
tends to adopt specific conformations in solution, which may not be as close to the binding
conformation as that of TCP3-TMR. The conducted MM calculations suggest that the cyclic
peptides easily adopt the binding conformation and exhibit enhanced binding to tubulin.

The binding affinities of TCP1-TMR and TCP3-TMR to tubulin were evaluated by
equilibrium dialysis analysis. TCP1-TMR and TCP3-TMR were incubated with tubulin at various
concentrations at 25°C for 1 h. The mixtures were then dialyzed, and the fluorescence intensities
of the dialyzed bulk solutions containing the unbound peptides were measured (Figure 4a and 4b).
The dissociation constants (K, values) as well as the binding site occupancies (n values) of TCP1-
TMR and TCP3-TMR per tubulin were estimated by fitting the data using a quadratic binding
equation (Figure 4c and 4d). The K, value of TCP3-TMR was estimated to be 0.97 uM, which

indicates considerably higher affinity compared to that of linear TP-TMR (K; = 6.0 uM), in which

11



the N-terminal cysteine residue of TP was labeled with TMR (Table 1) [21]. Notably, the affinity
of TCP3-TMR for tubulin is the highest among the reported peptides that bind to the Taxol binding
pocket [17-19]. However, TCP1-TMR (K, = 7.2 uM) displayed a lower affinity than TP-TMR.
The difference is possibly due to the varying efficiency of the peptides in adopting the binding
conformation, as suggested by the MM calculations shown above. The n values indicate the binding
amount of each peptide per tubulin. Thus, the higher n values for TCP1-TMR and TCP3-TMR
compared to that of TP-TMR indicate increased numbers of these cyclic peptides bound to tubulin
(Table 1).

We subsequently examined the binding of TCP1-TMR and TCP3-TMR to MTs by
confocal laser scanning microscopy (CLSM) (Figure 5). Upon preincubation of the peptides with
a mixture of tubulin and green fluorescent Alexa Fluor 430 (AF)-labeled tubulin (tubulin-AF) at
25°C for 30 min, the peptide-tubulin complexes were incubated with guanosine-5'-[(a,p)-
methyleno]triphosphate (GMPCPP) at 37°C for 30 min to form MTs (Figure 1b). GMPCPP is a
slowly hydrolysable guanosine triphosphate (GTP) analog typically employed in the development
of stable MTs [31]. The binding of TCP1-TMR and TCP3-TMR to the MTs was confirmed by
the colocalization of the fluorescence of TMR and AF, which was observed by CLSM (Figure 5b).
To verify the binding of the peptides in the Taxol binding pocket of MTs, a competition binding
experiment with Taxol was carried out according to a previously reported procedure [21]. The
approach was based on the expectation that TCP1-TMR and TCP3-TMR bound in the Taxol
binding pocket would be replaced with Taxol because of the strong binding affinity of Taxol to the
pocket (K; = 10 nM) (Figure 5a) [32]. The TMR fluorescence of TCP3-TMR in MTs decreased
upon the addition of Taxol, indicating the presence of TCP3-TMR in the Taxol binding pocket
(Figure 5b). To estimate the amounts of TCP1-TMR and TCP3-TMR binding to MTs, the TMR

and AF fluorescence intensities of each microtubule was calculated from the CLSM images by
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Imagel software. The TMR/AF intensity ratios indicate the amount of peptide binding to the MTs.
The TMR/AF ratios of both TCP1-TMR- and TCP3-TMR-incorporated MTs decreased with
increasing Taxol concentration (Figure 5c). Under analogous conditions, most of linear TP-TMR
was released from the MTs upon exposure to Taxol at a concentration of at least 18 uM [21].
Considering that TCP1-TMR and TCP3-TMR remained bound to the MTs even at a Taxol
concentration of 100 uM (Figure 5c), the binding affinity of the cyclic peptides to the MTs is
conceivably higher than that of linear TP-TMR.

To evaluate the effects of TCPI-TMR and TCP3-TMR on the
polymerization/depolymerization of MTs, we carried out turbidity measurements. Increases in
turbidity are indicative of the formation of MTs. Accordingly, the addition of TCP3-TMR to
tubulin in the presence of GTP at 37°C increased turbidity, indicating enhanced polymerization of
tubulin (Figure 6). This outcome implies that the binding of TCP3-TMR in the Taxol binding site
promotes tubulin polymerization in a manner similar to that of Taxol [16]. Conversely, TCP1-
TMR increases the turbidity by a smaller amount than did TP-TMR. These variations are a
consequence of the different binding affinities of the peptides for tubulin (Table 1). When the
temperature was decreased to 4°C to induce depolymerization of the MTs, similar to Taxol-treated
MTs, the TCP1-TMR- and TCP3-TMR-incorporated MTs remained partially stable (Figure 6).
On the other hand, the TP-TMR-incorporated MTs were completely depolymerized under these
conditions. These outcomes demonstrate that, similar to Taxol, the binding of the cyclic peptides,
in particular TCP3-TMR, increased the stability of MTs by enhancing polymerization and
inhibiting depolymerization. The higher stabilization effect of the cyclic peptides compared to the
linear peptide is probably due to the strong binding affinity and the increased binding amount of
the cyclic peptides to tubulin compared to the linear peptide (Table 1).

The effects of the cyclic peptides on the stability of the MTs were further investigated

13



by verifying the stability of the MTs prepared with GTP. Typically, GTP-MTs are unstable in vitro
due to the hydrolysis of GTP to GDP, leading to the formation of an unstable GDP-tubulin lattice
[33], and Taxol is frequently used to stabilize GTP-MTs. Preincubation of the cyclic peptides with
a mixture of tubulin and tubulin-AF, followed by incubation with GTP, resulted in the formation
of MTs even in the absence of Taxol (Figure 7a and 7b). Notably, TCP3-TMR induced the
development of long MTs in a manner analogous to that of Taxol (Figure 7c). On the other hand,
treatment with TP-TMR resulted only in the formation of dot-like structures without MTs (Figure
7d), similar to the case without any treatment (Figure 7¢). Hence, TCP1-TMR and TCP3-TMR
were shown to stabilize GTP-MTs, whereas linear TP-TMR exhibited no such stabilizing effects.
To examine the influence of the TMR moiety in TCP3-TMR on the stabilization of MTs, we also
synthesized a cyclic TP derivative containing three glycine linkers (TCP3) that was not labeled
with TMR (Figure S4). Analogous to Taxol, TCP3 also induced the formation of long MTs (Figure
S5). This observation suggests that the TMR moiety in TCP3-TMR exhibits no apparent effects
on the stability of MTs.

In conclusion, in the present study, we effectively synthesized TMR-labeled cyclic Tau-
derived peptides to develop new tubulin binding motifs with enhanced affinity to stabilize MTs.
We demonstrated that the cyclic peptide TCP3-TMR displayed a considerably higher affinity
toward tubulin. Moreover, our results confirmed that this analog increased the stability of MTs
more significantly than did its linear counterpart (TP-TMR). Since the stabilizing effect of TP-
TMR was not high because of its relatively low binding affinity for tubulin, cyclization is an
efficient strategy to improve the binding affinity of the peptides to tubulin for stabilizing MTs.
Remarkably, the binding affinity of TCP3-TMR is the highest among all peptides previously
reported to bind in the Taxol binding pocket of MTs. Since linear TP-TMR was shown to penetrate

into living cells and bind to intracellular MTs [24], TCP3-TMR has potential for applications as
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an MT-stabilizing anticancer agent. Moreover, considering that MTs are utilized in various

materials applications, including cargo delivery, nanodevices, and molecular robots [34—40],

cyclic peptides could be employed for the construction of stable MT-based materials.
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Figure 1. (a) Tetramethylrhodamine (TMR)-labeled Tau-derived cyclic peptide (TCPn-TMR) (n=
1, 3) designed from the Tau-derived peptide (TP), a binding motif for microtubules (MTs) [21].
(b) Binding of TCPn-TMR inside MTs by preincubation with tubulin and subsequent

polymerization.
Y
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Figure 2. Synthesis of TCPn-TMR from TLPn (n =1, 3).
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RMSD: 3.03-3.30 A RMSD: 1.70-1.94 A

Figure 3. Model of the binding of (a) TCP1-TMR and (b) TCP3-TMR (stick representation) in
the Taxol binding pocket of tubulin obtained by molecular mechanics (MM) calculations. Yellow
indicates the core hairpin motif (PGGGSVQIV). The backbone conformations of (c) TCP1-TMR
and (d) TCP3-TMR aligned in the core hairpin motif (stick representations). The binding
conformations in the Taxol binding pocket are shown in black. The minimum conformations from

the global minima are indicated in green (TCP1-TMR) and red (TCP3-TMR).

20



a

1.0+

0.8 1

0.6

"1,

0.4 1

Al/l, at 571 nm

0.2 1

0

560 580 600 620 640 660 680 700 0 10 20 30 40 50

Wavelength / nm [Tubulin] / pM

Q

b

0.20
1.01 0 uM LJ *
2uM
. 4 uM L]
0.8 Y E 0.15
8 uM -
0.6 4 10 uM N
< 20M < 0.10
X 50 uM ]
0.4 °
590 S
S 0.051
0.2+ N
O T T T T T T T 0_ T T T T T
560 580 600 620 640 660 680 700 0 10 20 30 40 50
Wavelength / nm [Tubulin] / pM

Figure 4. Estimation of the binding affinity of TCPn-TMR for tubulin by equilibrium dialysis.
Fluorescence spectra of the dialyzed bulk solution following dialysis of 1 pM (a) TCP1-TMR and
(b) TCP3-TMR in the presence of 0—50 uM tubulin. The binding parameters of (c) TCP1-TMR
and (d) TCP3-TMR to tubulin analyzed from (a) and (b), respectively. Closed circles show
experimental values, while the solid lines are theoretical curves obtained by fitting the dissociation

constant (Ky) and the binding site occupancy (n = A4 Lu./Ip) at 571 nm.
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Figure 5. (a) Substitution of TCPn-TMR in MTs by Taxol. (b) Confocal laser scanning
microscopy (CLSM) images of Alexa Fluor 430 (AF)-labeled GMPCPP MTs prepared with TCP3-
TMR and further treatment in the presence and absence of 100 uM Taxol (scale bar: 10 pm). Final

concentrations: [Tubulin] = [Tubulin-AF] = 2 uM, [TCP3-TMR] = 7.5 uM, [Taxol] = 100 uM,
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[GMPCPP] = 20 uM. (c) Effect of the concentration of Taxol on the TMR fluorescence (Itmr) per
AF fluorescence (Iar) of TCP1-TMR- and TCP3-TMR-incorporated MT. Itmr/Iar was normalized

using the value obtained without Taxol. The error bars represent the SEM (N =20).
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Figure 6. Changes in turbidity over time as a result of tubulin polymerization. The optical density
at 350 nm was measured with 4 uM tubulin and 1 mM GTP in the absence (black) or presence of
10 uM Taxol (blue), TCP1-TMR (green), TCP3-TMR (red), or TP-TMR (magenta) at 37°C.

After measurement for 60 min, the samples were cooled to 4°C for 15 min and measured again.
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Figure 7. CLSM images of AF-labeled GTP-MTs preincubated with (a) TCP1-TMR, (b) TCP3-
TMR, (c) Taxol, (d) TP-TMR, and (e) without any additive (scale bar: 10 pum). Final
concentrations: [Tubulin] = [Tubulin-AF] = 4 uM, [TCP1-TMR] = [TCP3-TMR] = [Taxol] =
[TP-TMR] =20 uM, [GTP] =1 mM. The lengths of MTs (average + standard deviation) are shown.

Table 1. Binding affinity of the TMR peptides to tubulin.

Sample K (LM) Binding site occupancy (n)
TCP1-TMR 7.2 0.23
TCP3-TMR 0.97 0.19
TP-TMR [21] 6.0 0.12

24



