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ABSTRACT: Inhibition of myostatin is a promising strategy for
treatment of muscle atrophic disorders. We had already identified a 23-

mer peptide (1) as a synthetic myostatin inhibitor, and structure—
activity relationship studies with 1 afforded a potent 22-mer peptide ) |

derivative (3). Herein, we report the shortest myostatin inhibitory
peptide so far. Among chain-shortened 16-mer peptidic inhibitors
derived from the C-terminal region of 3, peptide inhibitor 8a with -
sheet propensity was twice as potent as 22-mer inhibitor 3 and
significantly increased not only muscle mass but also hind limb grip

Inactive 16-mer peptide 2 IC5, > 30 uM
SRIEAIKIQILSKLRL-amide
"--..__v..-—"'
Myostatin inhibitory peptide 8a IC5, = 0.13 uM
(MIPE-1686)

WYIRWIKXQIWSKXRL-amide
(w = D-Trp, X = cyclohexylglycine)

strength in Duchenne muscular dystrophic model mice. These results
suggest that 8a is a promising platform for drug development treating muscle atrophic disorders.

KEYWORDS: Inhibitor, peptide, muscle atrophic disorder, myostatin, structure—activity relationship

yostatin, a negative regulatory factor of muscle growth
categorized as a member of the transforming growth
factor-f3 (TGE-p) superfamily,’ is a promising target for muscle
atrophic disorders, including muscular dystrophy, sarcopenia,
and cachexia. During the last two decades, several strategies for
myostatin inhibition have been reported. In 2002, Bogdano-
vich et al. reported that an antimyostatin antibody improved
muscle mass and strength in Duchenne muscular dystrophic
(DMD) model mice.” Recently, Andre et al. reported that a
mouse antimyostatin antibody and its humanized analogue
“domagrozumab (mRK35)” induced skeletal muscle hyper-
trophy in both mdx mice and cynomolgus monkeys.’ In 2010,
an antibody Fc fragment-fused soluble decoy of activin type II
receptor was reported as a myostatin inhibitor, which
improved cachexia symptom in tumor-bearing mice.” Other
myostatin inhibitory strategies including antibodies are
currently in clinical trials against muscle atrophlc diseases,”®
although some failures have been reported.”® Mariot et al.
suggested the importance of patient selection and stratification
in future clinical trials regarding antimyostatin approach.”
Proteins related to the myostatin prodomain and follistatin,
whose binding modes with myostatin have been determined by
X-ray crystal structural analysis,'”'® are also myostatin-
inactivating proteins. Jiang et al. reported an inhibitory-core
74 amino acid fragment derived from the N-terminal region
(positions: 19—92) of the human myostatin prodomain
protein, which exhibits antimyostatin activity as a glutathione
S transferase-fusion protein.'’
In contrast to these protein-based inhibitors, we recently
identified peptide-based inhibitors (23/29-mer) from positions
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21—43/19—47 of the mouse myostatin prodomain, which were
easily and inexpensively synthesized by general Fmoc-based
solid phase chemistry.'”'® We carried out structure—activity
relationship (SAR) studies based on peptide 1 (peptide 7 in ref
18) whose ICg, is 3.56 pM, with a minimum sequence
composed of 23 amino acid residues (positions: 21—43) and,
as a result, obtained a potent 22-mer peptide derivative 3
(XRQNTRYSRIEWIKIQIISKLRL-amide, X = 2-naphthylox-
yacetyl, peptide 3d in ref 21) whose ICs, is 0.32 uM.'*~*'
Peptide 3 increases muscular mass in both the DMD-model
mdx and wild-type mice.”’ In an alternative SAR study, we
identified residues important for effective myostatin inhibition
by Ala-scanning of peptide 1. The important residues were
Trp21, Tyr27, 1le30, Ile33, Ile3S, Ile37, Leu38, Leu4l, and
Leu43."”

In peptide drug development, reduction of peptide-size is a
very important priority because it is generally expected to
result in decreasing antigenicity, increasing in vivo stability,
and reducing production cost.”> Our previously synthesized
chain-shortened peptide 2 (Figure 1A; positions: 28—43; 16-
mer; peptide 11 in ref 18), however, failed to show inhibitory
activity at a concentration of 30 yM, despite including all the
important branched-chain residues (Ile and Leu) mentioned

above.'”” This result suggests that an appropriately recon-
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A) 21 28 32 38 43
peptide1 WRONTRYSRIEAIKIQILSKLRL-amide
peptide 2 SRIEAIKIQILSKLRL-amide
peptide 4a SRIEWIKIQIISKLRL-amide
peptide 4b SRIEWIKIQIWSKLRL-amide
peptide 5 WYTEAIKIQILSKLRL-amide
peptide 6 WYTEWIKIQIWSKLRL-amide
B) relative luciferase activity
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Figure 1. (A) Sequences of previously reported peptides 1-2'® and
newly synthesized peptides 4a, 4b, S, and 6. The numbers above each
amino acid indicate the position in the prodomain sequence of mouse
myostatin. (B—D) Luciferase reporter assay experiments determined
the activities of peptides 4a, 4b, 5, and 6 toward myostatin inhibition.
Peptide concentration: 10 (B,C) and 3 uM (D). Results are presented
as mean values + SD (n = 3).

structed interaction with myostatin should be considered in
the design of inhibitory peptides.

Consequently, in the present study, we designed and
synthesized a series of chain-shortened peptides based on
peptide 3 in an effort to optimize its interaction with
myostatin, changing the amino acid residues to those
possessing more appropriate side chain structures using natural
or unnatural amino acids. From an SAR study of these
peptides, a new potent 16-mer peptide inhibitor 8a was
discovered and was found to be able to significantly increase
not only muscle mass but also grip strength in mdx mice.

In this study, all peptides assessed were prepared by a Fmoc-
based solid-phase peptide synthesis using an SAL amide resin
in an automatic peptide synthesizer as described in the
Supporting Information. Briefly, a coupling reaction of each
protected amino acid residue was performed using a HATU/
HOAt/DIEA system after deprotection of the N-terminal
Fmoc group with 20% piperidine in DMF. The crude peptide
was obtained from constructed protected peptide resin by final
deprotection using a TFA/m-cresol/thioanisole/EDT system.
The resulting crude peptides were purified by preparative
reversed-phase high-performance liquid chromatography (RP-
HPLC), and the purified peptides all displayed a purity of
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>95% in analytical RP-HPLC (see Supporting Information).
All the synthetic peptides were characterized by electrospray
ionization time-of-flight mass spectrometry (see Supporting
Information). A 3 mM stock solution of each peptide in
DMSO was prepared for in vitro bioassay.

The in vitro myostatin inhibitory activities of all peptide
derivatives were evaluated by a luciferase reporter assay using
HEK293 cells (see Supporting Information). In our previous
report, the respective substitutions to Trp and Ile/Trp residues
at positions 32 and 38 in peptide 1 could improve the
inhibitory activity as seen in peptide 3,”" while chain-shortened
peptide 2 derived from peptide 1 was inactive.'® Therefore, in
the present study, we applied the same Ile/Trp substitutions to
inactive peptide 2. The corresponding peptides 4a and 4b were
synthesized (Figure 1A), and their inhibitory activity was
evaluated. Surprisingly, as shown in Figure 1B, the effective
myostatin inhibitory activity of 16-mer peptides 4a and 4b was
observed at a concentration of 10 uM, while no myostatin
inhibitory activity was reproduced with the 16-mer peptide 2,
which had previously been reported to be inactive.'® The
inhibitory potency of peptides 4a (Ile38) and 4b (Trp38) at a
concentration of 3 uM was almost equivalent as shown in
Figure 1D. This was the first discovery of chain-shortened 16-
mer peptides (MIPE-16) with significant myostatin inhibitory
activity, and indicated that introduction of amino acid residues
possessing appropriate hydrophobic side chains can be
equivalent to shortening inhibitory peptides by as many as
six residues. Compared to the conservative substitution of Leu
to Ile at position 38, substitution from Ala for Trp at position
32, ie, introduction of an indole structure, probably had a
great impact in development of a new hydrophobic interaction
to myostatin. These two substitutions have a large impact on
the activity because the chain-shortened peptides 4a and 4b
possess the effective inhibitory activity, although they lack
important residues Trp21 and Tyr27 at the N-terminal part of
peptide 1 as mentioned above."”

As an alternative approach, since Ser28 and Arg29 were
thought to be unimportant residues in the Ala scanning of
peptide 1,'" the two corresponding residues in the inactive
chain-shortened peptide 2 were substituted to the aforemen-
tioned important residues Trp and Tyr, respectively. Peptide §
was synthesized (Figure 1A) and its inhibitory activity was
evaluated. Interestingly, the peptide S exhibited effective
myostatin inhibitory activity at a concentration of 10 yM
(Figure 1C).

Encouraged by these breakthrough results, we tried to
combine these two findings. We synthesized peptide 6 (Figure
1A) with Trp28, Tyr29, Trp32, and Trp38 and evaluated its
myostatin inhibitory activity. At a more diluted concentration
of 3 uM, peptide 6 displayed a more potent inhibitory activity
than peptides 4a and 4b (Figure 1D). This result suggests that
each hydrophobic side chain structure appropriately interacts
with myostatin. Consequently, we successfully obtained a
potent chain-shortened (16-mer) myostatin inhibitor 6 as a
new lead for further SAR study and structural optimization.

In the first step of the SAR study based on peptide 6, we
focused on the acidic Glu3l residue, which is one of the
unimportant residues identified by the Ala scanning study,"’
and synthesized four derivatives (E31K, E31R, E31N, and
E31Q) as shown in Figure 2A. This position has not been
modified in our previous SAR study. Among the four
compounds, E31R at an even more diluted concentration of
0.3 uM showed the most improved activity over that of 6
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A) 28 31 43
peptide6 WYIEWIKIQIWSKLRL-amide
E31K WYTKWIKIQIWSKLRL-amide
E31R WYIRWIKIQIWSKLRL-amide
E31N WYINWIKIQIWSKLRL-amide
E31Q WYIQWIKIQIWSKLRL-amide

B) relative luciferase activity
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Figure 2. (A) Sequences of the Glu-substituted peptides. The
numbers above each amino acid indicate its position in the prodomain
sequence of mouse myostatin. (B) Luciferase reporter assay to
determine the activities of the Glu-substituted peptides toward
myostatin inhibition, relative to peptide 6. Peptide concentration: 0.3
uM. Results are presented as mean values + SD (n = 3).

(Figure 2B). Therefore, we examined the in vivo efficacy of
E31R in mdx mice (S-week-old male) through histological
analysis based on hematoxylin and eosin staining using a
previously reported procedure.”’ As shown in Figure SI,
intramuscularly injected E31R, compared to saline, induced an
increase of gastrocnemius (GAS) muscle fiber sizes. Addition-
ally, peptides 3 and E31R similarly increased GAS muscle fiber
sizes in wild-type CS7BL/6 mice compared to saline (Figure
S2). These results suggest that the shortened peptide E31R
(16-mer) also functions as a myostatin inhibitor, leading to
induction of muscular hypertrophy in mice.

Introduction of unnatural amino acids into bioactive
peptides is a useful strategy to increase the diversity of the
peptide structures that lead to the potential interaction with
the clinical target and the enhanced stability against
degradation in vivo.”> From this standpoint, as one of the
SAR studies based on peptide 1, we synthesized a series of
peptide derivatives bearing a hydrophobic unnatural amino
acid surrogate commonly used for such SAR study, cyclo-
hexylglycine (Chg) or phenylglycine (Phg), in the positions of
respective aliphatic Ile or Leu residues (1le30, Ile33, Ile3S,
1le37, Leu38, Leu41, and Leu43) (Figure S3A,C). Among the
peptides substituted at Ile residues, I35Chg having the same -
blanched structure as Ile showed the most potent inhibitory
activity compared to 1 and other peptides substituted by the
Chg or Phg residue (Figure S3B). Among peptides substituted
at Leu residues, L38Chg and L41Chg showed a stronger
inhibitory activity than 1 and other substituted peptides
(Figure S3D). These results suggested that Chg at position 35,
38, or 41 contributes to the increase in the inhibitory activity.

An alternative strategy to increase inhibition of the target
molecule and prevent degradation in vivo is to introduce the p-
isomers of amino acids. We carried out pD-form scanning in
peptide 1, especially focused on C-terminal positions 28—43,
which is corresponding to the chain-shortened sequence. To
do this, we synthesized 16 kinds of peptide derivative
substituted to the corresponding p-form of amino acid
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(lower case letter) at specific residues from position 28 to 43
(Figure S4A) and evaluated their myostatin inhibitory
activities at a concentration of 3 yM (Figure S4B). As a
result, two derivatives with D-substitutions, A32a and S39s,
showed improved inhibitory activities.

Based on the data in Figure S3, we conducted structural
optimization of an inhibitory peptide derived from the chain-
shortened peptide E31R (16-mer, Figure 2). As shown in
Figure 1 and in our previous SAR study,'® it is known that Ile
and Trp are also favored amino acid residues at position 38 for
effective inhibition of myostatin.”' Therefore, we focused on
the change to Chg at positions 35 and 41 in E31R and
synthesized monosubstituted (7a and 7b) and disubstituted
(7c) peptides (Figure 3A). In addition to these peptides, since

A) 28 35 41 43
B3R ] WYIRWIRIQIWSKLIRL anide
peptide7a  WYIRWIKXQIWSKLRL-amide
peptide7b WYIRWIKIQIWSKXRL-amide
peptide7c  WYIRWIKXQIWSKXRL-amide
peptide7d WYFRWIKIQIWSKLRL-amide
peptide7e WYIRWIKIQFWSKLRL-amide
(X = cyclohexylglycine)
B) relative luciferase activity

0 20 40 60 80 100 120

myostatin (-)
myostatin alone
prodomain
E31R

peptide 7a
peptide 7b
peptide 7¢
peptide 7d
peptide 7e

Figure 3. (A) Sequences of peptides 7a—e. The numbers above each
amino acid indicate the position in the prodomain sequence of mouse
myostatin. X = cyclohexylglycine (Chg). (B) Luciferase reporter assay
experiments determined the activities of peptides 7a—e toward
myostatin inhibition relative to E31R. Peptide concentration: 0.3 yM.
Results are presented as mean values + SD (n = 3).

substitutions I30F and I37F in peptide 1 showed an inhibitory
activity similar to that of 1,”' we synthesized the corresponding
E31R derivatives 7d (I30F) and 7e (I37F) to examine the
applicability of these substitutions (Figure 3A). As a result, the
Chg-incorporated peptides 7a—c showed more potent
inhibitory activity than E31R, and the disubstituted 7c showed
the strongest inhibitory activity (Figure 3B). However,
peptides 7d and 7e exhibited a similar inhibitory activity
toward E31R at a concentration of 0.3 M (Figure 3B). These
results indicate that the effective substitutions for the
inhibitory activity observed in peptide 1 (23-mer) can be
reflected in the chain-shortened peptides, suggesting that the
chain-shortened peptides interact with myostatin in the same
manner as peptide 1-derivatives. Consequently, introduction of
unnatural amino acid residue into the chain-shortened peptide
effectively improved the inhibitory activity.

Finally, we applied the result of this D-form scanning shown
in Figure S4 to the chain-shortened peptide 7c (16-mer), and
its derivatives 8a—c (Figure 4A) were synthesized. Interest-
ingly, only peptide 8a (W32w) exhibited the enhanced activity
compared to 7c, while the inhibitory activity of 8b (S39s) was
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Figure 4. (A) Sequences of peptides 8a—c. The numbers above each
amino acid indicate the position in the prodomain sequence of mouse
myostatin. X = cyclohexylglycine (Chg). Lower case letter = p-form of
the amino acid. (B) Luciferase reporter assay experiments determined
the activities of peptides 8a—c in myostatin inhibition relative to
peptide 7c. Peptide concentration: 0.3 yM. Results are presented as
mean values + SD (n = 3). (C) Dose-dependent myostatin inhibitory
activities of peptides 3 and 8a at concentrations of 0.032—2 and
0.016—2 M, respectively. Results are presented as mean values + SD
(n = 3). Curve fitting was performed using KaleidaGraph 4.5.

diminished and the double-substituted derivative 8c (W32w,
S39s) retained the activity (Figure 4B). These results indicated
that the W32w substitution enhanced the activity, although its
effect was canceled by the S39s substitution.

To compare the inhibitory activity of the most potent chain-
shortened peptide 8a (16-mer) with the known 22-mer
peptide (3), a dose-dependency study was performed at
peptide concentrations ranging from 0.016 to 2 M (peptide 3,
0.032—2 uM; peptide 8a, 0.016—2 uM) (Figure 4C). The ICq,
values of peptides 3 and 8a were 0.29 + 0.05 and 0.13 + 0.002
UM, respectively. This result indicates that peptide 8a, in spite
of six-residue shortening, is twice as potent a myostatin
inhibitor than the known structurally optimized 22-mer
peptide 3.

To understand the secondary structure of chain-shortened
peptides, circular dichroic (CD) spectra of representative
peptides 2, 4a, 4b, S, 6, and 8a were measured and analyzed by
the previously reported method (Figure 5)."*** In our
previous reports, peptide 1 showed a tendency to form a-
helix structure (a-helix, 45%; f-sheet, 5%; turn, 14%; random
coil, 36%), while peptide 3 displayed the propensity to form f-
sheet structure (a-helix, 8%; f-sheet, 58%; turn, 0%; random
coil, 34%).24 As shown in Figure §, inactive peptide 2, the N-
terminal truncated form of peptide 1, retained a-helical
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Figure 5. CD spectra of peptides 2, 4a, 4b, S, 6, and 8a in 20 mM
sodium phosphate buffer (pH 7.4) containing 10% 2,2,2-trifluor-
oethanol; peptide concentration, S yM. CD spectra were analyzed by
using Jasco secondary estimation software with Reed’s reference set as
reference spectra.

characteristics of 1, although the proportion of random coil
structure content to a-helix content was slightly increased
compared with that of 1.** Inhibitory peptide 4a, the N-
terminal truncated form of peptide 3, showed relatively higher
content of f-sheet structure (46%) than a-helix content
(21%). These results suggested that the myostatin inhibitory
activity of peptide 4a is attributed to the adequate hydrophobic
interaction derived from its f-sheet structure, predominantly
formed by amino acid substitutions at positions 32 and 38,
which is a similar case previously observed in peptide 3.”'
Compared with peptide 4a, other inhibitory peptides 4b, §, 6,
and 8a exhibited even higher content of the S-sheet structure
along with their enhanced inhibitory activity (Figure S). In
particular, the content of the most potent peptide 8a was 76%.
Therefore, the results imply that the $-sheet propensity in the
peptide secondary structure is one of the important factors for
enhancing myostatin inhibition. Elucidation of these precise
molecular interactions between myostatin and inhibitory
peptides with f-sheet propensity would be a challenging but
significant work in the future.

To investigate the effect of peptide 8a in vivo, as reported
previously,'® a saline solution of 8a (30 nmol) or saline was
injected into the tibialis anterior (TA) muscle of mdx mice (5-
week-old males) at days 0 and 14. Then, at day 42, the treated
TA muscles were collected and weighed. Peptide 8a
significantly increased the weight of TA muscles to 114 +
6.6% compared with saline-treated muscles (Figures 6A and
SS). Moreover, to understand the improvement of muscle
function following treatment with peptide 8a, the grip strength
of hind limb at day 42 was measured. Peptide 8a (30 nmol) or
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Figure 6. (A) Weight of tibialis anterior (TA) muscles in mdx mice
treated with peptide 8a (left) or the vehicle (saline, right). Forty
microliters of a 0.75 mM solution of peptide 8a in saline was
intramuscularly injected into the tibialis anterior muscle of mdx mice.
Treatment was repeated 2 weeks later in the same muscle. The
muscles were collected and weighed 4 weeks after the last treatment
(n = 4). Results are presented as mean values + SD (n = 4). (B) Grip
strength of hind limb treated with peptide 8a in saline. Forty
microliters of the peptide solution (0.75S mM peptide 8a in saline) was
injected intramuscularly into four points in each leg of mdx mice at
days 0 and 14. The values of hind limb grip strength at day 42 are
presented as mean values + SD (n = 4). *p < 0.05.

saline was intramuscularly injected into four points of mdx
mice at days 0 and 14. The hind limb grip strength (kg) per
body weight (kg) in peptide 8a or saline-treated mice at day 42
was 5.92 + 0.82 and 4.41 + 0.31, respectively (Figure 6B),
indicating that peptide 8a significantly improved muscle
function to about 130%. This result suggests that peptide 8a
functions as a muscle enhancer through myostatin inhibition.
Although it has already been known that inhibitors of
myostatin and its antibodies generally act as muscle
enhancers,” ¥'%™"? easily synthesized peptide 8a is currently
the smallest peptide known to have this effect. This finding
probably could serve as a promising milestone in peptide-based
drug development.

In this study, we successfully discovered chain-shortened 16-
mer inhibitory peptides against myostatin (MIPE-16). As is the
case with peptide 3, E31R, composed of only natural amino
acids, induces muscular hypertrophy in pathological mdx and
wildtype C57BL/6 mice. The most potent 16-mer peptide in
this study (8a, designated as MIPE-1686), which contains the
unnatural amino acids Chg and D-Trp, shows twice more
potent inhibitory activity in vitro than 22-mer peptide 3. In a
study using mdx mice, peptide 8a (MIPE-1686) significantly
improved the weight of tibialis anterior muscle and the
hindlimb grip strength. This is a first report that myostatin
inhibitory peptides composed of less than 20 amino acids show
functional improvement of skeletal muscle in pathological
model mice. The chain-shortened myostatin inhibitory peptide
8a (MIPE-1686) could be a promising lead for drug
development of inhibitors of muscle atrophic disorders.
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