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Cell membrane permeability is one of the biggest issues for bioactive peptides targeting intracellular pro-
teins because of their high polarity and flexibility. To overcome this issue, cell-penetrating peptides (CPPs)
are often attached to peptides. Additional approaches include backbone modifications, such as
N-methylation and lipidation, which increase structural rigidity and hydrophobicity. Herein, we syn-
thesized and evaluated N-methylated or lipidated Plkl PBD-binding peptides. N-Methylated and lipidated
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parent PBD-binding peptide. However, none of these analogs showed significant cytotoxicity against
Hela cells. These results suggest that further optimization is required to develop practical Plkl PBD-
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Introduction

Peptides are considered to be attractive platforms for drug
development. Numerous peptides and peptide-derived mole-
cules have been approved for clinical use."™ A key feature of
peptidic drugs is their ability to target protein-protein inter-
actions (PPIs) due to their extended interaction surface, which
is generally difficult for targeting by small molecules.”™
Peptides are often of medium size, which limits their cell mem-
brane permeability."® A noted exception is the orally adminis-
trable immunosuppressant ciclosporin A, which is an 11-mer
cyclic peptide that has seven N-methylated amides in its
backbone.””® Cyclization of peptides can restrict conformational
flexibility and thereby facilitate cell membrane penetration.” An
alternative approach to fix the peptide conformation and
increase hydrophobicity is by means of N-alkylation.”'® A
further, often used, method to deliver peptides into the cells is
to employ cell-penetrating peptides (CPPs)."'™*?

A serine/threonine kinase, polo-like kinase 1 (Plk1), is a key
cell-cycle regulator during mitosis. The activity and localization
of Plk1 are highly restricted at critical points in the cell
cycle."™ Overexpression of Plk1 can be associated with
aggressiveness and a poor prognosis of cancers observed in
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binding inhibitors that exhibit cellular activities.

various cancer types, such as non-small cell lung cancer, pros-
tate cancer, colon cancer, and breast cancer.'®* Thus, PIk1 is
considered to be an attractive target for the development of
anti-cancer agents.>*™>*

Plk1 contains an N-terminal kinase domain (KD), a flexible
internal domain linker (IDL), and a C-terminal polo-box domain
(PBD).'*?® The latter recognizes phosphoserine and phospho-
threonine (pThr, pT)-containing sequences, which serve to regu-
late Plk1 function and localization spatiotemporally. Plk1
actions are also modulated via intramolecular PPIs of the KD
and PBD (resulting in “autoinhibition”), although the mecha-
nisms by which this is achieved are not clearly understood."**”
Taken together, the KD and PBD are widely regarded as being
“druggable” targets. A variety of KD-targeting inhibitors have
been developed, and some of these have entered clinical trials.>*
However, no Plk1 inhibitor is used clinically, so continued
efforts to develop Plk1 inhibitors are warranted.

Various Plk1 PBD-binding inhibitors have been developed
in recent decades. An example is the pentapeptide PLHSpT (1)
(Fig. 1), which is derived from polo-box domain interacting
protein 1 (PBIP1).>® Modification of peptide 1 by attaching
alkylphenyl groups to the His sidechain imidazole n-nitrogen
leads to PLH*SpPT (2) (H* represents modification of a -
(CH,)gPh group on the His N3(rn)-nitrogen, Fig. 1), which has
demonstrated greater than 1000-fold enhanced affinity as com-
pared with the parent peptide 1.>°

Guided by the crystal structure of PLH*SpT (2) bound to iso-
lated Plk1 PBD (PDB: 3RQ7), several peptides with high Plk1
affinity and selectivity among three members of the Plk family
(Plk1-3) were developed by tethering aryl and heteroaryl moi-
eties from the His N3(n) nitrogen,** > and by replacement of
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Fig. 1 Structures of pentapeptides 1, 2, and 2'. (a) Chemical structures of 1, 2, and 2'. (b) Co-crystal structure of Plkl PBD and 2 (PDB: 3RQ?7). (c)
Enlarged structure of PBD-bound 2. Protein shown with white ribbon and sticks: Plkl PBD; orange surface: PBD-binding pocket of 2; cyan stick: 2;
red, blue, and orange atoms: oxygen, nitrogen, and phosphorus atoms, respectively. Red and blue circles: modifiable amide protons.

the pT-2 histidine residue with other amino acids having long—
chain alkylphenyl modifications on their side chains.>® We
have also examined the effects of cyclizing peptide 2, utilizing
a bis-alkylated His residue®* and utilizing an orthogonally pro-
tected Glu residue.?® Although peptide 2 and its derivatives
involving cyclic peptides demonstrated extremely high
affinities for Plk1 PBD in in vitro experiments, none of these
peptides showed significant cytotoxicity, which may have been
due to the low permeability of the cell membrane.*® To over-
come this issue, we developed a novel CPP-attached polo-like
kinase 1 (Plk1) polo-box domain (PBD)-binding peptide, which
showed significant cytotoxicity and mitotic arrest against the
human histiocytic lymphoma cell line U937.>” More recently,
Gunasekaran and co-workers reported Plki-directed proteol-
ysis targeting chimeras (Plk1-PROTACs), DD-2 and NC1.*%%°
DD-2 and NC1 are composed of a pT-containing cyclic peptide
and PLH*SpT (2), respectively, as Plk1 PBD ligands conjugated
with 12-mer poly-arginine (R;,) as a dual function motif (CPP
and N-degron) tethered by aminohexanoic acid. These Plki1-
PROTACs demonstrated Plkl degradation, potent cytotoxicity
against several cancer cell lines, and in vivo anti-tumor activity
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in xenograft mouse models.***° This work supports the poten-

tial value of overcoming issues with the cell membrane per-
meability of Plk1 PBD inhibitors as a viable approach to devel-
oping cancer therapeutics. Herein, we report the design, syn-
thesis, and in vitro biological evaluation of N-methylated and
lipidated peptide analogs of peptide 2 designed to achieve cell-
active Plk1 PBD-targeting inhibitors.

Results and discussion

Design and synthesis of N-methylated analogs of peptide 2

The structure of Plk1 PBD-bound peptide 2, displayed in Fig. 1b
and c, shows that the amide protons of Ser and the N-terminus
of pThr residue contribute to protein binding, while the amide
protons of Leu, His, and the C-terminus of pThr are exposed to
solvent. Accordingly, we examined the N-methylation of the Leu
a-amino group and pThr C-terminal amide group (Scheme 1).
The C-terminal carboxylic acid analog 4 was synthesized on 2-Cl
trityl (Trt) chloride resin using standard Fmoc-based solid-phase
peptide synthesis (Fmoc-SPPS) methodologies. When sidechains

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis of N-methylated peptide 2 analogs 4-10. (a)
Synthesis of peptides 4—-6. (b) Synthesis of peptide 7. (c) Synthesis of
peptides 8-10. DIPEA: N,N-diisopropylethylamine; DCM: dichloro-
methane; DMF: N,N-dimethylformamide; TFA: trifluoroacetic acid; TIPS:
triisopropylsilane; HATU: 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate.

of the Ser and pThr residues-protected C-terminal carboxylic
acid peptide (Ac-PLH*S("Bu)T{PO(OBn)OH}-OH) was cleaved
from the resin and subjected to coupling with N-methyl amine
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or N,N-dimethyl amine, a dehydroalanine-containing C-terminal
N-alkyl peptide was formed, as evidenced by mass spectroscopy.
These products possibly resulted from p-elimination of the phos-
phate group.* ™ To suppress this side reaction, peptide 4,
having a free phosphate on the Thr sidechain, was used for the
coupling with N-methyl amine or N,N-dimethyl amine. These
couplings proceeded well to provide the desired N-alkyl peptides
5 and 6 (Scheme 1). Peptide 7, having an N-Me-Leu residue, was
synthesized by Fmoc-SPPS using Fmoc-N-Me-Leu-OH rather
than Fmoc-Leu-OH. The N-Me-Leu-containing C-terminal car-
boxylic acid peptide 8, its N-methyl amide analog 9, and its N,N-
dimethyl amide analog 10 were synthesized in fashions similar
to the syntheses of peptides 4, 5, and 6.

Design and synthesis of lipidated peptide 2 analogs

Lipidation is a common modification used in peptide drug
development. Lipidation enhances cell membrane affinity,
which improves cell membrane permeability.’® It also
enhances biological potency, as exemplified in the develop-
ment of SARS-CoV-2 fusion inhibitor peptides.?” Lipidation
also improves the PK profiles of peptides by increasing
binding to serum proteins.***° The glucagon-like peptide-1
analog semaglutide is an orally administrable peptide drug for
type-2 diabetes mellitus. It is used in combination with the
oral absorption enhancer salcaprozate sodium (SNAC).>™>
Semaglutide possesses a C,g fatty diacid on the Lys20 side-
chain tethered by two 8-amino-3,6-dioxaoctanoic acid units
(mini-PEG) and 1-Glu (Fig. 2).>' We envisioned that lipidation
of Plk1 PBD inhibitor peptide 2 could enhance cellular activity.
Previously, we found that modification of peptide 2 at the N-
and C-termini was acceptable.’®>*™>> Therefore, we designed
and synthesized the peptide 2 analogs 15-20 possessing sema-
glutide-like modifications. We also prepared their non-phos-
phorylated threonine derivatives 21-26 as negative controls to
determine the non-specific cytotoxicity of the lipid moieties
(Schemes 2 and 3). The C-terminally modified peptides 15 and
21 were synthesized on NovaSyn® TGR resin by standard
Fmoc-SPPS protocols using 1-(4,4-dimethyl-2,6-dioxocyclohex-
1-ylidene)isovaleryl (ivDde)-protected Lys for C-terminal modi-
fication following chain elongation (Scheme 2a). Selective de-
protection of the ivDde group on resins 11 and 12, followed by
coupling with two mini-PEG units and an 1-Glu residue, gave
the protected resins 13 and 14. Subsequent global de-
protection afforded peptides 15 and 21. When the lipid moi-
eties were attached to peptide resins 13 or 14, the mainchain
of the 1-Glu residue was used as a connector, rather than the
L-Glu side chain in semaglutide (Scheme 2b and c). Stearic
acid or 18-("Bu)-18-oxooctadecanoic acid was coupled to resins
13 or 14, respectively, and the resulting resins were subjected
to deprotection and cleavage to afford the C-terminally lipi-
dated peptides 16, 17, 22, and 23. The N-terminally modified
peptides 18 and 24 were synthesized on NovaSyn® TGR resin
by standard Fmoc-SPPS methodologies using ivDde-protected
Lys for N-terminal modification following chain elongation
(Scheme 3a). Lipidation of the resin 29 and 30 was achieved
using stearic acid or 18-(‘Bu)-18-oxooctadecanoic acid, respect-
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ively, to afford the N-terminally lipidated peptides 19, 20, 25,
and 26 (Scheme 3b and c).

o j Evaluation of Plk1 PBD-binding affinities and cytotoxicity of

HN/\O/\/O\/\HJ\/O\/\O the N-methylated peptide 2 analogs 4-10

Plk1 PBD-binding affinities of synthesized peptide 2 analogs
4-10 were evaluated by in-house fluorescence polarization

EFIAWLVRGRG —OH

o o (FP) assays using a peptide 2-based fluorescent probe (FITC-

mini-PEG-PLH*SpT)  and  full-length  PIk1.**  The

N-methylated analogs 4-10 showed improved affinities as

compared with peptide 2 (Table 1 and Fig. S1). The
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Scheme 3 Synthesis of N-terminally modified peptide 2 analogs 18—-20 and 24-26. (a) Synthesis of peptides 18 and 24. (b) Synthesis of peptides 19

and 25. (c) Synthesis of peptides 20 and 26.

C-terminally di-methylated amide 6 showed approximately
4-fold affinity enhancement as compared with the parent
peptide 2 in experiments 1 and 2. However, MTT assays
using HeLa cells showed that none of the N-methylated

This journal is © The Royal Society of Chemistry 2026

analogs exhibited significant cytotoxicity below 100 pM
(Fig. S2). We interpreted these data to suggest that
N-methylation of peptide 2 did not contribute to improving
cell membrane permeability.
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Table 1 Results of FP assays examining the Plkl PBD-binding affinities

of the N-methylated peptide 2 analogs 4-10

Compound Modification residue

Plk1 PBD affinity” (nM)

PLH*SPT (2) —
PLH*ST (2) —
C-term, -COOH
C-term, -CONH(Me)
C-term, -CON(Me),
N-Me-Leu
N-Me-Leu
C-term, -COOH
9 N-Me-Leu

C-term, ~-CONH(Me)
10 N-Me-Leu

C-term, -CON(Me),

RN U

440 £ 37,2 290 £ 23¢
n.d.?

190 + 63,2 170 + 4.0°
150 29,299 + 18°
120 +2.5,° 62 £ 9.0°
140 + 30,” 85 + 21°
120 + 19,2 97 + 15°

280 + 18,2110 £ 9.2¢

190 +4.9,° 120 £ 11°

“FP assays using purified full-length Plk1 with FITC-mini-PEG-2 as the
probe. ICs, values were determined from three independent experi-
ments and shown as the average ICs, = SEM (nM). > Experiment 1 or

2, respectively. @ Not determined.
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Evaluation of Plk1 PBD-binding affinities and cytotoxicity of
the lipidated peptide 2 analogs 15-26

Plk1 PBD-binding affinities of the synthesized peptide 2
analogs 15-26 were evaluated by in-house FP assays using the
fluorescein-labeled probe (FITC-mini-PEG-2°3® or FITC-mini-
PEG-FDPPLHSpTA®®) and full-length Plk1 (Table 2 and
Fig. S3). FP assays using different probes showed that peptide
15 with a mini-PEG linker and peptides 17 and 20 having
semaglutide-like lipidation at C- and N-termini, respectively,
showed higher PBD-binding affinities than parent peptide 2
and peptides 16, 18, and 19 having other modifications.
Notably, peptide 17 demonstrated greater than 260-fold affinity
enhancement. Although the reasons why the lipidated analogs
showed improved affinities remain unclear, this tendency is
partially consistent with our previous finding that the attach-
ment of a mini-PEG unit on the C- or N-terminus of the PBD-
binding peptide improved the affinity.>® The non-phosphory-
lated threonine analogs 21-26 did not show any binding,
suggesting specific binding of 15-26 to the Plkl1 PBD. MTT

Table 2 Results of FP assays examining the Plkl PBD-binding affinities of the lipidated peptide 2 analogs 15-26

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 March 2026. Downloaded on 4/15/2026 5:28:42 AM.

o OH
0 0 0
A L LRI R Lo
RALPAERSE QNJ
= Y 0o o o 2 (X=PO(OH),)
NN X i HN/\/ ~"o (><-H
X R = HOWN/\/O\/\O/ﬁrN\L /\[I/LiiS
NH, 1 o
2 (; P)O(OH)Z) . ) oo o oj HN/\/O\/\oﬁfk
HOWNNO\/\OWN\L %‘%L g 0
Ro = NH o o NH
0 Rs= HN HO._O J/
o o) o)
o o H FH HN/\/O\/\OAH/LLii
H o. 9 0o
o HOJ\/\[AN/\ PN /\O/\WN\L Rs= /\/\/\/\/\/\/\/\VJLN TI/NH s o
Ry = HOJW/\/\/\MWNH 0 g% © Hoo J/
.-E». ° i H HO_O
] o 0
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Plk1 PBD affinity” (nM)
Compound Peptide Modification site Modification Probe: FITC-mini-PEG-2 FITC-mini-PEG-FDPPLHSpTA
PLH*SpT (2) — — 560 + 130,b 300 + 17° 60 +2.3
PLH*ST (2/) — — — n.d.bed n.t
15 2 C-term Ry 4.3 £ 0.54° 8.1 £ 0.040
16 2 C-term R, 450 + 617 7.4 + 0.060
17 2 C-term R3 2.1 £0.062° 1.5 +£0.054
18 2 N-term Ry 1300 + 420° 19 +£0.48
19 2 N-term Rs 5400 + 1300” 59 £0.35
20 2 N-term Rg 26 = 3.4° 2.9 +0.15
21 2’ C-term R, n.d. n.t.
22 2' C-term R, n.d. n.t.
23 2! C-term R, n.d. n.t.
24 2! N-term R, n.d. n.t.
25 2! N-term Rs n.d. n.t.
26 2' N-term Re n.d. n.t.

“FP assays using purified full-length Plk1 with FITC-mini-PEG-2 *® or FITC-mini-PEG-FDPPLHSPTA®® as the probe. IC5, values were determined
from three independent experiments and shown as the average IC;, + SEM (nM). > Experiments 1 and 2, respectively.  Not determined. ¢ Not

tested.
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assays using HeLa cells showed that none of the lipidated
analogs with or without phosphorylation on their Thr residues
had significant cytotoxicity below a concentration of 100 uM
(Fig. S4). Taken together with the results of the FP assays, it
was apparent that semaglutide-like lipidation of peptide 2 did
not facilitate cellular activity.

The Plk family is composed of five members (Plk1-5).
Plk1-3 have high homology in their PBDs.*" In contrast to Plk1,
both PIk2 and Plk3 function as tumor suppressors.’®”’
Therefore, Plk1 selectivity against PIk2 and PIk3 is an impor-
tant consideration for the development of Plk1 inhibitors.
There is no structural information about the PBD of Plk3, so we
predicted the Plk3 PBD (312D-646A) structure using
ColabFold,*®**® and compared its structure with the PBDs of
Plk1 and Plk2 (Fig. S5a—c). According to the superimposed
structures of PBDs of Plk1-3, these structures were highly con-
served, which might suggest the potencies of Plk1 PBD-binding
peptides for binding to PBDs of Plk2 and PIk3 (Fig. S5d and e).

Conclusions

Targeting intracellular proteins is among the greatest chal-
lenges confronting the development of peptide-based agonists/
antagonists. Plkl is an established anti-cancer target, but
there have been few reports of Plkl PBD-directed peptides
having significant cellular potencies.’®?*”*%*% peptide 2 is one
of the highest affinity Plk1 PBD-binding peptides, but it has
poor cell membrane permeability and cellular potency.***® We
have undertaken sustained efforts to improve the cellular
active Plk1 inhibitor peptides based on peptide 2 that include
incorporating additional auxiliaries on the His side chain,?*"?
macro-cyclization,>**> and bivalent approaches.>® However,
the resulting peptides failed to show good cytotoxicity.

Herein, we examined N-methylation and lipidation using
peptide 2 as a starting point. The N-methylated peptide 2
analogs 4-10 showed improved PBD-binding affinities, with
peptide 6 exhibiting up to 4-fold affinity enhancement
(Table 1). However, these peptides failed to show improved
cytotoxicity against HeLa cells (Fig. S2). The lipidated peptide
2 analogs 15, 17, and 20 also showed from 20- to 260-fold
enhanced PBD-binding affinities, but these peptides failed to
show cytotoxicity (Table 2 and Fig. S4). These results suggest
that there is room for further modification to improve cell
membrane permeability. Additionally, the selectivity of the
synthesized peptides against PBDs of Plk1-3 was not investi-
gated in the present study. Therefore, investigations to develop
cell-active PIk1 PBD inhibitors, including selectivity evaluation,
are underway by our research team.

Experimental
Peptide synthesis

The synthetic methods for representative compounds 4-10
and 15-26 are described in Schemes 1-3 and the SI. The
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purities of all the final compounds were determined by analyti-
cal RP-HPLC as being >95%. Experimental procedures, includ-
ing characterization data and analytical RP-HPLC charts of the
purified compounds, are provided in the SI.

FP assays using purified full-length Plk1

FP assays to evaluate the PBD-binding affinities of test com-
pounds using full-length Plkl1 were run as previously
reported.>>>*> Briefly, purified protein was prepared follow-
ing methods described in previous reports**®® and diluted to
a 2x working dilution in assay buffer (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-buffered saline with
0.05% Tween-20, 1 mM dithiothreitol (DTT), and 1 mM ethyle-
nediaminetetraacetic acid (EDTA)) with the final protein con-
centration representing the approximate Kp values as deter-
mined for the probe FITC-mini-PEG-PLH*SpT and FITC-mini-
PEG-FDPPLHSpPTA, respectively. Inhibitors serially
diluted to generate 4x working dilutions in assay buffer. To
each well of a 384-well plate was added 20 pL of 2x PIk1 solu-
tion (0% binding controls received 20 pL of assay buffer). A
total of 10 pL of the 4x inhibitor solution (or assay buffer as
blank) was added to the corresponding wells and allowed to
pre-incubate at room temperature for 30 min with shaking. A
fluorescent probe was diluted to 40 nM (4x) in assay buffer,
and then 10 pL was added to each well. The plate was allowed
to equilibrate at room temperature for 30 min with shaking.
The FP was read using a TECAN Spark plate reader with 485/15
excitation and 528/15 emission. FP values were obtained in
triplicate and normalized to 100% (no inhibitor) and 0%
binding (no protein) controls. Normalized values were plotted
versus concentration and analyzed using non-linear regression
in GraphPad Prism 10 [log(inhibitor) vs. response — variable
slope (four parameter) model]. ICs, values represent average +
standard error of the mean (SEM).

were

MTT assays using HeLa cells

MTT assays were performed as previously reported.*® In brief,
HeLa cells (JCRB9004, Japanese Collection of Research
Bioresources (JCRB) Cell Bank, Osaka, Japan) were seeded in a
96-well plate (5 x 10* cells per well) with 100 pL of Dulbecco’s
modified Eagle’s medium (D-MEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM 1-Gln, 100 pg mL ™" of penicil-
lin, and 100 pg mL™" of streptomycin for each well. After 1-day
incubation at 37 °C, the media were replaced with the serially
diluted compounds containing media, and cells were incu-
bated at 37 °C for an additional 2 days. Cells were washed with
phosphate-buffered saline (PBS, 200 pL x 1) and the generated
formazan was dissolved in 200 pL of 4 M HCI aq./2-propanol
(0.1:10). The absorbance of each well at 565 nm was read
using the iMark Microplate Reader (BIO-RAD). The absorbance
was obtained in triplicate and normalized to 100% (no inhibi-
tor) and 0% viability (no cell) controls. Normalized values were
plotted versus concentration and analyzed using non-linear
regression in GraphPad Prism 10 [log(inhibitor) vs. response —
variable slope (four parameter) model]. ICs, values represent
average + SEM.
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