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Abstract

Purpose The voltage-gated potassium channel Ky,1.3 is upregulated on pro-inflammatory microglia, and its blockade is
effective in reducing neuroinflammation in vitro and in vivo. The most potent and selective Ky,1.3 blockers identified to date
are disulfide-rich, venom-derived peptides, which are largely excluded from the brain by the blood—brain barrier (BBB).
As BBB shuttle peptides have been reported to promote receptor-mediated transport of macromolecules and nanoparticles
across the BBB, we have conjugated two such shuttle peptides, MTfpep (MTf) and Angiopep-2 (Ang2), to HSTX1[R14A],
a Ky /1.3-blocking peptide with 34 residues and four disulfide bonds, using click chemistry.

Results NMR spectroscopy showed that the conjugates adopted the same fold as HsTX1[R14A], and electrophysiology
assays demonstrated the retention of nanomolar Ky,1.3 inhibition. Liquid chromatography tandem mass spectrometry (LC-
MS/MS) assays were developed to quantify HsTX1[R14A] and MTf-HsTX1[R14A] in buffer, mouse plasma and brain
homogenate; however, sufficient analytical sensitivity could not be achieved for Ang2-HsTX1[R14A]. Assessment of pep-
tide permeability in in vitro BBB models showed no evidence of enhanced permeability of MTf-HsTX1[R14A] relative to
HsTX1[R14A]. Following intravenous administration of MTf-HsTX1[R14A] to C57BL/6 mice at 4 mg/kg, plasma concen-
trations were detectable up to 120 min post-dose, but brain concentrations of MTf-HsTX1[R14A] remained below the limit
of detection at all timepoints measured.

Conclusion Our results imply that the BBB shuttle peptide MTfpep failed to facilitate brain entry of this cargo. Nevertheless,
the click chemistry methods developed for HsTX1[R14A] will facilitate its modular assembly with other brain-targeting
ligands and are applicable to conjugation of other disulfide-rich peptides.
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Fmoc
HCTU

Fluorenylmethyloxycarbonyl

O-(1 H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate
iv. Intravenous

LC-MS Liquid chromatography mass spectrometry

LLQ Lower limit of quantification

LPS Lipopolysaccharide

LRP-1 Low-density lipoprotein receptor-related
protein 1

NMR Nuclear magnetic resonance

PD Parkinson’s disease

PEG Polyethylene glycol

RP-HPLC Reversed-phase high-performance liquid
chromatography

s.C. Subcutaneous

TEA Tetracthylammonium

TFA Trifluoroacetic acid

THPTA Tris(3-hydroxypropyltriazolylmethyl)amine

Introduction

Effective therapies for neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
limited. There is growing recognition of neuroinflammation
as a common pathological mechanism with the potential to
be addressed by next-generation therapeutics (Heneka et al.
2025; Tansey et al. 2022; Zhang et al. 2023). However, drug
access to the brain parenchyma from the systemic circula-
tion is limited by the blood-brain barrier (BBB), which is
formed by the vascular endothelium in the brain connected
by tight junctions. A key challenge for molecules targeting
the central nervous system (CNS) is therefore the delivery
of efficacious drug concentrations into the brain following
peripheral administration.

The voltage-gated potassium channel Ky,1.3 is a promis-
ing target in neurodegenerative diseases that is upregulated
in both AD and PD postmortem human brains and animal
models (Rangaraju et al. 2015; Sarkar et al. 2020), as well
as in mice that have been challenged with lipopolysaccha-
ride (LPS) (Di Lucente et al. 2018). Ky/1.3 is essential for
the activation of pro-inflammatory microglia (Di Lucente et
al. 2018), and its blockade has been shown to be therapeuti-
cally beneficial in mouse models of AD and PD (Maezawa
et al. 2017; Sarkar et al. 2020). These studies utilized PAP-
1, a small-molecule Ky,1.3 inhibitor that is brain-penetrant
but has modest Ky1.3 activity (~2 nM) and selectivity
(~25-fold) (Schmitz et al. 2005). In contrast, venom-derived
Ky1.3-blocking peptides typically display superior target
selectivity, owing to a larger interaction surface area with
the channel that includes contact with residues further away
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from the K'-conducting pore, which are less conserved
between Ky, 1 family members (Norton and Chandy 2017).

HsTXI1[R14A], an analogue of the peptide toxin HsTX1
from the scorpion Heterometrus spinifer, is a highly potent
(IC50~45 pM) Ky/1.3-blocking peptide that is >2000-fold
selective for Ky,1.3 over other Ky,1 channels (Lebrun et al.
1997; Rashid et al. 2014). It contains 34 residues and four
disulfide bridges (Fig. 1), which impart exceptional chemi-
cal, proteolytic and plasma stability (Jin et al. 2016; Rashid
et al. 2014). We have shown that peripherally-administered
HsTX1[R14A] improved cognitive function in a SAMP8
mouse model of sporadic AD (Pan et al. 2023), and reduced
markers of neuroinflammation in mice challenged with
LPS (Reddiar et al. 2021). Similarly, another peptidic
Ky1.3 inhibitor, ShK-233, improved cognitive function in a
5xFAD mouse model of familial AD (Ramesha et al. 2021).
The beneficial effects of these relatively large peptides
might be attributable to disruption of the BBB associated
with disease progression in these models (also reflected in
human AD), which could allow greater brain entry of pep-
tides (Alkhalifa et al. 2023; Chen et al. 2023). However,
it would be of significant benefit to deliver therapeutically-
relevant concentrations of peptide into the brain at lower
peripheral doses and in particular before disease advanced
to a stage where the BBB becomes compromised.

Unlike smaller peptides, large and/or structured peptides
such as HSTX1[R14A] or ShK-223 cannot be readily modi-
fied to promote passive diffusion across cell membranes
(e.g. by modulating hydrophobicity/charge or conforma-
tional dynamics) (Ramelot et al. 2023). For these peptides,
traversal across an intact BBB typically requires active
uptake by brain endothelial cells. Approaches targeting
uptake receptors expressed on the BBB using endogenous
or synthetic ligands have been shown to be effective in
delivering large cargoes into the brain via receptor-mediated
endocytosis (Anthony et al. 2021). This strategy is being
actively pursued in the development of next-generation
biologics for AD that incorporate brain-targeting elements,
e.g. Roche’s trontinemab and AbbVie’s ALIA-1758, both of
which include a module that binds to the transferrin recep-
tor (TfR).

BBB shuttle peptides are a promising class of ligands
that target transporters expressed at the BBB, and include
both sequences derived from natural proteins as well as
sequences identified through phage display (Prades et al.
2025). Compared to antibody-based shuttles, BBB shuttle
peptides are smaller and more straightforward to synthe-
size and conjugate to cargoes. Here, we focus on two BBB
shuttle peptides, selected based on their reported success
in improving transport of large cargoes such as proteins,
RNA and nanoparticles across the BBB (Prades et al. 2025).
MTfpep (DSSHAFTLDELR) is a tryptic peptide fragment
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Fig. 1 a Sequence of
HsTX1[R14A] (with disulfide
connectivities indicated) and

the solution structure of HsTX1
(PDB 1QUZ), with the disulfides
(yellow) and the modelled R14A
substitution (cyan) shown as
sticks. b Reaction scheme for
oxidation of KN;-HsTX1[R14A]
and subsequent conjugation

of BBB shuttle peptides to

(a)

(b)

ASCRTPKDCADPCAKETGCPYGKCMNRKCKCNRC

N
HsTX1[R14A]. GSH reduced ’
glutathione; GSSG oxidized BN g
glutathione H. NNy~ ASCRTPKDCADPCAKETGCPYGKCMNRKCKCNRC 1eq.GSH 2 f
2 2eq. GSSG
50 mM Tris (pH 8) S
16-18 h agitation v
KN;-HsTX1[R14A] (reduced) KN;-HsTX1[R14A]
Ishuttle
HN
Ny 2 eq. hexynoyl-shuttle WN
0 N
\\\/\)Lu/shuttle
H,N
50 uM CuSO, B
250uM THPTA 2

KNz-HsTX1[R14A]

derived from melanotransferrin, an endogenous protein
ligand of the BBB receptor low-density lipoprotein recep-
tor-related protein 1 (LRP-1), which retains the property
of BBB penetration (Singh et al. 2021). It has been shown,
either when chemically conjugated or expressed as part of a
recombinant protein construct, to enhance the in vivo brain
uptake of a mouse IgG1 antibody (~ 150 kDa) and an engi-
neered protein (interleukin-1 receptor antagonist, IL-1RA)
by 4-5 fold at T,,, (Thom et al. 2018). A fusion protein
comprising the human enzyme o-L-iduronidase (IDUA)
with MTfpep increased permeation across an in vitro BBB
model (hCMEC/D3 monolayer), and improved brain lev-
els of enzyme activity by 4—7 fold compared to unmodified
IDUA when delivered as a gene therapy expressed from the
liver in IDUA-deficient mice (Jin et al. 2022). An MTfpep-
siRNA conjugate (targeting NOX4 in the CNS) adminis-
tered i.v. to healthy mice also showed enhanced (2—3-fold)
brain entry compared to siRNA alone (Eyford et al. 2021).
Angiopep-2 (TFFYGGSRGKRNNFKTEEY) is a synthetic
peptide designed as a chimera of the minimal LRP-interact-
ing domain of the bovine protease inhibitor aprotinin and
a homologous sequence in the human amyloid precursor
protein (Demeule et al. 2008). It has been used to facili-
tate BBB transport of diverse cargoes including small mol-
ecules (Eiselt et al. 2020; Parrasia et al. 2021; Régina et al.
2008), proteins (Anami et al. 2022; Howell et al. 2024) and
nanoparticles (Habib and Singh 2022). Notably, a conju-
gate of Angiopep-2 with paclitaxel reached Phase II clinical

7.5 mM ascorbate
3 mM aminoguanidine
50 mM Tris (pH 8)
16-18h

trials for treatment of high-grade glioma, highlighting its
translational relevance (Dmello et al. 2024).

In this study, we present a modular approach based on
click chemistry for conjugating MTfpep and Angiopep-2
(hereafter MTf and Ang2, respectively) to HsTX1[R14A],
and evaluate the ability of these conjugates to cross the BBB
in vitro and in vivo.

Results

Synthesis and Biophysical Characterization of
Shuttle-HsTX1[R14A] Conjugates

We have shown previously that HsSTX1[R14A] and N-ter-
minal conjugates thereof can be synthesized by solid-phase
peptide synthesis and folded efficiently (Bergmann et al.
2017; Rashid et al. 2014; Reddiar et al. 2023; Wai et al.
2022). In our initial efforts to create BBB shuttle conju-
gates of HsTX1[R14A], we synthesized a single polypep-
tide chain comprising each shuttle sequence N-terminal
to HsTX1[R14A], separated by a 3-residue linker (-GSG-
). However, the yields of the reduced linear peptide were
low, likely due to the length of the peptide (49 residues for
MTfpep- and 56 residues for Ang2-HsTX1[R14A]) and
cumulative efficiency losses. Moreover, even after HPLC
purification of reduced MTf- and Ang2-HsTX1[R14A], oxi-
dative refolding proceeded with poor yields. We therefore
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adopted an alternative, modular approach to BBB shut-
tle attachment using the copper-catalyzed azide—alkyne
cycloaddition (CuAAC) (Rostovtsev et al. 2002; Tornge
et al. 2002), as illustrated in Fig. 1. First, HSTX1[R14A]
was functionalized by extension of the N-terminus with
Ne-azidolysine, and this precursor peptide (hereafter KN;-
HsTX1[R14A]) folded readily under the same oxidative
conditions as for HsTX1[R14A] (Fig. S1). Each BBB shut-
tle was separately synthesized and an alkyne moiety intro-
duced at the N-terminus by amide coupling of hexynoic
acid, generating Hex-MTf and Hex-Ang2 (Figs. S2-S5).
Finally, purified folded KN;-HsTX1[R14A] was conjugated
to either Hex-MTf or Hex-Ang2 via CuAAC to produce
MT{-HsTX1[R14A] or Ang2-HsTX1[R41A], with yields of
50-70%. Liquid chromatography—mass spectrometry (LC-
MS) analysis of the conjugates showed good agreement
between observed and theoretical masses (Figs. S6, S7).
Furthermore, the dispersion of peaks in the amide-aromatic
region of the 'H NMR spectra indicated that the conjugates
retained the same overall fold as HsTX1[R14A] (Fig. 2).
This also validates that any potential reduction of disulfide
bonds in HsTX1[R14A] by sodium ascorbate, which is used
in CuAAC to reduce Cu(Il) to the catalytic Cu(I) species,
was reversible upon its removal by HPLC.

(a)

Fig.2 a One-dimensional

"H NMR spectra of KNj-
HsTX1[R14A] (blue), MTf-
HsTX1[R14A] (red) and Ang2-
HsTX1[R14A] (green) acquired
at 600 MHz and 298 K in 95%
H,0/5% *H,0 (KN;-, pH 4.0;
MTF-, pH 3.8; Ang2-, pH 4.3). b
Expanded amide-aromatic region
of spectra in (a)
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Both shuttle-HsTX1[R14A] conjugates were tested for
the inhibition of the whole-cell Ky,1.3 current using patch-
clamp electrophysiology. MTf-HsTX1[R14A] and Ang2-
HsTX1[R14A] blocked Ky1.3 with ICs, values of 0.8 and
1.4 nM, respectively (Fig. 3), corresponding to ~20- and
30-fold losses of activity [HsTX1[R14A] Ky, 1.3 ICs, ~45
pM (Rashid et al. 2014)], and comparable to other N-termi-
nal modifications of HSTX1[R14A] (Wai et al. 2022).

Development of LCMS/MS Assay to Quantify
Peptides in Plasma and Brain

LC-MS/MS assays were developed to quantify
HsTX1[R14A],  MT{-HsTX1[R14A] and  Ang2-
HsTXI1[R14A] (Supplementary Table S1). However,

the largest peak area of transitions identified for Ang2-
HsTXI1[R14A] was only~10% that of HSTX1[R14A] or
MT{-HsTX1[R14A] at 10-fold higher loading (Supple-
mentary Table S2). As the analytical sensitivity of LC-MS/
MS detection of Ang2-HsTX1[R14A] was insufficient to
quantify the peptide in both in vitro or in vivo permeability
assays under the conditions tested, no further quantification
of this analogue was conducted.

‘ A M

A AN [ VAL a4
AR MATR' TRYARCL |y
e WTTWRN W U
! rl #I| l
s L/‘/J Ll
t" W) Wu‘f“ 4 9|
| T T T I 1 Y .
. 4 2 [ppm]
| 1 |
. |
|
" | f
LIV 1
| i ’
fﬂ
\ I
N “ I' B
™ At AN s.ul"‘-lw"l‘ |.l
N A ITTRTLA 1. VL I F Uil N R
W VAW VIR A W Ny T b
\JV VU W VI YRSV VAT V“'UL_;‘\..J‘JL______Q_

T T

N

8 7

[ppm]



International Journal of Peptide Research and Therapeutics (2026) 32:30 Page50f13 30
(a) (b)
MTf-HsTX1[R14A] Ang2-HsTX1[R14A]
2000+ — Control 15001 — Control
15004 — TEA" 10 mM —_ — TEA" 10 mM
P — 1nM < 1000+ — 1nM
E 10004 -
S 500
2 500+ g
= =
o ol o 0] _—
- . T T T _ a T T T
>00 5 10 15 500 5 10 15
time (ms) time (ms)
1500+
—. 3000 — Control - — Control
g 2000 0.1nM 2 1000- 0.2 nM
£ 7] 0.3nM e 2.5nM
[ — 3nM @ —
5 1000+ — 30nnM 5 > o
o o — 60 nM
0 — 0 —
1 1 1 1 1 1
0 5 10 15 0 5 10 15
time (ms) time (ms)
(c) (d)
1.0 1.0+
—_ IC50 = 840 pM - ICs0=1.38 nM
= Hill Slope = 0.99 = Hill Slope = 1.07
w 0.5 w 0.5-
O [§)
(14 (14
0.0 0.0 —r——ry

0.01 0.1 1 10 100
[MTf-HsTX1[R14A]] nM

Fig. 3 Electrophysiology assays. a, b Whole-cell Ky/1.3 currents were
recorded in an activated human T lymphocyte by applying 15-ms-long
depolarization pulses to +50 mV from a holding potential of —120
mV every 15 s. Representative current traces show the K™ current in
control solution (black), at steady-state block in the presence of 10 mM
TEA™: tetracthylammonium (blue) as a perfusion control and at equi-
librium block in the presence of different concentrations (as indicated
in the panels) of a MTf-HsSTX1[R14A] (red) or b Ang2-HsTX1[R14A]

LCMS/MS assays were validated for HsTX1[R14A]
and MTf-HsTX1[R14A] in the assay buffer used for
in vitro studies. Analyses of HsTX1[R14A] and MTf-
HsTX1[R14A] analogues were precise and accurate from
31 to 1000 nM (Figs. S8A, S8B), with quality control (QC)
replicates within this range having a precision<20% and an
accuracy of 80—120% at all concentrations tested (Table 1).
In addition, LCMS/MS assays were developed to quantify
MT{-HsTX1[R14A] extracted from both mouse plasma and
brain homogenate. As demonstrated in Table 2, the assays

001 04 1 10 100
[Ang2-HsTX1[R14A]] nM

(green). ¢, d Concentration-response curves of ¢ MTf-HsTX1[R14A]
or d Ang2-HsTX1[R14A] against K,1.3. Remaining current fractions
(RCF=I/1;,, where I, and I are the peak currents in the absence and
presence of the indicated concentration of the peptides, respectively)
were plotted as a function of peptide concentration. Data were fitted to
the Hill equation (see Experimental Procedures ) with parameters ICs,
and H indicated in the panels. Error bars indicate SEM, n>3

were precise and accurate, with a precision<20% and accu-
racy of 80-120% at all concentrations tested. The assay in
mouse brain homogenate was precise and accurate in the
range 7.8-250 pmol/g (Fig. S8C) and the assay in plasma
was precise and accurate in the range 7.8-500 nM (Fig.
S8D). Representative peaks of MT{f-HsTX1[R14A] at the
low (8 nM) and high (500 nM) concentrations in plasma are
shown in Figs. S8E and S8F, respectively. All details of LC
gradients and MS ion transitions are detailed in Supplemen-
tary Table S1.
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Table 1 Precision and accuracy of peptide quantification by LC-MS/MS in in vitro assay buffer (n=6)
[HsTX1[R14A]] (nM) Precision (%) Accuracy (%) [MTf-HsTX1[R14A]] (nM) Precision (%) Accuracy (%)
31.25 13 101+13 31.25 8 100+9
125 4 94+4 125 4 98+4
1000 3 95+3 1000 9 101+9
Errors represent S.D.
Table 2 Precision and accuracy of peptide quantification by LC-MS/MS in mouse plasma or brain homogenate (n=6)
Plasma Brain homogenate
[MT{-HsTX1[R14A]] (nM) Precision (%) Accuracy (%) [MT{-HsTX1[R14A]] (pmol/g) Precision (%) Accuracy (%)
7.8 12 100£10 7.8 13 92+15
63 6 97+6 63/g 12 83+11
500 6 90+5 250 5 108+5

Errors represent S.D.
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Fig. 4 Stability analysis of a HsSTX1[R14A] (white circles) and MTf-
HsTX1[R14A] (black squares) in in vitro assay buffer at 37 °C, and b
MTf-HsTX1[R14A] in mouse plasma at 37 °C. Values are percentage
LC peak area at the respective timepoints compared to the peak area of

Stability of BBB-Shuttle Analogues

Stability analyses were conducted for HsTX1[R14A] and
MTf-HsTX1[R14A] in an in vitro assay buffer and for MTf-
HsTX1[R14A] in mouse plasma at 37 °C. No degradation
was observed for either analogue in any of the solutions
tested across the 2 h timeframe analyzed (Fig. 4). We have
previously shown that HSTX1[R14A] is stable for >4 h in
mouse plasma (unpublished data).

In Vitro Transport of HsTX1[R14A] and MTf-
HsTX1[R14A

The permeability of MTf-HsTX1[R14A] compared to
HsTX1[R14A] was measured in two in vitro models of the
BBB. Permeability across a confluent monolayer of primary
mouse brain endothelial cells was evaluated by loading
donor chambers with 10 uM peptide, and the concentration
transferred across the cell layer to the acceptor chamber mea-
sured over a 120 min period. Neither analogue was detected
in the acceptor chamber at a concentration above the lower
limit of quantification (LLQ) at any timepoint, correspond-
ing to <0.3% transfer over this period. Consequently, in this
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the sample taken at the beginning of the study (i.e. t=0) (n=3 per time-
point). Error bars represent S.D. Representative LC-MS/MS peaks of
MTf-HsTX1[R14A] in plasma at 0 and 120 min are shown in Fig. S9

model, we cannot conclude that MTf-HsTX1[R14A] had
increased permeability relative to HSTX1[R14A] as neither
peptide was detectable in the acceptor chamber. We further
assessed the permeability of both peptides in an immortal-
ized human endothelial brain endothelial (hCMEC/D3) cell
model, with a donor chamber concentration of 20 uM. Per-
meability into the acceptor chamber was low for both ana-
logues, reaching transfer percentages of ~ 1% over 120 min
with no significant difference in the calculated permeabil-
ity coefficient values (P,,, ~ 2E® cm/min) between MTf-
HsTX1[R14A] and HsTX1[R14A] (Fig. 5).

In Vivo Plasma and Brain Exposure

C57BL/6 mice were dosed with MTf-HsTX1[R14A] i.v.
at a dose of 4 mg/kg, and brain and plasma samples taken
over a 2-h period (15, 30, 60, 90, 120 min). The plasma
and brain concentrations of MTf-HsTX1[R14A] were
determined using our validated LC-MS/MS assay. The
plasma concentrations of MTf-HsTX1[R14A] are depicted
in Fig. 6. As reported in our previous studies (Reddiar et
al. 2021), the concentration of HsTX1[R14A] in the brain
of C57BL/6 mice was below the LLQ of 15 pmol/g over
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Fig. 5 Permeability of HsTXI[R14A] (white circles) or MTf-
HsTX1[R14A] (black squares) across immortalized human brain
endothelial (h[CMEC/D3) cells. Permeability is defined as percent-
age concentration in acceptor chamber compared to the concentration
present in the donor chamber at timepoint 0 min (n=4 per timepoint).
Error bars represent S.D
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Fig.6 Plasma concentrations of MTf-HsTX1[R14A] in C57BL/6 mice
following intravenous administration at a dose of 4 mg/kg (n=3/time-
point). Error bars represent S.D

a 2 h dosing period. In the present study, the concentration
of MTf-HsTX1[R14A] in the brain of C57BL/6 mice was
below the LLQ of 8 pmol/g over a 2 h dosing period. There-
fore, there is no evidence from the present study that MTf-
HsTX1[R14A] penetrated the BBB in the mouse model
tested at the dose and route of administration analyzed.

Discussion

Peptides are a growing class of therapeutics, with superior
potency and selectivity for their targets compared to small
molecules, as well as ease of production compared with

antibodies (Gare et al. 2025; Muttenthaler et al. 2021; Pen-
nington et al. 2018). However, their therapeutic potential in
the CNS is yet to be fully realised, owing to the fact that
most peptides (particularly those that are large and struc-
tured) are unable to cross the intact BBB. Specific ligands
targeting endogenous BBB transport pathways represent
one strategy to deliver peptides into the brain.

In the present study, we synthesized and characterized
conjugates of the Ky 1.3-blocking peptide HsSTX1[R14A]
with the BBB shuttle peptides MTfpep and Angiopep-2,
which have been reported to enhance brain delivery of large
cargoes in previous studies (Anami et al. 2022; Eyford et al.
2021; Jin et al. 2022; Régina et al. 2008; Thom et al. 2018).
We developed LC-MS/MS assays to quantify HsSTX1[R14A]
and MTf-HsTX1[R14A] in the in vitro assay buffer, mouse
plasma and brain homogenate. These methods were precise
and accurate to a LLQ of 8 nM (or equivalent), which was
sufficient for the assessment of in vivo and in vitro BBB
permeability. However, despite the sensitivity of the quan-
tifications of HsTX1[R14A] and MTf-HsTX1[R14A] and
the stability of these analogues under the experimental con-
ditions analyzed, neither peptide could be detected in the
acceptor chamber in in vitro BBB models using either pri-
mary mouse endothelial cells or the hCMEC/D3 cell line.
Consistent with this, in vivo studies did not show detectable
brain concentrations of MTf-HsTX1[R14A], suggesting
that this shuttle peptide did not significantly facilitate the
traversal of HSTX1[R14A] across the BBB.

The analytical sensitivity of LC-MS/MS detection of
Ang2-HsTX1[R14A] was insufficient to quantify the pep-
tide in our in vitro or in vivo permeability assays under the
conditions tested, so no further evaluation of this analogue
was conducted. The reasons for the low sensitivity of the
analytical method to quantify Ang2-HsTX1[R14A] com-
pared to the other compounds were not ascertained in the
current study. The physicochemical properties of the com-
pound may require different sample preparation or LC-MS/
MS methods or instrumentation to achieve the required sen-
sitivity (Ewles and Goodwin 2011; Hsieh et al. 2013). Alter-
natively, bottom-up proteomic approaches utilising trypsin
digestion prior to LC/MS quantification could be utilised
to establish an analytical method with greater sensitivity.
However, we did not pursue such approaches as, in prelimi-
nary experiments in mice, Ang2-HsTX1[R14A] at 4 mg/kg
i.v. produced some adverse effects, and therefore no further
work was undertaken with this analogue.

One possible explanation for the lack of BBB traversal of
MT{-HsTX1[R14A]is thatthe conjugationto HsTX1[R14A]
compromises the ability of MTfpep to bind to its cognate
receptor LRP-1. However, this is unlikely given that suc-
cessful in vivo BBB traversal has been reported for shuttle-
cargo constructs that utilise different attachment points on
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the shuttle peptides, for example conjugation of MTfpep via
a C-terminal PEG,-maleimide linker to mAbs (Thom et al.
2018), and recombinant expression of N- and C-terminal
fusions of MTfpep to the IDUA enzyme via an (EAAAK),
linker (Jin et al. 2022).

Several peptidic GLP-1/GIP receptor agonists are cur-
rently in Phase II/III clinical trials for AD and PD (Holscher
2024). Although there is considerable functional evidence
to suggest that these peptides act in the CNS, it is less clear
that they directly cross the intact BBB, and it has been sug-
gested that they exert their effects via accumulation in spe-
cific brain regions known to have a ‘leaky’ BBB (Salameh
et al. 2020). Nerinetide, comprising the cell-penetrating
peptide TAT and a 9-residue peptide that blocks a protein-
protein interaction to reduce CNS excitotoxicity, is in Phase
111 clinical trials for acute ischaemic stroke (Hill et al. 2020,
2025). Brain uptake of nerinetide after intravenous admin-
istration in mice has been observed, although it has broad
biodistribution as TAT does not specifically target the BBB
(Kristensen et al. 2020). Intranasal delivery has the poten-
tial to deliver peptides into the brain through the olfactory
epithelium, thus bypassing the BBB as well as systemic
circulation. Much work on intranasal peptide delivery has
focused on a handful of peptide cargoes (e.g. insulin, oxy-
tocin) for various CNS indications, with some evidence of
efficacy in clinical trials (Bose et al. 2022). Although prom-
ising, the broader applicability to other peptides remains to
be established, as some cargoes require conjugation or for-
mulation with cell-penetrating peptides and other carriers to
promote cell membrane traversal, and in many cases show
limited distribution in the brain beyond the olfactory bulb
(Meredith et al. 2015; Mittal and Yadav 2025; Schmidt et
al. 2025).

Given the failure of MTf-HsTXI[R14A] to show
enhanced BBB transport in the current study, future studies
will investigate these additional possibilities for improving
brain delivery of HsTX1[R14A], facilitated by the conju-
gation and quantification methods developed in this study.
Our results illustrate that, despite reports of successful brain
delivery of macromolecules by MTfpep, its effectiveness in
promoting brain uptake is not universal.

Experimental Procedures

Peptide Synthesis

All peptides were synthesized using an Fmoc/tBu protection
strategy on Rink amide resin (0.68 meq/g, 100-200 mesh).
All Fmoc-amino acids were sourced from Chem-Impex

(Wood Dale IL, USA), as follows: Ala, Cys(Trt), Asp(OtBu),
Glu(OtBu), Gly, His(Trt), Leu, Lys(Boc), Lys(N;), Met,
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Phe, Pro, Ser(tBu), Thr(tBu), Tyr(tBu). 5-hexynoic acid was
purchased from Combi-Blocks (San Diego CA, USA).

Rink amide resin was swelled for 10 min in N, N-dimeth-
ylformamide (DMF). A PS3 peptide synthesizer (Gyros Pro-
tein Technologies, Uppsala, Sweden) was used to assemble
linear peptide chains by iteration of the following steps:
deprotection with 20% (v/v) piperidine in DMF (2 x 5 min);
DMF wash (3x); agitation for 50 min in activated amino
acid solution comprising Fmoc-amino acid (3 eq.) and
O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HCTU, 3 eq.) in 7% (v/v)
N, N-diisopropylethylamine (DIPEA) in DMF; DMF wash
(3%). 5-hexynoic acid was manually conjugated to each
shuttle peptide after the final Fmoc deprotection step, under
the same conditions used for amino acid coupling. The com-
pleted peptide resins were washed with DMF (3x), metha-
nol (3x) and diethyl ether (3x), then dried using a vacuum
pump.

A cleavage solution comprising 85% (v/v) trifluoroacetic
acid (TFA), 5% H,0, 5% thioanisole, 2.5% triisopropylsi-
lane (TIPS) and 2.5% ethane-1,2-dithiol (EDT) was used to
remove sidechain protecting groups and cleave the peptide
from the resin. The cleavage cocktail was incubated with the
resin for 2 h with agitation at ambient temperature (note that
longer incubation times led to increased reduction of the
azide to the primary amine). The resin was removed from
the mixture by filtration, and TFA was evaporated using a
nitrogen stream, followed by precipitation of the peptide
with excess cold diethyl ether. The peptide was collected
by centrifugation (3000xg, 4 min) and the pellet washed
again by resuspension in ether followed by centrifugation.
The final crude material was dissolved in 50% H,0/50%
acetonitrile (ACN) and lyophilized.

Reversed-Phase High-Performance Liquid
Chromatography

Crude peptides were resuspended in 95% buffer A (0.1%
v/v TFA in H,0)/5% buffer B (0.1% v/v TFA in ACN), then
filtered using a 0.22 pm syringe filter. Samples were sepa-
rated using a Vydac C,g reversed-phase high-performance
liquid chromatography (RP-HPLC) column (250 x 10 mm,
10 pum) operated on an Agilent 1260 Infinity II liquid
chromatography system. The column was eluted at a flow
rate of 4 mL/min using linear gradients as follows: KNj;-
HsTX1[R14A] (reduced), 15-30% buffer B over 15 min;
Hex-MTT{, and Hex-Ang2, 15-45% buffer B over 30 min.
Collected fractions were analyzed by liquid chromatogra-
phy-mass spectroscopy (LC-MS) for identity and purity on
a Phenomenex Luna Cg(2) reverse-phase column (100 A,
3 um, 100x%2.0 mm) fitted on a Shimadzu 2020 LC-MS,
using a flow rate of 0.2 mL/min and a gradient of 0-60% B
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(buffer A: 0.05% v/v TFA in H,O; buffer B: 0.05% v/v TFA
in ACN) over 15 min unless otherwise stated. Fractions con-
taining pure peptide with the correct mass were lyophilized
and stored at -20 °C.

Oxidative Refolding of Peptides

HPLC-purified KN;-HsTX1[R14A] (reduced) was dis-
solved (1-2 mg/mL) in 50 mM Tris pH 8 containing reduced
glutathione (1 eq. relative to peptide) and oxidized gluta-
thione (2 eq.), and air oxidized overnight with gentle agi-
tation. The reaction mixture was purified by RP-HPLC as
described above, using a linear gradient of 15-23% buffer B
over 16 min at a flow rate of 4 mL/min, and fractions con-
taining pure oxidized KN;-HsTX1[R14A] were lyophilized.

Copper-Catalyzed Azide-Alkyne Cycloaddition
(CuAACQ)

CuAAC was conducted under conditions adapted for bio-
conjugation (Hong et al. 2009). Purified oxidized KN;-
HsTX1[R14A] was dissolved in 50 mM Tris (pH 8) to a
final concentration of 0.1-0.3 mM, and 2 eq. of the alkyne-
BBB shuttle and aminoguanidine (3 mM) was added.
Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)
was pre-combined with CuSO, in a 5:1 molar ratio before
addition to the reaction mixture. Finally, sodium ascorbate
(5-7.5 mM) was added, the reaction vessel sealed with
parafilm and incubated at ambient temperature overnight.
Peptides were purified by RP-HPLC using gradients as fol-
lows: MTf-HsTX1[R14A], 17-32% buffer B over 30 min;
Ang2-HsTX1[R14A], 20-35% buffer B over 30 min.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Purified peptides (0.1-0.5 mg) were dissolved in 5% *H,O
in MilliQ water and the pH measured. One-dimensional
"H NMR spectra were recorded on a Bruker Avance III
600 MHz spectrometer at 298 K. 'H chemical shifts were
referenced to dioxane (at 3.75 ppm). Spectra were processed
and analyzed in Topspin (version 4.5.0).

Patch-Clamp Electrophysiology Assays

To obtain human T lymphocytes, heparinized human periph-
eral venous blood was drawn from healthy volunteers.
Mononuclear cells were separated using Histopaque-1077
(Sigma-Aldrich) separation method following approval
from the Ethical Committee of University of Debrecen,
(DE RKEB/IKEB 6627-2023). Cells were cultured (den-
sity 5x 107 cells per mL) in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Gibco) supplemented with 10%

FBS, 2 mM L-glutamine and 100 pg/mL streptomycin and
100 U/mL penicillin-g in a humidified incubator at 37 °C
and 5% CO, for 3—6 days. Phytohemagglutinin A (PHA,
Sigma-Aldrich) was also added at a concentration of 2, 5,
and 10 pg/mL to activate the T lymphocytes and boost Ky,1.3
expression. Patch-clamp experiments were performed after
3-6 days of activation.

All measurements were performed using an Axon Mul-
tiClamp700B amplifier connected to a personal computer
with Axon Digidata 1440 A data acquisition hardware
and for data acquisition, Clampex 10.7 software was used
(Molecular Devices, Sunnyvale, CA). Whole-cell cur-
rents were recorded in voltage-clamp mode following the
standard protocols as described previously (Bartok et al.
2015; Naseem et al. 2022). Micropipettes were made from
GC150F-7.5 borosilicate capillaries (Harvard Apparatus
Co., Holliston, MA, USA) using a Sutter P-1000 puller
with tip resistance generally ranging from 3 to 6 MQ in the
bath solution. To evoke the Ky,1.3 currents in activated T
lymphocytes, 15-ms-long voltage pulses to +50 mV from
a holding potential of =120 mV were applied every 15 s.
All recordings were carried out at room temperature (20—
25 °C). Control and test solutions were perfused to the cells
via a gravity-driven micro-perfusion system and AutoMate
Perfusion Pencil Multi-Barrel Manifold Tip (AutoMate Sci-
entific, Berkeley, CA, USA), and the excess bath solution
was continuously removed from recording chamber using
vacuum suction. The complete exchange of solution in the
bath chamber i.e., the proper operation of the perfusion
apparatus was confirmed frequently using 10 mM TEA®, a
reversible inhibitor of Ky,1.3, as positive control at a con-
centration equivalent to its IC, value.

The bath (extracellular) solution consisted of (in mM)
145 NaCl, 5 KCI, 2.5 CaCl,, 1 MgCl,, 5.5 glucose, and 10
HEPES, pH 7.35. Equimolar substitution of Na* for tetra-
ethylammonium—Cl was used in TEA*-containing positive
control solution. The measured osmolarity of the bath solu-
tion was between 302 and 308 mOsM. To prevent peptide
adsorption to the plastic surfaces of the perfusion system
bath solutions were supplemented with 0.1 mg/mL bovine
serum albumin (BSA, Sigma-Aldrich, Hungary). The com-
position of internal solution was (in mM) 140 KF, 2 MgCl,,
1 CaCl,, 10 HEPES and 11 EGTA, pH 7.22. The measured
osmolarity of internal solutions was ~ 295 mOsm/L.

Data were analysed using pClamp 10.7 software package
(Molecular Devices, Sunnyvale, CA). The remaining cur-
rent fraction (RCF) were fitted using the Hill equation:

H
RCF = Ii = 1Cs0

0 ICs0™ + [peptide]™’
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where I and I, are the peak currents measured in the pres-
ence and absence of peptide, respectively (giving the ratio
RCEF, remaining current fraction), ICs is the concentration
of the peptide that gives 50% block, [peptide] is the concen-
tration of peptide (M), and H is the Hill coefficient.

Buffer and Plasma Stability Assays

The stability of HSTX1[R14A] or MTf-HsTX1[R14A] was
analyzed in Hanks Balanced Salt Solution (ThermoFisher
Scientific, Rockport, IL) containing 10 mM N-2-hydroxy-
ethylpiperazine-N-2-ethane sulfonic acid (HEPES; Sigma-
Aldrich, St Louis, MO) at pH 7.4, hereafter referred to as
HBSS. HBSS was pre-warmed at 37 °C and 20 pM of either
HsTXI1[R14A] or MT{-HsTX1[R14A] was added to three
separate vial replicates, which were maintained at 37 °C for
the duration of the study. Samples were taken at 0, 5, 15,
30, 60, 90 and 120 min timepoints. The stability of MTf-
HsTX1[R14A] was also assessed in the plasma of adult
C57BL/6 mice. Plasma was aliquoted to three separate vials
and pre-warmed at 37 °C. MTf-HsTX1[R14A] was added
to the plasma at 800 nM. Samples were taken at 0, 15, 30,
60, and 120 min.

In Vitro BBB Model

hCMEC/D3 cells were obtained from Merck Millipore and
utilized between passages 5—11. Primary brain microvas-
cular endothelial cells were isolated from C57BL/6 mice
(Monash Institute of Pharmaceutical Sciences Ethics appli-
cation MIPS 29011) using a magnetic activated cell sorting
approach with a CD31 antibody, as previously described in
detail (Runwal et al. 2025). hCMEC/D3 cells were seeded
onto Transwell (0.4 um, polyester) inserts within a 24-well
plate coated with rat-tail collagen Type I (100 pg/mL).
Primary mouse brain microvascular endothelial cells were
seeded onto Transwell (0.4 um, polyester) inserts within
a 24-well plate coated with 100 pL of solution containing
40% (v/v) Type IV collagen, 10% (v/v) fibronectin and
50% (v/v) UltraPure™ distilled water. hCMEC/D3 cells
were used for permeability studies 7 days post-seeding. For
primary mouse brain endothelial cells, permeability stud-
ies were commenced when the calculated transendothelial
electrical resistance (TEER) values reached greater than
150 Q.cm?, which typically took 6 to 7 days.

Plates were maintained at 37 °C for the duration of
the permeability study on the THERMOstar (BMG
Labtech, Ortenberg, Germany). HSTX1[R14A] or MTf-
HsTX1[R14A] were added to the donor chamber at 10
and 20 pM for primary and hCMEC/D3 cells, respectively
(n=4). Samples were taken from the donor chamber at the
start of the experiment and from the acceptor chamber at 5,
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15, 30, 60, 90 and 120 min, and replaced with equal vol-
umes of transport buffer in the acceptor chamber. Concen-
trations were corrected to account for this dilution. P, was
calculated by the following equation:

Papp = (dQ/dt)/(Co x A),

where dQ/dt is the rate that the compound appears in the
acceptor chamber, C, is the initial concentration of com-
pound in the donor chamber, and A is the 0.33 cm? cross-
sectional area of the Transwell membrane.

Mouse Brain and Plasma Exposure

Animal experiments were conducted according to protocols
approved by the Monash Institute of Pharmaceutical Sci-
ences Animal Ethics Committee (ethics submission #28460)
and performed in accordance with the National Health and
Medical Research Council Guidelines for the care and use
of animals for scientific purposes. Adult C57BL/6 mice
(812 weeks) were intravenously dosed with 4 mg/kg MTf-
HsTX1[R14A] dissolved in phosphate buffered saline. At
designated timepoints (5, 15, 30, 60, 90-120 min), mice
were anaesthetised with isoflurane in oxygen (1-5%). Car-
diac puncture was performed to obtain blood in tubes con-
taining lithium heparin (Sarstedt, Niimbrecht, Germany).
Tubes were centrifuged at 2000 rcf for 5 min and the plasma
supernatant was collected and placed on dry ice. Whole
brains were removed and placed on dry ice. All samples
were stored at — 20 °C until analysis.

Peptide Extraction and LC-MS/MS Quantification

Samples from HsTX1[R14A] and MT{-HsTX1[R14A] in
vitro assays were diluted as two parts sample to one part
methanol, for a final concentration of 33% (v/v) methanol.
Donor chamber samples were diluted one part to 49 parts
in HBSS before adding 25 parts methanol. Standards were
produced by dissolving peptide in water to make a series of
spike standards. Spike standards were added as a one part
to nine parts in HBSS in vitro assay solution, before adding
five parts methanol for a final concentration of 33% (v/v)
methanol.

MT{-HsTX1[R14A] was extracted from plasma sam-
ples and standards. Plasma was obtained from dosed mice
or produced as spiked standards in plasma obtained from
untreated mice. Standards were prepared via serially diluted
spiking solutions that were spiked as one part to 99 parts
plasma. Blank plasma was also included as a control.
Plasma samples and standards (100 pL) were diluted with
LC-MS/MS grade MilliQ water (500 pL). Waters tC18 Car-
tridges (WAT054960; MA, USA) were attached to a Waters
extraction manifold (WAT200607) and vacuum pressure set
at ~ 1 PSI. Cartridges were primed by allowing 500 pL of
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methanol to flow through, followed by 500 pL of LC-MS/
MS grade MilliQ water. The sample or standard was allowed
to flow through, followed by a wash with 500 puL 5% meth-
anol. A tube was placed under the cartridge and elution
was performed with 500 pL of 99% methanol, 1% formic
acid. Samples were placed in a Biotage (Uppsala, Sweden)
TurboVap (40 °C water bath, 1.5 mL/min flow rate) and
evaporated to dryness under nitrogen flow. Samples were
reconstituted in 50 pL of 50% methanol.

MT{-HsTX1[R14A] was extracted from brain samples
and standards. Brains were obtained from dosed mice or pro-
duced as spiked standards in brain obtained from untreated
mice. Standards were prepared by serially diluting spiking
solution and homogenising 300 mg of mouse brain in 600
pL of MilliQ water before spiking 3 uL of spiking solution
into each sample. A blank plasma sample was also included
as a control. Waters PRiME HLB 3 cc cartridge (Catalogue
#186008056) were attached to a Waters extraction manifold
and vacuum pressure set at ~ 1 psi. Cartridges were primed
by allowing 1 mL of methanol to flow through, followed
by 1 ml of LC-MS/MS grade MilliQ water. Brain samples
and standards (600 pL homogenates from 300 mg of brain)
were allowed to flow through, followed by a wash of 1 mL
5% methanol. A tube was placed under the cartridge and
elution was performed with 300 pL of 70% methanol, 1%
formic acid. Samples were placed in a Biotage (Uppsala,
Sweden) TurboVap (40 °C water bath, | mL/min flow rate)
and evaporated to dryness under nitrogen flow. Samples
were reconstituted in 50 pL 50% methanol.

All samples were analyzed on a Shimadzu (Kyoto,
Japan) 8060 tandem quadrupole mass spectrometer using a
Phenomenex (CA, USA) Kinetex 2.6 um polar C18 LC col-
umn (100x2.1 mm, 100 A pore size) with Security Guard
Ultra cartridge UHPLC polar C18 column (2.1 mm internal
diameter). Mobile phases were A: MilliQ water (0.1% for-
mic acid) and B: 100% methanol. Injection volumes were 6
pL, autosampler was held at 4 °C, column oven was held at
40 °C and flow rate was set at 0.5 mL/min. Gradient meth-
ods and quantifying and qualifying transitions are listed in
Supplementary Table S1.

Linear ranges of each peptide in HBSS were tested at
31.25, 62.5, 125, 250, 500 and 1000 nM. Precision and
accuracy were tested by the preparation of six separate rep-
licates at 31.25, 125 and 1000 nM. Peak areas were con-
verted to nM via a 1/x*> weighted linear equation based on
the standards. Precision was determined as the standard
deviation of the concentrations calculated for each replicate
divided by the average of the concentrations calculated for
each replicate. The accuracy was determined by compar-
ing the calculated concentration for each replicate against
the theoretical concentration and taking an average of that
value for all replicates. Precision values <13% and accuracy

values between 90 and 110% were identified for both pep-
tides at all concentrations tested (Table 1). Linear ranges of
MTf-HsTX1[R14A] were 7.8, 15.6, 31.25, 62.5, 125 and
250 nM in mouse brain and 7.8, 15.6, 31.25, 62.5, 125, 250
nM in plasma. Precision and accuracy were determined in
the same manner as detailed for HBSS above. Precision
values<13% and accuracy values between 80 and 110%
were identified for both peptides at all concentrations tested
(Table 2).

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10989-0
26-10810-w.
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