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ABSTRACT: Drug delivery to the brain can be achieved by
various means, including blood-brain barrier (BBB) disruption,
neurosurgical-based approaches, and molecular design. Re-
cently, passive diffusion BBB shuttles have been developed to
transport low-molecular-weight drug candidates to the brain
which would not be able to cross unaided. The low water
solubility of these BBB shuttles has, however, prevented them
from becoming a mainstream tool to deliver cargos across
membranes. Here, we describe the design, synthesis,
physicochemical characterization, and BBB-transport proper-
ties of phenylproline tetrapeptides, (PhPro),, an improved
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class of BBB shuttles that operates via passive diffusion. These PhPro-based BBB shuttles showed 3 orders of magnitude
improvement in water solubility compared to the gold-standard (N-MePhe),, while retaining very high transport values.
Transport capacity was confirmed when two therapeutically relevant cargos, nipecotic acid and 1-3,4-dihydroxyphenylalanine
(ie, L-DOPA), were attached to the shuttle. Additionally, we used the unique chiral and conformationally restricted character of
the (PhPro), shuttle to probe its chiral interactions with the lipid bilayer of the BBB. We studied the transport properties of 16
(PhPro), stereoisomers using the parallel artificial membrane permeability assay and looked at differences in secondary structure.
Most stereoisomers displayed excellent transport values, yet this study also revealed pairs of enantiomers with high enantiomeric
discrimination and different secondary structure, where one enantiomer maintained its high transport values while the other had
significantly lower values, thereby confirming that stereochemistry plays a significant role in passive diffusion. This could open
the door to the design of chiral and membrane-specific shuttles with potential applications in cell labeling and oncology.

B INTRODUCTION

Since the discovery of the blood-brain barrier (BBB) more than
a century ago, considerable research effort has been devoted to
this highly specialized cellular structure.' The BBB serves to
protect our central nervous system (CNS) against external
aggressions by regulating molecular transport through it.>’
Paracellular traffic at the endothelium of the BBB capillaries is
constrained, since specialized structures, named tight junctions,
prevent permeation through the intercellular cleft. Thus,
molecular transport occurs mainly through a range of
transcellular pathways (Figure 1).*

While the function of the BBB is essential, it also prevents
therapeutics from reaching targets in the brain (>98% of low-
molecular-weight drugs and almost 100% of large therapeutics
do not cross the BBB).>® For this reason, treatment of CNS
diseases is seriously hindered, despite the high prevalence and
socio-economic impact of these conditions.”””

Diverse approaches have been pursued to overcome the BBB,
ranging from invasive physical methods (i.e, neurosurgical-
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based approaches) to the use of chemically designed molecules
capable of entering the brain (e.g, molecular Trojan horses).”
The latter and more elegant means of delivering therapeutics
into this organ requires applying our knowledge of the
physiology, metabolism, and cellular structure of the BBB to
rationalize the molecular design of drugs.

Several molecular pathways offer the key to the basal side of
brain capillaries, the interior of the brain. Two major routes can
be outlined, namely active and passive transport (Figure 1).
Active transport implies carrier-mediated transport and
endocytic mechanisms (receptor-mediated and adsorptive-
mediated transcytosis)* that allow larger molecules like proteins
or macromolecular complexes—and even viruses and bac-
teria—to cross the BBB.® The transport capacity is linked to
cell dynamics, which is related to the number of receptors
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Figure 1. Transport mechanisms at the BBB. Active transport comprises (I) carrier-mediated transport and endocytic mechanisms ((II) receptor-
and (III) adsorptive-mediated transcytosis), and passive transport comprises (IV) transcellular lipophilic diffusion and (V) paracellular hydrophilic
diffusion. Transcellular lipophilic diffusion is dependent on the lipid composition of the cell, which comprises mainly phospholipids.
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Figure 2. Structure of (a) the gold-standard passive diffusion BBB shuttle (N-MePhe),, (b) hydrophilic polyproline unit Pro,, and (c) designed
(PhPro), hybrid: all homo-L, C-terminal amide, and N-terminal acetylated.

present at the membrane,” thus leading to limited transport
rates.'

Passive transport encompasses two main pathways, namely
paracellular (hydrophilic) and transcellular (lipophilic) diffu-
sion. The former allows small hydrophilic entities to cross the
BBB. However, this pathway is extremely hindered at this
barrier due to the presence of tight junctions,* and therefore it
is not ideal for drug delivery. In contrast, transcellular lipophilic
diffusion involves transport through the much larger lipid
bilayer, which provides a direct correlation between concen-
tration and transport. The lipid bilayer of the plasma membrane
can be considered a macroreceptor that can interact simulta-
neously with many ligands, thus accounting for the greatest
proportion of the cell surface. This layer is therefore the
preferred target for the delivery of small-molecule therapeutic
drugs.” Theoretically, transport through this mechanism is
facilitated by the movement of the fatty acid side chains in the
membrane, which form holes (“kinks”) through which
molecules can diffuse through the membrane.""'* The
concentration of the kinks is estimated to be between 10 and
50 mM. This concentration is a function of the conformational
changes that can be adopted by fatty acid hydrocarbon, which
are related to the ratio of saturated/unsaturated fatty acids in
the membrane and cholesterol."

There are currently two main approaches to design
therapeutics able to cross the BBB through transcellular
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lipophilic diffusion. The first, and most commonly imple-
mented approach in the pharmaceutical industry, is based on a
set of rules covering molecular size, presence of H-bond
acceptors/donors, and lipophilicity, thereby attempting to
increase the likelihood of the molecule crossing the BBB.'*'
The second approach is the design of BBB shuttles, which
forms a major research line in our laboratory.

BBB shuttles are molecular entities with the ability to carry
cargos across the BBB through either active'®™"® or passive
transport.”” The great advantage of BBB shuttles is that they
can confer the ability to cross the BBB to a wide range of
molecules through simple conjugation chemistry. Thus, they
are able to significantly expand the therapeutic space of
potential CNS drugs, since compound selection is not limited
to the otherwise highly restricted chemical space based on the
above-mentioned rules. BBB shuttles can therefore act as
powerful facilitators for drug delivery to the brain.

While chiral complexity in drug-receptor activation, receptor-
mediated transcytosis, and protein—protein interactions has
been studied extensively, the chiral interaction of entities with
the membrane of the BBB endothelial cells is still poorly
understood. Some studies have addressed a range of lipid
structures,”® "> and enantiomeric discrimination of dipeptides
by biomembranes has also been reported.”>>* However, the
chiral interactions between the BBB and BBB shuttles have not
been studied before. Considering the chiral nature of
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phospholipids, one of the main components of plasma
membranes, and our continuous efforts in improving BBB
shuttle design, we set out to study the transport properties of
different BBB shuttle stereoisomers. Additionally, we wanted to
improve the water solubility of our BBB shuttles. Earlier work
identified aromatic N-methylated peptides, both cyclic'® and
linear,?°™% as highly permeable compounds for lipid
membranes. Efforts in our laboratory led to the development
of N-MePhe-based peptides, the gold-standard of passive
diffusion BBB shuttles (Figure 2a).>”*® The wider use of this
class of BBB shuttles for clinical applications was, however,
limited by the intrinsic low water solubility of these molecules
(<1 uM).

Hence, we set out to advance the mechanistic knowledge and
design opportunities of BBB shuttles by (i) studying the impact
of chirality on their transport capabilities and (ii) improving
their water solubility properties toward clinical applications. In
order to achieve both goals, we sought to design and synthesize
a library of novel chiral BBB shuttles that would provide further
insight into the impact of chirality at the BBB, while at the same
time tackling the long-standing problem of water solubility.

B RESULTS
Peptide Shuttle Design. N-MePhe-based BBB shut-
tles>* 2% were taken as the base for the design of a new class

of water-soluble BBB shuttles. Our aim was for these shuttles to
retain high BBB effective permeability (P,)*° while improving
their low water solubility. At the same time, we wanted to have
control of chirality to study the transport capacity of different
stereoisomers. For these purposes, we chose the proteogenic
amino acid proline, which has a conformationally restricted side
chain (advantageous for a chiral library design) and excellent
water solubility (around 300 mM, the tetraproline), in spite of
the hydrophobic character of its side chain. Additionally,
polyprolines are also highly conformationally constrained
compounds®"** that have been used extensively for the design
of water-soluble dendrimers and cell-penetrating peptides
(CPps).>

We anticipated that a hybrid design of proline analogues
containing a phenyl ring could merge the ability to cross the
BBB with a simultaneous improvement of water solubility
(Figure 2). Furthermore, phenyl and pyrrolidine rings have
been described as two of the most common substructures in
the chemical makeup of CNS drugs.** Thus, we turned our
attention to peptides derived from cis-3-phenylpyrrolidine-2-
carboxylic acid (PhPro, Figure 2c).

Transport Ability of (PhPro), Shuttle Using the
Parallel Artificial Membrane Permeability Assay
(PAMPA). To establish whether this new hybrid class of BBB
shuttles retained its anticipated transport properties, we used
PAMPA to perform BBB transport studies of (PhPro),, which
was initially synthesized with the commercially available
racemic building block, Fmoc-cis-3-phenylpyrrolidine-2-carbox-
ylic acid (Supporting Information (SI) Figure S1). The
PAMPA assay, introduced by Kansy et al,*® allows the parallel
evaluation of passive diffusion transport of various compounds
through a mixture of lipids, thus emulating the biological barrier
of interest. A selected lipid mixture is deposited onto a filter,
which is divided into two compartments. Lipids are chosen as a
function of the composition of the barrier; in our study, a
mixture of porcine brain polar lipid extract was used. The
compartments above and below the filter contained only buffer
and the molecule to test in buffer, respectively. Magnetic
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stirring was applied for 4 h in donor wells, thus mimicking the
stirring that red blood cells produce in brain capillaries. This
approach almost totally reduced the unstirred water layer.
Afterward, each well was quantified by UV absorption after
injection into a RP-HPLC system. Time and concentration
used were optimized to achieve a satisfactory signal-to-noise
ratio during quantification and to prevent back-diffusion; i.e.,
the experiment was performed while the transport rate was
constant. Finally, propranolol (a f-adrenergic receptor blocker
with high brain penetration) was used as a positive control.
The formula for P, calculation is shown in eq 1:
26,0

—2183
P = log| 1
t ( Cp(ty) (1)

where t is the running time (4 h), C,(#) is the concentration of
the compound in the acceptor well at time £, and Cp(%,) is the
compound concentration in the donor well before running the
PAMPA assay (t, = 0 h). Permeability is considered excellent
with values >4.0 X 107°) cm/s, uncertain between 2.0 X 107°
and 4.0 X 107° cm/s, and poor with values below 2.0 X 107°)
cm/s.3°

The suitability of the PhPro amino acid as a BBB shuttle
building block was confirmed by comparing the transport of
(N-MePhe),, Pro,, and (PhPro), peptides, with C-terminal
amide to confer higher stability and N-terminal acetylated to
mimic the same charge state as when a cargo is attached (Table
1 and Figure 3a). The (PhPro), tetrapeptide displayed

] X 107 cm/s

Table 1. Transport and Effective Permeability (P,) Values
for homo-L Pro, and (N-MePhe), Peptides and the 16-
Stereoisomer Mixture of (PhPro), Peptide, as well as for (N-
MePhe), and (PhPro), Attached to a Therapeutically
Relevant Cargo (L.-DOPA or NIP) (n = 3; x =% + SD)“

compd transport (%) P, (x10° cm/s)

Pro, 0.02 + 0.00 0.01 + 0.00
(N-MePhe), 127 + 21 68+ 13
(PhPro), 126 + 0.3 6.88 + 0.18
L-DOPA 0.0 + 0.0 0.0 + 0.0
1-DOPA-(N-MePhe), 24402 1.10 + 0.10
1-DOPA-(PhPro), 167 + 1.7 99 + 1.5
NIP 0.0 + 0.0 0.0 + 0.0
NIP-(N-MePhe), 2.8 + 02 140 + 0.10
NIP-(PhPro), 19+3 11+2

“The transport values for N-MePhe-based peptides were published
previously.””*®

transport groperties similar to those of (N-MePhe),. Pro,, as
expected,”® displayed a marked reduction in transport, reaching
almost zero (Table 1), highlighting the relevance of the phenyl
ring—the most common molecular substructure in the
chemical makeup of CNS drugs**—in the design of BBB
shuttles.

Additionally, and in order to demonstrate the transport
capacity of PhPro-based peptides as BBB shuttles, two
therapeutically important cargos, nipecotic acid (NIP) and 1-
3,4-dihydroxyphenylalanine (L-DOPA), were coupled to the
peptides (Figure 4) instead of an acetyl moiety.

L-DOPA is a prodrug that has been used for the past 40 years
to treat Parkinson’s disease.*® It is trans_/Ported to the CNS
through large amino acid transporters’” and enzymatically
converted to dopamine by the aromatic L-amino acid
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Figure 3. PAMPA transport values for (a) the initial peptides involved
in the design of the water-soluble BBB shuttle: homo-L Pro, and (N-
MePhe), peptides and the 16-stereoisomer mixture of (PhPro),
peptide. Additionally, the transport for (b) peptides attached to a
cargo (L-DOPA and NIP) was evaluated, as well as that of the cargos
alone (n = 3; x = x + SD). Significance: ns = not significant (p >
0.05), ** = very significant (0.001 < p < 0.01), *** = extremely
significant (0.0001 < p < 0.001), **** = extremely significant (p <
0.0001).
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Figure 4. Structures for (a) L-DOPA-(PhPro), and (b) NIP-(PhPro),
as homo-L configurations.

decarboxylase.*®*® This conversion to dopamine occurs as well
at the periphery, although it is limited when inhibitors of the
aromatic L-amino acid decarboxylase are included in the
therapy.*® Nevertheless, other strategies based on 1-DOPA
derivatives are being developed to avoid side effects and focus
the targetin§ at the CNS by means of increasing the delivery
efficiency®*" or its selective conversion in there.*”

NIP is a y-aminobutyric acid (GABA) re-uptake inhibitor
with great therapeutic potential if it could cross the BBB.”~*°
GABA is the primary inhibitory neurotransmitter in the CNS,
and decreased levels of this molecule are associated with several
brain disorders. The levels of this amino acid in the CNS can be
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increased either by supplying GABA or its agonists, or via
GABA re-uptake inhibitors, such as NIP.

Hence, the BBB transport capacity of (PhPro), peptide
carrying L-DOPA or NIP was evaluated and compared to that
of the gold-standard (N-MePhe), equivalent (Figure 3b). X-
(PhPro), was synthesized using Fmoc-SPPS (X = acetyl, L-
DOPA, or NIP). PhPro-based peptides displayed permeability
superior to that of their N-MePhe-based analogues. Unlike
acetylated (PhPro), peptide and its (N-MePhe), analogue,
which did not display significant differences in permeability,
(PhPro), carrying either of the two cargos showed higher
permeability (7-fold, with extremely significant differences)
compared to its (N-MePhe), analogue. Furthermore, the ability
to cross the BBB appeared to be independent of the type of
cargo attached (i.e., its BBB shuttle capacity was not altered).
This observation contrasted with the findings for the N-MePhe-
based analogues, which showed a significant reduction in the
capacity to cross the BBB (Table 1 and Figure 3). In contrast,
the transport capacity of Pro, tetrapeptide was close to zero (P,
= 0.01 X 107 cm/s), as was that of the two cargos (NIP and L-
DOPA).

Design and Synthesis of a 16-Stereoisomer Library of
(PhPro),. In order to study the impact of chirality at the BBB,
we devised a library of 16 stereoisomers of the (PhPro),
peptide (Figure S). For the 16-stereoisomer library, we first
had to separate the two PhPro enantiomers of the commercially
available racemic mixture (SI Figure S2). After chiral separation
of the two compounds, each PhPro enantiomer, L- and p-PhPro
((S,S)- and (RR)-3-phenylpyrrolidine-2-carboxylic acid, respec-
tively), was assigned by the specific rotation published
previously.**” All peptides were synthesized by manual
Fmoc-SPPS.*7>° The 16 stereoisomers of this library arose
from the permutation of the two amino acid enantiomers in
each position and were synthesized via Houghten’s “tea bag”
method.>' > All peptides were synthesized with a C-terminal
amide to confer higher stability and were N-terminal acetylated
to mimic the same charge state as when a cargo is attached.

Physicochemical Characterization of Pro, and
(PhPro), Shuttle. Circular dichroism (CD) studies were
carried out to confirm the correct (PhPro), enantiomeric
assignment. The spectra of both homo-L and homo-D (PhPro),
were compared to those of the homo-L and homo-D Pro,
analogue control peptides (synthesized with enantiomerically
pure building blocks). As expected, the homo-L tetrapeptides
(LLLL) displayed a negative CD spectrum, contrary to the
homo-D (DDDD) ones, which displayed a positive one (SI
Figure S4), thus confirming our initial assignment. The CD
spectra of Pro, peptides recorded a higher signal, thereby
suggesting a more defined secondary structure (ie, PPII
conformation generally observed with polyproline com-
pounds®* compared to the (PhPro), tetrapeptides). The
PhPro peptides studied by CD did not present a known
structure-assigned spectrum.

Analytical RP-HPLC of the 16 stereoisomers further added
to the characterization, showing complex chromatographic
profiles (SI Figure S6) that were identical between pairs of
enantiomers. Each peak of the profile corresponded to a
conformer with an interconversion rate faster than (1/15)
min~" (length of the injection cycle), since re-injection of any
of the collected peaks resulted in the same RP-HPLC
chromatogram observed earlier (SI Figure S7ac). In some
cases, RP-HPLC characterization at higher temperature (60
°C) resulted in a single peak (SI Figure S7b). Only the
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Figure 5. Library of the 16 (PhPro), stereoisomers. The peptides are split into two transport-symmetry groups, where Group 1 contains the peptides
with higher symmetry and lower enantiomeric discrimination, and Group 2 comprises the less symmetric peptides, related to a higher enantiomeric

discrimination.

stereoisomers DDLD and LLDL yielded a single RP-HPLC
peak, indicating a preferential conformational arrangement
compared to the other stereoisomers. This observation was
confirmed by CD, which showed a significantly different
spectrum (maximum/minimum at 222 nm, respectively)
compared to the other stereoisomers (SI Figure SS). Addi-
tionally, both of these enantiomers gelled after solvent (DIEA/
DCM, 1:1, v/v) evaporation, thereby indicating the adoption of
a specific conformational arrangement that favors this process
(not observed with the other stereoisomers). Each peptide was
identified by RP-HPLC-MS and MALDI-TOF MS, and the
observed masses of the individual stereoisomers were in good
agreement with the theoretically calculated molecular weights.

Water Solubility of (PhPro), Shuttles. Since PhPro was
chosen to improve the water solubility of these BBB shuttles,
we determined this parameter by weighing the lyophilized
peptide from a known volume of a saturated solution. The
(PhPro), tetrapeptides registered water solubility in the range
of 1-5 mM, which can be considered a significant improve-
ment (1000-fold) over that shown by (N-MePhe), tetrapep-
tides,”® which dissolved only in the sub-micromolar range. The
solubility of Pro, peptide was 300 mM. A relatively hydrophilic
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character was also observed when comparing the octanol/water
partition coefficient, Log P, for the homo-L (PhPro), (2.8) and
homo-L. (N-MePhe), (3.3). Equally, the 16-stereoisomer
mixture of (PhPro), displayed the same Log P as the homo-L
(PhPro),. And finally, as expected, this parameter was —1.9 for
homo-L Pro,.

Passive Diffusion Transport Studies and Chiral
Discrimination at the BBB. The passive diffusion of the
16-stereoisomer library of (PhPro), through the BBB was
evaluated using PAMPA (Figure 6).

Almost all the 16 stereoisomers displayed excellent transport
properties (with P, range of (4.86—10) X 107° cm/s), similar to
the gold-standard (N-MePhe),, which displays a transport
capacity of 6.8 X 107% cm/s (Table 2 and Figure 6). Only
DDLD and DLDD displayed significantly lower P, values (3.64
X 107 and 0.85 X 107 cm/s, respectively). Interestingly, the
DDLD/LLDL pair was identified earlier via analytical RP-
HPLC and CD analysis, displaying a pronounced but distinct
secondary structure compared to the other stereoisomers (SI
Figure SS).

Chirality discrimination of the 16 stereoisomers at the BBB
was determined by pairing the individual enantiomers and

DOI: 10.1021/jacs.5b02050
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Figure 6. PAMPA transport values for the 16 individual stereoisomers,
paired by enantiomers, and the 16-stereoisomer mixture (dark blue
column). Light blue column corresponds to the peptide configuration
displayed on the graph (e.g, first column = DDDD); purple column
corresponds to the enantiomer of the peptide configuration displayed
on the graph (e.g, first column = LLLL) (n = 3; x = ¥ + SD).
Significance: ns = not significant (p > 0.05), ** = very significant
(0.001 < p < 0.01), *** = extremely significant (0.0001 < p < 0.001),
ok = extremely significant (p < 0.0001).

Table 2. Transport and Effective Permeability (P,) Values
for the 16-Stereoisomer Library of (PhPro), Peptide (n = 3;
x =%+ SD)

compd transport (%) P, (X10° cm/s)

DDDD 152 £ 0.5 86+ 03
LLLL 143 + 0.3 795 + 0.15
DDDL 12.34 + 0.13 6.72 + 0.07
LLLD 17+ 5 10+ 3
DDLD 71+£02 3.64 + 0.13
LLDL 14 +£2 78 £ 12
DLDD 1.76 + 0.09 0.85 + 0.04
LDLL 12.8 + 0.6 7.0 £ 0.3
LDDD 9.27 £ 0.10 4.86 + 0.05
DLLL 12.8 + 0.6 7.0 £ 04
DDLL 112 £ 1.2 6.0 + 0.6
LLDD 13.5 £ 0.9 74 £ 0.5
DLDL 12.7 £ 0.7 70 + 04
LDLD 127 £ 1.0 7.0 + 0.6
LDDL 10.61 + 0.08 5.65 + 0.04
DLLD 10.5 +£ 0.8 5.6 + 04
propranolol 226 £ 0.5 143 £ 03

determining the enantiomeric discrimination value (D,) (Table
3). D, is defined as the excess ratio of the transport of each pair
of enantiomers, the higher (Ty) minus the lower (T7), then
divided by the lower (Ty):

T,-T T,

De —_ —
T, T, ()

By definition, this parameter ranges between 0 (no
discrimination) and infinite (absolute discrimination). We
observed values from 0.0 to 6.1 (Table 3). Differentially, the
DLDD/LDLL pair of enantiomers showed the highest
discrimination, followed by its retro-pair, DDLD/LLDL,
which displayed a value of 1.0.
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Table 3. Passive Diffusion Transport Enantiomeric
Discrimination (D,) Values for Each Pair of Enantiomers (n

=3;x=%+ SD)“

enantiomeric discrimination

group enantiomer pair

1 DLDL/LDLD 0.00 + 0.00
LDDL/DLLD 0.01 + 0.08
DDDD/LLLL 0.06 + 0.04
LLDD/DDLL 021 + 0.13

2 DLLL/LDDD 0.38 + 0.07
LLLD/DDDL 04 + 04
LLDL/DDLD 1.0+ 0.3
LDLL/DLDD 6.1 + 04

“Two groups are differentiated on the basis of the symmetry and
enantiomeric discrimination: Group 1, higher symmetry, lower
enantiomeric discrimination; Group 2, lower symmetry, higher
enantiomeric discrimination.

B DISCUSSION

Chirality plays a key role in many cellular processes, and we
were interested if this is also the case during passive diffusion of
BBB shuttles through the BBB. To study this phenomenon, we
built a 16-sterecisomer tetrapeptide library via sequentially
permuting each of the four positions with 1- and p-PhPro
enantiomers. The majority of the (PhPro), stereoisomers
displayed high diffusion through the BBB lipids, except for two
peptides (DDLD and its retro-peptide DLDD), with signifi-
cantly lower transport rates (Table 2 and Figure 6).

To further study the impact of chirality on the transport of
this family of BBB shuttles, we classified pairs of enantiomers
into two categories on the basis of the similarities in their
transport (Table 2 and Figure 6). The peptide enantiomer pairs
containing two units of each PhPro amino acid enantiomer in
their sequence (DDLL/LLDD, DLDL/LDLD, and LDDL/
DLLD) and the homo-peptides (LLLL/DDDD) showed similar
transport between enantiomers (Group 1). Among this group,
homo-peptides showed the highest transport and the LDDL/
DLLD pair the lowest.

The transport values of the other enantiomer pairs with only
one PhPro amino acid permutation (Group 2) varied
significantly within the pairs (Figure 6). DDLD and its retro-
peptide (DLDD) showed the poorest transport capacity (Table
2 and Figure 6), mainly due to membrane retention (60 and
87%, respectively; data not shown). Their enantiomers (LLDL
and LDLL, respectively), however, showed excellent transport
properties (7.8 X 107 and 7.0 X 107 cm/s, respectively),
similar to those of Group 1. This clearly shows that, within two
enantiomers, the transport properties can be significantly
different (e.g., 7-fold for DLDD and LDLL), strongly
suggesting that chirality plays an important role in passive
diftusion.

In order to delve deeper into the chirality—transport
relationship, a symmetry model was devised. Assuming two
approximations, considering that the peptide termini (N-
terminal acetylated and C-terminal amide) do not interfere in
the symmetry and the peptide bond has no direction, i.e., retro-
enantiomeric peptides would be identical,”> >’ two enantiomer
pair groups were differentiated. Group 1, with the lowest
enantiomeric discrimination (D,) values, contains all quasi-meso
isomers.>® Group 2, with higher D, values, lacks this quasi-meso
character (and can be considered as less symmetric than Group
1). Furthermore, the pairs of enantiomers from Group 1 are
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retro-enantio-peptides between them but not those belonging to
Group 2. Interestingly, the LDLL/DLDD pair presented a very
high D, (6.1) (Table 3 and Figure 6).

In order to shed light on the structure of the (PhPro), BBB
shuttles, six peptides were studied by CD, namely the DDDD/
LLLL pair (SI Figure S4b, red and blue, respectively), the
DDLD/LLDL pair (SI Figure S5, red and blue, respectively),
which presented differential properties (gel formation, single
chromatographic peak, high enantiomeric discrimination), and
homo-D and homo-L Pro, (SI Figure S4a, red and blue,
respectively). While the CD spectra of the Pro, peptides
showed a defined secondary structure (PPII), none of the
(PhPro), tetrapeptides presented a known structure-assigned
spectrum. The spectrum of the DDLD/LLDL pair varied
distinctively from the DDDD/LLLL pair, suggesting that its
different secondary structure is the underlying reason for the
observed physicochemical changes.

These results show that passive diffusion through biological
membranes can be highly enantiomerically selective. Enantio-
meric discrimination is a clear event in passive transport and
can lead to high enantioselectivity. We could show that
symmetry plays a crucial role in this process such that the
greater the symmetry (Group 1), the lower the enantiose-
lectivity. A desymmetrization step could therefore be employed
to obtain compounds with high selectivity to distinct lipid
compositions, i.e. different biological barriers, cell types, or
disease regions, and even cellular regions, as the lipid
composition differs among them.>?~%’

The second objective in this work was to analyze the water
solubility of this new BBB shuttle class. Low water solubility
represents a long-standing problem of current BBB shuttles
with, for example, (N-MePhe), the gold-standard passive
transport BBB shuttle, having a water solubility lower than 1
uM. The design choice of the (PhPro), shuttle seemed to have
the desired effect, improving water solubility by more than 3
orders of magnitude compared to (N-MePhe),.

A preliminary study of the suitability of (PhPro), to transport
a therapeutically relevant cargo across the BBB was shown with
L-DOPA and NIP. Although L-DOPA and NIP have enormous
potential as CNS drugs,*®”"® neither one can cross the BBB by
itself via passive diffusion (Table 1);*”*” when they were
attached to the PhPro-based shuttles, however, we observed
excellent permeability. The transport of (PhPro), carrying a
cargo was around 7-fold higher compared to that of the N-
MePhe shuttle (Table 1 and Figure 3). Furthermore, the
transport capabilities of (PhPro), are actually conferred to the
cargo, in contrast to (N-MePhe),, where a marked reduction
can be observed once the shuttle is conjugated with the cargo
(Table 1). Nevertheless, the pharmacokinetics and the
pharmacodynamics of these conjugates remain unclear. In
that way, several laboratories reported the use of L-DOPA
prodrugs which can be administered either via parenterally*® or
orally,71 including peptidyl derivatives, """ glycoconjugates,72
and glutathione peptidomimetics,* which all cross the BBB
through carrier-mediated transport. Then, a modified version of
our conjugates, containing a small linker selectively cleaved in
the brain** and located in between the BBB shuttle and the
cargo, could selectively release the drug in the CNS. Finally, the
use of non-natural amino acids (and in some cases also the use
of the p-amino acid version) has been shown in the literature to
increase the resistance to proteolytic cleavage.n_75 Thus,
although not reported in this paper, one could speculate about
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the possibility of oral administration of these new PhPro-based
conjugates.

B CONCLUSIONS

Here we designed a new family of passive diffusion BBB
shuttles based on the PhPro amino acid with superior water
solubility and transfer capabilities compared to those of the (N-
MePhe), gold-standard. Thus, overcoming the long-standing
hurdle of low water solubility of passive diffusion BBB shuttles,
PhPro-based shuttles have the potential to become very useful
for brain delivery of drug candidates that are not able to cross
the BBB unaided. Additionally, the transport study of the 16-
stereoisomer library of (PhPro), probed the impact of chirality
on transport capability. This study showed that most
stereoisomers maintained excellent transport capabilities, at
the same time revealing two stereoisomers with significantly
lower passive diffusion transport. This confirms that stereo-
chemistry also plays a significant role in passive diffusion. We
envisage in future work the intriguing possibility to design
chiral shuttles with the unique potential to target membrane-
specific cell types. This has potential applications in oncology,
where it can be used to target tumors, since their membrane
colrlnggfi;gion often differs significantly from that of healthy
cells.
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