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Potential Anti-Alzheimer-Active Small-Molecule Compounds
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Abstract: Tailor-made compound formulation additives
enable the testing of potential drugs with undesirable pharma-
cological profiles. A combinatorial approach using Raman
microscopy as the readout method is presented to select peptide
sequences from large one-bead-one-compound libraries. The
resulting peptide-PEG conjugates solubilize potential prophy-
lactic and therapeutic anti-Alzheimer compounds and can be
used as specific additives not only for fluorescent but also for
non-fluorescent compounds.

Considerable efforts and resources are devoted in both
academic and industrial research to develop new drug
entities.!'! Statistically, out of 10* potentially disease-modify-
ing compounds entering preclinical studies, five to ten are
evaluated closely, leading to one or two products.”! Highly
lipophilic, small-molecule lead compounds have received
particular interest, which has, however, resulted in high
numbers of early-stage drug-structure rejections owing to
their poor water solubility and low bioavailability.”! Thus
effective strategies for the direct testing of lead compounds
that do not require resource-intensive structure-adaption
cycles to improve water solubility are needed.!

Common approaches involve compound solubilization by
using formulation additives.”! At early drug-evaluation stages,
dimethyl sulfoxide (DMSO) is often used.! Block copoly-
mers, on the other hand, do not only increase the solubility
and bioavailability but also contribute to the drug stability
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and the realization of advanced functions, for example,
barrier translocation, controlled release, or tissue targeting.!’!

Recently, the concept of specific formulation additives
was introduced for improving the pharmaceutical properties
of bioactive compounds.”®! Peptide—polymer conjugates offer
interesting opportunities for biomedical applications” and
were used to render difficult, small organic drug molecules
water-soluble.'”! While the peptide controls the selective
uptake of the drug, a poly(ethylene glycol) (PEG) block
provides solubility and shielding. Peptide-PEG conjugates
can be used for biotesting and increase the bioavailability of
insoluble drugs as shown for a set of kinase IpsE inhibitors
and the photosensitizer meta-tetra(hydroxyphenyl)chlorin
(m-THPC).B10

A combinatorial strategy using fluorescence microscopy
enabled the selection of m-THPC-binding peptides from large
one-bead-one-compound peptide libraries. The correspond-
ing peptide-PEG conjugates showed superior drug solubili-
zation properties, and the release kinetics could be adjusted
or the release even triggered by external stimuli.'!! However,
only a minor fraction of lead structures are suitable for the
florescence-based selection process. Hence the extension of
the concept towards non-fluorescent entities is mandatory.

Herein, we present a more generic approach that exploits
Raman microscopy to follow the partitioning of non-fluores-
cent small-molecule compounds in peptide libraries to select
peptidic drug binders (Figure 1). Proof of principle was
demonstrated by identifying specific formulation additives
for B4A1, a potential anti-Alzheimer disease (anti-AD)
compound that prevents Tau protein aggregation.'” The
resulting peptide-PEG conjugates enhanced the bioavaila-
bility of the compound in in vitro studies, making DMSO
obsolete and offering means to investigate difficult com-
pounds at this early stage.™

Current approaches for AD treatment focus primarily on
alleviating the symptoms.""l However, insight into the molec-
ular basis of AD revealed that apart from the pathologic
plaque formation by the [-amyloid peptide, abnormal
changes in the Tau protein that lead to its aggregation to
neurotoxic paired helical filaments are the main reason for
the progression of the disease.'"”) Promising strategies to
advance anti-AD drugs for preventive or therapeutic treat-
ment focus on the development of Tau aggregation inhib-
itors."”” Aside from rhodanine and phenylthiazolyl hydrazide
derivatives,"® the compound B4Al was identified in an
in vitro screening as an active Tau aggregation inhibitor and
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Figure 1. Design of specific solubilizers for the non-fluorescent poten-
tial drug B4A1. a) Incubation of a one-bead-one-compound peptide
library (i) with B4A1 can be followed by Raman microscopy (i) to
identify compound-enriched beads (iii), and single-bead sequencing
reveals peptides with high B4A1 binding capacities (iv). The synthesis
of solubilizing peptide—PEG conjugates (v) leads to (Pep,—Pep;)—PEG
(b), which render B4A1 water-soluble.

deaggregator of Tau aggregates in cell-free models. However,
the new entity suffers from poor solubility.!'”!

To select tailor-made peptide sequences with high affinity
to B4A1, a one-bead-one-compound peptide library covering
a sequential space of 7’ different heptamer peptides was
synthesized on ChemMatrix resin by split-and-mix proce-
dures.' Considering the compound structure, the amino
acids L-Arg, L-Lys, L-His, and L-Glu were chosen to enable
ion pair interactions, L-Phe was chosen to provide van der
Waals and m contacts, and L-Thr and L-Asn were used to
establish polar interactions and hydrogen bonding. For facile
single-bead sequencing, a Gly-Gly—Met segment was incor-
porated as a cyanogen bromide cleavable linker between the
variable peptide section and the support. The library of fully
deprotected peptides was incubated overnight with a 2.7 mm
solution of B4A1 in DMSO/water (4:5, v/v), enabling the
rapid partitioning of the barely soluble compound. After
intense washing, the incubated beads were placed on a glass
slide, and the solvent was removed before the system was
analyzed by optical microscopy (Figure 2).

The B4Al enrichment at beads presenting suitable
peptide sequences could be followed by Raman microscopy
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Figure 2. Raman microcopy analysis of the B4A1 enrichment of
peptide-functionalized supports to identify beads with high capacities.
a) Large-area Raman scan showing the intensities of the B4A1 charac-
teristic band at 1600 cm™' (inset: optical micrograph). b) Correspond-
ing full Raman spectra of the beads. c) Optical microscopy image of
one subset of incubated library beads. d) Visualized screening analysis
showing the intensities of the 1600 cm ™' band for each individual
bead, measured by “AutoFocus” single-spectrum analysis, 2x2 s per
spectrum.

with a 1=785nm laser. The Raman spectra of B4Al
contained an intense vibration band at 1600 cm !, which was
attributed to an asymmetric CC stretching mode of the
aromatic ring system of B4Al and served as a suitable
reference (Figure 2)."") A high-resolution scan of six different
beads confirmed that for B4A1, low- and high-capacity beads
could be distinguished (Figure 2a,b). A larger set of beads
was analyzed by the AutoFocus procedure, acquiring only one
spectrum for the center of each bead. This method reduces
the sample time and assures that the Raman band intensities
can be compared owing to the optimized focus (Figure 2¢,d;
see also Figure S3 in the Supporting Information). Conse-
quently, a trigger intensity of > 1000 CCD counts at 1600 cm '
was chosen to identify beads with high B4A1 enrichment.
Forty positive hits could be identified by this approach, and
single-bead sequencing by MALDI-TOF-MS/MS revealed 30
sequences (Table S1). Considering the cargo structure, it
appears to be consistent that the identified peptides were rich
in Phe and basic residues. Apparently, m—r stacking and
Coulombic interactions dominate B4Al-peptide binding.
Interestingly, the basic residues occur mostly in blocks of
three to five amino acids next to Phe. Asn and Thr, on the
other hand, form hydrogen bonds, for example, with the polar
diamine-pyrimidine core of B4A1. For detailed solubilization
and application studies, three of the identified sequences were
synthesized as peptide-PEG conjugates ((Pep,—Pep;)-PEG).
The selected peptide sequences all contain a block segment of
cationic residues, but differ in the positioning of the Phe
residues. Whereas Pep,—PEG contains a Phe-Phe diade,
Pep,—PEG features a polar Asn—Thr spacer in the aromatic
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segment, and in Pep;—PEG, the two Phe residues are
positioned as flanking units of the cationic block. Solid-
phase peptide synthesis following an inverse conjugation
strategy yielded conjugates with PEG of M, =3200."! After
detachment from the support, the deprotected conjugates
were isolated. Mass spectrometry and NMR spectroscopy
confirmed the chemical structures of (Pep,;—Pep;)-PEG (see
the Supporting Information).

All conjugates were readily soluble in water and acted as
potent formulation additives, improving the water solubility
of B4A1 compared to solubilization experiments with PEG or
pure water (Figure S9). UV/Vis spectroscopy at 384 nm
provided insight into the maximum payload capacities.""
The capacity clearly depends on the peptide sequence.
Whereas with Pep,—~PEG and Pep,—PEG, high payloads of
0.83 mmol and 0.94 mmol drug per mmol carrier, respectively,
were achieved, Pep;—PEG reached 0.65 mmol drug per mmol
carrier. These payloads are even five to seven times higher
than those achieved with Cremophor ELP.*!l This clinically
used formulation additive could only solubilize 0.13 mmol of
B4A1 per mmol of Cremophor, which highlights the effec-
tiveness of the new solubilizers.

A closer evaluation of the amino acid sequences suggests
that a blockwise occurrence of cationic and aromatic residues
in the peptide is favorable, and that a flexible, polar spacer
between the two Phe residues contributes to optimized
binding contacts. Remarkably, a nearly stoichiometric molar
B4Al/carrier ratio of 1:1.1 0.1 could be reached with Pep,—
PEG. Hence, the carrier improves compound availability by
a factor of approximately 20 compared to its solubility in pure
water. The other additives also showed very satisfactory
molar ratios of 1:1.2+£0.1 and 1:1.5+ 0.4 for Pep,~PEG and
Pep;—PEG, respectively. To understand the sequence depend-
ency of the carrier capacities, idealized 1:1 complexes of
B4A1 and the peptide binding domains (Pep,—Pep;) were
simulated (Figure 3; see also Figures S10 and S11).

Pep,

Figure 3. Representative snapshots from the MD simulations of B4A1
(shown as the van der Waals surface) binding to tailored peptide
sequences (shown as sticks) in idealized 1:1 complexes: Pep,/B4A1
(top), Pep,/B4A1 (bottom). Side views (a,c) and top views (b,d); the
simulations were visualized with PyMOL.
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All three peptide sequences show considerable binding to
B4A1l during the simulations. The model complexes are
rather dynamic in nature as indicated by the interaction
energies of —200, —150, and —180 kJmol™" for Pep,/B4Al,
Pep,/B4A1, and Peps/B4A1, respectively. Analysis of the two
most effective solubilizers revealed that in general, Pep,/
B4A1 complexes exhibit more conformations that are equal
in energy than Pep,/B4A1. Pep, was expected to have a higher
conformational freedom because of the spacer between Phe,
and Phe,. The simulations indicate several intra- and inter-
molecular interactions between the drug and the peptides,
and representative snapshots are shown in Figure 3. Statisti-
cally, m—m interactions dominate the contacts, with an average
of 1.3 and 1.4 n—m interactions in Pep,/B4A1 and Pep,/B4Al,
respectively. Pep, interacts with B4A1 mostly through
7 contacts between one Phe residue and the central pyrimi-
dine ring of B4A1 (80% parallel and 20% perpendicular
interactions). Further 7 interactions between either of the His
residues and an aminobenzoic acid group of B4A1 were also
observed. Hydrogen bonds were formed between the peptidic
backbone and both the secondary amine and the carboxylic
acid groups of B4A1. Interestingly, Phe, and the three lysine
residues often bend away from the compound to interact with
the solvent. The binding modes of Pep, and B4A1 indicate m—
7 interactions between the pyrimidine unit of B4A1 and one
Phe residue (65-75% parallel and 25-35% perpendicular
interactions). Furthermore, in the displayed conformation,
one aminobenzoic acid segment is sandwiched between Phe,
and Arg,;, and T-shaped m— stacking and cation—m interac-
tions were clearly observed. Hydrogen bonds are formed
between the carboxylic acid moiety of B4A1 and the peptidic
backbone. The complex is further stabilized by intrapeptidic
hydrogen bonds involving the side chain of Thry and amide
groups of the peptidic backbone.

In general, separating the two Phe residues in Pep, with
two polar amino acids provided additional flexibility. The
same applies to Arg, and Phe,, which are separated by Lys,—
His;. These spacings enable Pep, to complex B4A1 in a more
dynamic fashion compared to the binding modes of the Pep,/
B4A1 complex. The blockwise arrangement of aromatic and
cationic residues in Pep, appears to be less favorable for cargo
binding. Despite the fact that the revealed binding interac-
tions only have model character, the findings are consistent
with the solubilization experiments, where Pep,—PEG showed
a lower capacity than Pep,~PEG. Hence, the interaction
modes observed within these complexes are even more likely
to also occur in the actual B4Al/carrier complexes. For
comparison, simulations were performed for the Pep;/B4A1l
complex as well, which showed the lowest capacity for
conjugate solubilization. Although this is not expressed in
the interaction energy, which lies in between those of Pep,/
B4A1 and Pep,/B4A1, the simulations are consistent with
Pep; having the lowest B4A1 binding capacity. Cation—
m interactions between Arg, and B4A1 could be observed,
but Phe,, which is located next to Arg, on the N terminus, is
apparently not involved in the binding as it faces the solvent
without being in contact with B4A1 (see Figure S13). Thus
only one of the Phe residues interacts with B4A1, leading to
an overall average of 1.0 m—m interactions. Furthermore, the
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B4A1. Therefore, the main interactions
between Pep; and B4A1 are those involving
Arg, and Pheg but the parallel aromatic m—
7 interaction is often slightly shifted and thus
most likely not as strong as in Pep,;/B4A1 and
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aggregates during loading with B4A1 for all ;

PEG-peptide additives. Whereas all PEG-
peptide conjugates are molecularly dissolved
prior to cargo loading, the Pep,—~PEG/B4Al,
Pep,~PEG/B4A1, and Pep;—PEG/B4A1 com-
plexes had hydrodynamic radii (R,) of 105,
175, and 110 nm, respectively. This cargo-
induced aggregation was expected to occur
considering the low solubility and the chem-
ical structure of B4A1, which allows for multi-point inter-
actions with the peptide hosts. Drug-induced aggregation is
advantageous as it facilitates the clearance of the carrier from
a biosystem after cargo unloading. Such a mechanism is not
obvious for Cremophor. Owing to its strongly amphiphilic
nature, the additive forms aggregates in water with R, = 12—
13 nm prior to and after B4A1 loading. The quantification of
the compound-transporter interactions by measuring the
dissociation constants (Kp) would be of importance here, but
the reliable determination of K, values remains difficult
owing to the complexity of the system.

Successful drug formulation additives should not only
enable effective compound solubilization, but also be of low
toxicity and ensure compound availability to act on the
targeted bioprocesses. Prior to studying the impact of the
carriers on the B4Al activity, the effect of the compound-
transporter complexes on cell apoptosis was determined by an
Annexin V test (see Figure S17). Neuroblastoma-2a (N2a)
cell lines, which express Tau"®PAK280 proteins, are estab-
lished reference cell systems for Alzheimer therapy
approaches. The N2a cells were incubated with B4A1 or the
solubilizer/B4A1 complexes, and apoptic cells were labeled
with Annexin V. In comparison with the reference, which led
to 16 % apoptosis, in the presence of all bioconjugate carriers
and the (Pep,—Pep;)-PEG/B4A1 complexes, significantly
reduced apoptosis was observed (8-12%; see Figure S10).
Interestingly, the cremophor/B4A1 complexes induced by far
the highest apoptosis rate (55 % ), which might be due to the
large amount of carrier that results from the low payload. Thr
peptide-PEG conjugates and their drug complexes thus seem
to be significantly less toxic than the cremophor ELP
complexes.

The two most promising complexes, Pep,—PEG/B4A1 and
Pep,~PEG/B4A1, were then further evaluated to determine
their activity to disaggregate Tau protein agglomerates. In
in vivo studies, the cargo/transporter complexes have to
facilitate the entry of B4A1 into neuronal brain cells, which
involves the crossing of the blood-brain barrier and the cell
membrane. However, a capable in vitro assay was recently
established that enables the rapid evaluation of compound
activity by dose-dependent thioflavin S (ThS) fluorescence

Angew. Chem. Int. Ed. 2016, 55, 87528756
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Figure 4. B4AT activity towards the disassembly of Tau
tailored formulation additives as determined by in vitro ThS assays. The remaining ThS
fluorescence after incubation in the presence of B4A1 and PEG (a), peptides Pep, and
Pep, (b, c), the conjugates Pep,—PEG and Pep,—PEG (b, c), or the complexes Pep,—PEG/
B4A1 and Pep,—PEG/B4A1 (b,c) was plotted as a percentage of the untreated control.
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analysis and monitors the disassembly of preformed K19-Tau
aggregates (Tau’RP, the “repeat domain” of Tau responsible
for aggregation).’?

Cell-free models containing aggregated Tau’™" plaques
showed an effective reduction of the THS fluorescence with
increasing concentrations of solubilized B4A1. Highly prom-
ising half-maximum compound concentrations for the dis-
assembly of Tau aggregates (DCsy) were found, namely 31.1 +
1.1 pm and 37.5 £ 3.0 pum for Pep,—~PEG/B4A1 and Pep,—PEG/
B4Al, respectively (Figure 4). Cremophor/B4A1l, on the
other hand, induced the further aggregation of Tau proteins,
probably owing to the stronger amphipathic nature of the
solubilizer, and thus no DCs, value could be determined.
Moreover, compound B4A1 alone had no measurable activity
in analogous DMSO-free assays owing to its poor water
solubility and low availability. Control experiments showed
that neither PEG nor the peptides nor the PEG-peptide
conjugates had a significant effect on Tau disaggregation
(Figure 4). Apparently, the tailored additives were able to
release the active compound to promote the disassembly of
Tau aggregates. Assays under equivalent conditions, but with
DMSO instead of the bioconjugates to solubilize B4Al,
confirmed the high potency of B4A1l. The observed DCs
value of 13.5+£1.9 um is slightly smaller than those of the
PEG-peptide formulation additives. However, all DCs,
values are in a comparable, low-micromolar range. It should
be taken into account that for the DMSO-solubilized B4A1,
the drug and the Tau protein aggregates can directly interact,
whereas in the case of the Pep-PEG/B4Al complexes,
a competitive equilibrium between B4A1, the peptide binding
domain, and the Tau protein is to be expected. This might
account for the increased DCs, values found for these B4A1-
loaded complexes. However, taking recent concerns that
DMSO-containing stock solutions might have an effect on
relevant protein functions during drug testing into account,
alternative solubilizer systems and DMSO-free assays will be
mandatory for early-stage drug discovery.®)

To confirm the versatility of this generic concept, peptide—
PEG solubilizers were also developed for BB14, a structurally
different anti-AD compound with poor solubility (see the
Supporting Information).'® The optimized procedure pro-
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vided a set of drug-binding peptides (Table S5). Among these
peptides, three solubilizers exhibiting structural similarities
were synthesized as peptide-PEG conjugates ((Pep,—Peps)-
PEG). The highest payload was found for Pep—PEG, which
solubilized 0.09 mmol of BB14 per mmol of the conjugate.
In conclusion, a combinatorial screening procedure was
complemented with confocal Raman microscopy to identify
peptides for tailor-made formulation additives based on
PEG-peptide conjugates to render the non-fluorescent anti-
Alzheimer compounds B4A1 and BB14 water-soluble. The
PEG-peptide solubilizers provided excellent payload capaci-
ties and solubilized the compounds as colloidal aggregates,
which showed negligible induction of apoptosis and the ability
to disassemble Tau protein aggregates in a DMSO-free
in vitro assay with promising DCs, values. Whereas the
study confirmed the feasibility of rendering non-fluorescent
small organic molecules water-soluble, the screening proce-
dure might be expanded to a broad scope of potential lead
compounds with unfavorable pharmacological indices.
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