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Abstract: The use of high-throughput methods in drug discovery allows the generation and testing of a large number of
compounds, but at the price of providing redundant information. Evolutionary combinatorial chemistry combines the selection
and synthesis of biologically active compounds with artificial intelligence optimization methods, such as genetic algorithms (GA).
Drug candidates for the treatment of central nervous system (CNS) disorders must overcome the blood–brain barrier (BBB). This
paper reports a new genetic algorithm that searches for the optimal physicochemical properties for peptide transport across the
blood–brain barrier. A first generation of peptides has been generated and synthesized. Due to the high content of N-methyl
amino acids present in most of these peptides, their syntheses were especially challenging due to over-incorporations, deletions
and DKP formations. Distinct fragmentation patterns during peptide cleavage have been identified. The first generation of peptides
has been studied by evaluation techniques such as immobilized artificial membrane chromatography (IAMC), a cell-based assay,
log Poctanol/water calculations, etc. Finally, a second generation has been proposed. Copyright  2005 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

Many peptides with therapeutic potential for the
treatment of central nervous system (CNS) disorders

Abbreviations: Abbreviations used for amino acids and the designa-
tion of peptides follow the rules of the IUPAC-IUB Commission of
Biochemical Nomenclature listed in J. Peptide Sci. 2003; 9: 1–8. The
following additional abbreviations are used: AcOH, acetic acid; Ac2O,
acetic anhydride; AM, p-(R,S)-α-{1-[(9-fluorenyl)methoxyformamido]-
2,4-dimethoxybenzyl}phenoxyacetic acid; BBB, blood–brain bar-
rier; BBEC, bovine brain endothelial cells; Barlos resin, 2-
chlorotrityl chloride resin; DMEM, Dulbecco’s modified Eagle
medium; EDT, 1,2-ethanedithiol; GA, genetic algorithm; HBSS,
Hank’s balanced salt solution; IAMC, immobilized artificial mem-
brane chromatography; log Poctanol/water, octanol–water partition
coefficient; p-MBHA, p-methylbenzhydrylamine; MeCN, acetonitrile;
MeOH, methanol; PC, phosphatidylcholine; PDA, photo diode array;
PyAOP, (7-azabenzotriazol-1-yloxy)-tris(pyrrolidino)phosphonium hex-
afluorophosphate; TBME, tert-butylmethyl ether; TEER, transendothe-
lial electrical resistance; TIS, triisopropylsilane. Amino acid symbols
denote the L configuration unless otherwise stated. All reported solvent
ratios are expressed as volume/volume unless otherwise stated.
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‡ Part 1 refers to the following publication: Teixidó M, Belda I, Roselló
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Albericio F, Giralt E. Development of a genetic algorithm to design and
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have recently been identified [1,2]. Successful drug
development requires efficient delivery to the target
site. In order to reach their target sites inside the
CNS these peptide drug candidates must overcome the
blood–brain barrier (BBB). The blood–brain barrier is
vital for the regulation of the internal environment of
the brain and is present in all vertebrate brains.

The discovery of the blood–brain barrier in the late
19th century stemmed from the observation by the
German bacteriologist, Paul Ehrlich, that intravenously
administered dyes stain all the organs except the
brain [3]. In 1913 Edwin Goldman hypothesized that
cerebral capillaries provide the anatomical basis for this
physiological barrier [4]. His hypothesis was confirmed
by electron microscopy [5,6].

The BBB prevents the entrance of more than 98%
of all potential neurotherapeutics. It is formed at the
endothelial level, where tight junctions between cells
avoid any paracellular pathway (Figure 1).

While several transport mechanisms occur at the
BBB, this work has focused on the passive diffusion
mechanism (Figure 2).

The most widely known tool for predicting absorption
is probably the ‘Lipinski rule of five’ [7]. In addition, a
wide variety of simple rules for predicting the ability of a
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Figure 1 Schematic representations of capillary structure in
the brain and in the rest of the body.

compound to cross the BBB have been established over
the past 5 years [8–11]. Considering these rules, one
might think that transport across the BBB is negligible
for peptides larger than tripeptides, however, this is not
necessarily true. In the mid-1970s, the concept that
intact peptides could cross the BBB was introduced to
explain the CNS effects of the administration of certain
peptides [12,13]. Since then, various peptides that are
able to cross the BBB by passive diffusion have been
identified [14,15].

The prediction of a peptide’s ability to cross the BBB
is not a simple task; hence there exists the need for
the rational study of the relevant factors that affect
the movement across this physiological barrier. The
determination of these factors will allow modifications
of peptides with known therapeutic interest that could
improve their entrance into the brain. Taking this
objective as the aim of the project, different tools to
study the physicochemical properties that enable a
peptide to cross the BBB were employed.

This project is framed within the field of evolutionary
combinatorial chemistry, a branch of the combinatorial
chemistry inspired by natural processes of evolution.
This branch uses mathematical methods of optimiza-
tion, such as genetic algorithms (GA), in order to guide
the search for compounds with the desired properties.

The search for these compounds is considered an
evolutive process where new and better compounds
are synthesized based on the properties of previously
synthesized and evaluated molecules (Figure 3). It was
necessary to optimize the design of this algorithm, to
develop the synthetic methodology for the synthesis
of these peptides, as well as to explore different
tools for the evaluation of their ability to cross the
blood–brain barrier. These evaluation tools may include
chromatographic techniques, in vitro models using cells
and in vivo methods. An overview of different aspects
of the use of genetic algorithms, the synthesis of the
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Figure 2 Transport mechanisms present in the blood–brain barrier.
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Figure 3 Scheme of the evolutive process formed by the genetic algorithm, peptide synthesis and transport evaluation.

first generation of peptides and their evaluation using
different tools, is herein presented.

RESULTS AND DISCUSSION

Design and Use of a Genetic Algorithm

In terms of peptide design it was decided to explore
the use of evolutionary combinatorial chemistry. In
evolutionary combinatorial chemistry the selection and
synthesis of biologically active compounds is combined
with artificial intelligence optimization methods, such
as genetic algorithms. Genetic algorithms (GA) were first
proposed by Holland in 1975 [16] and they are based
on Darwinian theories of natural evolution, whereby
individuals with the highest degree of adaptation to
their environment have the greatest chance of survival.

By eliminating redundant information, genetic algo-
rithms are able to reduce the number of candidate
solutions needed for problem solving, hence acceler-
ating processes such as drug development. They are
particularly well suited for cases where little is known
about the search space.

In genetic algorithms, the candidate solutions are
encoded as chromosomes. The chromosome for this
study is a set of physicochemical properties, rather
than a peptide sequence, believed to be relevant for the
transport of peptides across the BBB.

The factors that govern whether a given peptide can
cross the BBB are not fully understood, since it is

difficult to model the BBB in vitro [17] and comparison
of data from different sources is complex. Nevertheless,
there is a consensus that properties such as lipid
solubility, peptide length, molecular weight, number of
potential hydrogen bonds, presence of N-methylated
and aromatic amino acids, amphiphilic nature and
conformational arrangements are probably involved
[18–27].

Figure 4 shows the set of physical-chemical proper-
ties that forms the chromosome for this study, including
type of C and N-terminal groups, number of poten-
tial hydrogen bonds and polycationic character among
others.

In Figure 5, an example of a peptide and the
chromosome that encodes its characteristics is shown.
For instance, the length of this heptapeptide is encoded
as a value of 3 in the first position of its chromosome;
the acetyl moiety corresponds to a 2 in the third
position, etc.

Multiple peptides can be encoded by the same
chromosome as long as they share the same set of
physical-chemical properties.

Scheme 1 indicates the location of the genetic
algorithm within the workflow of the study. Once the
first generation of chromosomes was created by the
GA, a peptide was selected for each chromosome.
After the synthesis and subsequent evaluation of these
peptides, a ranking was established. Based upon
this ranking, the genetic algorithm determines the
chromosomes of the next generation. The average and
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Figure 4 Chromosome description. Where L represents peptide length; C-term and N-term are the C and N-terminal groups of
the peptide; N-Me is the ratio of N-methylated amino acid residues; Arom is the ratio of aromatic amino acid residues; Log P is
the octanol–water partition coefficient; H-Bonds is the number of potential hydrogen bonds; Polycationic describes the presence of
consecutive positively charged amino acids; Amphiphilicity describes the distribution of polar and non-polar amino acid residues;
Conformation describes the predicted secondary structure.

Figure 5 Example of a peptide and the chromosome that
encodes the physicochemical characteristics of this peptide.

the maximal blood–brain barrier transport increase
with each generation. In genetic algorithms the iterative
application of some operators causes a population to
evolve. These operators are involved in the selection,
recombination and mutation of a population

Selection replicates the most successful solutions,
recombination mixes different parts of these solutions,
and mutation randomly perturbs these solutions
(Figure 6).

Genetic algorithms are highly configurable tools. In
order to optimize the genetic algorithm for this project,
several operator parameters were fine-tuned, such as
genetic algorithm geometry, percentage of replication,
and the probabilities of cross-over and mutation. For
a more in depth discussion of the genetic algorithm

Figure 6 Scheme where the location of the genetic algorithm
within the workflow can be seen.

design and fine-tuning within the project, the reader is
referred to a recently published article [28].

Synthesis of the First Generation

The evolution starts with the creation and synthesis
of the first generation. The first generation of chromo-
somes was created randomly and a peptide was selected
and synthesized for each chromosome. Table 1A shows
the 24 chromosomes corresponding to the first gener-
ation and Table 1B illustrates the peptide sequences
corresponding to the first generation. The peptides are
grouped according to their C-terminal groups (CONH2,
CONHCH3, COOH).
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Scheme 1 Location of the genetic algorithm within the workflow of the project.

Table 1A Chromosomes Corresponding to the First
Generation

N° Genotype

(1) (3,2,1,1,1,3,3,1,3,3,1)
(2) (2,2,1,1,1,4,2,1,1,1,3)
(3) (3,2,1,3,2,2,2,1,1,4,2)
(4) (2,2,2,3,1,1,2,1,4,3,2)
(5) (2,2,2,3,2,3,1,1,4,3,2)
(6) (2,2,2,1,2,3,3,1,1,3,3)
(7) (1,2,2,1,1,4,2,1,4,3,2)
(8) (4,2,2,1,1,4,3,1,4,2,2)
(9) (1,2,2,3,1,3,2,1,2,1,2)
(10) (1,2,2,1,3,2,2,1,2,4,1)
(11) (4,3,1,1,1,4,4,4,3,1,1)
(12) (3,3,1,2,2,1,2,1,4,4,2)
(13) (3,3,1,3,2,2,3,2,4,1,2)
(14) (3,3,1,1,3,3,3,1,4,1,3)
(15) (1,3,1,2,2,4,3,1,4,1,2)
(16) (2,3,1,2,2,4,3,1,4,1,2)
(17) (2,3,1,1,2,1,2,1,2,2,2)
(18) (4,3,2,3,1,3,4,2,1,1,2)
(19) (2,3,2,1,1,3,4,2,3,1,1)
(20) (2,1,1,3,2,2,2,1,3,2,2)
(21) (3,1,1,2,2,2,3,3,4,1,2)
(22) (1,1,1,1,1,4,3,1,2,3,2)
(23) (3,1,2,3,3,1,3,1,2,3,2)
(24) (4,1,2,3,1,4,4,4,3,2,2)

Due to the high content of N-methyl amino acids, the
synthesis of the first generation of peptides was not triv-
ial. Challenges encountered during the preparation of
the peptide library corresponding to the first generation

have been discussed in depth in a recent article
[29]. In general, different methods for the coupling
of amino acids to resin-bound N-methyl amino acids
were explored, with PyAOP and PyBOP/HOAt proving
to be the most promising reagents. The use of triphos-
gene [30] was not considered for safety reasons. For
the removal of Fmoc groups from an N-methyl amino
acid the traditional 20% piperidine in DMF deprotection
reagent was complemented by treatment of the resin
with piperidine/DBU/toluene/DMF (5 : 5 : 20 : 70). This
deprotection cocktail combines the use of a stronger
base (DBU), with the resin-swelling quality of toluene.
Various challenges were encountered during the syn-
thesis of these peptides, including: over-incorporations,
deletions, distinct fragmentation patterns and, in some
cases, diketopiperazine (DKP) formation. Furthermore,
some of the peptides gave HPLC chromatograms with
multiple peaks, possibly due to a very slow cis-trans
conformational conversion of the peptide amide bonds.

Amino acid over-incorporations were detected during
the synthesis of some peptides, especially when
couplings employed the pre-formed anhydride [31,32].
Deletions also occurred during the synthesis of
several peptides; as a result certain couplings could
not be performed with a yield higher than 50%
(e.g. the coupling of N-methyl isoleucine to N-
methyl isoleucine in peptide 4). The distribution of
the N-methyl amino acids in the peptide sequence
seems to be relevant, as deletions were mainly
observed when N-methyl amino acids were located
at the C-terminal (peptide 20 versus peptide 20bis).
Different fragmentation patterns were identified after
the TFA cleavage of the peptide-resins (Figure 7).
Fragmentations occurred for peptides containing an
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Table 1B Library of Peptides Corresponding to the First Generation

Peptide Peptide sequence N-terminal group C-terminal group

1 Met-Cys-Glu-Val-Phe-Lys-Lys NH2 CONH2

2 Glu-Gly-Pro-MeAsp-Gly NH2 CONH2

2 bis Glu-Pro-Gly-MeGlu-Gly NH2 CONH2

3 Ile-MeAsp-MePhe-Pro-MeAla-MeGlu-MePhe NH2 CONH2

4 Lys-Melle-Melle-Lys-MePhe AcNH CONH2

5 His-MeAla-MePhe-MeGly-MeGly AcNH CONH2

6 MeLeu-Asn-Asp-Tyr-Cys-His AcNH CONH2

6 bis Asn-MeLeu-Asp-Tyr-Cys-His AcNH CONH2

7 Arg-MeGlu-Lys-Pro AcNH CONH2

8 His-Pro-MeGly-His-Arg-MeThr-Ala-Gly-Pro AcNH CONH2

9 MeSer-Lys-MeThr-MeAsp AcNH CONH2

9 bis Tyr-MeAsp-MeGly-MeArg AcNH CONH2

10 Phe-Glu-Phe-His AcNH CONH2

11 MeGlu-Asp-Asn-Glu-Lys-Arg-Lys-Tyr-Ala-MeVal NH2 CONHCH3

12 Trp-Pro-Melle-Arg-MeVal-Trp-MeLeu NH2 CONHCH3

13 MeAla-Trp-MePhe-Lys-MeArg-Lys-MeLeu NH2 CONHCH3

14 Phe-Phe-Lys-His-Lys-Tyr-Gly NH2 CONHCH3

15 Tyr-MeArg-Trp-MeArg NH2 CONHCH3

16 MePhe-Lys-His-Lys-Arg-MeAsp NH2 CONHCH3

17 Cys-Ile-MePhe-Phe-Asp-Trp NH2 CONHCH3

18 Melle-MeGlu-Glu-MeGlu-Phe-MeGlu-MeArg-MeArg-MeArg AcNH CONHCH3

19 MeAsp-Glu-Tyr-Lys-Lys-Lys AcNH CONHCH3

19 bis Cys-Cys-Glu-Lys-Arg-Lys AcNH CONHCH3

20 Trp-Tyr-MeArg-MeLeu-MeGly-Melle NH2 COOH
20 bis MePhe-MeLeu-Melle-Tyr-Lys NH2 COOH
21 MeLeu-MeLeu-Lys-Arg-Arg-MePhe-Phe-MePhe NH2 COOH
22 Arg-Trp-Ile-Asp NH2 COOH
23 MePhe-Ile-MeArg-MeSer-MePhe-Phe-Trp AcNH COOH
23 bis Tyr-MePhe-Tyr-MeArg-Trp-MeAla-MeGly AcNH COOH
24 Gly-MeAsp-Glu-MeArg-Arg-MeArg-Melle-MeAla-Thr AcNH COOH
24 bis Pro-MeGlu-MeGlu-MeArg-Arg-MeArg-MeSer-MeLeu-MeGly AcNH COOH

acetylated N-methyl amino acid at the N-terminal,
a possible mechanism [33] for the fragmentation of
Ac-N-methyl amino acid is proposed in Figure 7A.
Fragmentation also occurred between consecutive N-
methyl amino acids (Figure 7B). DKP formation was
also a side reaction that took place during the cleavage
process.

HPLC chromatograms with multiple peaks were typ-
ical of peptides with N-methyl amino acids distributed
in a cluster close to the C-terminal (Figure 8). Although
the presence of epimerization can not be completely
excluded, this multiplicity is most likely due to a very
slow cis-trans conformational conversion of the peptide
amide bonds. The fact that reinjection of a single iso-
lated peak also gave rise to a multiple HPLC pattern is
further evidence of this conversion.

Certain peptides could not be obtained satisfactorily;
in those cases other peptides (denoted by ‘bis’)
encoded by the same chromosome were chosen and
synthesized. Nevertheless, the majority of the peptides
were successfully synthesized. The good yields obtained
after purification for peptides 3 and 5 (44% and 33%,

respectively), which contain a high proportion of N-
methyl residues, should be highlighted (Table 2).

Evaluation of Peptide Transport Ability

Once the first generation was obtained it was studied by
several techniques, with the aim of ultimately choosing
one technique for use as the evaluative tool for future
generations. The techniques explored included: log
Poctanol/water calculation, HPLC RP-C18 analysis, immobi-
lized artificial membrane chromatography (IAMC) and
an in vitro cell-based assay model incorporating bovine
brain endothelial cells (BBEC).

One may consider that the ideal assay for evaluating
the ability of a compound to enter the CNS is that which
most closely resembles the in vivo situation. Other
aspects such as the throughput of the experiment,
the information that can be derived from the results
and also certain ethical values must also be taken
into account. At first glance, the ideal choice would
seem to be the use of an in vivo assay, but the cost,
the need for training and the low throughput of these
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Figure 7 Different fragmentation patterns identified during the synthesis of the first generation of peptides.
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Figure 8 HPLC chromatograms of peptides with N-methyl amino acids distributed as a cluster close to the C-terminal show
multiple peaks. Conditions: Symmetry C18 (4.6 × 150 mm) 5 mm column, linear gradient from 5% to 50% acetonitrile (+0.036%
TFA) in water (+0.045% TFA) over 15 min, 1 ml/min, detection 220 nm.

techniques must be considered. Furthermore, certain
issues have yet to be resolved, for instance, the fact that
most experiments are carried out in healthy animals
without considering the modifications that an illness
can introduce into an in vivo assay. It is well known
that certain parameters such as protein binding, blood

flow [34] and BBB permeability may undergo changes
during illness [35].

Among the in vivo experiments, there is an important
group that is strongly linked to behavioural parameters
such as analeptic effects, antidepressive effects and
morphine dependence. These assays require that the

Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 11: 789–804 (2005)



796 TEIXIDÓ ET AL.

Table 2 Synthesis and Purification Yields Corresponding to
the First Generation

Peptide % Yield
Synthesis

and
purification

Peptide % Yield
Synthesis

and
purification

1 72 14 11
2 — 15 2.3
2 bis 47 16 7.4
3 44 17 15
4 5.2 18 0.8
5 33 19 14
6 7.7 19 bis 11
6 bis 11 20 —
7 84 20 bis 8.5
8 26 21 12
9 — 22 87
9 bis 4.8 23 3.4
10 41 23 bis 1.1
11 3.7 24 —
12 0.9 24 bis <0.2
13 4.9

compound to be studied affects at least one known
behavioural parameter.

Another in vivo technique for evaluating BBB trans-
port is microdialysis [36], which monitors the local
concentration of a compound in the extracellular fluid
inside the brain. This technique still needs some valida-
tion, in addition, strict control of experimental parame-
ters and highly skilled personnel are required. The main
advantage of this technique is that it permits the study
of the free drug (the active form). Due to the difficulties
and disadvantages of in vivo assays, they were not used
in this work.

The in vitro cellular model that has been chosen uses
BBEC. This in vitro assay had several parameters that
needed to be optimized. The use of cells implicates,
among other factors, a certain low throughput due to
the time needed to achieve a confluent monolayer.
In both in vivo and in vitro assays, cells express a
variety of transport mechanisms that may be involved
in permeability. This project is focused only on passive
diffusion, and for this reason methods that predict
or evaluate only this transport mechanism have been
used. In general terms, the method chosen to evaluate
BBB transport should be simple, automatizable with
high throughput, low cost and require only a small
amount of test compound.

Log Poctanol/water

Due to the tight junctions between the endothelial cells
of brain capillaries, the cells can be considered as a
continuous lipid layer. For this reason, the solubility

of a compound in a lipidic media has historically been
considered a determinant for the ability of a compound
to reach the CNS by passive diffusion. This lipid
solubility can be measured as a partition coefficient
between an organic solvent and water. The use of
partition coefficients to predict compound transport
across membranes was introduced in 1899 by Meyer
[37] and in 1901 by Overton [38]. They observed that
the narcotic effect of certain drugs could be associated
with their oil–water partition coefficient. The partition
coefficient obtained between octanol and water (log
Poctanol/water) [18] has been one of the most widely used
prediction methods of the transport of compounds
across physiological barriers, although it has been
proved that is not very reliable as a prediction tool. For
hydrophobic compounds the octanol–water partition
coefficient correctly correlates with the partition of a
compound into a membrane [39], but for hydrophilic
compounds this correlation is not as satisfactory.

In our case, peptide log Poctanol/water values were
calculated in silico using the program PLOGP, developed
by Tao [40]. This program predicts the log Poctanol/water of
a peptide based on the contribution of each amino acid
and also considers C or N-terminal modifications. The
log Poctanol/water values for the first generation of peptides
are shown in Table 3B.

RP-HPLC C18 Analysis

Liquid chromatography using octadecil as a stationary
phase (C18) has been used as an alternative to log
Poctanol/water. This method has the advantage of being
simple and fast, and is hence amenable to high-
throughput.

The retention time (tr) by RP-HPLC was measured
using a Symmetry column C18 (150 × 4.6 mm) 5 µm,
100 Å, in a linear gradient of 0–100% MeCN (+0.036%
TFA) in H2O (+0.045% TFA) over 15 min, at a flow rate
of 1 ml/min, with UV detection at 220 nm.

The RP-HPLC retention times (tr) for the peptides of
the first generation are shown in Table 3C.

Nevertheless, the use of this stationary phase
presents certain limitations akin to those of the log
Poctanol/water method (e.g. a weak structural similarity
to the biological membrane). Octanol contains a
hydrophobic tail and a hydrophilic head (OH) but
the stationary phase does not have any hydrophilic
moiety, it is formed only by a hydrophobic hydrocarbon
chain (C18). Thus, this chromatographic technique only
models the partition process that is associated with the
hydrophobic core of bilayers.

IAMC Analysis

In order to better mimic the structural characteristics
of the cellular membrane, Katz and Diamond [41]
introduced the measurement of coefficients of partition
into liposome suspensions. This method has been used
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Table 3 Rankings obtained for the First Generation of Peptides in the Four Different Techniques used to Evaluate
Peptide Transport across the Blood–brain Barrier: (A) Bovine Brain Endothelial Capillary Cells in vitro assay. (B) Log
Poctanol/water. (C) RP-HPLC C18 analysis (D) IAMC

in several studies and exhibits a good correlation with
drug activity [42,43].

The main advantage of the liposome method is that
it can model polar and non-polar interactions, but the
preparation of liposome suspensions is tedious.

In the late 1980s, Pidgeon [44] developed a chro-
matographic technique that uses immobilized artificial
membranes on solid support (IAMC, immobilized arti-
ficial membrane chromatography), in which phospho-
lipid molecules covalently immobilized to silica particles
at high density are used as the stationary phase. This
technique has been used to purify membrane proteins
[45], to immobilize enzymes [46] and to predict trans-
port across biological barriers [47].

This chromatographic technique is adequate for the
evaluation of peptide transport across the blood–brain
barrier because it is considered a good technique to
establish rankings of transport by passive diffusion.
It exhibits a good correlation with in vitro cell based
assays [48] and it is very convenient in terms of high
throughput.

IAMC interactions include ionic, lipophilic and
hydrogen bonding interactions that can be combined
under a parameter known as phospholipophilicity.

Retention times of the first generation peptides
were determined using an IAMC column with phos-
phatidylcholine (PC), the major phospholipid found in
cell membranes, covalently immobilized (10 × 4.6 mm,
12 µm, 300 Å, IAM.PC.DD2 column, Regis Technologies
Inc.). The compounds were detected by UV absorption
at 220 nm. The chromatograms were obtained using
an HPLC working isocratically with a mobile phase
containing 10 mM phosphate buffer, 2.7 mM KCl and
137 mM NaCl at pH 7.4. No acetonitrile was used in
order to mimic blood conditions.

The retention times (tr) were transformed into
capacity factors (k ′

IAM) according to the following
equation: k ′

IAM = (tr − t0)/t0, where tr is the retention
time of the studied compound and t0 is the retention
time of a compound that would not be retained by the
column (e.g. citric acid). The k ′

IAM values of the first
generation of peptides are shown in Table 3D.

BBEC Assay

The in vitro cell-based assay that has been chosen uses
bovine brain endothelial capillary cells (Figure 3). This
model is advantageous because it exhibits many of
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the characteristics of the blood–brain barrier. Com-
pared with the physiological situation it maintains
very relevant characteristics such as: (1) absence of
fenestrations, (2) few pinocytic vesicles, (3) tight inter-
cellular junctions and (4) an abundance of mitochon-
dria. In addition, biochemically in this assay the cells
keep active enzymes such as: (1) alkaline phosphatase,
(2) gamma-glutamyl transpeptidase and (3) angiotensin
converting enzyme. This model also expresses trans-
porter proteins such as the P-glycoprotein (P-gp). The
BBEC cells are grown, in the presence of astrocytes,
on a filter where they form tight junctions between
themselves. The peptide is then added to the apical
compartment. Samples from both the apical and basal
compartments, which represent the blood and brain,
respectively, are taken at different times and analysed
by HPLC.

As described by Artursson [49], the apparent
permeability coefficient can be calculated according
to the formula Papp = (dQ/dt)/(A · C0), where dQ/dt
represents the amount of compound transported per
second (µmol/s), A is the surface area of the filter
(cm2) and Co is the initial concentration of compound
(µmol/ml).

In order to adapt this model assay to a high
throughput method, the experimental design of the
transport study has been simplified by calculating only
the percentage of transport after a fixed period of time
(60 min), known as %T3600, instead of calculating the
Papp. It should be noted that the %T3600 shows a good
linearity with the Papp values [50]. This simplification
allows the reduction of the total number of samples to
be analysed by HPLC and also eliminates the need for
the manipulation of plates during the study. In order
to normalize the values, the %T3600 of each compound
was calculated and was referred to the %T3600 of a
reference compound (propranolol) transported across
the BBB [51].

Four different peptides previously reported to be
capable of crossing the BBB [52–54] (see experimental
section) were used to optimize different parameters of
the in vitro assay, including initial concentration, trans-
well surface size and time of analysis.

Once the in vitro assay was optimized, the first
generation of peptides was evaluated with the in vitro
cell-based assay, providing the %T3600 values shown in
Table 3A.

After collecting the data from the exploration of these
four techniques (log Poctanol/water, HPLC RP-C18, IAMC
and BBEC), four different rankings were built for the
first generation of peptides (Table 3).

In the cell-based assay (BBEC), several transport
mechanisms are involved, while for the other tech-
niques only passive diffusion is involved.

The peptides can be grouped into three classes based
on the degree to which they were transported in the
cell-based assay (Table 3A): a well transported class, a

moderately transported class and a poorly transported
class.

Peptides that were well transported by BBEC varied
greatly in rankings for the other methods studied, which
only predict passive diffusion. However, peptide 3 was
predicted by all techniques to effectively cross the BBB.
This observation thus led to the hypothesis that peptide
3 crosses the BBB by passive diffusion.

In the case of peptide 22, a mechanism different
from passive diffusion may be involved. Further studies
need to be done to establish the transport mechanisms
for peptides 3 and 22 (Figure 9), but a surprising initial
conclusion is that the presence of residues with charged
side-chains does not prevent their passage across the
barrier. It seems also important to reduce the ability
of the peptide backbone to form hydrogen bonds. In
spite of the synthetic challenges associated with the
introduction of N-methyl amino acids, their use offers
a direct way to eliminate hydrogen bond formation.

Taking into account those cases where peptides were
not well transported, it can be seen that only IAMC
predicted the same results as the cell-based assay.

In selecting one technique as an evaluative tool for
this field, one must consider the transport mechanism
to be studied, the amenability of the technique to
high throughput, and the tendency of the technique
to generate false-positives. For all the aforementioned
reasons, IAMC appears to be a convenient tool.

Creation of the Second Generation

Based upon the ranking obtained for the first generation
by IAMC, the genetic algorithm has generated the
second generation of chromosomes (Figure 10).

The genetic algorithm chose the parents of the second
generation by fitness ranking and subsequently mated
them. One-point random cross-overs were then used to
obtain the children.

Finally, random mutations to all possible alleles took
place, thereby yielding a new group of chromosomes. In
addition to these new chromosomes, the new generation
contained the best chromosomes from the previous
generation (elitism). At this point, peptides needed
to be selected for each chromosome, synthesized and
evaluated.

CONCLUSIONS

A highly integrated approach using evolutionary com-
putational tools, solid-phase peptide synthesis and an
HPLC-based BBB model has led to a collection of
medium-sized peptides among which were found sev-
eral with interesting BBB-transport properties. This
finding is very promising for the course of the entire
project as the first generation was only generated
randomly (no evolution applied yet). Analysis of the
structural features of the best candidates show that
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Figure 9 Structures of peptide 3 and peptide 22.

Figure 10 Creation of the chromosomes of the second generation based on the ranking obtained for the first generation.
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their properties could hardly have been anticipated by
application of the standard rules normally used for
predicting ADME properties of small organic molecules.
Further application of this combined approach will pave
the way to the discovery of new peptides with even better
BBB-transport properties.

MATERIALS AND GENERAL METHODS

Materials and Equipment

Protected amino acids were obtained from Luxembourg
Industries (Tel-Aviv, Israel), Neosystem (Strasbourg, France),
Calbiochem-Novabiochem AG (Laüfelfingen, Switzerland) and
Bachem AG (Bubendorf, Switzerland). PyBOP, Fmoc-AM
handle, and solid supports were supplied by Calbiochem-
Novabiochem AG. Barlos resin was kindly donated by Rohm
& Haas (Spring House, PA). DIPCI was obtained from
Fluka Chemika (Buchs, Switzerland), TBTU and HOBt from
Albatros Chem. Inc. (Montreal, Canada). PyAOP was supplied
Applied Biosystems, HOAt from GL Biochem Shanghai and
HATU was supplied from Applied Biosystems. Solvents for
peptide synthesis and RP-HPLC were obtained from Scharlau
(Barcelona, Spain). Trifluoroacetic acid was supplied by
KaliChemie (Bad Wimpfen, Germany). Other chemicals used
were obtained from Aldrich (Milwaukee, WI) and were of the
highest purity commercially available. All commercial reagents
and solvents were used as received, with the exception of
DCM and DMF. DMF was bubbled with nitrogen to remove
volatile contaminants and stored over activated 4 Å molecular
sieves (Merck, Darmstad, Germany). DCM was passed through
a short column of Al2O3 (in the case of DCM used for
peptide synthesis). HPLC was performed using a Waters
Alliance 2695 (Waters, Massachusetts, USA) chromatography
system with a PDA 995 detector, a reverse-phase Symmetry
C18 (4.6 × 150 mm) 5 µm column, and H2O with 0.045%
TFA and MeCN with 0.036% TFA as mobile phases. IAM
column (10 × 4.6 mm, 12 µm, 300 Å, IAM.PC.DD2 column,
Regis Technologies Inc., Morton Grove, Illinois, USA). Mass
spectra were recorded on a MALDI Voyager DE RP time-of-
flight (TOF) spectrometer (PE Biosystems, Foster City, CA,
USA). Peptide resin samples were hydrolysed in 12 N aqueous
HCl/propionic acid (1 : 1 v/v) at 155 °C for 1–3 h. Subsequent
amino acid analyses were performed on a Beckman System
6300 autoanalyser (Fullerton, California, USA).

Transwell filter inserts were from Cultek (Madrid, Spain).
DMEM medium, horse serum, newborn calf serum and
fetal calf serum were obtained from Life-Technologies-Gibco
(Maryland, USA). Glutamine, gentamicine, rat tail type I
collagen, basic fibroblast growth factor and HBSS buffer
were from Sigma. TEER volt-ohmmeter from World Precision
Instruments Inc. (Hertforshire, UK). Radioactive products
[3H]-inuline and DL-[4-3H]-propranolol, were from Amersham
Pharmacia Biotech (Buckinghamshire, UK).

General Procedures

Peptide elongation and other manipulations on solid phase
were carried out in polypropylene syringes fitted with a
polyethylene porous disk. Solvents and soluble reagents were
removed by suction. Washings between deprotection, coupling

and subsequent deprotection steps were carried out with DMF
(5 × 0.5 min) and DCM (5 × 0.5 min) using 10 ml of solvent/g
of resin for each wash. Syntheses of C-terminal amide peptides
were carried out with 100 µmol of Fmoc-AM-p-MBHA resin
(0.3 mmol/g). In the case of C-terminal acid peptides and
for the precursors of N-methyl amide peptides, Barlos resin
was used (nominal loading, 1.5 mmol/g) and the loading was
reduced to 0.75–0.90 mmol/g after partial incorporation of
the first Fmoc-amino acid. Syntheses were carried out on a
100 µmol scale.

Manual Removal of the Fmoc Protecting Group

Fmoc groups were removed with two treatments of 10 min with
piperidine/DMF (2 : 8, v/v). Two extra treatments of 5 min with
piperidine/DBU/toluene/DMF (5 : 5 : 20 : 70, v/v) were used
for the N-methyl amino residues.

Coupling Methods

Methods 1 and 2 were used for couplings to non-N-methyl
amino acids. Methods 3, 4, 5 and 6 were used for couplings to
N-methyl amino acids.

Method 1. Protected amino acid (4 equiv.) in DMF (1–3 ml/g
resin), TBTU (4 equiv.) and DIEA (8 equiv.) were
sequentially added to the resin and the mixture
was allowed to react with intermittent manual
stirring for 1 h.

Method 2. Protected amino acid (4 equiv.) and HOBt (4 equiv.)
in DCM (1–3 ml/g resin) and DIPCI (4 equiv.) were
sequentially added to the resin and the mixture
was allowed to react for 1 h with intermittent
manual stirring.

Method 3. Protected amino acid (4 equiv.) and HOAt (12
equiv.) in DMF (1–3 ml/g resin), PyBOP (4 equiv.)
and DIEA (12 equiv.) were sequentially added to
the resin and the mixture was allowed to react for
90 min with intermittent manual stirring.

Method 4. Protected amino acid (5 equiv.) in DMF (1–3 ml/g
resin), HATU (5 equiv.) and DIEA (10 equiv.) were
sequentially added to the resin and allowed to
react with intermittent manual stirring for 30 min.

Method 5. Protected amino acid (5 equiv.) in DMF (1–3 ml/g
resin), PyAOP (5 equiv.) and DIEA (10 equiv.)
were sequentially added to the resin and allowed
to react with intermittent manual stirring for
1 h. PyAOP (2.5 equiv.) was then added and the
mixture was allowed to react for an additional
60 min.

Method 6. Protected amino acid (4 equiv.) in DCM/DMF (1 : 1,
v/v) (1–3 ml/g resin) and DIPCI (2 equiv.) were
used to prepare the symmetric anhydride. The
resulting urea was eliminated by filtration, the
solution was added to the resin and the mixture
was allowed to react with intermittent manual
stirring for 1 h.

Anchoring of the first amino acid to the Barlos resin was
achieved by taking the Fmoc-amino acid (0.5 equiv.) and DIEA
(5 equiv.) up in DCM and stirring the resulting slurry for
1 h. The unreacted Cl groups were capped by addition of
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MeOH (1 ml/g resin) and, after removal of the Fmoc group, the
loading was calculated by amino acid analysis of a hydrolysed
sample.

Acetylation of N-terminal Function

Depending on the peptide sequence, acetylation was performed
on solid-phase or in solution. On solid-phase, a standard
protocol of Ac2O (50 equiv.) and DIEA (50 equiv.) in DMF
for 20 min was used. Various conditions were tested for
acetylation in solution.

(A) Ac2O (5 mmol) and DIEA (5 mmol) in DMF for 90 min.
(B) AcOH (4 equiv.) and DIPCI (4 equiv.) in DCM for 2 h.
(C) Ac2O (2 equiv.) and DIEA (2 equiv.) in DMF for 5 min.

The acetylation products were confirmed by MALDI-TOF
spectrometry.

Cleavage of the Peptides

Final unprotected amide or free carboxylic peptides were
cleaved from the resin with one of the following cleav-
age cocktails: TFA/H2O/EDT-iPr3SiH (94.5 : 2.5 : 2 : 1, v/v),
TFA/H2O/iPr3SiH (95 : 2.5 : 2.5, v/v), or TFA/H2O/EDT/
iPr3SiH/thioanisole/phenol (81.5 : 5 : 2.5 : 1 : 5 : 5 v/v), depend-
ing on the peptide sequence, for 60–90 min (10 ml/g resin).
Peptides were precipitated by addition of cold MTBE, the solu-
tion was decanted and the solid was triturated with cold MTBE,
which was again decanted. The process was repeated twice.

Cleavages of partially protected peptides to be amidated in
solution to form the C-terminal N-methyl amide were obtained
from the Barlos resin with TFA/DCM (2 : 98, v/v) (3 × 3 min)
(10 ml/g resin). The filtrates were collected over pyridine/DCM
(1 : 99, v/v) (50 ml/g resin) and the combined solutions were
evaporated to dryness under reduced pressure and lyophilized.

The procedure used for removal of the side chain protecting
groups in solution was similar to that used for solid-phase.

Amidation of C-terminal Free Carboxylic Acids in
Solution

Peptides without lateral groups susceptible to amidation were
used in their unprotected form. Amidation was performed in
solution by dissolving the peptides in anhydrous DMF. HOBt
(1.5 equiv.) was dispersed in 10 ml of water using a sonicating
bath. While maintaining the dispersion, 40% aqueous CH3NH2

(1.5 equiv.) was added. The mixture was kept in the sonicating
bath for 5 min at room temperature and the solution was
then lyophilized. Methylamine salt of HOBt (3.0 equiv.) and
DIPCI (2.2 equiv.) were added at a concentration of 25 mg/ml
and allowed to react at 47 °C for 7–10 h. The reaction was
monitored by MALDI-TOF spectrometry.

Peptide Purification

Purification of the crude peptides was performed by
semipreparative HPLC (Waters Controller 600 and Fraction
Collector II, Simple Manager 2700 autoinjector, and a 2487
UV/VIS detector). The column used was a 5 µm Symmetry
C18 (30 × 100 mm) with a flow rate of 10 ml/min. The mobile

phases used were H2O with 0.1% TFA and MeCN with 0.1%
TFA.

Peptide Characterization and Quantification

Peptide purity was calculated by HPLC RP-C18 and the
peptide identity confirmed by MALDI-TOF spectrometry and
amino acid analysis. Peptides were quantified by amino acid
analysis on a Beckman System 6300 autoanalyser after being
hydrolysed in aqueous HCl 6 N 1% phenol at 155 °C for 1–3 h.

Synthesis of Control Peptides

(A) RC-161: Ac-D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-NH2 .
This peptide was synthesized following a Boc/Bzl protecting
scheme. Starting with 143 mg of p-MBHA resin (0.7 mmol/g)
the elongation was carried out using TBTU with in situ
neutralization as the coupling method. After the elongation
and N-terminal Boc deprotection, N-terminal acetylation was
carried out using 5 mmol Ac2O (476 µl) and 5 mmol of DIEA
(850 µl) in DMF for 30 min. The progress of couplings and
acetylations was monitored by the ninhydrin test [55].

Subsequent elimination of the formyl protecting group was
achieved with two treatments of 10 min each with piperidine
50% in DMF.

Finally, the resin was washed with MeOH and dried by
suction. Peptide cleavage from the resin and lateral chain
deprotection was accomplished using HFanh./anisole (9 : 1,
v/v, 5 ml) for 1 h at 0 °C. The crude product from the
acidolysis was analysed by HPLC RP-C18 and MALDI-TOF
[M + H+]+:1090.87 Da.

The disulfur bridge formation was done by oxidation at high
dilution (50 µM) of the linear precursor in solution, in 10 mM

NH4HCO3 buffer at pH 8. The cyclization process was checked
by HPLC, MALDI-TOF and Ellman test at different times [56].
The cyclization was completed after 96 h. The reaction was
stopped by acidifying the mixture with AcOH. The solvent was
evaporated to dryness under reduced pressure and lyophilized.
Global yield: 25.1%. Purity: > 90%, MALDI-TOF, [M + H+]+:
1088.93 Da, AAA: Thr 1.03 (1), Val 0.64 (1), Tyr 0.73 (1), Phe
0.97 (1), Lys 1.28 (1)

(B) AVP 1–9: H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Lys-Gly-NH2 .
This peptide was synthesized following the Fmoc/But pro-
tecting scheme. The p-MBHA resin (143 mg, 0.7 mmol/g) was
functionalized with Fmoc-AM linker (5 equiv.) using TBTU in
DMF for 16 h. The extent of the couplings was checked by the
ninhydrin test [55].

After the peptide elongation using TBTU as the coupling
reagent, N-terminal Fmoc groups were removed. Finally,
the resin was washed with MeOH and dried by suction.
Peptide cleavage from the resin and lateral chain deprotec-
tion was accomplished using TFA/thioanisole/EDT/anisole
(90 : 5 : 3 : 2, v/v) for 1 h. The crude product from the aci-
dolysis crude was analysed by HPLC and MALDI-TOF [M +
H+]+:1059.32 Da.

The linear precursor was purified using an HPLC-prep
before the cyclization step: 5%–40% MeCN in H2O for 40 min.

Disulfide bridges were formed by oxidation of the pure
linear precursor in solution at high dilution (50 µM), in 10 mM

NH4HCO3 buffer at pH 8. The cyclization process was checked
by HPLC, MALDI-TOF and the Ellman test at different times
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[56]. The cyclization was completed after 1 h. The reaction
was quenched by acidifying the mixture with AcOH. The
solvent was evaporated to dryness under reduced pressure
and lyophilized. Global yield: 21.2%. Purity: > 90%, MALDI-
TOF, [M + H+]+: 1057.30 Da, AAA: Asx 0.95 (1), Glx 0.86 (1),
Gly 1.09 (1), Tyr 0.80 (1), Phe 0.93 (1), Lys 1.36 (1), Pro
0.94 (1).

(C) Met5-Enk: H-Tyr-Gly-Gly-Phe-Met-OH. This peptide was
synthesized following a Fmoc/But protecting scheme. Starting
with 143 mg of p-MBHA resin (0.7 mmol/g), the resin was
functionalized with AB linker (5 equiv.) using TBTU in DMF
for 16 h. The first amino acid was introduced using 4 equiv.
of the corresponding protected amino acid, 4 equiv. DIPCI and
0.4 equiv DMAP (2 × 30 min). This incorporation was checked
by an hydroxyl test [57]. The elongation was carried out using
TBTU as the coupling reagent. The couplings were monitored
by the ninhydrin test [55].

Subsequently Fmoc protecting groups were removed.
Finally, the resin was washed with MeOH, dried by suction
and cleaved from the resin. Side chain deprotection and cleav-
age were accomplished using TFA/thioanisole/EDT/anisole
(90 : 5 : 3 : 2, v/v) for 1 h. The crude product from the acidoly-
sis was analysed by HPLC and MALDI-TOF [M + H+]+:574.80
Da, global yield: 47.4%, purity: > 95%, AAA: Gly 2.17 (2), Met
0.82 (1), Tyr 0.92 (1), Phe 0.91 (1).

(D) Ac-MePhe-MePhe-MePhe-NH2 . The peptide was synthe-
sized following a Fmoc/But protecting scheme. Starting with
151 mg of Fmoc-AM-p-MBHA resin (0.66 mmol/g), the first
amino acid was incorporated using TBTU as the coupling
reagent. This incorporation was checked by the ninhydrin test
[55]. The elongation was continued using protected amino
acids (4 equiv.) and HOAt (12 equiv.) in DMF (1–3 ml/g resin)
followed by PyBOP (4 equiv.) and DIEA (12 equiv.) with inter-
mittent manual stirring for 90 min. Subsequent couplings
were checked by the De Clercq test [58]. Fmoc deprotection
was carried out by two treatments of 10 min with piperi-
dine/DMF (2 : 8, v/v) and two extra treatments of 5 min with
piperidine/DBU/toluene/DMF (5 : 5 : 20 : 70, v/v).

After elongation, the Fmoc group was removed followed by
cleavage of the peptide from the resin. Side chain deprotection
and cleavage were accomplished using TFA/H2O (95 : 5, v/v)
for 1 h. The crude product from the acidolysis was analysed
by HPLC and MALDI-TOF [M + H+]+: 501.25 Da.

Acetylation was performed in solution using Ac2O (5 mmol,
476 µl) and DIEA (5 mmol, 850 µl) in DMF for 60 min.

The acetylation products were confirmed by MALDI-TOF
spectrometry, 543.2 Da. Global yield: 91.2%, purity: >90%.

Log Poctanol/water

The log Poctanol/water values for the peptides of the first
generation were calculated using the PLOGP program. PLOGP
program was downloaded for free from (ftp2.ipc.pku.edu.cn),
‘pub/software/plogp’.

IAMC

Peptide retention times were determined using an IAM column
(10 × 4.6 mm, 12 µm, 300 Å, IAM.PC.DD2 column, Regis
Technologies Inc., Morton Grove, Illinois, USA). For all tested

compounds, the injection volume was 20 µl of a solute aqueous
solution (100 µg/ml). IAM chromatography was carried out
isocratically using a 10 mM phosphate buffer, 2.7 mM KCl and
137 mM NaCl solution at pH 7.4 with a flow rate of 1 ml/min.
Compounds were detected by UV absorption at 220 nm.

The retention times tr and t0 correspond to the compound
being studied and a marker compound of the column dead
time/void volume (citric acid), respectively.

HPLC RP-C18

Peptide retention times by RP-HPLC were determined using a
Symmetry C18 column (150 × 4.6 mm, 5 µm, 100 Å) in a linear
gradient of 0–100% MeCN (+0.036% TFA) in H2O (+0.045%
TFA) over 15 min at a flow rate of 1 ml/min and UV detection
at 220 nm. For all compounds, the injection volume was 20 µl
of a solute aqueous solution (100 µg/ml).

BBEC Assay

Cell culture. Fresh bovine brains were obtained from a local
slaughterhouse (Mercabarna, Barcelona) under veterinary
supervision. Bovine brain endothelial cells were isolated from
brain grey matter by mechanical methods and were seeded
at 50 000 cells/cm2 onto 24 mm diameter Transwell filter
inserts with 0.4 µm pores coated with rat tail type I collagen
(20 µg/ml). Cells were grown in DMEM, 10% horse serum, 10%
newborn calf serum, 2 mM glutamine, 0.5 µg/ml gentamicine
and basic fibroblast growth factor (1 ng/ml).

Astrocytes were isolated from newborn rat cerebral cortex.
Briefly, animals were killed by spinal dislocation and after
removing the meninges, brain tissue was forced gently through
an 82 µm nylon sieve. Astrocytes were plated on a 6-well
microplate in 2 ml of DMEM supplemented with 10% fetal calf
serum. The in vitro model of bovine BBB used in this study
was obtained by co-culturing BBEC at 40 000 cells/cm2 onto
24 mm diameter Transwell filter inserts with 0.4 µm pores
coated with rat tail type I collagen (20 µg/ml) with astrocytes
in the lower compartment. Under these conditions, BBEC
differentiate after 12 days into a confluent polarized monolayer
that closely mimics in vivo the BBB. To control the BBB
status of BBEC polarized cultures, transendothelial electrical
resistance (TEER) and paracellular permeability were checked.
The experiments were approved by the ethical committee of the
University of Barcelona.

Transendothelial transport study. Once the BBB model was
formed, BBEC-seeded supports were transferred to new receiv-
ing wells to avoid any interference from the astrocyte pop-
ulation. Cells were washed carefully with Hank’s balanced
salt solution (HBSS) buffer (KCl 540 µM; KH2PO4 44 µM; NaCl
13.68 mM; NaHPO4 33 µM; CaCl2 1.3 mM; MgCl2 1.1 mM). The
peptides were added to the upper compartment 1.5 ml (initial
concentration, 1 mM in HBSS buffer) and the basal compart-
ment was then filled with 3 ml HBSS buffer. The transwell
plate was maintained at 37 °C in a humidified atmosphere.
Samples (150 µl) were taken from each compartment at time
points (0 and 60 min) and frozen at −80 °C until analysing
them by HPLC RP-C18 with UV detection. [3H]-inuline and
DL-[4-3H]-propranolol were applied apically as negative and
positive controls for passive diffusion. The apparent perme-
ability coefficient was calculated according to the formula
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Papp = (dQ/dt)/(A · C0), as described by Artursson [49], in
which dQ/dt represents the amount of compound transported
per second (µmol/s), A is the surface area of the filter (cm2)
and Co is the initial concentration of compound (µmol/ml). For
peptides 10 and 17, 0.5% DMSO was added to the apical and
basal compartments to ensure solubility. Corresponding con-
trols using [3H]-inuline and DL-[4-3H]-propranolol with 0.5%
DMSO were performed in parallel.

In order to adapt this model assay to a high throughput
method, the percentage of transport after 60 min, (%T3600),
was calculated instead of the Papp values. This parameter
shows a good linearity with the Papp values [50]. In order
to normalize the values, the %T3600 of each compound was
referred to the %T3600 of propranolol.

Genetic Algorithm

The evolutionary algorithm used is a Simple Genetic Algorithm
(SGA) [59]. Some SGA parameters were optimized using a
genetic metaalgorithm [28]. The parameters were the following:
genetic algorithm geometry (24 peptides × 10 generations),
percentage of replication (20%), cross-over probability (0.95)
and mutation probability (0.1). The rest of genetic algorithm
parameters were set taking into account the scenery where
SGA was going to work. These parameters were the following:
uniform random initialization, stochastic universal sampling,
one-point cross-over and uniform mutation.
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