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Abstract. Protein transduction domains (PTDs) have proven to be an invaluable tool to transduce
a wide variety of cargoes across the plasma membrane and into intact tissue including brain. The
PTDs are able to deliver biologically active molecules both in vitro and in vivo. To exploit the full
potency of transport peptides it is important to know the efficiency, what kind of cargoes can be
transported and for what application it can be used. Because fixation artifacts and irreversible
membrane binding may cause misinterpretation of the amount of internalization of polybasic
peptides, we have developed an enzyme transduction assay based on the intracellular loading of a
cell permeable substrate. In this assay, a fluorescent signal is generated by internalized enzyme in
intact cells and not by membrane-bound or extracellular enzyme. This assay demonstrates the true
efficiency of transport peptides. To check whether the efficiency is sufficient for intracellular
applications we demonstrated the internalization of an enzyme substrate in the cell and the
replacement of an enzyme in a deficient cell. Comparison of many different polybasic PTDs
showed that the efficiency of transport was dependent on the type of cargo. Therefore, the unique
characteristic of a PTD may only become apparent when it is selected for a particular application.
Rules for optimisation of PTDs for particular applications are now emerging and opening the way
for a new generation of drug delivery agents. © 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A major challenge in today's biotechnological drag development is the fact that
many recombinant products such as bioactive proteins, enzymes, antibodies,
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peptides, antisense oligonucleotides and gene constructs have inherently unfavorable
pharmacokinetic properties due to their physicochemical nature. None of these
molecules have the ability to readily penetrate cell membranes and the body's
physiological barriers to reach their pharmacological targets. This usually leads to
low in vivo "effective availability" that is the amount of drag that eventually
reaches its site of action and makes otherwise promising molecules such as peptides
unsuitable for drug therapy. In the past few years, a variety of peptides were
shown to be capable of crossing biological membranes of a variety of cell types
[1,2]. The use of such peptides for delivery of biomolecular cargoes, such as
proteins and peptides, into living cells has been emerging as a novel methodology
for cellular biology and drug delivery. Even intracellular delivery in tissues, in
particular the brain, has been described [3]. Among these so-called transport
peptides, or protein transduction domains (PTDs), the HIV-1 derived Tat peptide
and the penetratin peptide derived from Antennapedia homeobox protein are
regarded as representative [1,4]. The PTDs derived from extracellular RNAses that
we have recently described are part of this growing family of transport peptides
[5]. Transport peptides or PTDs are generally short cationic peptides that possess
the ability to traverse the lipid bilayer of cells in a concentration-dependent manner
that is probably independent of specific receptors or transporters. Most PTDs that
have been described until now are short peptide sequences corresponding to a short
stretch of the original native protein that have a function in binding polyanionic
regions like RNA, DNA or sulfated carbohydrates like heparin. This inherent trait
of PTDs to bind to polyanions may facilitate several different steps of the journey
of the extracellular KNAse or other protein cargoes to its intracellular target:
binding heparan sulfate proteoglycan (HSPG) in the extracellular matrix to catch the
PTD and concentrate it close to the cell surface [6], binding the negatively charged
head groups of phospholipids at the membrane surface, disturbing the plasma or
endosomal membrane and finally binding a polyanionic substrate. For most PTDs
the biological relevance for the translocation activity could not be proven. In fact,
it is likely that the stretch of basic residues may have another function and
happens to be able to leak into cells unintentionally. Such PTDs could be
considered 'fortuitous'. It is not known whether these 'natural' PTDs are different
from the 'fortuitous' PTDs. This study describes many new 'fortuitous' polybasic
PTDs of which some are just as potent as the PTDs derived from extracellular
PJSTAses or other published PTDs.

As mentioned above, apart from protein transduction, a number of other functions may
be attributed to the PTD sequence. Therefore, it may be possible to optimise the PTDs
selectively for translocation and not for RNA or DNA binding. Hence, we modified the
peptide sequence corresponding to the C-terminal part of pestiviral Ems in order to
optimise protein transduction.

Recent studies have suggested that some of the observed internalization were artifacts
caused by redistribution of the cationic peptides to the nucleus after fixation [7], Therefore,
we have also developed a novel assay that is not based on fixation but in which the
internalization of the protein cargo can be visualized in living cells and the application was
demonstrated in functional assays.
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2. Materials and methods

2.1. Peptide synthesis

Amino acids are indicated by the single-letter code. Peptides were synthesized,
analyzed and purified as described [8].

2.2. Translocation assay

Translocation of the peptide across the plasma membrane was studied by titration of the
biotinylated peptides on subconfluent monolayers of EBTr cells in 10-well multitest slides.
After 45 min, cells were washed three times for 5 min with phosphate-buffered saline
(PBS), cells were fixed with 4% paraformaldehyde or cold methanol and labeled with
streptavidin-FITC. Fixed cells were inspected with fluorescence microscopy. Internal-
ization was established with confocal microscopy. Comparison of translocation activity of
different peptides was done by visual inspection of fluorescence intensity of titrated
peptides that were stained by streptavidin-FITC.

2.2.1. MUG assay
Subconfluent EBTr cells grown in 24-well culture plates were incubated for 1 h with

peptide-streptavidin-p-galactosidase conjugates (0.001 uM). Subsequently, cells were
washed 3 times with PBS, lysed and tested for internalized galactosidase using 4-memyl-
umbelliferyl-p-D-galactoside (MUG) (Sigma) as a substrate [8].

2.2.2. FDG assay
Biotinylated peptide (2 uM) was incubated with streptavidin- p-galactosidase (0.5

uM) in DMEM supplemented with 5% fetal calf serum during 30 min. The complex
was incubated for 45 min with subconfluent EBTr cells grown overnight on multitest
slides. After washing 3 times for 5 min with PBS containing 1 mM Mg2+ and 1 mM
Ca2+, the cells were incubated for exactly 2 min with 200 uM of fluorescein di-p-D-
galactopyranoside (FDG) (Sigma) in 50% EMEM/water. After loading of the FDG
inside the cells, the cells were washed 3 times with PBS containing 1 mM Mg2+ and 1
mM Ca + and kept in growth medium. Cells were covered with a 6-mm glass
coverslip and analyzed by fluorescence microscopy exactly 20 min after the osmotic
trigger.

3. Results

3.1. Transduction in live cells

Because even mild fixation may cause redistribution of the labeled PTD a
translocation assay was developed in which a biotinylated PTD was coupled to an
enzyme cargo that was visualized by its action on a fluorescent substrate, present
exclusively inside the intact cell. This substrate (FDG) can diffuse in the cell by a short
osmotic trigger, which does not disturb the plasma membrane. The enzymatic activity of
the intracellular (3-galactosidase can be measured in the intact live cell because of the
liberation of fluorescein after cleavage of B-D-galactose from FDG. Internalization of
streptavidin-(3-D-galactosidase conjugated to a biotinylated PTD can be measured using
this substrate.
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A typical example of a live transduction assay is shown in Fig. 1. The assay
was performed as described in Material and methods. After intracellular loading of
FDG, all substrate in the medium are washed out and the only remaining FDG is inside the
cells. Therefore, only |3-galactosidase that was inside the cell could hydrolyze the
substrate, hi this way, intracellular accumulation of the enzyme could be observed
irrespective of the amount of enzyme tightly bound to the plasma membrane that cannot be
washed off.

In Fig. la it is shown that the biotinylated PTD, complexed with the enzyme, has
accumulated in the cell and the same amount of enzyme with the same amount of
unbiotinylated peptide was not accumulated in the cell (Fig. Ib).

A selected set of peptides with a high translocation efficiency according to MUG
assays where fixation or lysis was used were tested in the new live transduction assay
to compare whether there were particular differences between the assay results, m
general, the ranking of translocation efficiency of the peptides according to the MUG
assay was very similar compared with the ranking according to the FDG assay.
Although the assay is rapid and simple and is an excellent control for true
internalization in live cells, the disadvantage of the FDG assay is that the cells should
be handled with care. Because no fixation is used, the cells should be kept under
physiological conditions after washing.

A functional assay is even more convincing to prove intracellular delivery. Therefore,
the transport peptide was coupled to a caspase substrate with a quenched fluorescence
group that could not internalize without attachment to a transport peptide. The substrate
conjugate was added to FTL60 cells 3 h after they received vinblastine as an apoptotic
signal and it was obvious that the conjugated substrate had entered the cell and was
cleaved by caspase (Fig. 2a).

Another example of a functional assay is the transduction of acid-alfa-
glucosidase hi fibroblasts of patients with Pompe disease that lack that enzyme.
The acid-alfa-glucosidase was not able to internalize hi the fibroblasts unless it is
coupled to a transport peptide (Fig. 3). To check if the enzyme is able to reach
its target, we will study whether the glycogen storage of deficient fibroblasts will

Fig. 1. Accumulation of biotinylated transport peptide (GRQLRIAGRRLRGRSR ) complexed with streptavidin-
p-galactosidase (a). After incubation of the complex, the cells were washed and the intracellular enzyme was
detected with FDG as described in Materials and methods. The control experiment was performed similarly
except with the non-biotinylated peptide (b).
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Fig. 2. Fluorescently labeled caspase substrate coupled to a transport peptide was added to HL-60 cells after 3 h of
vinblastin treatment (a) or to control HL-60 cells (b). Substrate was incubated for 25 rain.

be cleared after prolonged incubation of transport peptide-conjugated acid-alfa-
glucosidase.

3.2. Various transport peptides

The two PTDs we have described are derived from extracellular RNAses that are also
able to translocate across the plasma membrane [5]. Other PTDs are often based on
intracellular RNA or DNA binding proteins, the primary function of which is associated to
their intracellular RNA or DNA target. The translocation and spread to surrounding cells
may even be an unintentional phenomenon without any biological relevance. To study
whether these 'natural' PTDs are different from the "fortuitous" PTDs and to check the
prevalence of 'fortuitous' PTDs in protein sequences, we synthesized peptides
corresponding to linear polybasic sequences like nucleic acid- or heparin-binding
peptides, basic enzymatic cleavage sites, nuclear localization sites (NLS) and an
antibacterial peptide that was shown to accumulate in cells [9]. Table 1 shows the
relative intracellular accumulation of the different peptides compared to the HIV-1 Tat
peptide. Almost all peptides and especially peptides with a high Arg content showed high
intracellular accumulation.

aGlu peptide-aGlu Pompe cells

Fig. 3. Acid-alfa-glucosidase with and without conjugated transport peptide was added for 18 h to fibroblasts of
Pompe patients with a deficiency for alfa-glucosidase. After incubation the cells were washed, trypsinized,
sonicated and the internalized enzyme activity was measured using MUG.
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Table 1
Translocation activity of biotinylated cationic peptides titrated on EBTr cells

Name

fflV-1 Tat
HTV-1 Rev
fflV-l Rev,

truncated
RSG-1.2
Lambda-N
FHV-TA
FHV
Alpha virus

nucleocapsid
SV40 NLS
Bipartite

nucleoplasmin
NLS

Herpesvirus
8 k8 protein

HRSV-G, type A
(RSV-A1)

HRSV-G, type B
(RSV-B1)

HRSV-G, type B
(RSV-B3)

Buforin-II

Residue
number

48-60
8-24
9-20

48-62
39^19
40-49

311-320

155-170

124-135

187-223

183-197

149-160

20-36

Sequence

GRKKRRQRRRPPQ
DTRQARRNRRRRWRERQRAAAAR
RQARRNRRRRWR

DRRRRGSRPSGAERRRRRAAAA
QTRRRERRAEKQAQW
NRARRNRRRVR
RTRRNRRRVR
KCPSRRPKR

PKKKRKV
KRPAALKKAGQAKKKK

TRRSKRRSHRKF

KMPNKKPGKKTTTKPTKKPTIKTTKKDLKPQTTKPK

KSICKTIPSNKPKKK

KPRSKNPPKKPK

RAGLQFPVGRVHRLLRK

Concentration
(uM)a

0.3
0.1
0.1

0.1
1.0
0.03
0.1
3.0

0.1
0.1

0.1

1.0

1.0

0.3

3.0

Lowest peptide concentration that could be visualized with streptavidin-FITC.

3.3. Optimisation ofPTDs

Because different evolutionary forces may work on the different functions of the
PTDs, it may be possible to optimise the PTDs selectively for translocation and not
for e.g. nucleic acid binding. Because interaction with negatively charged
phosholipids and sulfated proteoglycans may be important for translocation, acidic
residues were eliminated and Lys residues were changed to Arg residues, which have
a higher pK^ and can have bidentate hydrogen bond interactions. The reference
peptide we used corresponds to residue 194-220 of the C-terminal region of classical
swine fever virus Ems (Emsl) [5]. This reference peptide was compared with other
peptides by titrating the biotinylated peptides on epithelial cells as described in
Material and methods.

A shorter peptide was synthesized corresponding to residues Ems3 (205-220) with
Glu2ie substituted by Arg. This peptide (Er™^) has a net gain of 2 positive charges at
neutral pH. Apart from the much lower molecular weight of Ems6, it also showed a three
times higher translocation activity compared with the reference sequence and even thirty
times higher corresponding to that of the peptide with similar length (Ems3) (Table 2).

In the next generation of modifications the two Lys residues in the Ems6 peptide,
corresponding to positions 213 and 220, were substituted by Arg residues, which
unproved the translocation activity again by a factor of 3. A next generation of
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Table 2
Translocation of biotinylated peptides derived from C-terminal region of Ems titrated on EBTr cells

Code

EmsO
Emsl
Ems3
Ems6
E™7
Ems10

Residue
number

191-227
194-220
205-220
205-220
205-220
205-220

Sequence

ENARQGAARVTSWLGRQLRIAGKRLEGRSKTWFGAYA
RQGAARVTSWLGRQLRIAGKRLEGRSK

GRQLRIAGKRLEGRSK
GRQLRIAGKRLRGRSK
GRQLRIAGRRLRGRSR
GRQLRRAGRRLRRRSR

Concentration
(HM)

2.0
1.0

10
0.3
0.1
0.3

Bold characters indicate amino acid substitutions.

modifications in which \2w and 6217 were substituted by an Arg residue showed no further
improvement of the translocation activity (Table 2).

3.4. Mapping of HRSV-G peptide

Peptides corresponding to the heparin-binding sites of the attachment protein G of
HRSV displayed translocation activity (Table 1). Truncations of these peptides (RSV-
Al: residues 187—223 and RSV-B1: 183-197) were synthesized to map the region
responsible for translocation (Table 3). As many as 26 residues could be deleted from
the C-terminal end of peptide RSV-A1 without losing translocation activity. Moreover,
the shorter peptide (RSV-A7) had even 33 times higher translocation activity than RSV-
Al (Table 3). The RSV-A8 peptide (Biotin-KRIPNKKPKK) was further optimised by
changing all Lys residues into Arg residues to check whether the peptide showed higher
translocation activity when residues, which were more basic, were introduced. The
translocation activity was 3 times higher when the five Lys residues were substituted for
Arg residues.

Also N- and C-terminal truncations were made for the truncated peptide RSV-A3
(residues 187-213). In Table 3 it is shown that RSV-A10, RSV-A11, RSV-A12 and RSV-
A13 retain the same level of translocation activity. This suggests that several independent,

Table 3
Translocation activity of biotinylated peptides derived from HRSV-G titrated on EBTr cells

Name

RSV-A1
RSV-A3
RSV-A5
RSV-A7
RSV-A8
RSV-A9
RSV-A10
RSV-A11
RSV-A12
RSV-A13

Residue
number

187-223
187-213
187-205
187-197

192-213
192-205
204-213
196-205

Sequence

KRIPNKKPGKKTTTKPTKKPTIKTTKKDLKPQTTKPK
KRIPNKKPGKKTTTKPTKKPTIKTTKK
KRIPNKKPGKKTTTKPTKK
KRIPNKKPGKK
KRIPNKKPKK
RRIPNRRPRR

KKPGKKTTTKPTKKPTIKTTKK
KKPGKKTTTKPTKK

KKPTIKTTKK
KKTTTKPTKK

Concentration
(uM)a

1.0
0.3
0.3
0.03
0.03
0.01
0.3
0.3
0.3
0.3

a Lowest peptide concentration that could be visualized with streptavidin-FITC. Bold characters indicated
amino acid substitutions.
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Table 4
Transport of streptavidin-FITC and streptavidin-enzyme conjugates in EBTr cells

Code

Emsl
Erns7

Ems10
RSV-A1
RSV-A6
Poly-arginine (R)9

Number of cargo
(jiM peptide)

1.0
0.10
0.30
1.0
0.030
1.0

FITC
(uM peptide)

0.050
0.025
0.013
0.250
0.250
0.250

HRP(nM
peptide)

0.250
0.130
0.030
-
_

0.030

AP(|iM
peptide)

0.060
0.020
0.020
-
_

0.020

B-gal (uM
peptide)

1.0
0.050
0.050
-
-
0.025

— : Not tested. Enzymatic activity was detected using chromogenic enzyme substrates. Table lists lowest
concentration of enzyme that can be detected.

overlapping PTDs are present in the long HRSV-G sequence, but the PTDs have no
synergistic effect.

3.4.1. Effect of cargo on translocation
Previously it was shown that the Ems peptide could be used to transport protein cargoes

with a molecular weight of over 500 IcDa inside cells [5], To study the effect of the cargo
on the translocation activity, several biotinylated peptides were tested, complexed to either
streptavidin-FITC, streptavidin-horseradish peroxidase (HRP), streptavidin-alkaline phos-
phatase (AP) or streptavidin-j3-galactosidase (bGAL) and tested for internalized
streptavidin-FITC or internalized enzymatic activity (Materials and methods) (Table 4).
The translocation activity of the peptide complexed to the streptavidin cargo was different
from the translocation of the biotinylated peptide without cargo and the translocation also
depends on the type of cargo. For example, as single peptides without cargo, peptide Ems7
(7 basic residues) and Ems10 (9 basic residues) showed similar transduction efficiency.
However, when complexed to streptavidin-FITC, the more basic Ems10 showed higher
transduction efficiency (Table 2). This effect was even more pronounced with the long
HRSV-G peptide (RSV-A1). As single peptide without cargo, RSV-A1 (15 basic residues),
showed much lower transduction efficiency than RSV-A6 (6 basic residues). However,
when complexed to streptavidin-FITC, the more basic RSV-A1 gained activity and had
similar transduction activity as RSV-A6.

4. Discussion

The mechanism of the internalization of the peptides is not completely understood. The
peptides show a strong ionic interaction with sulphated glycosaminoclycans on the cell
surface and with the phospholipid head groups. Some studies claim that the peptides are
taken up by an energy independent non-endocytotic process [2,4], others conclude that the
peptides may trigger a very efficient classical endocytosis [7,10], non-classical alveolar
endocytosis [6] or is taken up by voltage potential across the cell membrane [8,11]. The
amount of internalized material in the cytosol is difficult to visualize with imaging
techniques due to the background of peptides located at the cell surface, in the endosome
or lysosome. Many studies on peptide transduction have relied on fixed cells. Because
fixation results in redistribution of membrane-bound peptide [7,10], alternative assays are
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needed to prove internalization in live cells. Several interesting alternatives have been
described recently [12—14]. The FDG assay described in this study is a new transduction
assay in live cells that is rapid and simple and not influenced by membrane-bound peptide
and has the advantage such that it does not require synthesis of the appropriate peptide
analogue.

Although internalization of PTDs have probably been overestimated using fixation
techniques, our |3-galactosidase transduction assay in live cells using FDG shows roughly
the same trend as translocation activity observed using fixed cells. The FDG assay has a
higher threshold to regard a sequence a PTD and since it is a live assay, it is an excellent
control. To test cytosolic delivery it is best to have a functional assay. Therefore, the results
with the caspase substrate and the glucosidase clearly demonstrate that PTD conjugates
exert their biological activity inside the cell.

In recent years, many new PTDs have been described. Several DNA and RNA binding
peptides and even polybasic oligomers and dendrimers without any specific sequence have
been shown to internalize in cells [1,2,4,15,16]. The only similarity between the known
transport peptides is the content of basic residues. Therefore, it seems that cell binding and
internalization is an intrinsic feature of basic peptides. Some sequence rules begin to
emerge for optimal transduction. In general, according to this study and others, more than
6 basic residues are needed for efficient transduction, 8 or 9 basic residues is the optimum
amount for transduction and Arg residues are preferred over Lys residues [2,17]. This
optimal amount of basic residues in a PTD may also explain why 3 overlapping PTDs
were revealed (RSV-A7, RSV-A12, and RSV-A13) within the long heparin-binding
sequences of HRSV-A G-protein (RSV-A1) that contains 15 basic residues. These shorter
peptides showed individually similar or higher transduction efficiency than RSV-A1 but
had no synergistic effect because there is a limit to the amount of basic residues that can
enhance the transduction efficiency. Other residues also influence the transduction
efficiency. It was shown that spacing of the basic residues by small residues like Gly, Ala,
Met, Ser and Thr increased the transduction efficiency because only a subset of
guanidinium groups in an Arg polymer may be able to contact a common anionic surface
[8,18]. In general, these rules agree with the results obtained with the single biotinylated
peptides in this study (Tables 1, 2 and 3). However, it seems that these sequence rules do
not apply when the PTDs are coupled to cargoes. For streptavidin-(i-galactosidase, we
found that efficiency of PTDs was higher for peptides with a higher number of Arg
residues and sometimes for peptides with stronger clustering of basic residues (Table 4)
[8]. Furthermore, the efficiency of the PTD was also dependent on the type of cargo (Table
4) and more differences of in vivo behaviour may become apparent in the future.
Therefore, for each application, a PTD should be chosen or optimised in conjunction with
its specific cargo. In addition, for in vivo studies PTDs should be selected or optimised for
tissue specificity or biodistribution. Cargo dependency, specificity and biodistribution may
all be features of a particular PTD that give it a distinctive advantage over other PTDs for a
particular application.

In conclusion, many but not all cationic peptides can be used as PTDs. Particular
sequence requirements are needed and these may differ depending on the cargo. Rules for
optimisation of PTDs for particular applications are now emerging and opening the way
for a new generation of drug delivery agents.
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Discussion

Stanimirovic
Do you know what happens to these peptides inside the cell? Do they go into the nucleus?
Are they degraded? Which intracellular compartment do they end up in?
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Langedijk
Most of the localization studies I performed were in the period where I didn't have my
enzyme transduction essay, so I don't trust very much all these essays because you get
redistribution of the peptides, with even mild fixation. Therefore, I trust the functional
studies more. For instance, in the case of caspase, it's a cytosolic enzyme so, for one thing,
it conies into the cytosol. Actually, if we are able to degrade the glycogen in the case of the
Pompe's disease patients it is clear that it gets into the lysosome. I think the peptide gets
degraded pretty quickly because when we tried to develop the conjugate of the caspase
substrate with the peptide, at the beginning, we got fluorescence in a lot of cells, and that's
probably because other enzymes start to crunch off part of the peptides, and from the other
side of the fluorescent probe it was liberated.

Nijkerk
Can you tell us a little bit more about the different kinds of size restrictions?

Langedijk
I have not found a clear size restriction because most studies I did were with
streptavidin conjugates, beta-galactosidase, and that's about half a million, 550kDa, but
it doesn't necessarily mean that it's easy to get a cargo of 2000 Da over it, because it's
probably more dependent on the physiochemistry and other characteristics rather than
just size.

Gabathuler
How stable are these peptides when you inject them IV? What's the half-life?

Langedijk
Probably not very stable, so it really depends on where you want to have it, and how
quick you want to get rid of it. I haven't done any studies on it, but if you want to have
it in the tissue very quickly you just get the version that's based solely on the L-amino
acids because then you get an influx in your tissues very quickly and then it gets
degraded. If you want to have it continuously in your bloodstream for a long time, it
really depends on your application. Then you'll try and modify it with either D-amino
acid. So it really depends on your application. You can do any kind of tricks with
peptides.

Gabathuler
Would you use the intramuscular route or is it better to administer them IV?

Langedijk
When one looks at the literature on these peptides one sometimes finds contradictory
results. It really depends on what you're looking at.

Abbott
Can you see any way in which your technology could be targeted to a tissue like the
blood-brain barrier?
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Langedijk
I think the data on it are limited. If one tries to optimise any peptide they tend to be all
more and more similar... so I'm afraid all the cationic peptides have the same type of
specificity and the same type of potency. If you want to have any specificity I think you
have to think of another trick.

Abbott
Again in the case of the blood-brain barrier it's going to be a more complex problem
because you need to deliver across the whole cell there, to reach other cells within the
brain. So how is that going to work?

Langedijk
The only couple of examples I've found in the literature were based on the TAT fusions
with the BCLXL proteins. For TAT, it seems to work, and in my hands the potency of
TAT and the XMTM peptides is all the same, so if TAT can do it, if these studies that have
been published are really true, then I can't find any reason why the other peptides will not
do it.

Galla
You said these systems are non-toxic, but the basic idea is always that these basic peptides
bind to the surface and create a hole or a disturbance of the membrane. So I assume they
should be toxic, at least at high concentrations. Have you checked that? I mean you have
been in the 60-80 milli-micromolar range, so if you go higher, do they lyse the membrane?

Langedijk
Before optimisation, the peptide, it still had some amphipathic character, but when you add
more basic residues then the toxicity disappears, so it also means that when you add a
hydrophobic cargo to your cationic peptide you may have these effects.

Galla
Does it mean there's a minimum requirement? For example, if you take five or six
arginines or even less, is that enough?

Langedijk
Yes, but you really need a spacing. You may use six arginines but spaced by glycine—alanine.

Galla
Have you looked at the structure? Because those peptides are so small it should be easy to
make a simulation to look at the structure where these arginines are pointing to.

Langedijk
You can do a lot of simulations but the biologically relevant one is probably when you
include the negatively charged two-dimensional surface so that all the guanidinium groups
are oriented to the phospholipids. Something happens and the peptide sticks to the
membrane surface very well and you don't seem to get it washed off. I made a
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fluorescence-labeled peptide, put it on my skin and it's just like magic ink or something. I
just couldn't get it off and I had to grow one year older before it was gone.

Erill
Have you ever considered using antibiotics as a cargo? Some of the infectious diseases are
antibiotic-resistant because the microbe is in the cell and some of the antibiotics cannot
reach it, they cannot enter the cell in sufficient quantities.

Langedijk
We are interested in all kinds of interesting molecules that have a transport problem, but
we are a small company so we can't handle too much, so after our first enthusiasm I just
wanted to convince myself it was really transport. In this process we tried to think of
which application was going to be most successful. So we made this choice of Pompe's
disease... well I have to put my energy into that first, and on the side perhaps making
probes for intracellular enzymes. So if you know anything about transport problems, I'd
really like to know. It sounds okay. It could be interesting.

Aerts
I'm most impressed by this effect where the protein can pass into the cell in that manner.
Can there be only a passage into the cell or can it pass on further across other membranes,
or out again? In the case of the lysosomal diseases it has to pass a second time across the
lysosomal membrane, after first entering the cytosol. So I was just wondering if you have
data that shows that your peptide gets out of the cell.

Langedijk
Yeah. Actually we have some data on it ourselves. When we fused it to a thymidin-kinase
(TK) and tested a co-culture of two cells, one is without TK and the other one is producing
the XMTM-TK fusion, the XMTM-TK actually got into that other cell because when
acyclovir was added, the cocultured cell died. But I'm not sure how sensitive this essay is,
so I'm not sure how much material gets into the other cell.




