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Abstract A glycosylated dodecapeptide fragment corre-
sponding to the hypothalamus-active cytokine leptin
exhibits agonistic properties to the leptin receptor (ObR)
in vitro and penetrates into the brain in vivo. In order to
characterize the drug development potential of the lead
peptide and to optimize it for pharmacological applicabil-
ity, a series of biochemical screening assays were custom-
tailored to the leptin/ObR system. To identify peptides that
bind the extracellular domain of ObR, we characterized the
optimal conditions for an ELISA-type assay where the
leptin fragments were immobilized to the plates. With this
technology we could identify low-dose binder peptidomi-
metics which, according to a comparison of the
conventional cell proliferation assay and a measure of
metabolically active cells, revealed that agonists identified
by these cellular assays may not necessarily induce the
expected growth characteristics in ObR expressing cells.
The original glycopeptide lead displayed a 2 h half life in
25% diluted mouse serum but poor stability in mouse brain
extract. Fifteen percent of the glycopeptide crossed a dual
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endothelial/astrocyte cell layer (representing an in vitro
model of blood-brain-barrier) in 30 min, and the coexis-
tence of the two cell types appeared necessary to quantify
the level of brain accessibility. Finally, in an in vivo mouse
model, a Cy5.5 labeled glycopeptide was more evenly
distributed all over the body, including the brain, than a

similarly labeled full-sized leptin protein.
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Abbreviations

Ab Antibody

ATCC American type culture collection

BBB Blood-brain barrier

BSA Bovine serum albumin

DMEM Dulbecco’s modified Eagle’s medium

ELISA Enzyme-linked immunosorbent assay

ERK 1/2 Extracellular signal-regulated kinases
1 and 2

Fmoc 9-Fluorenyl-methoxy-carbonyl

GSK Glycogen synthase kinase

Ip Intraperitonally

JAK Janus kinase

MALDI-MS Matrix-assisted laser ionization/
desorption mass spectroscopy

ObR Leptin receptor

PBS Phosphate buffered saline

PBST Phosphate buffered saline containing
0.5% Tween 20

PI-3K Phosphoinositide 3 kinase

PLC Phospholipase C

PKC Protein kinase C
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RP-HPLC Reversed-phase high performance
liquid chromatography

Sc Subcutaneously

SFM Serum-free medium
STAT Signal transducer and activator
of transcription
TBST Tris-buffered saline containing
0.1% Tween 20
TFA Trifluoroacetic acid
VEGF Vascular endothelial growth factor
MALDI Matrix-assisted laser desorption/ionization
Introduction

Leptin, a hormone produced by adipose tissue, regulates
food intake and energy balance in the hypothalamus
(Wauters et al. 2000). In addition to its role as a neuro-
hormone, in the periphery leptin can modulate immune
response, fertility, and hematopoiesis, acting as a mitogen,
metabolic regulator, or pro-angiogenic factor (Garofalo
and Surmacz 2006). The existence of disorders related to
leptin deficit and leptin overabundance calls for the
development of drugs activating or inhibiting the leptin
receptor (ObR) (Baicy et al. 2007). Leptin, in replacement
doses, normalizes neuroendocrine, metabolic and immune
functions in patients with states of relative leptin defi-
ciency including lipoatrophy and forms of
hypothalamic amenorrhea but further clinical studies are
required to determine the long-term efficacy and safety of
the full recombinant protein (Brennan and Mantzoros
2006). As most forms of obesity are associated with
diminished responsiveness to the appetite-suppressing
effects of leptin (Muntzberg and Myers 2005), recently
leptin agonists emerged as sought after intervention
measures against a newly coined term ‘central leptin
insufficiency syndrome’ (Kalra 2007).

Leptin activates the extracellular domain of its trans-
membrane receptor ObR and induces multiple signaling
pathways including the Janus kinase and signal transducer
and activator of transcription (JAK-STAT) pathway, the
mitogen-activated protein kinase (MAPK) cascade, and the
phosphatidylinositol 3-kinase (PI3-K) and adenosine-
monophosphate-activated kinase (AMPK) pathways
(Hegyi et al. 2004). Due to the necessity for leptin to cross
the blood-brain-barrier (BBB), ObR signaling is tradition-
ally targeted through deactivation of negative-feedback
inhibitors in the central nervous system (CNS) rather than
inhibition of the receptor itself (Peelman et al. 2006).
However, we recently identified a glycopeptide derivative,
H-Tyr(I,)-Ser(Glc)-Thr-Glu-Val-Val-Ala-Leu-Ser-Arg-Leu-
Dap(Ac)-NH, (termed ElFree), corresponding after

some

@ Springer

sequence modifications to amino acids 119-130 of human
leptin. ElFree is a full agonist of ObR, crosses an epi-
thelial/astrocyte cell layer in a BBB penetration model, and
is distributed into the brain of Balb/c mice after intraperi-
toneal administration (Otvos et al. 2008). Thus, the burden
of identification of leptin agonists can now return to
screening of direct peptide (or peptidomimetic)-ObR
interactions ensuing pharmacological evaluation of the lead
peptides. As many of the assays in the past gave only
qualitative suggestions for the therapeutic efficacy of leptin
agonists and/or were time consuming, we concentrated our
efforts on developing and applying measures compatible
with industrial drug development programs.

Materials and Methods
Peptide Synthesis

Amino acids protected with 9-fluorenyl-methoxy-carbonyl
group (Fields and Noble 1990) were used for the synthesis
of the peptides. The peptide chain assembly was carried out
on either a Rainin PS3 or a CEM Liberty automated syn-
thesizer. After trifluoroacetic acid (TFA) cleavage,
peptides were purified by reversed-phase high performance
liquid chromatography (RP-HPLC) in a water/acetonitrile/
TFA elution system, until matrix-assisted laser-desorption/
ionization (MALDI) mass spectra revealed only single
species. The carbohydrate protecting acetyl groups were
removed with a 10-min treatment with 0.01 M NaOH, the
reaction mixtures were immediately neutralized with an
equal amount of 0.01 M HCI and the free glycopeptides
were repurified by RP-HPLC.

Enzyme-linked Immunosorbent Assay (ELISA)
for Measuring Peptide Binding to ObR

The leptin fragments were dissolved in electroblot transfer
buffer (25 mM Tris and 192 mM glycine buffer contain-
ing 20% methanol) and 1-50 pg of the peptides were
dried down to ELISA plates at 37°C. The wells were
blocked with 5% bovine serum albumin (BSA) in a
phosphate-buffered saline—0.5% Tween 20 buffer
(PBST) overnight at room temperature and the plates
were washed 3 times with PBST. Then the plates were
incubated with 50 pl of 1-100 nM solutions of human
IgG Fc-conjugated ObR extracellular domain (R&D
Systems) dissolved in Tris-buffered saline—0.1% Tween
20 buffer (TBST) containing 1% BSA for 2 h at 37°C.
The plates were washed 3 times with PBST. Fifty pl of a
goat monoclonal antibody (Ab), recognizing the N-ter-
minus of human ObR (Santa Cruz Biotechnology) was
added as a primary antibody at 1:100 dilution overnight at
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4°C and the plates were washed 3 times with PBST. Then
the wells were incubated with 50 pl of horseradish per-
oxidase- (HRP) conjugated anti-goat Fc mouse antibody
in 1:100 dilution for 2 h at room temperature and washed
5 times with PBST. The ELISA was developed with
100 pl/well of an HRP ELISA kit featuring tetramethyl-
benzidine as substrate and sulfuric acid as stop solution.
Absorbance values were determined at 405 and 595 nm
(respectively before and after adding the stop solution) on
a BioTek Instruments EL311 microplate reader. The
binding assays were done in triplicate and the experiments
repeated at least 4 times except in cases when very high
peptide concentrations were used.

Cell Proliferation

Human leptin was purchased from R&D Systems and used
at the concentration of 100 ng/ml (approximately 6 nM).
MCEF-7 cells naturally expressing ObR were grown in a
standard medium DMEM:F12 plus 5% fetal bovine serum.
Seventy percent confluent cultures were synchronized in
serum-free medium (SFM) (DMEM plus 10 uM FeSOy,
plus 0.5% bovine serum albumin, BSA) for 24 h and then
treated with leptin and/or peptides (different doses) for 3 or
5 days. Cell numbers before and after treatment were
determined by counting the cells with trypan blue exclu-
sion. All assays were done in triplicate and repeated 3—6
times. The changes in cell number vs control SFM were
determined as percentage decrease/increase. Statistically
significant (P < 0.05) stimulation or inhibition over 10%
vs. SFM were considered as evidence of agonistic or
antagonistic activity, respectively.

XTT Assay

Alternatively, the biological activity of the peptides was
tested using the XTT Cell Proliferation Kit (Roche,
Mannheim, Germany), following the manufacturer’s
instructions. Briefly, MCF-7 cells were plated in 96-well
culture plates at 4 x 10° cells/well in normal culture
medium. After 24 h, the medium was replaced with SFM
for 24 h. Then, the cells were exposed to 50 pl of peptide
solutions for 24 h. Next, the cells were incubated with XTT
labeling mixture (final XTT concentration 0.3 mg/ml) for
2 h at 37°C. The formation of orange formazan dye product
by metabolically active cells was quantified on a BioTek
Instruments EL311 microplate reader; the absorbance was
read at 450 nm using a reference wavelength at 650 nm.
Cells stimulated with 100 ng/ml leptin for 24 h were used
as controls. In some cases the incubation period was
extended to 2-3 days. Each peptide dose was tested in
triplicate and the experiments were repeated at least 3
times. Statistically significant (P < 0.05) stimulation or

inhibition over 10% vs. SFM were considered as evidence
of agonistic or antagonistic activity, respectively. Partial
agonists/antagonists are defined as analogs that change the
cell viability profile depending upon the presence or
absence of full agonists.

Serum Stability

For serum stability studies, 250 pl of an aqueous peptide
stock solution containing about 0.8 mg/ml peptide was
added to 2.5 ml 25% aqueous pooled mouse serum (Powell
et al. 1993). The peptide-serum mixture was thermostated
at 37°C. After 0 min, 45 min or 60 min, 90 min, 2 h, 4 h,
and 8 h, three 210 pl samples of each peptide were taken,
and precipitated by the addition of 40 pul 15% aqueous
trichloroacetic acid (TCA). The samples were stored at 4°C
for 20 min and centrifuged. The supernatants were imme-
diately frozen on dry-ice and 220 pl of each was analyzed
on RP-HPLC and/or MALDI-MS.

Peptide Stability in Brain Extract

The brains of 2 female Balb/c mice (killed by CO, inha-
lation) were placed in 2 ml of sterile PBS, homogenated in
a blender and sonicated. The peptides were added to the
brain homogenates (either before or after sonication) at
6 pg/ml final concentration. At each incubation timepoint
(0, 5, 15, 30, 60 and 120 min), a 30-pl aliquot was removed
and treated with 8 pl 15% TCA and incubated for 20 min
at 4°C, to allow precipitation of the peptide. After centri-
fugation at 13,000 rpm for 5 min, the supernatant was
removed and the solution samples were submitted to
MALDI-MS in order to identify the presence of the ori-
ginal peptides or their metabolites.

In vitro Model of BBB Penetration

A confluent monolayer of human astrocytes (designation
C8D30, ATCC) or brain capillary endothelial cells (des-
ignation bEND.1, ATCC) or a dual layer of both cell types
(first astrocytes followed by endothelial cells) were grown
at 37°C on polycarbonate filters (Costar, Transwell,
0.4 um) pretreated with collagen. Under these conditions,
the endothelial cells retain the characteristics of BBB
which include complex tight junctions, low rate of pino-
cytosis and enzyme levels (Lundquist et al. 2002). A
solution of 0.1 mM peptides was added to the upper
compartment of the Transwell plates and samples from the
bottom compartments were taken at 0, 5, 10, 30, and
120 min intervals. The presence and amount of peptides
penetrated through the cell layers were analyzed by RP-
HPLC and MALDI-MS.
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In vivo Biodistribution

Peptide ElFree and leptin protein were coupled to an
N-hydroxy-succinimide activated derivative of the near-
infrared absorbing fluorescent dye Cy5.5. Forty pg of the
labeled polyamides were injected subcutaneously (sc) into
shaved and isoflurane anesthetized female Balb/c mice.
The animals were placed into the fluorescence microscope
chamber under continuous isoflurane exposure. Fluores-
cence exposure pictures were taken with an IVIS
microscope set to 695 nm emission wavelength at every
minute in the first 10 min after peptide addition and every
5 min afterwards until 65 min.

Results and Discussion
Assay Development and Validation

Conventional drug development proceeds through the
molecular—cellular—animal screening pathway of lead
molecules. Pharmaceutically preferred molecular binding
assays are conducted in solution where the free unbound
ligand is not separated from the bound fraction (Otvos et al.
1998). However, in our hands, the low solubility of the
commercially available extracellular domain of ObR pre-
vented even qualitative measurements of leptin peptide
binding to ObR in fluorescence polarization assays (Otvos
et al. 2008). Therefore, the binding constant of the EI
peptides (ElFree or its carbohydrate-acetylated version
ElAc) was estimated based on the amount of peptide
needed to stimulate typical leptin-dependent signal trans-
duction events in a cellular environment. The peptide/ObR
binding was then confirmed in vitro by a dot-blot assay. In
the cellular measures, both EI peptides induced ERK1/2
activation in ObR-positive MCF-7 cells between 100 and
200 nM concentrations.

For future identification of potential ObR agonists from
peptide libraries or a larger set of individual peptides, we
developed a medium-throughput solid-phase screening
assay. The assay followed the usual direct ELISA format in
which peptide antigens are dried down to the wells over-
night (Otvos and Szendrei 1996). After blocking the
peptide-free surfaces of the wells, the extracellular domain
of ObR was added and the incubation was extended to 2—
12 h at room temperature. The peptide/ObR interaction
was monitored by using an anti-ObR monoclonal Ab in
1:100 dilution. In general, at 2 h incubation time, detection
of ElAc was more efficient than that of ElFree (Fig. 1).
The lower detection limits of our assay were 10 pg leptin
peptide, 10 nM solution of ObR and 2 h incubation time
(Fig. 1) for EIAc and 50 pg peptide or 100 nM ObR for
ElFree. The negative control antibacterial peptide
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Fig. 1 Binding of leptin agonist peptides and controls to the
extracellular domain of the leptin receptor. The peptide amounts
and ObR concentrations in the wells are printed under each bar. The
error bars indicate the standard deviation. Other details of the
screening assay are outlined in the Materials and Methods and Results
and Discussion sections. Pyrr stands for the negative control
antibacterial peptide pyrrhocoricin

pyrrhocoricin at 10-50 pg had ELISA readings identical to
peptide-free wells. In several repeat experiments the
highest 100 nM ObR dose was inhibitory for binding to
peptide EIAc and ElFree (Fig. 1 and data not shown)
possibly due to receptor aggregation around this concen-
tration, as we observed in the fluorescence polarization
assay (Otvos et al. 2008). It is unlikely that the generally
higher ELISA readings of the acetylated peptide compared
to the deacetylated analog resulted from better recognition
by the receptor. After all, the sugar moiety was artificially
introduced only to promote penetration through the BBB
and was not expected to interfere with ObR binding.
Rather, the increasingly hydrophobic acetylated analog was
more efficiently absorbed by the polypropylene plate sur-
face. In our experience different peptides directly bound to
hydrophobic ELISA plates or more hydrophilic solid sur-
faces show greatly variable binding efficacies and their
binding conformations influence how proteins recognize
them (Lang et al. 1994). In fact, our solid-phase binding
assays of different site III leptin analogs suggested
increased receptor recognition for peptides with long
C-terminal hydrophobic tails, although these alkyl chains
were located well outside the presumably binding phar-
macophore sequence (data not shown).

While we managed to quantitate the E/ peptide-ObR
interactions to some degree, the 10-50 pg purified peptide
needed for the assay described above exceeds the usual
drug amounts produced by massively parallel synthetic
methods. Thus, the assay is suitable only for medium-
throughput screening of purified leptin agonists and
antagonists. To validate the technology, we assayed the
binding of 4 leptin site III analogs, 2 designer agonist and 2



Int J Pept Res Ther (2008) 14:247-254

251

Table 1 Binding of 10 pg

leptin site I1I analogs to 100 nM Peptide sequence Absorbance

of the extracellular domain of at 395 nm

ObR H-Tyr(I,)-Ser(GlcAcy)-Thr-Glu-Val-Val-Ala-Leu-Ser-Arg-Leu-Dap(Ac)-NH, (E1Ac) 0.589
H-Tyr(I,)-Ser(Glc)-Thr-Glu-Val-Val-Ala-Leu-Ser-Arg-Leu-Dap(Ac)-NH, (ElFree) 0.106
H-Tyr(I,)-Ser-Thr(GlcAc,)-Glu-Val-Val-Ala-Leu-Ser-MeArg-Nva-NH, (Analog 1) 0.144
H-Tyr(I,)-Ser(Bzl)-Thr-Glu-Val-Val-Ala-Leu-Ser-MeArg-Nva-NH, (Analog 4) 0.150
Ac-Glu-Val-Val-Ala-Leu-Ser-Arg-Leu-Dap(Ac)-NH, 0.053
Ac-Thr-Glu-Val-Val-Ala-Leu-Ser-Arg-Leu-Dap(Ac)-NH, 0.068
Pyrrhocoricin 0.059
No peptide 0.052

antagonist candidates to ObR. Table 1 shows the peptide
sequences and the ELISA reading values. In these assays,
10 png peptides were plated and incubated with 100 nM
ODbR extracellular domain. The data indicated that the two
shorter peptides did not bind to ObR. In contrast, the two
longer peptides bound ODbR, just like the positive control
EI peptides did. Apparently the location of the carbohy-
drate moiety (Ser- or Thr-linked) or the identity of the
serine side chain (carbohydrate or benzyl) did not influence
the ability of the peptides to bind ObR. Because of the low
sensitivity of the assay, it would be premature to draw
further quantitative structure-activity relationship conclu-
sions. Nevertheless, these assays confirmed that the
receptor binding site is located somewhere in the middle of
the sequence of the E/ drug development candidates and
the presence of the N-terminal Tyr-Ser dipeptide enhances
receptor binding. As membranes are less hydrophobic than
ELISA plates, the sensitivity of the assay may increase if
using dot-blot (Otvos et al. 2008), but the binding can no
longer be quantified.

Cellular Assays

The biological effects of the two new peptides that bound
to ObR in the molecular assay were tested in ObR
expressing MCF-7 breast cancer cells. Traditionally, the
cellular activity of ObR agonists and antagonists are
accessed with the cell proliferation assay. During these

experiments, the cells are incubated with the peptides for
up to 5 days and the numbers of viable cells are counted
after trypan blue exclusion (Otvos et al. 2008). Once again,
while this is the most appropriate assay to evaluate peptide
activity on cell growth, it is not compatible with high- or
even medium throughput screening programs. A signifi-
cantly faster alternative appeared to be an XTT assay,
which quantifies metabolic activity of viable cells as a
surrogate marker of cell number, and could be read after
24-36 h of treatment (Buttke et al. 1993). This assay is
based on the reduction of the tetrazolium salt XTT by
viable cells in the presence of an electron coupling reagent
resulting in a soluble formazan salt. In this measure, in the
absence of exogenous leptin, the Thr-linked glycopeptide
(Analog I) was a full agonist in the entire 10 nM—-1 uM
examination range, and the benzylated serine analog
(Analog 4) was a full agonist at the lowest dose and a
partial agonist at higher doses (Table 2). When 6 nM
exogenous leptin was added to the cells, both peptides
showed partial agonist/antagonist properties. However,
when the same peptides were submitted to the conventional
cell proliferation assay, neither of them produced any
significant growth effects (Table 2). This suggested that
metabolic response to ObR agonists or antagonists cannot
be directly translated into cell number and used as a
measure of cell growth effects. At this point we returned to
the E1Free peptide that is a full agonist in the proliferation
assay regardless whether leptin is present or not (Otvos

Table 2 Comparison of the effect of ObR agonist peptides on the cell proliferation and XTT cell viability assays

Assay type Peptide ElFree

Peptide Analog 1

Peptide Analog 4

Proliferation no leptin added
XTT no leptin added

Agonist 10 nM-1 pM
Agonist 10-100 nM
Partial agonist 1 uM
Agonist 10-100 nM
Antagonist 1 pM

XTT 6 nM leptin added

No effects
Agonist 10 nM-1 pM

Partial agonist 10-100 nM
Agonist 1 pM

No effects
Agonist 10 nM
Partial agonist 100 nM-1 uM

Variable results, generally partial
agonist/antagonist

Cell proliferation and XTT assays were done and agonistic/antagonistic activities determined as described in Materials and Methods. The peptide

sequences are found in Table 1
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et al. 2008). Interestingly, in the XTT assay, the EI Free
peptide is an agonist at 10 nM and 100 nM in all circum-
stances, but at 1 uM is a partial agonist without leptin and
an antagonist in the presence of 6 nM endogenous leptin
protein. In summary, the comparison of the cell prolifera-
tion and XTT assays suggest that the faster measure is
unable to fully replace the longer assay when it gets to
accurately characterizing the effects of drugs on the growth
of ObR expressing cells. Regarding the two new agonist
analogs, animal models of obesity or other leptin-defi-
ciency diseases will be needed to verify or disparage the
positive effects produced by the XTT cell viability assay on
ODbR expressing cells.

Stability of the E/Free Peptide in Biological
Environment

As the ElFree peptide shows agonistic properties to MCF-
7 cells, penetrates the BBB model and is distributed into
the brain of Balb/c mice (Otvos et al. 2008), we continued
the detailed pharmaceutical evaluation of this peptidomi-
metic. First we submitted the peptide to quantitative
stability assays in 25% diluted mouse serum. Dilution of
serum linearly decreases the decomposition rate (makes it
manageable for chromatographic analysis) without chang-
ing the cleavage sites or overall kinetics (Powell et al.
1992). The ElFree glycopeptide was remarkably stable in
25% mouse serum exhibiting a half-life of approximately
2 h (Fig. 2). Calculating with undiluted serum, this means
that the peptide’s estimated half life in vivo is 30 min, a
period well exceeding the time needed to cross the BBB
and each the hypothalamus. Indeed mass spectrometry
identified ElFree in the bottom compartment of the BBB
cellular model after as little as 10 min, and in the in vivo
assay, the glycopeptide was biodistributed into the head in
less than 30 min (Otvos et al. 2008).

120
—=— Measured

4 —& - Fitted

80

Peptide remaining
8 3

N
o
T

0 60 120 180 240 300
Incubation time (min)

Fig. 2 Stability of peptide EFree in 25% diluted mouse serum. The
peptide exhibits an approximate half-life of 2 h
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In our current study we tried to confirm the published
BBB penetration cellular model mass spectrometry data
(Otvos et al. 2008) by HPLC. We grew brain capillary
endothelial cells or human astrocytes, or a confluent layer
of the two cell types in Transwell filters and measured the
quantity of peptide ElFree in the bottom compartment.
While the peptide was detectable in the flow-through of
either astrocytes or endothelial cells after 10 min, the
combined layer allowed peptide penetration only at the
next time point assessed, i.e. 30 min (Fig. 3). At 30 min,
approximately 15% of the glycopeptide placed in to the top
Transwell filter compartment was identified in the bottom
compartment by HPLC. Since 5-8% of the peptide applied
crossed the individual cell types already after 10 min, but
none passed through the dual layer, we concluded that the
synergism between the two cell types was needed to truly
model the BBB characteristics. In our previous report,
mass spectrometry (MS) identified some EIFree peptide in
the bottom compartment already after 10 min (Otvos et al.
2008), which can be explained by the increased sensitivity
of MS compared to HPLC. The peptide amount penetrated
through the dual cell layer and detectable by MS is suffi-
cient to induce leptin-dependent signal transduction in
MCEF-7 cells (Otvos et al. 2008). However, the peptide load
in the in vitro BBB penetration assay is significantly higher
(over 100-fold) than in the assay that is used for measuring
cell growth. With an expected efficacious in vivo dose of
1 mg/kg or less, we designed our earlier biodistribution
assay at 2 mg/kg. Then, we detected about 10-20% peptide
in the head 30 min after intraperitoneal (ip) peptide
administration, suggesting that the ElFree concentration in
the brain should exceed doses needed to stimulate

Percent in bottom filter compartment

Astrocytes 30 min
Endothelial 30 min

£ c
£ £
o o
< <
» z
g 8

Q
o =
3 °
! 2
< w

Astr + Endo 10 min
Astr + Endo 30 min
Astrocytes 120 min
Endothelial 120 min
Astr + Endo 120 min

Cell types and incubation times

Fig. 3 Penetration of glycopeptide ElFree across cell layers grown
in Transwell filters. The peptide was allowed to penetrate through
either human brain astrocytes, capillary endothelial cells, or a
confluent layer of the two cell types by gravitation. The high amount
of peptide passed after 2 h might suggest the limited biological
activity of intracellular barriers over extended time periods
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ObR + cells. Indeed, this peptide dose is very similar to
the amount contained in the 10-20% peptide fraction that
penetrated the BBB, as we detected by HPLC in the current
study.

As important in vitro serum stability studies in serum
for peptide drug development are, some peptides undergo
significantly more intensive degradation ex vivo or in vivo
(Noto et al. 2008). To study the stability of the E1 peptides
in the brain tissue environment, the physiological site of
peptide action, we incubated the peptides with a mouse
brain extract preparation for various times and looked for
the presence of unmodified peptides by MS. To distinguish
peptide stability in the presence of intact brain cells and in
cell extracts, some of the brain material was sonicated
before and some after peptide addition. In brain cell frag-
ments (cell sonication and supernatant removal before
peptide addition), ElFree could be detected only after
5 min, but even then in very low quantities (approximately
1%, Fig. 4, left panel). No ElFree was visible in the
presence of intact brain cells (cell sonication and super-
natant removal after peptide addition) at any time point
(data not shown). We hypothesized that the glycopeptide
remained attached to carbohydrate receptors in brain cells
and thus escaped our surveillance measure. To verify this,
the acetylated peptide EIAc was submitted to identical
assay conditions. As the acetyl groups and not the sugar
moiety or the peptide backbone are the main cleavage
points in acetylated EI peptides in serum (Otvos et al.
2008), the presence of uncleaved E/Ac in the brain prep-
arations would indicate loss of ElFree signal during the
assay procedure rather than glycopeptide decomposition.
Indeed, in both intact and fractionated cells about 15% of
the E1Ac peptide could be detected after 5 min incubation
time (Fig. 4, right panel), and even 5% peptide was visible
after 15 min (acknowledging that MS peak heights are not

E1Free

B tenally

Fig. 4 Mass spectral detection of peptides ElFree (left panel) or
ElAc (right panel) in mouse brain extracts after a 5 min incubation
period. The arrows point to the expected M/z value of unmodified

linearly dependent upon the amounts of analytes present in
the samples). Although we do believe that the increased
amount of acetylated peptide compared to the deacetylated
analog reflected less stable binding to brain carbohydrate
receptors, it needs to be added that increasing hydropho-
bicity does promote BBB penetration (Egleton et al. 2000).
In control experiments, leptin protein could be detected in
the brain extract in times identical to peptide ElFree (data
not shown). It is a recurrent problem in peptide and protein
drug development how to assess stability in brain tissue.
After destroying the tissues brain proteases are quickly
released and these can cleave peptide and protein drugs
regardless of the target brain compartments of the drugs or
the local activity of the enzymes in functional brain.

Biodistribution

The pharmaceutical promise of peptide ElFree over leptin
protein is that the glycopeptide reaches the hypothalamus
more efficiently than the protein. Because the BBB cellular
model and the brain stability studies could not fully support
this claim, once again we returned to the biodistribution
assay. We labeled both leptin protein and the glycopeptide
with the near infrared dye Cy5.5 and injected the pepti-
domimetic and the protein into Balb/c mice subcutaneously
under the shoulder blade. As Fig. 5 indicates, 60 min after
inoculation most samples remained at the site of drug
administration. Leptin protein was fairly evenly distributed
(light blue-green color on the left mouse picture) except the
head where the protein was less detectable than at other
body parts (medium blue image). Lesser amount of the
glycopeptide was distributed throughout the body in gen-
eral, but whatever traveled through the body reached all
organs equally, including the head (medium blue image on
the right mouse picture). These assays verified that the

E1Ac

0 ‘ 194043

Mass (e

samples. As the deacetylated peptide is significantly more stable in
serum than the acetylated analog, the loss of signal likely indicates
binding to the brain cells during the assay procedure
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Brain

Leptin
protein

Peptide
E1Free

Fig. 5 Biodistribution of Cy5.5 labeled leptin protein (left panel) and
peptide ElFree in Balb/c mice. While the peptide was evenly
distributed all over the body including the head, the protein reached
other organs more preferably

glycopeptide may reach the hypothalamus more efficiently
than the full leptin protein that demonstrated poor BBB
penetration in clinical trials. A comparison of images
obtained after subcutaneous (sc) peptide administration of
this study, and ip EIFree inoculation reported earlier
(Otvos et al. 2008) indicates that the peptide is more
readily absorbed when injected into the abdominal cavity.
In support of this possibility, in our antibacterial peptide
development program significantly better protection
against bacterial challenge is achieved when the peptides
are administered ip than if they are added sc. Thus, future
ElFree therapy should use ip peptide treatment.

Conclusions

The leptin agonist glycopeptide ElFree exhibits very
attractive biochemical and pharmacological properties. The
strenuous work of lead optimization would require fast
screening assays but these are currently not available for
the leptin/ObR system. Although we managed to develop a
low sensitivity medium-throughput binding assay, the 5-
day cell proliferation assay cannot be fully replaced with
faster measures assessing metabolic cell rate. Nevertheless,
the serum stability and biodistribution profile of the E/Free
derivative warrants detailed efficacy and toxicity studies in
appropriate animal models of obesity, lipodystrophy, and
other central leptin deficiency-related diseases.

@ Springer

Acknowledgements This work was supported by the Pennsylvania
Department of Health and the Sbarro Health Research Organization.

References

Baicy K, London ED, Monterosso J, Wong ML, Delibasi T, Sharma
A, Licinio J (2007) Leptin replacement alters brain response to
food cues in genetically leptin-deficient adults. Proc Natl Acad
Sci USA 104:18276-18279

Brennan AM, Mantzoros CS (2006) Drug Insight: the role of leptin in
human physiology and pathophysiology—emerging clinical
applications. Nat Clin Pract Endocrinol Metab 2:318-327

Buttke TM, McCubrey JA, Owen TC (1993) Use of an aqueous
soluble tetrazolium/formazan assay to measure viability and
proliferation of lymphokine-dependent cell lines. J Immunol
Meth 157:233-240

Egleton RD, Mitchell SA, Huber JD, Janders J, Stropova D, Polt R,
Yamamura HI, Hruby VIJ, Davis TP (2000) Improved bioavail-
ability to the brain of glycosylated Met-enkephalin analogs.
Brain Res 881:37-46

Fields GB, Noble RL (1990) Solid phase peptide synthesis utilizing 9-
fluorenylmethoxycarbonyl amino acids. Int J Pept Protein Res
35:161-214

Garofalo C, Surmacz E (2006) Leptin and cancer. J Cell Physiol
207:12-22

Hegyi K, Fulop K, Kovacs K, Toth S, Falus A (2004) Leptin-induced
signal transduction pathways. Cell Biol Internat 28:159-169

Kalra SP (2007) Central leptin insufficiency syndrome: an interactive
etiology for obesity, metabolic and neural diseases and for
designing new therapeutic interventions. Peptides 29:127-138

Lang E, Szendrei GI, Lee VM-Y, Otvos L Jr (1994) Spectroscopic
evidence that monoclonal antibodies recognize the dominant
conformation of medium-sized synthetic peptides. J Immunol
Meth 170:103-115

Lundquist L, Renftel M, Brillault J, Fenart L, Cecchelli R, Dehouck
M-P (2002) Prediction of drug transport through the blood-brain
barrier in vivo: a comparison between two in vitro cell models.
Pharm Res 19:976-981

Muntzberg H, Myers MG Jr (2005) Molecular and anatomical
determinants of central leptin resistance. Nat Neurosci 8:566—
570

Noto PB, Abbadessa G, Cassone M, Mateo GD, Agelan A, Wade JD,
Szabo D, Kocsis B, Rozgonyi F, Otvos L Jr (2008) Alternative
stabilities of a proline-rich antibacterial peptide in vitro and in
vivo. Protein Sci 17(7):1249-1255

Otvos L Jr, Szendrei GI (1996) Enzyme-linked immunosorbent assay
of peptides. In: Irvine GB, Williams CH (eds) Neuropeptide
protocols. Humana Press, Totowa, NJ, pp 269-275

Otvos L Jr, Terrasi M, Cascio S, Cassone M, De Pascali F, Knappe D,
Stawikowski M, Cudic P, Wade JD, Hoffmann R, Surmacz E
(2008) Biochim Biophys Acta (in press)

Peelman F, Coutrier C, Dam J, Zabeau L, Tavernier J, Jockers R
(2006) Techniques: new pharmacological perspectives for the
leptin receptor. Trends Pharm Sci 4:218-225

Powell MF, Grey H, Gaeta F, Sette A, Colon S (1992) Peptide
stability in drug development: a comparison of peptide reactivity
in different biological media. J Pharm Sci 81:731-735

Powell MF, Stewart T, Otvos L Jr, Urge L, Gaeta F, Sette A,
Arrhenius T, Thomson D, Soda K, Colon SM (1993) Peptide
stability in drug development. II. Effect of single amino acid
substitution and glycosylation on peptide reactivity in human
serum. Pharmacol Res 10:1268-1273

Wauters M, Considine RV, Van Gaal LF (2000) Human leptin: from
an adipocyte hormone to an endocrine mediator. Eur J Endo-
crinol 143(3):293-311



	Drug Development-targeted Screening of Leptin Agonist Glycopeptides
	Abstract
	Introduction
	Materials and Methods
	Peptide Synthesis
	Enzyme-linked Immunosorbent Assay (ELISA) �for Measuring Peptide Binding to ObR
	Cell Proliferation
	XTT Assay
	Serum Stability
	Peptide Stability in Brain Extract
	In vitro Model of BBB Penetration
	In vivo Biodistribution

	Results and Discussion
	Assay Development and Validation
	Cellular Assays
	Stability of the E1Free Peptide in Biological Environment
	Biodistribution

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


