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Recently, we demonstrated that TLQP-21 triggers lipolysis and induces resistance to obesity by reducing fat
accumulation [1]. TLQP-21 is a 21 amino acid peptide cleavage product of the neuroprotein VGF and was
first identified in rat brain. Although TLQP-21 biological activity and its molecular signaling is under active
investigation, a receptor for TLQP-21 has not yet been characterized. We now demonstrate that TLQP-21
stimulates intracellular calcium mobilization in CHO cells. Furthermore, using Atomic Force Microscopy
(AFM), we also provide evidence of TLQP-21 binding-site characteristics in CHO cells. AFM was used in
force mapping mode equipped with a cantilever suitably functionalized with TLQP-21. Attraction of this
functionalized probe to the cell surface was specific and consistent with the biological activity of TLQP-21;
by contrast, there was no attraction of a probe functionalized with biologically inactive analogues. We
detected interaction of the peptide with the binding-site by scanning the cell surface with the cantilever
tip. The attractive force between TLQP-21 and its binding site was measured, statistically analyzed and quan-
tified at approximately 40 pN on average, indicating a single class of binding sites. Furthermore we observed
that the distribution of these binding sites on the surface was relatively uniform.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A fundamental problem in biophysical research is the study of the
physical interaction between of a ligand and its receptor. The recent
development of techniques which analyze biological systems at the
nano-scale allows quantification of ligand–receptor binding forces.
Indeed, binding strength is a significant parameter for understanding
the characteristics of interaction and it is not easily investigated by
standard biochemical measurements. Recently, several studies were
focused on TLQP-21, a peptide that induces anorexic effects, activates
lipolysis and blunts obesity induced by diet [1]. Given the increasing
spread of obesity in industrialized countries, TLQP-21 and its biologi-
cal effects are receiving great attention. However, the receptor(s)
which mediate TLQP-21 effects has (have) not been characterized,
and there is little information on TLQP-21 mechanisms of action.

TLQP-21 is a derivative of the better known VGF, a protein expressed
in the central and peripheral nervous systems [2]. In the adult rat brain
VGF is expressed in several areas (hippocampus, hypothalamus, pituitary
gland, olfactory system, cerebral cortex), and in many cerebral nuclei
a).

rights reserved.
(thalamic, septal, amygdaloid, brain stem) [3]. These areas are involved
in the regulation of feeding, reproduction, stress responsiveness, and
general homeostasis [4,5]. The VGF aminoacidic sequence shows many
cleavage recognition sites and is processed by the pro-hormone
convertases PC1/3 and PC2 stored in secretory granules to yield several
peptides [6,7]. TLQP-21 (VGF 556−576) was immunopurified for the first
time from rat brain [1] and subsequently localized in gastric tissue [8],
adrenal medulla [9] and adrenergic neurons [10] by immunohistochem-
ical techniques.

Since knockout mice for VGF are smaller and thinner compared to
their wild type [11], it was expected that the products of the VGF protein
processing should have an opposite effect on fat deposition. Surprisingly,
prolonged administration of TLQP-21 increased energy expenditure and
decreased fat deposition in the adipose tissue (brown and white),
preventing increases inweight [1].Moreover, TLQP-21 caused a decrease
of weight and reduced intra-abdominal white fat deposits in Siberian
hamsters [12] and inhibited inflammatory pain modulation [13]. It was
also demonstrated that TLQP-21, by acting on gastric tissue [6], could
have a role in the control of gastrointestinal motility andmetabolic func-
tions [14], as well as in regulation of gastric acid secretion [15].

In recent years, efforts have beenmade to characterize the effects of
TLQP-21; however, little is known about the pathways and molecular
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Fig. 1. Phase contrast image of an AFM cantilever placed above a CHO cell. Image acquired
thanks to the direct overlay of theAFM and the opticalmicroscope. The dark triangle is the
AFM cantilever.
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targets of this peptide. It was recently demonstrated that adipocyte
membranes express a high affinity binding site for TLQP-21 and that
the peptide stimulates a pro-lipolytic effect [16], but the receptor for
TLQP-21 is still unknown.

Atomic Force Microscopy (AFM) represents a powerful tool in bio-
physical research and it is widely used for both imaging of biological
sample with nanometric resolution [17,18] or force spectroscopy
studies. In these experiments we used the AFM at nm order of
imaging resolution and pN force sensitivity. By performing force
measurement, here we show the presence and the plasma membrane
topological distribution of a TQLP-21 binding site on the Chinese
Hamster Ovary (CHO) cell line. AFM measures the interaction force
between a microscopic cantilever with a sample's surface [19]. In
this study, we used AFM in force mapping mode [20–22] with a can-
tilever functionalized with TLQP-21. We measured ligand-binding
site interaction forces using the functionalized cantilever as a scan-
ning probe over the cell surface. This approach allowed us to quanti-
tate the interaction forces between ligand and binding site and to
map the topological distribution of the binding sites on the cell
surface [23–25].

2. Materials and methods

2.1. Chemicals

TLQP-21 (TLQPPASSRRRHFHHALPPAR), LRP-21 (LRPSHTRPAHQSF
ARPLHRPA), and biotin-TLQP-21 (Biotin-TLQPPASSRRRHFHHALPPAR)
were synthesized by conventional solid phase synthesis. Biotin-TLQP-21
was synthesized to functionalize the streptavidinated AFM cantilever
tips. LRP-21 is a scrambled version of the TLQP-21 peptide, and was
used to distinguish selectivity of the binding site for TLQP-21. Unless oth-
erwise specified, all other reagents were from Sigma-Aldrich (St Louis,
MO).

2.2. Cell culture

Embryonic mouse hypothalamic cell lines N38, N41 and N42, and
CHO and rat GH3 cell lines were screened for their ability to respond
to TLQP-21 stimulation. Cells were plated at 20,000 cells/well in black
walled, clear bottom 96-well plates (Corning, Germany) and cultured
for two days up to 80–90% confluence.

2.3. Intracellular Ca2+ mobilization assay

TLQP-21 biological activity was assessed on the basis of changes
in intracellular free calcium revealed by fluorescence assay. Cells
were preloaded with a fluorescent agent, then exposed to TLQP-21.
In comparable systems, ligand–receptor interaction may induce a re-
lease (mobilization) of calcium from intracellular stores. Free calcium
then interacts with the fluorescent agent to trigger a degree of light
emission proportional to the calcium available. Fluorescence signals
were normalized relative to basal values (total fluorescence divided
by basal fluorescence) measured before peptide injection and signals
were expressed as a percentage of increment.

Cells were incubated in darkness with 100 μl HBSS containing
HEPES 20 mM, probenecid 2.5 mM, and the fluorescent agent FLUO-4
NW 4.5 μ M (Molecular Probes, Eugene, OR, USA) at 37 °C and 5%
CO2 for 45 min. Fluorescence emissions were measured with the
multi-label spectrophotometer VICTOR3 (Perkin Elmer) at 485/535 nm
(excitation/emission filters) every second for the 20 s preceding and
for the 60 s following peptide exposure. TLQP-21 (10−9 to 10−5M),
LRP-21 (10−5 M) and biotin-TLQP-21 (10−5 M) were dissolved in
HBSS and injected into the wells by an automated injector system. Data
shown are the mean of measurements obtained in 6 different wells for
each treatment.
2.4. Force measurements, AFM tips functionalization and data analysis

AFM force measurements on living cells were performed with a
Nanowizard II (JPK instruments, Berlin), with the overlay option,
which allowed a direct view of the sample and the cantilever on the
same image (see Fig. 1). In this set up, the AFM head is placed on a
Zeiss optical microscope and data acquisition is performed using
JPKs software.

Silicon nitride (Si3N4) AFM probes (spring constant 0.06 N/m, tip
radius ∼ 10 nm) with streptavidin coating (CT.AU.SN, Novascan Tech-
nologies, Inc., Ames, USA) were incubated in a solution of 4 mM
biotin–TLQP-21 for 1.5 h at room temperature. In this way peptide
was bound to the tip via streptavidin–biotin interaction. After rinsing
thoroughly with PBS, the functionalized probe was immediately used
without drying.

In AFM force-mapping mode measurements, the probe, moving in
z-direction, was brought alternately into and out of contact with the
sample surface. During each approach and retraction cycle, the canti-
lever deflections versus the separation between the tip and the
surface were recorded and plotted as approach and retraction curves.
A non-interaction zone corresponded to a situation where the tip was
far away from the surface and there was no cantilever deflection. In
principle, by moving the probe toward the cells, the tip comes in con-
tact with surface. This induces a cantilever deflection; the shape of
this portion of the curve depends on the stiffness of the sample and
it is expected to be linear only if there is no sample deformation. By
moving the tip upwards, the cantilever undergoes an hysteresis in
the adhesion zone until the tip detaches from the surface (pull-off)
(see insets of Fig. 5a and Fig. 5b). The deflection measured at the
pull-off (depth of the minimum of the curve) is proportional to the
force of adhesion established with the binding site. Finally, the adhe-
sion was statistically analyzed by collecting several approach and re-
traction cycles and reporting the depths of the pull-off in a histogram
(see Fig. 5). The overall soundness of the procedure of functionalizing
the cantilever by streptavidin–biotin binding is established by other
classical works reported in literature [26–29] confirming the fact
that the streptavidin–biotin binding (in the order of more than 150
pN) is much stronger than the ligand–receptor interaction under in-
vestigation [23,30–32].

By using functionalized tips against the living cells' membrane, it
was possible to study specific ligand-binding site interactions. Force
measurements between the TLQP-21 functionalized tip and the cell
surface were performed in HBSS with 20 mM HEPES at 30 °C in
force-mapping mode. Several sets of 1600 force curves over an area
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of 2×2 μm2 were acquired on different points over the cell surface
using 2 μm z-range, 2 μm/s z scan rate and a trigger on the deflection
in order to control the maximum force. Control experiments were
performed on CHO cells with non functionalized tips and an N38 cell
line (non-biologically responsive to TLQP-21) using both similarly func-
tionalized and non-functionalized tips (Fig. 5b and Fig. 6c–e). To pre-
serve the native properties of the cells, in all AFM experiments the
cells are maintained alive on a glass cover-slip and measurements
were performed in oxygenated HBSS at 30 °C.

The force curve arrays were analyzed off-line with a semiautomatic
Matlab routine. The deflection versus distance curveswere converted to
force distance curves by the relation F= k⋅d where k is the cantilever
spring constant and d is the deflection. The nominal spring constant of
each cantilever was verified by the thermal noise calibration method.
The typical values of the spring constant were 0.01–0.08 N/m. In
order to keep a zero force in the no-interaction zone, a linear contribu-
tion was subtracted from each curve. After calculating the root mean
square (rms) of the signal in the non-interaction zone, the depth of
the adhesion peak (see inset of Fig. 5a) of each force curve was
extracted. The sensitivity of our measurements can be estimated as
3 pN by taking in account the noise that characterized the force curves
in the non-interaction region where the cantilever is free to oscillate.
The amplitude of the measured minima varied from a minimum of
3 pN, to a maximum of approximately 150 pN. Uncertainties of the
mean unbinding force were calculated by the standard error of the
mean of the distribution [33,34].

3. Results and discussion

3.1. Intracellular calcium measurements

In preliminary experiments several cell lines (CHO, N38, GH3,
N41, N42) were screened for their ability to respond to TLQP-21.
Treatment with 10−6M TLQP-21 induced a peak of fluorescence in
CHO (see Fig. 2, black dots), whereas N38 (see Fig. 2, black squares),
GH3, N41, and N42 (data not shown) were unaffected. Consequently,
CHO cells were chosen for further detection and characterization of
TLQP-21 binding sites; conversely, the N38 cell line were chosen as
a negative control.

TQLP-21 stimulated fluorescence in CHO cells increased with time,
reaching maximal levels within 10 s of stimulation and returning to
basal levels in about 60 s (see dots in Fig. 2). Qualitatively, this varia-
tion of fluorescence as a function of time can be interpreted as the re-
sult of two concurrent physical phenomena: the fluorescence switch
on (due to the calcium mobilization) and its consequent decay. The
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Fig. 2. Control measurements: percentage of the fluorescence (proportional to the free
intracellular calcium levels) of the cells after the injection. Effects of the TLQP-21 peptide,
of the LRP21 scrambled peptide, of the HBSS on the CHO and N38 cells. See labels for
details of peptide concentrations.
mathematics of this toy model is described by the following simple
system of differential equations:

dA tð Þ
dt

¼ −A tð Þ
τA

dB tð Þ
dt

¼ −B tð Þ
τB

þ A tð Þ
τA

8>><
>>:

ð1Þ

where A(t) represents the population of molecules not yet activated
to emit fluorescence, while B(t) is the population of actively fluores-
cent molecules not yet faded at a given time t. τA and τB are the char-
acteristic times of the switch on and off the decay of the fluorescence.
The measured fluorescence signal is proportional to B(t). Solving
the above systems of equations and assuming the initial conditions
A[t=0]=A0, B[t=0]=0, results:

B tð Þ ¼ A0τB
τA−τB

e−
t
τA−e−

t
τB

� �
ð2Þ

We fitted the fluorescence data with Eq. (2) (see continuous lines in
Fig. 3), and obtained good agreement between the toy model and the
data. The estimated fitting free parameters τA and τB are similar and
their values are about 6.5± 0.5 s for all the data. The similarity between
the two fitting parameters τA and τB is unexpected and could be
explained considering the following speculative interpretation. The
measurements were made on a large population of cells (about
20,000/well). At the single cell level, the Ca–FLUO-4 complex remains
fluorescent for a time that is probably similar for each single cell. In
the cell population, some cells will be stimulated by TLQP-21 earlier
than others, and this explains the kinetic in the measured increase in
the fluorescence. On the average, cells should remain fluorescent for a
similar time, and this might give rise to similar characteristic in the
switch-on and switch-off kinetics. The appropriateness of the proposed
simplifiedmodel is supported by the quality of the fit, illustrated by the
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Fig. 3. Panel a: measured TLQP-21 stimulation of free intracellular calcium levels in CHO
cells (symbols) and fit of the data with Eq. (2) (continuous lines). TLQP-21 was injected
at different concentrations (see labels). Inset: Maximal response of TLQP-21 calcium mo-
bilizing activity measured as a function of peptide concentration. Panel b: The residuals
(i.e. differences between data and the fitting lines shown in the main panel (a)) appear
randomly scattered around zero indicating the goodness of the fitting model.
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measured coefficients of determination R2 of 0.9854 and 0.9966 for
TLQP-21 at 10–5M and 10−6 M, respectively. Furthermore the residuals
plotted in Fig. 3(b) appear randomly scattered around zero indicating
the goodness of the fitting model despite its very simplified assumptions.

Dose-response studies using CHO demonstrated that TLQP-21
(10−9 to 10−5M) induced a concentration-dependent increase
in free intracellular calcium levels (Fig. 3). The concentrations of
TLQP-21 from 10−6 to 10−5 M, inclusive, evoked significant in-
creases (Pb0.05) in intracellular calcium levels (inset of Fig. 3). The
dose–response data shown (inset of Fig. 3) represent the maximum
value of the attained fluorescence as a function of TLQP-21 concentra-
tion and can be described by a Langmuir-like adsorption model, as
shown in the following. Considering a standard reversible reaction
between a ligand having molarity [L] and a receptor having molarity
[R], with a dissociation constant Kd, we have [35,36]:

L½ � R½ � ¼ Kd⋅ LR½ �
L0½ � ¼ L½ � þ LR½ �
R0½ � ¼ R½ � þ LR½ �

8<
: ð3Þ

Where [L] and [R] are the molarity of free ligand and receptor, [LR]
is the molarity of ligand-bound receptor, and [L0] and [R0] are the
initial molarities. Solving the systems of equations we got:

LR½ � ¼ 1
2

Kd þ L0½ � þ R0½ � þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kd þ L0½ � þ R0½ �ð Þ2−4 L0½ � R0½ �

q� �
ð4Þ

Since fluorescence is proportional to the quantity [LR] it is possible
to fit the dose–response data (see continuous line of inset of Fig. 3)
with the above expression obtaining a value of Kd of the order of
10−6M. Given the uncertainty and the small number of the data it
is difficult to have a better estimation of ligand–receptor binding con-
stant, but in any case we obtained a reasonable order of magnitude.

To ascertain the specificity of TLQP-21 effects on calcium release,
we used 10–6M LRP-21, a scrambled peptide made using the same
aminoacid residues of TLQP-21, and which shares no homology with
other known peptides. As shown in Fig. 2, LRP-21 did not stimulate
calcium release in CHO cells, confirming the specificity of TLQP-21
effects.

Since we used a biotinilated TLQP-21 (BIO-TLQP-21) bound to the
streptavidinated AFM cantilevers, we also checked if the biological ac-
tivity of this modified peptide was comparable to that of TLQP-21. As
shown in Fig. 4, there is a complete overlap of the fluorescence data
obtained with biotinilated and standard TLQP-21. Biotinilation of
TLQP-21 at the N-terminus did not change its ability to stimulate intra-
cellular calcium release in CHO, thus suggesting that the C-terminal re-
gion is primarily involved in the interaction with its binding site.
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3.2. Atomic force microscopy

For force measurements, the functionalized tip was located on top
of a cell exploiting the capacity of the AFM apparatus to visually
inspect the position of the cantilever tip (Fig. 1).

The individual unbinding forces between the TLQP-21 functional-
ized tip and the cell surface were analyzed from the single force curves
extracted from the force map (Fig. 5a and b). Although some retraction
curves show no particular features, ~30% of the curves present remark-
able pull-off (inset of Fig. 5a). Most likely, the pull-off is due to a
binding–unbinding event between TLQP-21 on the tip and its binding
sites on the cell membrane. The adhesion force values of all sets were
collected and plotted in a force histogram (Fig. 5a). Themeanunbinding
force between TLQP-21 binding sites and the peptide is 39±7 pN. The
single peak of the probability of force distribution suggests the exis-
tence of a single class of binding sites. Furthermore, classical binding
studies with a radio-labeled analog of TLQP-21 confirm that a single
class of binding sites is expressed on CHO cell membranes (data not
shown, A. Torsello, to be published).

To verify the specificity of the unbinding events, we performed
control experiments on CHO cells with non-functionalized tips and
on N38 cells, which do not respond to TLQP-21 (Fig. 2), with both
functionalized and non-functionalized tips. We found that the adhe-
sion forces between the functionalized tip and N38 were significantly
lower than those on CHO cells (Fig. 5b). These data suggest the
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absence of TLQP-21 binding sites on N38 cells and imply that the ad-
hesion force measured between CHO cells and TLQP-21-tip should be
attributed to the specific interaction of the peptide with its binding
site.

The topological distribution of the TLQP-21 binding sites on the
cell surface of a representative case is shown in Fig. 6a. This is a
2×2 μm2 map of the cell surface and the color intensities are propor-
tional to the detachment force between TLQP-21 and the binding site.
The brighter dots indicate large force values and consequently the
presence of a binding site. Fig. 6a shows a representative case, but
we have repeated the force spectroscopy imaging procedure on
several cell spots without any significant deviation from the statistical
average distributions [37–39]. Since the cell is a tridimensional object,
the hypothetical local non-horizontality of the cell surface could po-
tentially cause some bias in the bi-dimensional force scanning. How-
ever, the explored areas here reported are relatively small (2×2 μm2)
compared with the actual cell surface. In addition, in order to avoid, or
at least to minimize, the morphological contribution, the maps were
acquired in the peripheral region, where the cell surface is flatter
(see Fig. 1). Moreover, the AFM force spectroscopy measurements of
the adhesion forces are sensitive to cantilever detaching and not to its
z position, so the vertical profile of the cell is not crucial. By visual in-
spection of Fig. 6a, the binding sites appear randomly distributed, as
confirmed by the following derivations. The 2D topological distribution
of these binding sites on the surface of the CHO cells can be quantified
by evaluating radial distribution function g(r) of the representative
image data reported in Fig. 6a. Here we assumed that above a threshold
value of 10 pN there is a binding site; furthermore, we calculated the
coordinates, and we evaluated g(r) as the normalized probability of
finding a binding site at a distance r from another one. First, we calculat-
ed the distance distribution between each of the detected binding sites,
then we normalized the resulting distribution with the distance distri-
bution of an uniformly scattered ensemble filling completely a square
lattice with the same finite dimensions (40×40 pixels2) [40]. After nor-
malization, the resulting function g(r) is plotted in Fig. 6b confirming
that the binding sites are on average randomly distributed. As control
measurements we have also reported the force spectroscopy maps on
a

c

Fig. 6. Panel (a), (c)–(e): Representative two dimensional adhesion maps (2×2 μm2, scale ba
functionalized with TLQP-21 on CHO cell; (c) a non-functionalized tip on CHO cell; (d) a fun
the right shows the force strength of the adhesion in pN. Panel b: radial distribution functi
three control samples: CHO cells probed by non-functionalized tips
(Fig. 6c) and N38 cells probed by both TLQP-21 functionalized and not
functionalized tips (Fig. 6d–e). In all these cases the brighter dots
were very few and less intense indicating the absence of relevant li-
gand–receptor interaction.

4. Conclusions

By measuring the fluorescence generated by free intracellular calci-
um levels and the interaction between TLQP-21 and the cell surface,
we were able to demonstrate the presence of specific TLQP-21 binding
sites on the surface of CHO cells. These TLQP-21 binding sites interact
with the peptide with an average force of 39±7 pN indicating the exis-
tence of a single class of binding sites. These findings provide evidence
that CHO cells contain significant amounts of TLQP-21 binding sites
showing features typical of classical ligand–receptor interaction. Since
no receptor has been so-far described for TLQP-21, future research will
be devoted to isolate and characterize the binding site expressed by
CHO cells and to study its cellular mechanism of action.
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