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Recent advances in cancer therapy include the design of
molecules that interfer with tumor angiogenesis and moieties
that recognize specific receptors expressed onto the tumor
endothelium and/or onto tumor cells, thus allowing the
ligand-directed targeted delivery of various drugs and par-
ticles to tumors. In this context, integrin avb3 and the
membrane-spanning surface protein aminopeptidase N
(CD13) play a pivotal role in tumor growth and metastatic
spread, as they are important membrane-bound receptors
highly expressed during angiogenesis.[1]

A crucial contribution to the efficacy of targeting
approaches is the characterization of receptor–ligand inter-
actions in their natural membrane environment. However,
this is an inherently difficult goal to achieve. Usually
reductionist approaches are adopted, where binding experi-
ments are mostly performed on recombinant purified pro-
teins. Nevertheless, these studies are often hampered by the
limited availability of the target receptor, whose active form is
often structurally undefined, as is the case for the CD13
isoform relevant in angiogenesis.[2] In addition, because of the
intricate network of macromolecules simultaneously exerting
different biological activities at the membrane level, binding
assays using purified proteins often fail to reflect the true
nature of the cellular environment. Therefore, the binding
affinity and binding specificity of soluble forms may differ
from the properties of the native receptor.[3]

Hence, drug-discovery studies may benefit from binding
assays performed under physiological conditions, which might
require accessory proteins contributing to ligand–receptor

interactions. Herein, solution nuclear magnetic resonance
(NMR) spectroscopy, because of its noninvasive nature, is
increasingly and successfully utilized.[4–8] Ligand-observed
NMR techniques,[9] including saturation-transfer difference
(STD)[10] and transferred nuclear Overhauser effect (TR-
NOE),[6] rely on the rapid and efficient transfer of spectro-
scopic characteristics between the free and the bound state of
a ligand (mm–mm affinity range). As these techniques require
only small amounts of purified receptor (pm–mm concentra-
tions), they are routinely used to probe receptor–ligand
interactions.[6,11] However, these techniques have some lim-
itations and, until now, their in-cell application has not been
fully exploited. STD has been successfully applied to monitor
the binding of ligands to receptors localized on the surface of
human cells; one-dimensional (1D) experiments were per-
formed that allow rapid spectra acquisition.[3, 12, 13] Neverthe-
less, the applicability of STD in general may be hampered by
the inability to discriminate between ligands with similar
structures and chemical shifts; this is relevant in the screening
of various ligands for the same receptor in competition
experiments. Furthermore, STD and TR-NOE have been
used only to study the interaction of ligands with a defined
receptor, the prevalent receptor expressed on the cell sur-
face.[3, 12,14] Finally, although it has been employed on purified
receptors,[15] organelles,[16] and platelets,[14] TR-NOE spec-
troscopy has not been performed with nucleated living human
cells.

Here we successfully applied TR-NOE spectroscopy
directly on patient-derived intact cancer cells to prove the
selective binding of ligands to both molecularly undefined
and structurally characterized receptors, such as the CD13
isoform expressed on angiogenic endothelial cells and avb3,
respectively. In addition, we show that this method can be
applied to screen various ligands for the same receptor by
performing competition experiments, and thus an affinity
ranking can be defined among different ligands in a physio-
logical context.

We investigated the binding of various cyclopeptides
containing the RGD and NGR motifs (see Figure 1 in the
Supporting Information) onto two human cancer cell lines,
including a non-small cell lung carcinoma (MR300) and a
melanoma (MSR3) cell line, which display different pheno-
types for CD13 and avb3. Both cell lines express avb3 but
differ in the expression of CD13: MR300 cells express CD13
(avb3+CD13+ cells), whereas MSR3 cells are negative
(avb3+CD13� cells), (see Figure 2a,b in the Supporting
Information). Published structural and biochemical data
show that RGD and isoDGR motifs can efficiently bind
(low mm affinity) to avb3,[17] unlike the NGR peptide, which
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interacts with CD13 on tumor vessels,[2] thus indicating that
NGR and RGD/isoDGR are separate moieties binding to
different receptors.[17, 18] We performed two-dimensional (2D)
NOESY experiments at a field strength of 600 MHz using 5 �
106 cells in 200 mL deuterated phosphate buffer (PBS, 5 mm

MgCl2) at 37 8C for 2 h; cell suspension homogeneity and
> 75% cell viability were achieved throughout each experi-
ment (see the Supporting Information). We first ran control
experiments with cells alone (see Figure 2 d,e in the Support-
ing Information) and free ligands (0.5 mm) (Figure 1a and
Figure 1a–e in the Supporting Information). Spectra of intact
cells show background signals of metabolites along with line
broadening arising from mobile lipids,[19] while spectra of free
ligands show small positive NOEs, as expected for molecules
of this size that have a fast tumbling rate; in contrast, slowly
tumbling macromolecules generate large negative NOEs.[20]

Next, NOESY spectra were acquired on each cyclopeptide,
including CRGDC, CisoDGRC, CDGRC, and CARGC, in
the presence of avb3+CD13� and avb3+CD13+ cells (Fig-
ure 1b,c,e–g). It is worth noting that, despite the high
background generated by cellular components, NOE cross-
peaks deriving from correlations of the arginine d/g protons
can be identified unequivocally for each peptide (Figure 1).
When CRGDC and CisoDGRC were studied under these
experimental conditions, we observed the generation of
negative NOE cross-peaks indicating that the average tum-
bling rate of these cyclopeptides is significantly slower than
that in their free state (Figure 1 b,c,e). On one hand, this effect
might be explained simply by the increased viscosity of the
sample solution; on the other hand, it might suggest that a
true TR-NOE is occurring, indicating that a molar fraction of
the ligand molecules interacts with one or more receptors
localized on the cell surface. To exclude the possibility that
the change in NOE cross-peaks is related to the increased
viscosity of the medium, we challenged CDGRC and
CARGC, which are unable to bind CD13 and integrin
avb3,[17] in avb3+CD13� (Figure 1 f) and avb3+CD13+ cells
(Figure 1g). Herein, we observed the generation of positive
NOE cross-peaks, indicating that these cyclopeptides are free
in solution and do not interact with any surface receptor. Most
importantly, CNGRC, a CD13 ligand, showed negative TR-
NOE cross-peaks in the presence of avb3+CD13+ cells
(Figure 1h), whereas no TR-NOE effects with avb3+CD13�

cells were observed (Figure 1 i). Altogether, these results
indicate that in experiments using living cells the flipped sign
of the NOE cross-peaks is determined by a true ligand–
receptor interaction, and that the decrease in the peptide
tumbling rate does not occur nonspecifically because of
medium viscosity. Thus, we conclude that TR-NOE in living
tumor cells is a feasible approach.

We next tested whether TR-NOE can be applied to prove
the specificity of the ligand–receptor interaction in living cells
and to rank the affinity of varying ligands (Figure 2a) for the
same receptor. We took advantage of the use of living cells
and transduced avb3+CD13� with a lentiviral vector coding
for a b3-specific shRNA to achieve efficient silencing
(>70 %) of avb3 integrin in these avb3shCD13� cells (see
Figure 2c,f in the Supporting Information). In the presence of
avb3shCD13� cells, CRGDC and CisoDGRC generated

spectra with positive NOE effects, thus indicating that the
peptides are free in solution (Figure 1d, j; Figure 3 in the
Supporting Information). Importantly, these results not only
prove that CRGDC and CisoDGRC specifically target avb3,
but also indicate that the application of TR-NOE in living
cells can benefit from the possibility of mutating and altering

Figure 1. Ex vivo TR-NOE spectra showing protein–ligand interactions.
The spectrum of the free ligand shows positive NOEs (opposite sign
with respect to the diagonal). During ligand–receptor binding, the
ligand transiently adopts the tumbling time of the receptor and can
transfer the negative NOE (same sign with respect to the diagonal) of
the protein complex to the population of the free molecule.
a)–j) Ligand, cell line, and mixing time (tmix) are indicated in each
panel; spectra were acquired as described in the Supporting Informa-
tion; the red circles indicate the cross-peaks deriving from correlations
of the arginine d/g and d/b protons; a) 2D NOESY spectrum of free
CRGDC, and TR-NOESY spectrum of CRGDC in the presence of
b) avb3+CD13+ cells, c) avb3+CD13� cells, and d) b3-silenced
(avb3 shCD13�) cells; e)–j) selected regions of TR-NOESY spectra
recorded for CisoDGRC, CDGRC, CARGC, CNGRC in the presence of
different tumor cell lines.
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the expression of a specific receptor. In addition, we
performed competition experiments with CRGDC and
CisoDGRC using equal amounts of cilengitide, the RGD-
peptidomimetic cyclo[RGDf-N(Me)V], a well-described nm-
affinity ligand for avb3.[21] In these experiments, unlike in the
absence of cilengitide (Figure 1b,c,e), CRGDC and
CisoDGRC generated positive NOE cross-peaks, indicating
that cilengitide displaces these two avb3 ligands from the
receptor and has the highest affinity (Figure 2b,c). To
compare their relative binding strength to that of avb3,
equal amounts of CRGDC and CisoDGRC were challenged
in the same TR-NOE competition experiment. We found that
in avb3+CD13� cells CisoDGRC displaces CRGDC and
shows a higher affinity for avb3 (Figure 2d). Therefore, we
conclude that it is feasible to rank various ligand–receptor
affinities by performing TR-NOE experiments in living cells.

Overall, we have demonstrated that in living human
tumor cell lines TR-NOESY methods can be successfully
applied to monitor or screen ligand–receptor interactions
and, in competition experiments, to obtain ligand-affinity
ranking directly in a physiological context. In addition, by
combining NMR methods with cell-manipulation techniques
(e.g. shRNA-mediated receptor silencing) the specificity of
ligand–receptor interactions can be investigated. Our
approach makes it possible to verify the targeting of a
receptor in a physiological amount in its cellular context
without prior knowledge of its structure and posttranslational
modifications, and the possibility that other proteins/compo-
nents affect the binding and/or the receptor function. It is
worth noting that ex vivo 2D TR-NOESY experiments will
conceivably benefit from advances in NMR hardware along
with fast NMR methods, including NMR covariance,[22] which
can be used to reduce measurement time, a critical variable in

experiments on living systems. In conclusion, these
approaches may provide new platforms for the study of
ex vivo protein–drug interactions.
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