
A
rt

ic
le

s 56

Fluorogenic peptides for the detection of programmed  cell death
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Programmed cell  death is an essential process in the development and progression of numerous diseases  [1]. 
Therefore, there is a need for sensitive methods for the detection of apoptotic cells  as mechanistic tools to unravel 
disease pathogenesis. The current gold standard for imaging apoptosis are fluorescently-labelled annexins, which 
display strong binding to phosphatidylserine (PS),  a membrane phospholipid that is translocated to the external 
leaflet of the plasma membrane during the early stages of the apoptotic process [2,3]. However, annexins require 
high concentrations of Ca2+ for binding, which are not found in many physiological environments, including 
injured tissues [4]. Herein we developed peptide-based fluorogenic probes for Ca2+-independent imaging of 
cells undergoing programmed death. 

We used amphipathic peptides as templates to generate optical probes binding PS in apoptotic cells while 
showing marginal binding to viable  cells.  Notably, fluorogenic staining was achieved by incorporation of the 
environmentally sensitive Trp-BODIPY amino acid, which fluoresces only in close proximity to the binding 
target [5]. We have recently reported this amino acid as an optimal fluorophore  to label peptides with minimal 
disruption of their binding properties and capabilities for wash-free imaging in real time [6]. Moreover, Trp-
BODIPY displays  excellent photophysical properties including emission in the green region of the visible  spectra, 
matching GFP filters found in conventional microscopes.

We designed different fluorogenic peptides to study the hydrophilic and aromatic sequence requirements that 
defined optimal binding to PS.  All peptides contained the Trp-BODIPY fluorogen while the nature of the 
amphipathic residues varied and included a broad range of polar and hydrophobic amino acids. We screened 
the peptides using lipid films in vitro , where the most promising binders displayed  remarkable fluorescence 
emission in PS  when compared to uncharged lipids or buffer. From a synthetic point of view, Trp-BODIPY 
is compatible with standard Fmoc/tBu SPPS  protocols and can be incorporated using conventional coupling 
methods. However, the intrinsic lability  of the BODIPY  core under acid media require the use of acid labile  solid 
supports (e.g.  2-chlorotritylchloride polystyrene resin) and side-chain protecting groups that can be removed in 
neutral conditions, such as hydrogenolysis.

All peptides were screened in cell  mixtures containing ~50%  apoptotic neutrophils and ~50%  viable  neutrophils, 
and we compared their signal to background fluorescence in viable cells. F luorescence f old increase (as a 
measure of selectivity for apoptotic over viable  cells)  and fluorescence after washing (as a measure of binding 
strength) were measured for all peptides. From these studies, we concluded that peptides containing positively-
charged residues bound strongly to apoptotic cells  with fast kinetics, whereas negatively-charged ones did not 
show any binding to apoptotic or viable  cells.  We also observed that a balanced ratio of positive charges and 
hydrophobic residues was necessary to achieve rapid and selective binding to apoptotic cells.  Some peptides 
exhibited strong binding to apoptotic neutrophils and low fluorescence emission in viable cells.

We further validated the peptides for detection of apoptotic cells from multiple origins and species. Furthermore, 
in contrast to Annexin V, these peptides stained apoptotic cells independently of Ca2+ concentration, with optimal 
performance even in the presence of the Ca2+ chelator EDTA. We further characterized cell populations based 
on their fluorescence staining, and confirmed that peptide-positive cells displayed features that are characteristic 
of apoptosis [7,8]. Finally, we used the peptides to detect apoptosis in mouse models. Peptide-stained cells were 
quantified by fluorescence confocal microscopy in tissue sections, revealing significant increase of apoptosis in 
inflamed tissues compared to healthy tissues. Notably, the peptides did not show any cytotoxic effect and did not 
impair clearance of dead cells by professional phagocytes, such as macrophages. In summary, we developed 
fluorogenic peptides for the detection of apoptosis under a broad spectrum of physiological environments and 
avoiding the need for high levels of extracellular Ca2+ that might facilitate their potential use for in vivo applications.
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