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Abstract: The detection of externalized phosphatidylserine
(PS) on the cell surface is commonly used to distinguish
between living, apoptotic, and necrotic cells. The tools of
choice for many researchers to study apoptosis are annexin Vfluorophore conjugates. However, the use of this 35 kDa
protein is associated with several drawbacks, including temperature sensitivity, Ca2+ dependence, and slow binding kinetics.
Herein, a fluorogenic probe for cell surface PS, P-IID, is
described, which operates by an intramolecular indicator
displacement (IID) mechanism. An intramolecularly bound
coumarin indicator is released in the presence of cell surface
PS, leading to a fluorescence “turn-on” response. P-IID
demonstrates superior performance when compared to annexin V, for both fluorescence imaging and flow cytometry. This
allows P-IID to be used in time-lapse imaging of apoptosis
using confocal laser scanning microscopy and demonstrates
the utility of the IID mechanism in live cells.

Phosphatidylserine

(PS), an anionic phospholipid, is
a minor, but important, component of the membrane of all
eukaryotic cells.[1] In healthy cells, PS is almost exclusively
found on the inner (cytoplasmic-facing) leaflet of the cell
membrane.[2] The exposure of PS on the cell surface is
a common marker of cell death[3] and one of the earliest
hallmarks of apoptosis (programmed cell death),[4, 5] where
externalization of PS acts as a signal for phagocytes to
recognize and engulf the dying cells.[6] The ability to
selectively and rapidly detect apoptotic cells is crucial across
a range of applications in molecular imaging and clinical
medicine.[7] To distinguish cell populations undergoing apoptosis from both living and necrotic cells, probes for the
detection of cell surface PS are commonly employed in
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conjunction with nuclear stains such as propidium iodide.[8]
The most frequently used probe for detection of PS externalization is fluorescently labeled annexin V (AnV), a 35 kDa
protein,[5, 9] which binds with high affinity to PS in a Ca2+dependent manner.[10] However, there are a number of
problems associated with the use of fluorescently labeled
AnV derivatives to detect cell surface PS.[11] These include
1) binding of AnV to PS exhibits slow binding kinetics, which
limit its use in high-throughput drug assays,[12] and must be
performed at room temperature, precluding concomitant use
of other assay systems, such as immunostaining;[13] 2) the
millimolar levels of Ca2+ required for AnV binding to PS alter
cellular physiology and can result in scramblases translocating
more PS to the cell surface;[14] and 3) currently available
AnV–fluorophore conjugates are not so-called “turn-on”
probes, and therefore their use generally requires a washing
step to remove the unbound probe, so they are not useful for
real-time imaging of apoptosis. To circumvent the numerous
issues with using AnV–fluorophore conjugates for monitoring
apoptosis, a fluorogenic small molecule probe capitalizing on
intramolecular indicator displacement sensing has been
developed.
Smith and co-workers have pioneered the use of zinc(II)
dipicolylamine (ZnDPA) complexes to selectively target PSrich membrane surfaces, typically using a bis(ZnDPA) PS
binding motif attached to a fluorophore via a linker.[15, 16]
However, the positioning of a linker between the fluorophore
and PS binding site generally means that the fluorescence
intensity is not altered upon binding, requiring a washing step
to clear unbound probe prior to imaging. It is preferable for
a fluorescent probe to only exhibit fluorescence upon binding
to the analyte of interest, but fluorogenic probes for imaging
apoptosis are scarce.[17, 18]
Conjugating a fluorophore to the binding site (receptor)
of a probe to prepare a fluorogenic probe is often a synthetic
challenge. One novel approach is to employ the highly
effective, but rarely utilized, intramolecular indicator displacement (IID) mechanism[19–22] in which a fluorescent
indicator is covalently attached to the receptor via a flexible
linker. In the resting state the indicator binds to the receptor
site with quenching of its fluorescence. Displacement of the
indicator from the receptor site by the analyte of interest
leads to fluorescence (Figure 1).
Herein, a novel ZnDPA-based probe, P-IID, for the
detection of apoptosis by sensing cell surface PS using a “turnon” fluorescence IID activation mechanism is described. PIID incorporates three components on a peptide backbone:
a bis(ZnDPA) binding motif for PS;[23] a 6,7-dihydroxycoumarin indicator positioned such that in the resting state the
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