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ABSTRACT: Metal-ion-mediated interactions between
calcium-binding peripheral proteins and membrane
phospholipids is a key feature of multiple cell signaling
processes. The molecular basis for the interaction involves
the displacement of inner-sphere water molecules on
calcium ions by phosphate groups of the phospholipids.
On the basis of this fundamental mechanism, we have
devised a novel “turn-on” optical sensing strategy for
anionic phospholipids by using a lanthanide reconstituted
protein. The “lanthano” protein turns on selectively in the
presence of a crucial signaling phospholipid, phosphati-
dylserine, by affording a 6 times enhancement in
lanthanide luminescence. The “turn-on” sensing strategy
was distinctly validated by direct evidence for the water-
displacement mechanism via lifetime measurements.

ell membrane phospholipids (PLs) are key effectors of

biological signaling processes." Quintessential cell signaling
pathways are mediated via membrane interacting peripheral
proteins that have specific interactions with PLs."* Hence, PL
sensing via appropriately modified proteins can afford crucial
diagnostic and mechanistic information on the physiological
state of a cell.> A common strategy for PL detection involves the
use of protein—dye conjugates incorporating fluorophores
ranging from fluorescein to green fluorescent protein.&"b’4
However, a strong background signal from unbound sensors is
a major shortcoming of current PL detection assays.’
Consequently, PL assays are used for imaging in fixed tissues
with restricted live, real-time imaging applications, notable
among which is recent work on zinc-based sensors.*™® The issue
of high background can only be addressed by developing “turn-
on” sensors that can give a specific read-out upon interaction
with membrane PLs.

Peripheral proteins, such as protein kinase C and annexins, are
often exploited for PL sensing.' Ca'-dependent PL binding, in
which the metal ions are simultaneously coordinated to the
protein ligands and the polar PL headgroups, has been implicated
in the membrane-binding mechanism.”” Building upon this
special PL—metal ion interaction, we have developed a unique
“turn-on” detection strategy for anionic PLs via lanthanide (Ln)
reconstituted proteins or “lanthano” proteins. The anionic PL
selected for this study is phosphatidylserine (PS), an essential
lipid involved in protein recruitment to the plasma membrane.'”
More importantly, PS, normally present in the inner leaflet of the
plasma membrane, is transferred to the outer layer during early
stages of apoptosis.>**#>*%® As a proof-of-concept toward “turn-
on” PL detection mediated by “lanthano” proteins, we have
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chosen to sense the interaction of this essential signaling PL with
a peripheral protein annexin V (Anx V).

Our protein of choice, human Anx V, is a 36 kDa protein
implicated in anticoagulation and has nanomolar affinity (K =
0.1-2 nM) toward PS in the presence of millimolar levels of
Ca'3%7% Crystal structures of the protein sans PL have
identified five Ca" binding sites (Figure 1a).'” The current
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Figure 1. (a) Crystal structure of Human Anx V (PDB: 1AVR)
depicting Ca" sites (golden) with aromatic residues highlighted (Y: red;
W: green). (b) Three Ca" binding sites (AB, B, and DE) of domain I
indicated with residues interacting with PS carboxylate (red) and
residues interacting with PS amine (blue).” (c) “Turn-on” sensing
strategy for PS detection via “lanthano” AnxV.

consensus molecular mechanism for PS binding to Anx V
implicates coordination of PS phosphate groups to the Ca" ions
(Figure 1a,b) of the protein, via the displacement of inner-sphere
water molecules.”"*'" Strategically placed amino acids with
positive and negative side chains, shown in Figure 1b, interact
with the carboxyl and amine moieties of the serine headgroup.”
The interactions presented by these residues provide the
specificity for PS; highlighting the imzportance of molecular
recognition along with electrostatics.” !

We envisioned that the displacement of coordinated water
molecules on Ca" ions by PS could be translated to an
appropriate “turn-on” sensing strategy by substituting the metal
ions with lanthanides (Figure 1c). Lanthanides can be sensitized
to luminesce via energy transfer from aromatic chromophores,
and the luminescence is quenched by coordinated water
molecules.”® Furthermore, Ln™ ions (Ln™) have size and
preference toward oxygen donor atoms similar to those of Ca'.
Anx V has ample aromatic amino acids (Figure la) for Ln
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sensitization, and prior reports indicate the affinity of Ln"™ to Anx
V Calsites.'® We thus hypothesized that Ln-reconstituted Anx V
would be ideal for developing “turn-on” PS sensors. The initially
quenched Ln™ luminescence would increase upon PS binding
because of the displacement of inner-sphere water molecules
(Figure 1c). Modification in the environment of the aromatic
amino acids upon PL-protein binding might also marginally alter
Ln sensitization.">* More importantly, “lanthano” Anx V would
show similar specificity for PS binding because interactions with
the anionic phosphoserine headgroup would essentially remain
unperturbed.

In order to test our “turn-on” sensing strategy, Anx V was
expressed and purified, followed by desalting to remove metal
ions (see the Supporting Information, SI). Inductively coupled
plasma optical emission spectroscopy on the protein indicated
the presence of minimal 0.1 calcium per protein molecule. The
purified protein was reconstituted with Ln"™ to prepare the PL
sensor. Among all lanthanides, the visible emitters Tb" and Eu™
can be effectively sensitized by UV-absorbing chromophores.'*
With the natural sensitizers in proteins being UV absorbers, we
selected Tb"" to prepare “lanthano” Anx V. A single tryptophan
and 12 tyrosines would provide the aromatic residues in Anx V
for Ln sensitization."* The average dissociation constant for Th™
binding to Anx V had been previously reported to be 0.2 uM, and
we further confirmed that binding saturation was observed with a
10:1 Tb"-to-protein ratio (Figure S6 in the SI).'** We therefore
treated purified Anx V with 10 equiv TbCl, for reconstitution and
confirmed its structural similarity to Ca"-Anx V via circular
dichroism (Figure S4 in the SI).

Ln reconstitution in Anx V was clearly depicted by the
presence of emission bands at 490, 544, and 584 nm, which were
characteristic of Tb" emission (Figure 2a). The excitation
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Figure 2. (a) Emission spectrum of 2.8 uM Tb™-AnxV (black) and Anx
V (red), pH 6.8, 25 °C. Inset: Tb emission from Tb™-AnxV (black) and
TbCl, (blue). (b) Luminescence response of Tb™-AnxV with PS (0—70
uM).

wavelength was chosen at 283 nm by scanning the excitation
spectrum of Tb"™-Anx V at 544 nm (Figure SS in the SI). The
protein aromatic amino acid emission peak at 334 nm shifted to
340—342 nm upon Tb™-Anx V reconstitution (Figure 2a).
Direct excitation of a TbCl; solution at 283 nm was used as a
comparison to further confirm reconstitution. The extremely low
emission intensities of the TbCl, solution, as shown in Figure 2a
(inset), indicated that free Tb™ would barely have any
contribution to the observed Tb™-Anx V emission.

The response of Tb"-Anx V to PLs was examined using
unilamellar PL vesicles, which serve as cell membrane mimics.
PS, phosphatidylcholine (PC), asolectin (AL), and mixed PS—
PC vesicles were prepared (see the SI). Upon the addition of PS
vesicles to reconstituted Tb™-Anx V, we observed a significant
increase (6 times at 544 nm) in the emission intensities of the

Tb™ peaks (Figure 2b). A control experiment with TbCl,, in the
presence of PS, showed no increase in the emission intensity,
proving that the observed response was due to the direct
interaction of PS with the “lanthano” protein (Figure S8a in the
SI).

We then compared the emission intensities in the presence of
other PLs (Figure 3a). PC accounts for a major 40—50% of the
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Figure 3. (a) Luminescence response of Tb"-AnxV with PLs. (50 4M).
(b) Lifetime measurements for Tb"™-AnxV in H,O (inset: D,0) without
PS (black) and with PS (50 uM) (blue).

total PLs present on the cellmembrane'® and hence is an obvious
choice for checking the specificity toward PS. Unlike PS, the PC
vesicles did not elicit any increase in emission upon interaction
with Tb™-Anx V (Figure 3a and Figure S10 in the SI). AL is a
mixture of other membrane PLs including PC, phosphatidyle-
thanolamine (PE), and phosphatidylinositol but excluding PS.
AL showed a 2.5 times increase in the emission intensity with
Tb"-Anx V. PE, a major component of AL, has _/previously been
reported to have an affinity toward Anx V. 4° Hence, the
observed increase indicates that “lanthano” Anx V effectively
mimics the binding specificities of the protein. The headgroup
structures of PS, PE, and PC are shown in Figure 3a. The PE
headgroup differs from the PS headgroup because it lacks the
carboxylate group. The amine moiety of the PE headgroup might
still interact with the negatively charged residues in the binding
domain.”® However, the bulky PC headgroup does not interact
with the protein, and hence we observe a distinct selectivity for
PS over PC. To further validate our results, we prepared mixed
vesicles of PS and PC with increasing PS content. The Tb"-Anx
V emission intensity increased as predicted with increasing PS
(Figure 3a). These results directly demonstrated the utility of the
reconstituted protein toward “turn-on” sensing of PS.

In order to test the response of the “lanthano” protein toward
other biologically relevant phospho anions, we measured the
emission intensities of Tb™-Anx V with ATP and KH,PO,.
Neither species afforded an “on” response in the presence of the
lanthano Anx V (Figure S8b in the SI). The emission response of
Tb"™-Anx V to PS was found to be unaltered within a pH range of
5—8 (Figure S11 in the SI). Importantly, Tb"™-Anx V turned on
upon binding to PS even in the presence of Ca" (Figure S9 in the
SI) and also chloride and acetate containing buffers, indicating
that these essential ions do not interfere with the sensing scheme.

The PS sensing results are in excellent agreement with our
hypothesis that Tb™-Anx V would report on the PS binding
event accurately and that the displacement of water molecules on
Ln" by PS would cause the sensor to “turn-on”. A direct proof for
the “turn-on” sensing mechanism was obtained via Ln
luminescence lifetime measurements (Figure 3b). The number
of inner-sphere water molecules on a lanthanide is quantifiable
via a modified Horrocks equation (see the SI), which correlates
the number of coordinated water molecules (q) to the Ln
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luminescence lifetimes."* Lifetime measurements for Th"-Anx V
in the absence and presence of PS were performed in water and
D,0, respectively (Figure 3b). The lifetime values in water
increased upon the addition of PS. A similar increase was also
observed in D,O. Increased lifetimes upon PS addition directly
report on the replacement of water molecules from the inner
sphere of Tb™ which leads to reduced quenching of terbium
luminescence. The lifetime value remained essentially un-
changed upon PC addition (Figure S12a,b in the SI),
demonstrating once again the PS-specific response of Tb™-Anx
V.

The modified Horrocks equation was used to calculate the g
values before and after PS binding (Table 1). The g value for

Table 1. Lifetime Data for Tb™-Anx V and Calculated q Values

sample® Th,0 (ms)b 0 (ms)b q
Th'™-Anx V 0.65 + 0.02 1.20 + 0.01 32402
Tb"Anx V + PS 0.87 + 0.01 1.51 +0.08 2.1+02
Tb"™Anx V + PC 0.68 + 0.02 1.21 + 0.07 29+03

“pH 6.8. b‘ero and 7p g are lifetime values in H,O and D,O.

Tb™-Anx V decreased upon the addition of PS, while the value
essentially remained the same for PC addition. Our results
indicate that there are 3 water molecules per Tb" site on an
average in Tb™-Anx V, which decreases to an average of 2 upon
PS binding. Anx V has several calcium binding sites out of which
the AB and B sites have been mainly implicated in PS binding
(Figure 1b).”%* According to previous PS docking studies on the
three Cal sites in domain I, the average number of water
molecules before PS binding is 3 and drops down to 1.3 upon PS
binding.'® Specifically, the modeling studies indicated that 2
water molecules on the AB site are displaced by 2 PS molecules,
while the other sites have more water molecules left after PS
binding. Because Ln" ions are established mimics of Ca", our
results prove that PS binding in Anx V causes the displacement of
coordinated water molecules. This study is, to our knowledge,
the first report providing solution-based molecular evidence on
the displacement of metal-ion-coordinated water molecules in
human Anx V by PS and distinctly validates our “turn-on” sensing
mechanism.

In conclusion, we have demonstrated a simple, yet specific
“turn-on” detection strategy for PS, by using Tb"™-Anx V. The
“lanthano” protein detection system is based on a molecular
understanding of the specificity of Anx V for anionic PLs and
probes the exact metal ion—PL binding event. A great advantage
of Ln-based systems is that the emission wavelengths can be
anywhere from the visible to the near-infrared depending on the
Ln used. We have demonstrated the proof-of-concept using
Tb"™; however, other lanthanides will be equally applicable,
provided appropriate aromatic antennas are engineered onto the
protein. Finally, we believe that this “turn-on” sensing strategy
will be applicable to other Ca'-binding peripheral proteins and
will help to illuminate crucial metalloprotein-membrane
interactions.
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