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Introduction

Phospholipids constitute the dominant class of lipids compos-
ing the lipid bilayer of cellular membranes and confer struc-
tural support, organization of membrane proteins, and
intercellular signaling mechanisms.'™® Phosphatidylcholine
(PC), sphingomyelin (SM), phosphatidylethanolamine (PE),
and phosphatidylserine (PS) represent over 97% of the total
phospholipid composition and are asymmetrically distributed
between the inner and outer leaflets of a cellular membrane.”
In quiescent cells, PC and SM constitute ~87% of the total
phospholipid content of the outer leaflet, with PS being exclu-
sively restricted to and comprising ~30% of the total phospho-
lipid content of the inner leaflet (Fig. 1). Cell death
randomizes the asymmetric distribution of phospholipids
between the inner and outer leaflets, thereby externalizing PS
to the outer cell surface.® ' In fact, exposure of PS to the outer
leaflet of the cellular membrane is the hallmark molecular bio-
marker for all types of cell death and serves as a signal for
phagocytosis by providing ~10°-10° binding sites per cell.'*
Several methods to tag apoptotic cells and phospho-amino
acid residues have appeared in the literature.">™"” In addition
to biological probes (e.g., annexin assays), the vast majority of
synthetic approaches have focused on detecting anionic
phospholipid head groups, which includes phosphoserine. In
particular, zinc(i)-dipicolylamine (Zn**-DPA) complexes have
proven to be admirable receptors for negatively-charged lipid
head groups and have been used to tag apoptotic cells as well
as bacterial cells.'"'>'*131819 Thege primarily consist of
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A fluorescent chemosensor for the detection of phosphoserine is reported. The ditopic sensor features a
phosphate-coordinating zinc(i)—dipicolylamine (Zn?**~DPA) unit tethered to an amine-binding coumarin
aldehyde fluorophore. With phosphoserine, the sensor demonstrates a 30-fold fluorescence enhance-
ment under buffered aqueous conditions.
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Fig. 1 (a) Common cellular membrane phospholipid head groups. PC = phos-
phatidylcholine, SM = sphingomyelin, PS = phosphatidylserine, PE = phosphati-
dylethanolamine, PG = phosphatidylglycerol, PGP = phosphatidyl-
glucopyranose. (b) Asymmetric phospholipid composition (mol%) of the outer
and inner leaflets of healthy human cellular membranes.”

two pre-coordinated Zn**-DPA units tethered to a synthetic
fluorophore that associate with the membrane surface of apop-
totic cells through strong multipoint interactions with the
anionic phospholipid head groups. These molecular probes
are phospholipid tags and do not operate in a turn-on fashion.
By contrast, a turn-on sensor for PS could give quantitative
information about the amount of lipid present with low back-
ground as well as enable new types of experiments such as the
ability to monitor the progression of cell death in a cell
population.

Recently, we have been exploring the use of water-soluble
shape-selective molecular tubes for hydrophobic sensing of
lipids.*° In order to build selective sensors for PS, we require a
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Scheme 1 Ditopic binding of 2-Zn* to phosphoserine.

head-group binding unit. We chose to use the highly-water
soluble head groups as a model system for the analyses to
demonstrate sensor efficacy because the head groups are the
exposed units at the cell surface and the phospholipids lack
water solubility. The head groups lack the hydrophobic lipid,
yet remain functionally equivalent to the phospholipids and
are reasonable analogues for evaluating head group binding
units. In the case of phosphoserine, both the head group and
PS possess a primary amine and an anionic phosphoester.
Herein, we present a fluorescent turn-on molecular sensor
based on the coumarin aldehyde scaffold for the selective rec-
ognition and sensing of phosphoserine (Fig. 2).

The ditopic sensors 1 and 2 consist of an aldehyde recog-
nition element that is integrated into the coumarin fluoro-
phore and a single Zn>*~DPA recognition element appended to
the coumarin scaffold to afford reversible binding to the
primary amine and anionic phosphate moieties of phospho-
serine, respectively (Scheme 1). The coumarin aldehyde has
been shown to effectively produce a turn-on response to amine
binding. Indeed, NeuroSensor 521 (NS521, Fig. 2a) was develo-
ped as a monotopic receptor for catecholamines and provides
a turn-on response in live cells.*" In this study, we modified
the NS521 scaffold by appending a Zn**-DPA unit to the C4
position of the coumarin with both a rigid and flexible spacer
to afford sensors 1 and 2, respectively. We hypothesized that a
more rigid linker would provide stronger binding to the
analyte but developed a flexible linker for comparison. Mole-
cular models indicated that the methyl phenyl and propyl
linkers would provide the optimal spacing for phosphoserine
(see ESIY).

We reasoned that only phospholipid head groups with
primary amines should bind to the coumarin aldehyde and
form an iminium ion which causes an ~40 nm bathochromic
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shift in absorption.>'* By exciting the fluorophore at this new,
more red wavelength, we can visualize a fluorescence increase
due only to the bound sensor. The Zn*>*~DPA group is likely the
best receptor for phosphates in water and was incorporated to
achieve selectivity.

Results and discussion
Synthesis of ditopic sensors

The syntheses of sensors 1 and 2 are shown in Scheme 2. To
make sensor 1, compound 3 was coupled via its tosylate to an
aryl boronic acid to produce compound 4. Chlorination fol-
lowed by formylation using the Vilsmeier reagent gave com-
pound 6 which was alkylated with a dipicolylamine unit to
yield sensor 1. Sensor 2 was prepared from alcohol 7>* by con-
version to iodide 8 followed by alkylation with dipicolylamine.

UV and fluorescence titrations

Spectroscopic properties. When unbound, sensor 1 absorbs
at 453 nm and emits at 517 nm. The quantum yield (®) was
measured to be 0.0125 using fluorescein as a standard.”*
Sensor 2 absorbs at 454 nm and emits at 513 nm with a
quantum yield of 0.0213.

Binding titrations. Sensors 1 and 2 were titrated with several
phospholipid head groups: phosphoserine, phosphoethanolamine,
phosphocholine, o-glycerolphosphate, and p-gluco-pyranose
1-phosphate, as well as the primary amines glutamate and
glycine under buffered aqueous conditions (50 mM HEPES,
100 mM NaCl, pH 7.4). Glutamate and glycine served as con-
trols for amine binding as they lack phosphate groups. The
binding and spectroscopic data are summarized in Table 1.
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Scheme 2 Syntheses of sensors (a) 1 and (b) 2.
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Table 1 Binding constants (K,) and spectroscopic properties of sensors 1 and 2 with various analytes®

1 1-Zn2*? 2 2-Zn*"?
Analyte K,(M™) Lsad 1o € K, (M) IiadIo K, (M) Ll Io € K,(M™) LiadIo €
Phosphoserine 31 7.2 5.4 6.2 120 5.8 310 30
Phosphoethanolamine 5.7 4.8 5.7 4.9 93 9.1 180 39
Glutamate 4.7 7.0 7.0 4.3 22 13 190 17
Glycine 6.1 6.1 6.2 4.0 5.3 16 6.6 29

¢ Analytes of various concentrations were added to sensor (10 pM) in buffer (50 mM HEPES, 100 mM NacCl, pH 7.4). Sensor 1 was titrated in 97 : 3
buffer-DMSO and sensor 2 was titrated in 100% buffer.  Zinc acetate (10 uM) was pre-coordinated with sensor prior to addition of analyte. © I,
was taken from the theoretical maximum of the binding isotherm; Aex = 488 nm; Aepm, 1 = 521 NM, Aem, 2 = 513 nm. The phospholipid head groups
phosphocholine, a-glycerolphosphate, and p-gluco-pyranose 1-phosphate did not bind or alter the fluorescence properties of either sensor.

The absorbance of 1-Zn*" shifted to 488 nm upon the addition
of phosphoserine, phosphoethanolamine, glutamate, and
glycine (see ESIT).

Phosphocholine, a-glycerolphosphate, and p-gluco-pyranose
1-phosphate did not bind to the coumarin aldehyde of 1-Zn**
and therefore did not alter the spectroscopic properties. All
primary amine analytes bound to the coumarin aldehyde
with low affinity and relatively low fluorescence enhancements
(<7-fold) with emission maxima at 521 nm when excited at
488 nm. The binding results were similar to the control experi-
ments conducted without Zn** indicating that the Zn**-DPA
had little effect on enhancing analyte binding to the coumarin
aldehyde (see ESIf). Indeed, these binding constants are
similar to those achieved with simple, unsubstituted coumarin
aldehydes.*'**

Sensor 2 displayed similar absorption properties compared
to sensor 1. The absorbance of 2-Zn>" also shifted to the red
only upon addition of phosphoserine, phosphoethanolamine,
glutamate, and glycine. As seen with sensor 1, the phospho-
lipid head groups that did not contain primary amines did not
bind. The binding for phosphoserine was remarkably higher
than for the other analytes tested with K, = 310 M~ (Fig. 3).
Titrations with phosphoethanolamine and glutamate also
demonstrated reasonable affinity, though not as high as with
phosphoserine. The fluorescence increased over 30-fold with
the addition of both phosphoserine and phosphoethanol-
amine, with emission at 513 nm when excited at 488 nm.

For sensor 2, the spectroscopic properties with Zn>" were
much more favorable than the control experiments without
Zn**, though the binding constants of 2 with phosphoserine,
phosphoethanolamine, and glutamate were elevated compared
to the typical low binding constants seen with monotopic cou-
marin aldehyde sensors.”'* Presumably, the protonated form
of the DPA can interact favorably with the charged phosphate
to enhance binding. The fluorescence response of sensor 2
was lower without Zn** due to photoinduced electron transfer
quenching from the uncoordinated DPA.

It is clear from the spectroscopic studies of both sensors
that 2-Zn" is the best sensor for phosphoserine both in terms
of binding constant and maximum fluorescence response
(Fig. 4). Because of the flexible linker, 2-Zn** demonstrated
more than two orders of magnitude better binding than the

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) UV/Vis and (b) fluorescence spectra of 2-Zn®* (10 pM) with aliquots
of 100 mM phosphoserine in buffer (50 mM HEPES, 100 mM NaCl, pH 7.4). Aex =
488 M. dem = 513 nm. Inset is the fit to a binding isotherm.

more rigid sensor 1. Clearly, the rigid structure for 1-Zn>" pro-
hibits a two-point binding interaction. Even sensor 2 lacking
Zn*>" was a better receptor for phosphoserine than sensor 1.
Compared to the phospholipid tagging probes, 2-Zn*" is
unique in that it can coordinate to the analyte phosphate
group and primary amine to achieve selective binding to phos-
phoserine over other phospholipid head groups. Thus, the
head groups phosphocholine, o-glycerolphosphate, and
p-gluco-pyranose-1-phosphate give no response, which is extre-
mely important since the majority of membrane phospho-
lipids are choline-based. In addition, 2-Zn*" is also sensitive to
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Fig. 4 (a) Binding constants and (b) fluorescence enhancements (/s5/l) of
sensors 1 and 2 with phosphoserine.

the charge on the head group. Phosphoethanolamine and glu-
tamate bind less effectively, as each bears one less negative
charge than phosphoserine. It should be noted that while glu-
tamate and glycine gave enhanced binding and fluorescence
output, they are not expressed at high concentrations on a cel-
lular membrane.

Conclusions

In conclusion, 2-Zn** demonstrates a means to selectively
sense phosphoserine over other major phospholipid head
groups by forming a two-point binding interaction with the
phosphate and primary amine functional groups of the analyte
under buffered aqueous conditions. Future work in this area
will focus on joining this head group binding unit to our lipid
receptor to produce sensitive and selective sensors for bio-
active lipids.

Experimental section
Spectroscopic analysis

Instrumentation. Absorption spectra were recorded on a
Cary 1E spectrophotometer at 25 °C. Fluorescence spectra were
recorded on a Shimadzu RF-5301 PC spectrofluorometer at
25 °C. NMR spectra were recorded on Bruker DRX 500.

Solution preparation. Solutions for UV/Vis and fluorescence
spectroscopy were prepared from a 1 mg mL™" sensor stock
solution in MeOH that was diluted to volume with buffer
(50 mM HEPES, 100 mM NaCl, pH 7.4) until a 10 pM sensor
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solution was produced following removal of the solvent. For
sensor 1, DMSO was added to equal 3% of the total volume to
improve solubility. Analytes were measured and diluted to
volume with the buffered sensor solution to keep the sensor
concentration constant throughout the titration.

Quantum yields. Separate stock solutions of sensors 1 and 2
(10 pM) in buffer (50 mM HEPES, 100 mM NaCl, pH 7.4) were
prepared. The solution of sensor 1 contained 3% (v/v) DMSO
as a cosolvent. For quantum yields (®g), a 1.0 pM solution of
fluorescein (absolute @y = 0.85) in 0.1 N NaOH (pH 13) was
used as a fluorescence standard. Sensors 1 and 2 were excited
at 473 nm. The slit width was 2 nm for both excitation and
emission. Quantum yields were obtained in triplicate and cal-
culated as per the following equation:

(1)

where @5 = quantum yield of the sample, $x = quantum yield
of the reference, Is = integrated fluorescence intensity of the
sample, Iy = integrated fluorescence intensity of the reference,
Ar = absorbance of the reference, As = absorbance of the
sample, ng = refractive index of the sample solvent, ny = refractive
index of the reference solvent.

Binding constant calculations. The concentration of analyte
was plotted against the fluorescence intensity and fit to a one-
site binding isotherm using the following equation:

Iy —1= Bmax[analyte]
Kq4 + [analyte]

(2)

where I = fluorescence intensity, I, = initial fluorescence inten-
Sity, Bmax = theoretical maximum fluorescence, and K4 = dis-
sociation constant.

Synthetic procedures

General methods. All reactions were carried out in dried
glassware under a blanket of N,. Before use, tetrahydrofuran
and diethyl ether were distilled from sodium benzophenone
ketyl while dichloromethane and triethylamine were distilled
from CaH,. NMR spectra were recorded on Bruker DRX 500.
IR spectra were recorded on a Nexus 670 FT-IR E.S.P.
spectrometer.

Materials. All chemicals were obtained from Sigma Aldrich,
Fisher Scientific, Combi-Blocks, TCI America, or Alfa Aesar
and were used without further purification. Flash chromato-
graphy was performed with 32-63 pm silica gel.

Compound 4. Compound 3 (250 mg, 1.072 mmol), Na,CO;
(340 mg, 3.215 mmol), and TsCl (204.4 mg, 1.072 mmol) were
dissolved in 10 mL degassed DMF-H,O (95:5). The solution
stirred at 60 °C for 1 h. Then 4-(hydroxymethyl)phenylboronic
acid (179.2 mg, 1.179 mmol) and PdCl, (29 mg, 0.161 mmol)
were added and N, was bubbled through for 5 min. The solu-
tion stirred at 60 °C for 16 h. The inorganic solids were filtered
off and rinsed with acetone. The solvent was removed in vacuo
and the remaining crude material was purified by chromato-
graphy (95:5 CH,Cl,~EtOAc) to yield compound 4 (156.5 mg,

This journal is © The Royal Society of Chemistry 2013
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45%) as a yellow solid (mp 62 °C): "H NMR (500 MHz, CDC;)
57.50 (d, 2H, J = 7.5 Hz), 7.43 (d, 2H, J = 7.5 Hz), 7.23 (d, 1H,
J = 9.0 Hz), 6.57 (d, 1H, J = 2.0 Hz), 6.51 (dd, 1H, J = 9.0,
2.0 Hz), 5.99 (s, 2H), 4.80 (s, 2H), 3.42 (q, 4H, J = 7.0), 1.21 (t,
6H, 7.0 Hz); >*C NMR (125 MHz, CDCl,) & 162.1, 156.8, 155.8,
150.6, 142.1, 135.5, 128.6, 127.8, 127.1, 108.5, 108.2, 107.9,
97.9, 64.8, 44.8, 12.4; IR (neat, cm™') 3412, 2970, 1695, 1605,
1589, 1417, 1352, 1115; HRMS calculated for C,,H,;NO;Na
(M + Na'): 346.1414. Found: 346.1414.

Compound 5. Compound 4 (100 mg, 0.309 mmol) and
POCl; (3 mL) were combined in a round bottom flask and
stirred at room temperature for 21 h. The mixture was poured
over ice water (10 mL) and extracted with CH,Cl, (10 mL x 4).
The organic solvent was removed in vacuo and the resulting
material was purified by chromatography (90:10 CH,Cl,-
EtOAc) to yield compound 5 (81 mg, 77%) as a yellow oil: "H
NMR (500 MHz, CDCl,) & 7.51 (d, 2H, J = 8.0 Hz), 7.43 (d, 2H,
J = 8.0 Hz), 7.22 (d, 1H, J = 9.0 Hz), 6.56 (d, 1H, J = 2.5 Hz),
6.51 (dd, 1H, J = 9.0, 2.5 Hz), 5.98 (s, 1H), 3.41 (q, 4H, J =
7.0 Hz), 1.20 (t, 6H, J = 7.0 Hz); "*C NMR (125 MHz, CDCl;) 6
161.9, 156.7, 155.4, 150.6, 138.5, 136.3, 128.8, 128.7, 127.7,
108.5, 108.3, 107.6, 97.8, 45.6, 44.7, 12.4; IR (neat, cm ") 2970,
1708, 1614, 1593, 1524, 1417, 1356, 1115; HRMS calculated for
C10H3oCINO,Na (M + Na*): 364.1075. Found: 364.1077.

Compound 6. The Vilsmeier reagent was made by combin-
ing 2 mL POCl; and 3.6 mL DMF in a flame-dried round
bottom flask at 0 °C and stirring for 30 min. In a separate
flask, 142.7 mg of compound 5 was dissolved in 3 mL DMF.
The starting material was cooled to 0 °C and 3 mL of the Vils-
meier reagent was added dropwise. The reaction was brought
to room temperature and stirred for 40 h. The mixture
was poured over ice water (30 mL), extracted with CH,Cl,
(20 mL x 6), the organic layers combined and dried over
Na,S0O,, and the solvent removed in vacuo. Purification via
column chromatography (95:5 CH,Cl,~EtOAc) yielded com-
pound 6 as a yellow oil (97 mg, 62%): "H NMR (500 MHz,
CDCl;) 6 9.89 (s, 1H), 7.54 (d, 2H, J = 8.0 Hz), 7.26 (d, 2H, J =
8.0 Hz), 6.94 (d, 1H, J = 9.5 Hz), 6.49-6.53 (m, 2H), 4.68 (s, 2H),
3.45 (q, 4H, J = 7.0 Hz), 1.23 (t, 6H, J = 7.0 Hz); *C NMR
(125 MHz, CDCl;) § 188.2, 160.8, 160.1, 157.7, 153.1, 138.3,
133.4, 131.0, 128.6, 128.5, 112.0, 109.8, 108.9, 97.0, 45.7, 45.2,
12.4; IR (neat, cm™") 1614, 1559, 1494, 1417, 1352; HRMS cal-
culated for C,;H,,CINOs;Na (M + Na'): 392.1024. Found:
392.1022.

Sensor 1. Compound 6 (102 mg, 0.276 mmol), di(2-picolyl)-
amine (55 pL, 0.290 mmol), K,CO; (114 mg, 0.828 mmol), and
7 mL THF were combined in a round bottom flask at stirred at
55 °C for 21 h. The mixture was filtered and rinsed with
acetone. The filtrate solvent was removed in vacuo and the
remaining residue was purified via column chromatography
(100% CH,Cl, — 100% EtOAc — 80 :20 EtOAc-MeOH) to yield
sensor 1 as a yellow oil (54 mg, 47%). "H NMR (500 MHz,
CDCl;) § 9.76 (s, 1H) 8.55 (d, 2H, J = 5.0 Hz), 7.69 (td, 2H, J =
7.5, 1.5 Hz), 7.61 (d, 2H, J = 8.0 Hz), 7.54 (d, 2H, J = 8.0 Hz),
7.21 (d, 2H, J = 8.0 Hz), 7.17 (m, 2H), 6.93 (d, 1H, J = 9.5 Hz),
6.45-6.51 (m, 2H), 3.88 (s, 4H), 3.80 (s, 2H), 3.43 (q, 4H, J =
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7.0 Hz), 1.21 (t, 6H, J = 7.0 Hz); *C NMR (125 MHz, CDCl;)
5 188.3, 162.2, 159.5, 159.4, 157.7, 153.0, 148.9, 140.2, 136.5,
131.5, 130.9, 128.7, 128.5, 122.8, 122.0, 112.2, 109.6, 108.9,
96.9, 60.1, 58.1, 45.1, 12.4; IR (neat, cm™") 1746, 1611, 1495,
1422, 1356, 1133, 731; HRMS calculated for C;3H;,N,O3;Na
(M + Na"): 555.2367. Found: 555.2366.

Compound 8. Compound 7 (0.0412 g, 0.1358 mmol), iodine
(0.0655 g, 0.2580 mmol), triphenylphosphine (0.0641 g,
0.2444 mmol) and imidazole (0.0185 g, 0.2716 mmol) were dis-
solved in dichloromethane (7.0 mL) and stirred at room temp-
erature for 2 h. The mixture was filtered and columned twice
on silica with 9:1 CH,Cl,-EtOAc to give compound 8
(48.9 mg, 90%) as a yellow solid (decomp 138-141 °C). 'H
NMR (500 MHz, CDCl;) 6 10.35 (s, 1H), 7.73 (d, 1H, J =
16.0 Hz), 6.69 (dd, 1H, J = 15.5, 4.5 Hz), 6.47 (d, 1H, J = 4.5 Hz),
3.33-3.52 (m, 8H), 2.05-2.15 (m, 2H), 1.26 (t, 6H, J = 7.0 Hz);
13C NMR (125 MHz, CDCl;) § 190.9, 162.9, 161.5, 157.6, 152.8,
128.6, 111.8, 110.1, 108.4, 97.3, 45.1, 33.5, 28.9, 12.5, 6.8; IR
(neat, cm™") 2913, 1716, 1671, 1614, 1556, 1503, 1454, 1352;
HRMS calculated for C;;H,,INO;Na (M + Na'): 436.0380.
Found: 436.0372.

Sensor 2. In a flame-dried flask, compound 8 (0.0485 g,
0.1174 mmol), potassium carbonate (0.0243 g, 0.1761 mmol),
and di(2-picolyl)amine (31.7 pL, 0.1761 mmol) were dissolved
in acetonitrile (4.1 mL) and the flask was flushed with N,. The
mixture was stirred at room temperature for 60 h. Column
chromatography on silica with 1:1 CH,Cl,-EtOAc gave sensor
2 (24.1 mg, 56%) as a yellow solid (mp 109 °C). '"H NMR
(500 MHz, CDCl;) § 10.34 (s, 1H), 8.55 (d, 2H, J = 7.0 Hz),
7.56-7.71 (m, 5H), 7.14-7.19 (m, 2H), 6.52 (dd, 1H, J = 9.5,
4.5 Hz), 6.44 (d, 1H, J = 4.5 Hz); "*C NMR (125 MHz, CDCl;) §
190.7, 163.8, 163.1, 159.6, 157.5, 152.6, 149.0, 136.4, 128.7,
123.0, 121.9, 111.7, 109.8, 108.5, 97.2, 60.2, 54.3, 45.0, 27.8,
25.8, 12.4; IR (neat, cm™') 2970, 2921, 1712, 1676, 1615,
1559, 1508, 1452, 1355, 1148, 1131; HRMS calculated for
C,oH;3,N,0;Na (M + Na'): 507.2367. Found: 507.2357.
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