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To prepare fluorescent zinc sensors with binding affinities lower than that of the parent 9-(o-carboxyphenyl)-2,7-
dichloro-4,5-his(bis(2-pyridylmethyl)methylaminomethyl)-6-hydroxy-3-xanthenone (ZP1), dimethylated and tetra-
methylated derivatives were synthesized having either two or four of the pyridyl subunits methylated at the 6-position.
Like the parent ZP1, both Me,ZP1 and Me,ZP1 exhibit increased fluorescence in the presence of Zn?*. The integrated
emission of Me,ZP1 increases 4-fold in the presence of excess zinc, whereas Me,ZP1 displays 2.5-fold enhanced
fluorescence for Zn?*. Methylating the 6-positions of the pyridyl rings raises the dissociation constant of the sensors
and lowers the pK, values associated with the tertiary amine ligands in a systematic manner. The properties of the
dimethylated Me,ZP1 dye resemble those of ZP1, but the tetramethylated Me,ZP1 differs greatly from ZP1 in
terms of its brightness, affinity toward Zn?*, exchange kinetics, and metal sensitivity. Both Me,ZP1 and Me,ZP1
can enter Hela cells and signal the presence of Zn?*. Staining caused by both dyes is punctate, with localization
patterns resembling that observed for ZP1.

Introduction well as Zinbo-5'° the Zinpyr (ZP) familyt*°>and the ZnAF
moleculest®’ In addition to these small molecule sensors,
synthetic peptides can also signal zinc by fluorescence
enhancemerif'® Despite the variety of available zinc
sensors, there remains much room for improvement. Many
of the aryl sulfonamide sensors form 1:1 and 1:2Zligand
complexes, such that it is possible for a protein-bound zinc
ion to activate the change in the dye fluoresceénGeher

Although most cellular Z# is bound tightly by proteins,
pools of less firmly bound ion are present in a variety of
cells. This mobile Z#A" is proposed to act as a signaling agent
to mediate processes such as apoptogesne expressioh,
and neurotransmissionA subset of glutamatergic neurons
contain vesicular Z3t, “puffs” of which are released into
the synapse when the neurons firehe precise concentra-
tions of Zr#* within the neuronal vesicles is unknown, with (8) Frederickson, C. J.; Kasarskis, E. J.; Ringo, D.; Frederickson, R. E.

upper estimates ranging to the low millimofa€oncentra- © Jz ’I\Ieurlt(J_SCFi)- l\lfjlethpodﬁ987yl2% 9%—&03“/ Hiochem. 1993 296
. + ; . alewskl, P. D.; Foroes, |. J.; betts, . glochem. J.

tions of Zr?* in t_he synapse are belleved.to reach-B00 203408,

uM.34 The functions of these neuronal zinc stores are not (10) Taki, M.; Wolford, J. L.; O’Halloran, T. VJ. Am. Chem. So2004
understood. 126 712-713.

. (11) Walkup, G. K.; Burdette, S. C.; Lippard, S. J.; Tsien, RJYAm.
Fluorescent zinc chemosensors have been developed for ~ Chem. Soc200Q 122, 5644-5645.

i i i i 5-7 ; _ (12) Burdette, S. C.; Walkup, G. K.; Spingler, B.; Tsien, R. Y.; Lippard,
imaging biological ZA".5~7 These probes include aryl sulfon S. 3.0 Am. Chem. So@001 13 78317841,

amide derivatives of 8-aminoquinoline, such as 6-methoxy- (13) Burdette, S. C.; Frederickson, C. J.; Bu, W.: Lippard, SI.JAm.

(8-p-toluenesulfonamido)quinoline (TS€Ynd Zinquin® as Chem. Soc2003 125 1778-1787. ,

(14) Chang, C. J.; Nolan, E. M.; Jaworski, J.; Okamoto, K.-1.; Hayashi,
Y.; Sheng, M.; Lippard, S. dJnorg. Chem2004 43, 6774-6779.
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sensors bind zinc to form either exclusively 1:1 com- hexahydrate were purchased from Mallinckrodt. Nickel(ll) chloride
plexeé0'13v15'17x2°or a mixture of 1:1 and 2:1 species (ZP1, hexahydrate was purchased from Strem, copper(ll) sulfate penta-
ZP2) that have significant fluorescence changes only whenhydrate from Baker, and zinc and cadmium chloride from Aldrich.
the first Zr¢* ion is boundil12 With some exception&; 23 All metal salts were used as received.

these small molecule zinc sensors rely on dipicolylamine ~‘H and**C NMR spectra were acquired on either a Varian 300
moieties to complex zinc and consequently have dissociationMHz or a Varian 500 MHz spectrometer and referenced to internal
constants in the nanomolar range. Because thgselues standards. IR spectra were collected on an Avatar 360 FTIR

. . instrument. Meltin oints were measured with a Mel-Tem
are below the hypothesized cellularZmrtoncentrations, the gp P

| . oloaical 27nl | apparatus. The pH values of solutions were determined with an
sensors are unable to quantify biological “Znlevels. Orion glass electrode that was calibrated with three standards prior

Furthermore, from the limited kinetic data it is clear that 5 each use. Fluorescence spectra were obtained on either a Hitachi
the 1:1 Zii*/ligand complexes have relatively long lifetimes  F-3020 or a Photon Technology International fluorescence spec-
in solution, limiting their application in real-time imag- trophotometer. Optical spectra were acquired on a Cary 1E
ing.1617-23The fluorescence turn-on will persist after the?Zn  spectrophotometer. High-resolution mass spectrometry was per-

concentration maximizes and begins its drop to the basalformed by staff at the MIT Department of Chemistry Instrumenta-
level. tion Facility. Stopped-flow kinetic data were acquired on a Hi-

Cell-permeating zinc chemosensors having lower binding Tech CU-61 instrument with a Xe lamp, an excitation wavelength

affinities would alleviate these problems. Probes wHi of 505 nm, and a 455 nm filter. The KinetAsyst 3.0 program was
values in the micromolar to millimolar ranée could be used used to operate the instrument and analyze the acquired fluorescence

. . . ith th . | b data. Cell images were acquired with a Nikon Eclipse TS100
in_conjunction with the existing nanomoldy probes to microscope equipped with an RT Diagnostics camera with il-

measure the amount of Znin cellular and extracellular  ymination provided by a Chiu Mercury 100 W lamp. Magnification
regions of interest. The reduced zinc binding affinities was 40<. Fluorescence images were obtained using an FITC-HYQ
associated with the highefy values would also lead to filter cube (excitation 466500 nm, band-pass 5360 nm). The
shorter-lived ZA*/ligand complexes, with highégs values. microscope was operated with Spot Advanced software.

One way to reduce the metdigand affinity is to Syntheses. %etCarboxyphenyl)-2,7-dichloro-4,5-bis(6-methyi-2-pyriclyl-
introduce steric bulk near the coordinating atoms. With methyl)(2-pyridylmethyl)methylaminomethyi)-6-hydroxy-3-xanthenone
ligands that use pyridyl groups to bind metal ions, such as (Me,ZP1). (2-Pyridylmethyl)(6-methyl-2-pyridylmethyl)amine (0.241
tris(2-pyridylmethyl)amine, methylating the 6-position on one 9: 1.13 mmol) and paraformaldehyde (0.033 g, 1.1 mmol) were
or more of the rings has been demonstrated to lower the metaf€fluxed in 12 mL of MeCN for 30 min. DCF (0.149 g, 3znol)
affinity of the resultant ligan@? Accordingly, we prepared was added in 8 mL of MeCNA® (1:1), and the resulting solution

. o was heated to reflux for 24 h. The MeCN was removed under
and characterized ZP1 derivatives, M1 and MeZP1, reduced pressure, and the residue was dissolved in 5 mL of EtOH

which retain the 27-dichlorofluorescein platform, but  an stored overnight at25 °C to precipitate the product as a pink
employ mono- and dimethylated dipicolylamine subunits sgjid (0.165 g, 52%). Mp: 1423 °C. H NMR (CDCl;, 300
instead of the simple dipicolylamine moieties to chelate zinc. MHz): ¢ 2.62 (6 H, s), 4.05 (8 H, s), 4.21 (4 H, s), 6.62 (2 H, s),
The chemical, photophysical, and Zrresponsive fluores-  7.11 (2 H, d,J = 7.5 Hz), 7.24 (6 H, m), 7.38 (2 H, d| = 7.8
cence properties of these sensors are described in the presehtz), 7.58 (2 H, m), 7.67 (4 H, m), 8.03 (1 H, 8= 6.9 Hz), 8.62
Article. (2 H, d,J = 4.8 Hz).13C NMR (CDCk, 125 MHz): 6 24.12, 49.39,
59.41, 83.47, 110.15, 111.93, 120.40, 122.37, 122.64, 123.43,
124.25, 125.49, 127.24, 127.77, 130.27, 133.79, 135.39, 137.33,
137.66, 148.92 (overlapping peaks), 151.84, 156.04, 157.08, 157.77,

Materials and Methods. Acetonitrile (MeCN) was dried over ~ 157-94,169.13. FTIR (KBr, cri): 3409 (m), 3053 (m), 3018 (m),
3 A molecular sieves. Ethanol (EtOH),,2-dichlorofluorescein 2925 (M), 2811 (m), 1752 (s), 1627 (m), 1594 (s), 1579 (m), 1475
(DCF), and paraformaldehyde were purchased from Aldrich and (), 1460 (s), 1434 (s), 1368 (m), 1287 (s), 1249 (s), 1214 (s), 1157
used as received. (2-Pyridylmethyl)(6-methyl-2-pyridylmethyl)- (M), 1113 (w), 1098 (s), 1038 (w), 1016 (w), 999 (m), 977 (m),
aminé® and bis(6-methyl-2-pyridylmethyl)amifewere prepared 957 (W), 891 (m), 872 (m), 796 (m), 758 (s), 701 (). HRMS (ESI)
as described in the literature. Calcium chloride dihydrate, magne- €&lcd MH", 851.2510 (major), 853.2498; found, 851.2528 (major),
sium chloride hexahydrate, manganese(ll) chloride tetrahydrate,853-2551-

ferrous ammonium sulfate hexahydrate, and cobalt(ll) chloride  9-(0-Carboxyphenyl)-2,7-dichloro-4,5-bis(bis(6-methyl-2-
pyridylmethyl)methylaminomethyl)-6-hydroxy-3-xanthenone

Experimental Section

(20) Henary, M. M.; Fahrni, C. JJ. Phys. Chem. 2002 106, 5210~ (MeqZP1). Bis(6-methyl-2-pyridylmethyl)amine (0.146 g, 642
5220. ‘ B _ umol) and paraformaldehyde (0.019 g, 63®0l) were heated to

(21) Aoki, S.; Kaido, S.; Fujioka, H.; Kimura, Enorg. Chem2003 42, reflux in 3 mL of MeCN for 30 min. DCF (0.090 g, 224mol)
10231030, dded in 6 mL of MeCNA® (1:1), and refluxi

(22) Nolan, E. M.; Lippard, S. dnorg. Chem 2004 43, 8310-8317. was added in 6 mL of MeCNA® (1:1), and refluxing was

(23) Nolan, E. M.; Jaworski, J.; Okamoto, K.-I.; Hayashi, Y.; Sheng, M.; continued for 24 h. The MeCN was stripped. The residue was

ot 'ngafdv S. é-]- }ﬁ\ﬁg ChemE30§0d0d5 12& 1(558%/%71?(?_'253[ o dissolved in 2 mL of EtOH and cooled t625 °C to precipitate

naeregg, ., Aubmann, k.; Podaer, N. . en . im. . . . o

(24) Aot 19?% 60, 123-140, v tlhe product as a pink solid (0.036 g, 18%). Mp: 18B8°C (dec).

(25) Shiren, K.; Fujinami, S.; Suzuki, M.; Uehara, lorg. Chem2002 H NMR (CDCl;, 300 MHz): 6 2.59 (12 H, s), 3.97 (8 H, s), 4.17
41, 1598-1605. (4 H,s), 6.60 (2 H,s), 7.03 (4 H, d,= 12.5 Hz), 7.19 (5 H, m),

(26) Fischer, A.; King, M. J.; Robinson, F. Ean. J. Chem1978 56, 7.55 (4 HtJ=125 HZ) 7.66 (2 H m) 8.02 (2 H d=115
3059-3067. ) r ) L ! P ' !

(27) Nagao, H.; Komeda, N.; Mukaida, M.; Suzuki, M.; Tanakalrrg. Hz). °C NMR (CDCl, 125 MHz): 6 24.18, 49.44, 59.47, 83.47,
Chem.1996 35, 6809-6815. 110.08, 111.92, 120.41, 122.34, 124.26, 125.47, 127.23, 127.71,
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130.25, 135.39, 137.60, 148.88, 151.91, 156.01, 157.06, 157.99,Scheme 1

169.16. FTIR (KBr, cmil): 3508 (m), 3431 (m), 3060 (m), 2921
(s), 2869 (m), 2826 (m), 1967 (w), 1763 (s), 1623 (m), 1592 (s),

1577 (s), 1461 (s), 1437 (s), 1370 (m), 1283 (m), 1210 (w), 1097

(w), 1038 (w), 867 (w), 785 (w), 697 (w). HRMS (ESI) Calcd
(MNa)*, 901.2659 (major), 902.2674, 903.2632, 904.2652,
905.2634; found, 901.2659 (major),
904.2669, 905.2629.

Spectroscopic MethodsAqueous solutions were prepared with

Millipore water. Stock solutions of the dyes in DMSO were
prepared, separated into aliquots, storeet2b °C, and thawed in

the dark immediately before use. All spectroscopic data were

collected in a pH 7.0 buffer solution of 50 mM piperaziNgN'-
bis(2-ethanesulfonic acid) (PIPES) and 100 mM KCI at room
temperature (22C) unless noted otherwise. Quantum yields were
measured relative to fluorescein in 0.1 M NaO# & 0.95f8 in

a manner described previousREmission was integrated from 450
to 650 nm for the quantum yield measurements. AubCaliquot

of 10 mM ZnC} in H,O was added to a 1M solution of dye in

3 mL of buffer to generate the fully zinc-loaded complex for its
guantum yield measurement.

To measure th&, value of MeZP1, aliquots of 1.0 mM ZnGl
were added to 0.xM solutions of MeZP1, which were made
rigorously metal-free with Chelex resin as described previot$sly.
After equilibrating for 5 min, the fluorescence intensity was

measured. The full data set was then analyzed with the singular

decomposition value program Specfit. THg value of MeZP1
was measured by a fluorescence titration as described previdusly.

pKa values were measured by plotting the integrated area of the

902.2688, 903.2601,

R
Z] )@
O\/ \N K >
2, 7"Dichlorofluorescein Sy N N |N\ R
—_ >
HO. 0. 0 %
cl g 7 ‘ cl
] COOH

Table 1. Spectroscopic Data for ZP1, W#&P1, and MgZP1?

RN N_R 0O
X N B

I H ol «
= Z H H

ZP1: R=R'=H
Me,ZP1: R=H, R' = Me
MeyZP1: R=R'=Me

absorption emission
compound Amax(NM) e (M~1cm™?) Amax (NM) (ol
Apo-ZPP 515 79500 531 0.39
Zny-ZP1P 507 78000 527 0.87
Apo-MeZP1 515 74300 528 0.18
Zn-MeyZP1 505 80600 524 0.61
Apo-MesZP1 516 56000 529 0.17
Zn-MeysZP1 506 47400 525 0.35

a All measurements taken in 50 mM PIPES, 100 mM KCI, pH 7.0 buffer
at RT.PRef 11.

Results

SynthesesThe two ligands were prepared in one step from
their respective secondary amines (Scherff&?lin a manner
similar to the synthesis of ZP1 by a Mannich reaction with
2',7-dichlorofluorescein (DCP): The products precipitated
from EtOH solutions were pure without the need for
chromatography. The isolated solids are indefinitely stable,

fluorescence emission spectrum against pH, recorded in the rangeithough stock solutions in DMSO discolor over days unless

from pH 12.5 to 1.5. A 0.5xM solution of dye containing 11 mM
KOH and 100 mM KCI was made. Its pH and fluorescence

kept frozen.
Photophysical Properties.Table 1 summarizes the photo-

spectrum were measured. The pH was then lowered gradually byphysical properties of the methylated ZP1 dyes. Upon

addition of HCI solutions as described previouS\Emission for
both MeZP1 and MgZP1 was integrated from 515 to 700 nm.

addition of Zr#*, the optical spectra of both compounds
undergo slight changes. The wavelength of maximum

The integrated emission areas were plotted against pH and fit to absorption {ma) lowers by 10 nm with less than a 20%

the nonlinear model previously report&d.

change in the intensity. The fluorescence intensities of both

Stopped-flow kinetic experiments were conducted to examine \je.7p1 and MgZP1, conversely, increase dramatically upon

the reaction of 0..xM dye with an excess of Zngin PIPES buffer.
All kinetic runs were monitored to at least five half-lives. Five
different concentrations of Zngbetween 25 and 400M were
used to obtain second-order rate constants for the first Eimding
event at 4.3°C. At least five data points were obtained at each

addition of Zri#*. The overall emission is enhanced 4-fold
for Me,ZP1 and 2.5-fold for MgZP1 (Figure 1).

Dissociation Constants.The dissociation constankg)
of each compound was calculated by analyzing titrations of

concentration. To calculate activation parameters, the reaction of ZNCl; to each dye, using fluorimetry to monitor changes in

25 uM ZnCl, with 0.5 uM of each probe was run at five
temperatures ranging from 4.3 to 20®. At least five data points

emission. They value for MeZP1 was determined by the
methodology and buffer system used for ZP1 and ZP2

were acquired at each temperature, and the full set of data was(Figure S1 in the Supporting Informatiot) The K4 value

collected twice to ensure reproducibility.

Cell Imaging. HelLa cells were plated onto sterilized glass
coverslips and grown to 50% confluence in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% bovine serum,
1x penicillin/streptomycin, and 2 mM.-glutamine at 37°C.
Aliquots of DMSO solutions of the dye were added such that the
well concentration reached/8Vl. The cells were incubated at 37
°C for 2 h. The DMEM was removed, and the cells were washed
twice with phosphate-buffered saline (PBS). The cells were
immersed in fresh DMEM with 5@M ZnCl, in H,O and 10QuM
sodium pyrithione in DMSO. After 10 min of further incubation,
the DMEM was removed and the cells were washed twice with
PBS and imaged.

(28) Brannon, J. H.; Magde, . Phys. Chem1978 82, 705-709.

for MesZP1 is too high to be measured using the reported
mixed-metal buffer system and was instead calculated from
a direct titration of ZnGlto a rigorously metal-free solution

of dye (Figure S2 in the Supporting Information); this
procedure has been used in the analysis of fluorescent
peptides having similar zinc affinitié8. The data were
analyzed by the singular value decomposition program
Specfit. As anticipated, both ligands have lowered affinities
toward Zrf" relative to previously synthesized ZP ligands.
Me,ZP1 has &4 value corresponding to the first zinc binding
event of 3.3 £0.2) nM, only slightly higher than the 0.7
nM value for the parent ZP®.Me,ZP1 has an analogous
Kgq value of 630 £50) nM, much higher than those of either
ZP1 or MeZP1.
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Figure 1. Fluorescence enhancement of methylated ZP1 probes upon

addition of Zr#* solutions at pH 7.0 in 100 mM KCI, 50 mM PIPES. (A)
The concentration of MZP1 is 0.5uM, and the concentrations of free
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Normalized Integrated Emission

pH

Figure 2. Normalized integrated emission vs pH for p2®1 and MgZP1.
The fit to the model (ref 12) is shown for each compound. The beskKfit p
values are listed in Table 2.

constant and the concentration of excess™ifrigures S3
and S4 in the Supporting Information), and the overall
reaction is most simply interpreted as a second-order reaction,
first-order in both zinc and probe. The second-order rate
constants for the addition of the first equiv of Znto the
ligands are denotekl, and given in Table 2. The first-order
rate constants for the dissociation of Znfrom the 1:1
resultant complex, calculated from tlikg values and the
second-order rate constants, are den&tedTable 2). The
complexation reactions for both methylated dyes proceed
more slowly than those for ZP2 with Me,ZP1 being 4-fold
more reactive than M&P1. The zinc dissociation reaction
associated with, proceeds most rapidly with MEP1.
Unexpectedly, the dissociation of zinc from M&1 is 6-fold
slower than zinc loss from ZP1.

Metal lon Competition Studies. Metal ion selectivity
assays were performed for both M&1 and MeZP1 as
previously described: The dyes were first added to a
solution of 50uM M(ll) in buffer, where M= Ca, Mg, Mn,

Fe, Co, Ni, Cu, or Cd. Of these metal ions, only?Cd
enhances the fluorescence (Figure 3). The alkaline-earth

2+ 1 .. .
Zn?tincrease to reach 0.0, 0.42,0.79, 1.3, 2.1, 3.4, 5.6, 10.2, 24, and 25 ooometa|s C& and M§f+ do not diminish the Z# -induced

nM. (B) The concentration of M&ZP1 is 0.54M, and the concentrations
of added ZA* increase to reach 0.0, 0.67, 1.33, 2.00, 2.66, 3.32, 3.98, 10.6,

and 17.0uM.

pH-Dependent Behavior.The apparent g, values were

emission, even when present in great excess (5 mM). The
first-row transition metal ions Mii, Fe*, Co?t, Ni?t, and
Cuw?* reduce the fluorescence intensity. With the exception
of Mn?*, these ions interfere with the ability of 50M of

measured by analyzing plots of integrated fluorescence versusZn?* to turn on the sensor fully. With MgP1, essentially

pH (Figure 2) and are listed in Table 2. Both M&1 and

no fluorescence enhancement occurs upott Zuldition to

Me4sZP1 show an initial two-step increase in fluorescence solutions containing P&, Co*", Ni?", and C@". With
as the pH is lowered, corresponding to the two high&st p Mes,ZP1, integrated emission significantly increases follow-
values. With regard to this property, both dyes differ from ing Zr?* addition to both the P& and the Ni* solutions
ZP1, which displays a single-step increase in fluorescenceafter 1 min. After 1 h, the integrated fluorescence for mixed

at pH 8.37:2 The emission begins to diminish below pH 3.

solutions containing P& and C&* increases, although the

The drop in intensity for both compounds is best modeled emission for the solution containing €adoes not approach

by a single step and corresponds to the lowégt alues
listed in Table 2. It should be noted that the lowdsf palues

that of the metal-free dye. The fluorescence of thé"Ni
solution drops to the pre-2h addition level over 1 h. The

are estimates, since complete fluorescence turn-off was notsolution containing Ct fluoresces the most weakly, and
achieved during the titrations. Each of the three apparentits emission does not change appreciably at either 1 min or
pKa values for MgZP1 is lower than the corresponding value 1 h after Z&" addition.

for Mey,ZP

Kinetics of Zn2" Binding. For MeZP1 and MgZP1, there

1.

Cell Studies. The cell permeabilities of the meth-
ylated ZP1 sensors were assayed in HelLa cells (Figure 4).

is a linear correlation between the pseudo-first-order rate After incubation with 5uM of the dye, the cells display

558 Inorganic Chemistry, Vol. 45, No. 2, 2006
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Table 2. Dissociation ConstantsKa Values, and Rate Constants for ZP1, M1, and MgZP1

compound firsKq (NM)2 pKa Kon (M~ s7)b ¢ kott (s7Y),d
ZPE 0.7 ¢0.1) 2.75, 8.37 3.3x 10° 2.3x 1078
Me,ZP1 3.3¢0.2) 1.7, 4.787.78 1.13 @0.05) x 10P 4.00 (£0.25) x 1074
MesZP1 630 (&50) 1.5, 4.09,7.25 2.53 (-0.25)x 10° 1.59 (0.20) x 102

aMeasurements taken in 50 mM PIPES, 100 mM KClI, pH 7.0 buffer attRMeasurements taken in 50 mM PIPES, 100 mM KClI, pH 7.0 buffer at 4.3
°C. ¢ Second-order rate constant for the addition of the first equiv 8f Zm the sensor First-order rate constant for the dissociation ofZfrom the 1:1
Zn?*/ligand complex® Refs 11 and 23f pK, values associated with the PET switching in the zinc-responsive probes. This process is believed to correlate
to the protonation of the tertiary amine nitrogens.

Figure 3. Metal ion selectivity assays for MEP1 (A) and MaZP1 (B).
The first bar (dark gray) is the fluorescence response ofudi5of the
probe to 5QuM of the metal ion at pH 7.0 in 100 mM KCI, 50 mM PIPES.
The second bar (red) is the fluorescence response after the addition of 50
uM ZnCly, after allowing 1 min for equilibration. The third bar (light gray)
is the fluorescence response after the addition ofuBD ZnCl, to the
solutions containing 50M Fe(ll), Co(ll), Ni(ll), and Cu(ll), after allowing
60 min for equilibration. The response is normalized to the fluorescence of
the free dye ko).

. L o Figure 4. Phase contrast (left) and fluorescence microscopy (right) images
modest intracellular staining, indicating that @1 and of HeLa cells treated with ™M methylated ZP1 fo2 h at 37°C. (A)
MesZP1 are both cell permeable. The cells become notice- Cells treated with MgZP1, with no ZnCj or pyrithione added. (B) Cells

treated with MeZP1, with 50uM ZnCl, and 100uM pyrithione added.
ab'Y more fluorescent when 5'@M 2”9'2 agd :!'OO”M Cells were incubated an additional 30 min after zinc addition and rinsed
pyrithione are added, the latter to facilitate?Zrdiffusion with PBS prior to imaging. (C) Cells treated with ¥EP1, with no ZnC}
into the cell. Subsequent addition of the cell-permeable metaloré)ylrggl?\?e ad(ri]_ed- (DL dCed"SCtr?Iated with Mtf’l.dWIth 5;)5;'\_/' Zrﬁlé _
NI (Do PR an JuM pyrithione added. Cells were incubated an additional min

chelatorN,N,N',N tetrakls(? pyrldylmethyl)ethylened|am|pe after zinc addition and rinsed with PBS prior to imaging.
(TPEN) quenches the emission (data not shown), consistent

with intracellular turn-on being a consequence of reversible 1:1 zr¢+/ligand complexes withq values of~1 nM10.12-14.16.17

zinc binding. Although these probes are valuable for qualitatively detecting
the presence of 21 in most biological media, they are less
well suited to study mobilization of the elevated’Zevels
Biologically relevant concentrations of mobile Znare  found in the presynaptic vesicles of the dentate gyrus region
estimated to range fromy1 fM29in E. colito ~0.5 mM in of the hippocampu3? To reduce the affinity of a ligand for
mammalian cellé# Sensors with a wide range of binding @ metal, one can either weaken the individual melignd
affinities are therefore desired in order to monitor this form bonds or decrease their number. The latter approach was
of Zn?* in biology. Many of the available probes, such as employed by us in the design of the &2nd Zinspy dyes;
ZP1, rely on dipicolylamine subunits to chelate zinc and form reported elsewhere, where eliminating one of the binding
arms raised th&y value to~10 4M. In the present work,
(29) Outten, C. E.; O’Halloran, T. \Science2001, 292, 2488-2492. we attenuated the ligand binding affinity by adding steric
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bulk near the coordinating atoms. Such a perturbation intermediate between those of IndoZin (3.M) and
lengthens and thereby weakens the melighnd bonds. The ~ RhodZin-3 (65 nM}! The dimethylated derivative of ZnAF-
ZP1 derivatives, M&ZP1 and MgZP1 (Scheme 1), are 2, ZnAF-2MM, probe binds Z#t with approximately the
manifestations of this design principle in which methyl same affinity (790 nM§$° The molecular structures of these
groups are installed at the 6-positions of the pyridine rings. three compounds are depicted in Scheme 2.
This modification affects the structure of metal complexes  The added methyl groups also lower th&.pvalues
with tris(2-pyridylmethyl)amine derivatives and destabilizes associated with protonating the tertiary amines in the
them relative to complexes with the unmodified ligahe dipicolyl moieties. As the tertiary amines of ZP compounds
During the preparation of this manuscript, methylated are protonated, the fluorescence intensity of the complex
versions of the zinc sensor ZnAF-2 were reported; the increased?14With increased methylation, the firskpdrops
resultant ZnAF-2M and ZnAF-2MM probes similarly form  from 8.37 (zZP1) to 7.78 (M&P1) to 7.25 (MgZP1). The
weaker complexes with Zh.% fluorescence increase for each methylated dye occurs over
Like ZP1, both MeZP1 and MeZP1 exhibit enhanced  two separate pH-dependent events. The simplest explanation
fluorescence in the presence of 2Zn with respective  for this behavior is that protonation of the second tertiary
increases of 4-fold and 2.5-fold in emission intensity. In both amine in each molecule is also fluorimetrically observable,
instances, the amplification is similar to that of ZP1.  pyt it is unknown why this phenomenon is observed for the
Addition of excess EDTA to solutions of the methylated ZP1 methylated dyes and certain ZP compouddsit not for
dyes and Z#" restores the fluorescence to its original level, others!215 The second step of the fluorescence increase is
indicating that the turn-on results from the reversible binding associated with apparenKpvalues of 4.78 (MgP1) and
of Zn?*. Methylation of the dipicolyl subunits of ZP1 4,09 (MeZP1). The emission of the sensors decreases below
diminishes the intensity of the resultant dyes. The quantum pH 4 and is consistent with protonation of the fluorescein
yields of the zinc-loaded sensors drop from 0.87 (2Pth) carboxylate. The properties of the protonated forms of the
0.61 (MeZP1) to 0.35 (MgZP1). The quantum yields of 7P dyes qualitatively resemble those of the zinc-loaded
the apo forms of the methylated ZP1 compounds are bothforms, and ZP ligands that are too basic cannot signal the
lower than that of ZP1 as weft.Methyl groups are electron-  presence of zinc at neutral pH values. Reduced emission from
releasing and may enhance the ability of the tertiary aminesthe protonated dyes lowers the background fluorescence in
to quench the fluorescein excited state, reducing emissionthe absence of 2 for the methylated ZP1 probes relative
in both the apo and zinc-loaded forms of the ligand. The to that for ZP1. The fact that a large portion of the
other photophysical properties of the three sensors, includingprotonation-induced turn-on occurs at a pH well below 7
the maxima of absorbance and emission, do not changecontributes to the diminished background fluorescence of the
significantly upon methylation. Since the parent fluorophore methylated sensors relative to that of ZP1.
is 2,7-dichlorofluorescein for all three sensors, the similari- Stopped-flow kinetic studies of MEP1 and MeZP1

ties in the photophysical properties are anticipated. indicate that both ligate zinc more slowly than chemosensors
Methylation increases th€; values of the ligands relative having chelating dipicolylamine subun#sl”23with Me,;ZP1

to that of ZP1. Incorporation of the first two methyl groups  reacting particularly slowly. Eyring plots encompassing data

(MexZP1) has a small influence on the dissociation constant f,om 4.3 to 20.6°C (Figures S5 and S6 in the Supporting

associated with the first Zh binding event, th&, value of |htormation) yield similar activation parameters for Me1

Me,ZP1 being less than an order of magnitude higher than (AH* = 13.9 (-0.1) kcal mot?, AS = 15.0 ¢-0.5) cal mot?

that of ZP1. The addition of the second two methyl groups K-1) and MaZP1 (AH* = 16.1 0.1) kcal mot?, AS =

has a much larger impact. NP1, with four 6-methylpyridyl 19.9 (@0.4) cal mot® K-1). These parameters are greater

groups, has &4 of 630 nM, nearly 3 orders of magnitude {5 those of nonmethylated ZPAH* = 12.5 kcal mot?,
greater than that of ZP1. Among non-peptide-based sensors\gt = 132 cal mot? K12 and scale with increasing
selective for ZAt, Me,ZP1 has a binding affinity between

the ZP1 and the QZ and Zinspy analog?@é%and is also (31) Kikuchi, K.; Komatsu, K.; Nagano, Turr. Opin. Chem. Biol2004

8, 182-191.
(30) Komatsu, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano, I.Am. (32) Woodroofe, C. C.; Masalha, R.; Barnes, K. R.; Frederickson, C. J.;
Chem. Soc2005 127, 10197-10204. Lippard, S. JChem. Biol.2004 11, 1659-1666.
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methylation. The results suggest that, within this series of of the free dye. With the exception of Nij the latter plot is
related compounds, the rate of complexation depends on thanore representative of the thermodynamic affinities of the

strength of the initial bond formed between?Zrand the

metal ions for MgZP1 predicted by the IrvingWilliams

ligand. The bond between pyridyl ligands and metal ions is series. The Cif ion is most strongly coordinated by the

typically shorter and stronger than those formed with
6-methylpyridyl ligand$* A stronger initial bond would
lower the activation energy if this step were rate-limiting,
thereby explaining why ZP ligands with nonmethylated
pyridines complex Z#i more quickly. Theky andk,, values
in Table 2 were used to compukes values, which reflect
the stability of the 1:1 Z#/ligand complex. The value

ligand. Taken together, these results suggest that the in-
creased lability associated with highey values renders the
Zn?* probes less susceptible to fluorescence quenching by
more weakly binding metal ions.

Methylation has no impact on the ability of the dyes to
enter cells, based on preliminary studies with HelLa cells.
Both MeZP1 and MgZP1 display enhanced intracellular

for Me,ZP1 is less than that for ZP1, an unexpected result fluorescence following incubation with ZnCind pyrithione.

given the greateky value for MeZP123 When the concen-
tration of Zr#™ drops, both zinc-loaded compounds will
release the metal ion slowly. M&P1, conversely, has a much
higher ko value, and zZ#A" will be able to dissociate from

As with ZP1, the staining appears to be punctate, suggesting
that the dyes aggregate in particular organelles within the
cell. The fluorescence turn-on with ME&P1 is significantly
less than that for M&ZP1 (Figure 4), as expected from the

the sensor much more readily. The faster release rate isphotophysical properties measured in vitro (Table 1). The

presumably a consequence of the weaker-Knbonds
formed with 6-methylpyridyl relative to those of the pyridyl
groups. The MgP1 dye is thus the best suited of the three
for real-time Z@" imaging, since it can respond more quickly
to changes in the concentration of zinc than,Kfl and
ZP1.

Metal ion selectivity studies revealed that?Zmvas unable
to generate an enhanced fluorescence response ftRle
in the presence of Bg, Co?", Ni2t, or CW#". This result
parallels that observed for ZP1 under similar conditi&ns.
Further studies of M&P1 indicate that, once the zinc

addition of one equiv of TPEN, a cell-permeable metal-
sequestering agent, to the cell media diminished the emission,
as anticipated from prior work.12.15.23

Summary

The two ligands Mg&P1 and MeZP1 have reduced
affinities for Zre* and lower tertiary amine Ky values
relative to those of Zinpyr-1. Methylation does not signifi-
cantly alter the Z#-induced fluorescent response, although
the methylated dyes are not as bright as ZP1. Tetramethyl-
ation has a more profound impact than dimethylation on the

complex is formed, the competing metal ions are unable to ligand properties, particularly thé; associated with the first
quench its induced fluorescence (Figure S7 in the Supportingzinc binding event and the rate constant for zinc release.

Information). The F&", Co*t, and N?* salts have no effect,
whereas C# leads to only a small diminution in integrated

emission 1 min after the metal addition. After these other

metal ions bind to MgP1, however, their presumably slow
dissociations from the ligand will preclude even a large
excess of ZA from inducing a rapid fluorescence response.

Methylation of ZP1 does not affect the ability of the probes
to traverse cell membranes and detect'Znithin cells.
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