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ABSTRACT: In the treatment of chronic iron overload disorders, ligands capable of complexing
so-called “labile” (nonprotein bound) Fe are required to enter iron-loaded cells, sequester excess
Fe, and then exit the cell (and the body) as an intact Fe complex. Despite the emergence of several
ligand families that show high activity in mobilizing intracellular Fe, the mechanism and the
locations of these subcellular labile Fe pools are still poorly understood. Our previous studies have

unearthed a class of heterocyclic hydrazine-based chelators (e.g., benzoyl picolinoyl hydrazine, (CI04)s
H,BPH) that show excellent activity at mobilizing Fe from Fe-loaded cells. Herein, we have grafted
afluorescent tag (rhodamine B) onto H,BPH to generate a ligand (L") that is nonfluorescent in its
uncomplexed form but becomes strongly fluorescent in complex with Fe'™. The free ligand and its
1:2 Fe complex [Fe"(L"),]*" have both been fully characterized spectroscopically and with X-ray
crystallography. Confocal fluorescent microscopy of HeLa cells incubated with [Fe™(L"),]**
shows that the complex rapidly enters HeLa cells and localizes within endosomes/lysosomes. FeiCon
B INTRODUCTION Scheme 1
Iron overload disorders are potentially life threatening medical —
conditions.' > In cases of acute Fe overload, resulting from o —
frequent blood transfusions, administration of Fe chelators is H}
necessary to enable excretion of this element.** In previous ANTNH N
studies, we have identified a number of ligands with potential appli- % H.BPH
. . . . 6—8 K ol
cations in Fe chelation therapy (e.g, H,BPH in Scheme 1).”° This | |
and other structurally related ligands are very active in mobilizing o”’;’”’”Fem N A (CI04)s
intracellular Fe, yet they do not compete directly with Fe binding 00 ,— 7N 0
proteins such as the serum Fe transporter, transferrin. In fact, little is w
known about the mechanism by which these chelators access Fe or NN N
where they localize intracellularly. O O
The fluorescence imaging of metal ions in vivo is a rapidly EtN 0 NEt,
growing and important field,” "> and careful design of ligands g
has enabled the mapping of cellular concentrations of a number _ .
of different metal ions. Several reported fluorescent probes (e.g., “"V (Fe(t 1(CI0a)s
calcein,"* phen green SKA,'® and hydroxypyridinones'*) have
been utilized to quantify labile Fe pool concentrations in cells. O
However, these approaches are problematic as they are based on 0
quenching the fluorescence of a free ligand upon complexation AN
with Fe (i.e., a “turn-off” sensor). Unless quenching is complete, ® ‘ NEt N
quantification, or even the observation of significant changes in ELNTO QQ\ENJ
fluorescence intensity, becomes problematic. The reverse process of HY N
fluorescence “turn-on” from a zero background is experimentally
more selective and considerably more definitive. More recently,
examples of “turn-on” fluorescent probes for Fe! have been the same NNO donor set and basic structure as its parent chelator
proposed,'® " although direct evidence that the fluorescent species H,BPH. As explescteld from the known chemistry of rhodamine
in vivo is actually an Fe complex has been lacking with no structural and its analogs, * L' is typically found in its (spiro) ring-closed
characterization of any putative Fe complex. form at neutral pH and is nonfluorescent.
Herein, we have elaborated upon the hydrazine chelator
H,BPH with a rhodamine B fluorophore to produce a ligand Received:  July 13,2011
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L' (Scheme 1) that is fluorescent while bound to Fe'" and retains Published: August 03, 2011
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B EXPERIMENTAL SECTION

Caution! Although we have experienced no issues with the compounds
prepared, perchlorate salts are potentially explosive and should only be
handled in small quantities and should never be heated in the solid state or
scraped from sintered glass frits.

Syntheses. Rhodamine B hydrazide was synthesized using a
literature procedure.”' LysoTracker green was obtained from Molecular
Probes (Invitrogen). All other reagents were AR grade.

N-(3',6'-Bis(diethylamino)-3-oxospiro[ isoindoline-1,9 -xanthen]-2-yl)
picolinamide (L'). Picolinic acid (0.74 g, 6.0 mmol) and 1-methyli-
midazole (1.23 g, 15.0 mmol) were dissolved in MeCN (50 mL), and the
mixture cooled to —5 °C. Tosyl chloride (1.14 g, 6.0 mmol) was added,
and the reaction mixture was stirred at —5 °C for 30 min. Rhodamine B
hydrazide 1 was dissolved in MeCN (S0 mL), and the resulting red
solution added to the reaction mixture. After warming to room
temperature, the reaction mixture was stirred for 16 h. The solvent
was evaporated, and the residue dissolved in CH,Cl, (100 mL) before
being washed with saturated sodium bicarbonate solution (2 X 150 mL).
The organic layer was dried over MgSOy, filtered, and evaporated. The
residue was chromatographed on neutral alumina eluting with 0% to 2%
MeOH/CH,Cl,. Ligand L' was obtained as a tan colored solid (1.75 g
62%). Found: C, 72.3; H, 6.28; N, 12.6. C3,H35NsO; requires: C, 72.7;
H, 6.28; N, 12.5). "H NMR (500 MHz, CDCl,): & 1.15 (t, J = 7 Hz, 12
H, CH3;), 3.32 (m, 8 H, CH,), 6.3—6.4 (overlapping m, 4 H, H-4' /S’ and
H-2'/7"),6.82(d,J=9Hz,2H,H-1'/8'),7.11 (m, 1 H, isoindoline H-7),
7.34 (m, 1 H, pyridine H-5), 7.47 (m, 2 H, isoindoline H-5 and H-6),
7.73 (m, 1 H, pyridine H-4), 7.97 (m, 1 H, isoindoline H-4), 8.04
(m, 1 H, pyridine H-3), 8.41 (m, 1 H, pyridine H-6), 9.13 (s, 1 H, NH).
13C NMR (100 MHz, CDCl): 8¢ 12.6 (CH3), 44.3 (CH,), 66.0 (spiro
C),97.7 (C-2'/7"), 104.5 (C-8a'/94’), 108.0 (C-4'/5"), 122.8 (pyridine
C-3), 123.5 (isoindoline C-4), 123.9 (isoindoline C-7), 126.4 (pyridine
C-5), 128.1 (isoindoline C-6), 128.5 (isoindoline C-7a), 129.2 (C-1'/
8),133.0 (isoindoline C-S), 137.0 (pyridine C-4), 147.9 (pyridine C-6),
148.8 (pyridine C-2), 148.9 (C-3//6'), 152.4 (isoindoline C-3a), 153.5
(C-42'/102"), 161.9 (picolinamide C=0), 165.0 (isoindoline C-3).
Amaw nm (&, M~ cm ') 239 (48300), 272 (32400), 313 (12 100).
m/z (ES): 562.3 (M + H)". A sample of L' was dissolved in a minimum
amount of EtOAc, and refluxing Et,O added, which resulted in a
precipitate. The suspension was refluxed, and the supernatant
decanted. On cooling, colorless crystals suitable for X-ray work formed
from the supernatant. These were filtered off and washed with ether
before drying under a vacuum. The crystals attained a purple tinge upon
exposure to the air.

[Fe(L")5](ClO,);-3H50. To a solution of L* (280.8 mg, 0.50 mmol) in
EtOH (20 mL) was added a solution of Fe(ClO,);-6H,0 (115.6 mg,
0.25 mmol) in ethanol (10 mL), resulting in a dark red/purple solution.
The reaction mixture was refluxed for 30 min and then allowed to stand
at room temperature overnight. The resulting solid was filtered off
and washed with a minimum amount of EtOH followed by three
washings with Et,O. After drying under vacuum conditions, the
complex was obtained as a very dark brown solid (150 mg, 41%).
Found: C, 53.2; H, 5.04; N, 9.23. CggHroN,oClsFeO,g-3H,0
requires: C, 53.3; H, 5.00; N, 9.15). Electronic spectrum (MeCN),
Amaw nm (&, M™' em™"): 239 (86400), 271 (sh 57700), 304 (sh
33100), 348 (sh 12200), 554 (50300), 691 (2700). Crystals of the
complex were obtained by vapor diffusion of Et,O into a MeCN
solution of the complex (1 mg/mL).

Crystallography. X-ray data were collected at 293 K using an
Oxford Diffraction Gemini CCD diffractometer with Mo Kot radiation.
Data reduction was performed with the CrysAllisPro program (Oxford
Diffraction vers. 171.34.40). Structures were solved by direct methods
with SHELXS86 and refined with SHELX97.** The thermal ellipsoid
diagrams were produced with ORTEP3”® rendered with PovRay

Table 1. Crystal Data

L' [Fe(L"),](ClO,);-2H,0
formula C34H35NO3 CgsH74Cl3FeN | (Oy0
fw 561.69 1513.57
cryst syst triclinic triclinic
space group P1 (No.2) P1 (No.2)
a/A 8.9023(8) 14.801(1)
b/A 12.016(1) 16.137(1)
/A 14.510(2) 16.684(1)
o/deg 94.170(8) 76.148(6)
B/deg 95.859(8) 70.432(6)
y/deg 97.383(8) 89.244(5)
V/A3 1525.4(3) 3635.8(4)

z 2 2

T/K 293(2) 293(2)

AJA 0.71073 0.71073
u/mm”~" 0.080 0.396

Peatc/g cm > 1.223 1.383

Neot 10538 24923

Nunigue (Rine) 5387 (0.066) 12785 (0.149)
Nops (>20(D)) 1411 2413

R (obs. data)® 0.0435 0.0754

wR, (all data)” 0.0723 0.1961

“R(F,) = 3||Fo| — |F||/E|Fo|- P Ru(Fo?) = [Ew(F,> — F2)/SwF,"]">.

Figure 1. ORTEP view of the spiro (ring-closed) form of L' (30%
probability ellipsoids) rendered with PovRay (version 3.5). Disorder in
one of the ethyl groups not shown for clarity.

(version 3.5), and all calculations were performed within the WinGX
package.”* Crystal and refinement data are given in Table 1.

There was disorder observed in both structures. One ethyl group in
L' was found in two different positions that were refined with com-
plementary occupancies. In the structure of [Fe(L"),](Cl0O,);-2H,0,
all three perchlorate anions were disordered. Two anions were rota-
tionally disordered about a common Cl atom, while the third was found
in two independent locations. No more than two contributors were
refined for each ClO, ™ anion and these were refined with complemen-
tary occupancies. No H atoms were located for the water molecules.

Physical Methods. NMR spectra were obtained on a Bruker
Avance 500 MHz spectrometer while fluorescence and excitation spectra
were measured on a Perkin-Elmer LSS0B fluorescence spectrophotometer.
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Figure 2. (A) pH-dependent fluorescence spectra of L' at 564 nm excitation (only the intermediate pH species is fluorescent) and (B) speciation
diagram for the three forms of the free ligand L" as a function of pH (structures shown in Scheme 2). The total ligand concentration was 2 uM (in 4:1
H,0/MeCN). The three points at each pH value correspond to the calculated species distribution (SPECFIT) derived from their fluorescence spectra.

N
7 \ o .
S
H* HN—
pKa1 4.7 Et,N
[
OFF

NEt,

Scheme 2
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ESI mass spectra were measured on a Bruker HCT 3D Ion Trap spectro-
meter. Electronic spectra were measured on a Perkin-Elmer Lambda 35
spectrophotometer.

pH-Dependent Fluorescence. The pH dependent fluorescence
experiments were performed with a universal buffer, which has been
previously described,” in addition to 0.1 M NaNOjs. The pH of the buffer
was adjusted with either 1 M nitric acid or 2.5 M sodium hydroxide. A2 mL
aliquot of of either L' or [Fe(L'),](ClO,);+3H,0 solution (10 4M in
MeCN) was added to 8 mL of buffer solution. Fluorescence and final pH
were measured after 1 h for the ligand and after 10 min for the complex.

Cell Plating. HeLa cells were cultured in DMEM, penicillin—
streptomycin—glutamine, and fetal bovine serum medium. One day
prior to experiments, cell suspensions were plated on 35-mm-diameter
circular glass coverslips. The cells were washed with phosphate
buffered saline (PBS, pH 7.4) and then incubated with either
100 nM LysoTracker Green, 40 uM Fe**, or 80 uM L' depending
on the experiment, for 30 min in the medium. 0.5% DMSO was used
to improve L' or [Fe(L"),]*" solubility. Cells were washed again with
PBS prior to imaging.

Microscopy. Cells were imaged on a Nikon Al confocal laser
microscope system, fitted to a Nikon T1 inverted microscope with 100X

Figure 3. ORTEP view of the [Fe(L'),]*" cation (30% probability
ellipsoids) with alkyl and aryl H atoms omitted. Selected bond lengths
(A): Fe—Nla, 2.115(8); Fe—Nlb, 2.108(9); Fe—N2a, 1.995(8);
Fe—N2b, 1.973(8); Fe—02a, 2.019(5); Fe—O2b, 2.021(6).

oil and 20X air objectives. Dyes were excited with lasers at 488 and
561 nm, and emission was collected between 500 and 550 nm and 570
and 620 nm, respectively, or via an integrated a spectrograph. Images
were acquired and processed with Nikon NIS Elements software.

B RESULTS AND DISCUSSION

Synthesis and Characterization of L'. Ligand L' was
synthesized from rhodamine B hydrazide®' via acylation with a
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Figure 4. (A) Emission and excitation spectra of [Fe(L'),]*" as a function of pH. Inset: variation of emission maximum intensity with pH (in 4:1 H,0/
MeCN). (B) Fluorescence spectra of the free ligand L' (pH 7.0, 564 nm excitation) and the complex [Fe(L"),]** (pH 7.2, 558 nm excitation). Both

solutions contain 2 uM ligand (4:1 H,O/MeCN).

mixed tosic picolinic anhydride in the presence of N-methylimi-
dazole. Under these mild reaction conditions,?® L' was obtained
in 62% yield after chromatography on neutral alumina. The
crystal structure of L' (Figure 1) reveals the spiro lactam
configuration (spiro atom C14) with the metal chelating residue
orthogonal to the oxo-tricyclic ring system of the rhodamine
moiety.

Ring-opening of L' may be triggered by metal chelation (see
below) or protonation. A pH-dependent fluorescence profile (in
4:1 H,0/MeCN) was generated with a series of 12 buffered
solutions of equal total concentration of the ligand. The fluor-
escence spectra were strongly pH-dependent. The spectra are
shown in Figure 2A, and the data were fit to a dibasic acid model
where the intermediate monoprotonated form alone is fluores-
cent (Figure 2B). The two pK, values at which fluorescence is
modulated (pK,; 4.71(1) and pK,, 3.44(1)) were obtained by
global analysis of the 12 fluorescence spectra with SPECFIT.>” At
pH 6 and above, the dominant species in solution is the non-
fluorescent spiro (ring-closed) form of compound L' (Figure 1).
The monoprotonated species [HL']" is assigned to a ring-
opened form (Scheme 2), while the doubly protonated
(nonfluorescent) [H,L']*" is protonated at the pyridyl ring by
analogy with potentiometric titration data reported for nonfluor-
escent analogues from this series.” It is likely that the pyridinium
ring (an electron acceptor) quenches fluorescence by photo-
induced electron transfer.”®

Synthesis and Characterization of [Fe"(L"),]**. L' was
reacted with ferric perchlorate in ethanol to afford the complex
[Fe(L"),](ClO,);-3H,0 as a dark brown solid. The crystal
structure of the complex (Figure 3) confirms the 2:1 ligand/
metal ratio of the complex, reminiscent of other diaroyl hydra-
zine complexes.”” Complexation is accompanied by ring-open-
ing; N3a and N3b are protonated while the picolinamide N
atoms (N2a/b) deprotonate and coordinate to the metal, giving a
tridentate zwitterionic ligand. The coordinate bond lengths and
angles mirror those found for the unsubstituted picolinoyl hyd-
razine, high-spin complexes of Fe'™.%7 The bulky planar tricyclic
rhodamine moieties are forced into an approximately parallel

9181

conformation relative to the NNO chelating group of the adjacent
ligand (Figure 3).

A typical thodamine fluorescence spectrum is seen for [Fe(L'),
in the pH range 3—8 (Figure 4A). The excitation and emission
maxima vary somewhat across this pH range but not in a sys-
tematic way (Figure 4A). The fluorescence spectra of [Fe(L"),]**
and L" at equal concentrations (2 M) and at ~pH 7 are compared
in Figure 4B, illustrating the “turn-on” fluorescent behavior of L'
when complexed with Fe™. As a comparison, a similar experiment
carried out with Zn" did not turn on fluorescence (Supporting
Information).

Confocal Microscopy. The preformed complex [Fe(L'),]
(ClO,); (40 uM in PBS + 0.5% DMSO) was incubated with
HeLa cells for 30 min. After washing the cells, a strong intracellular
fluorescence was observed (Figure SA) characteristic of the
[Fe(L"),]*" complex. On the basis of their tubular punctuate
form, localization of the complex within endosomes or Iysosomes
is indicated.” This was confirmed by coincubation of [Fe(L"),])**
with the lysosome-specific dye LysoTracker Green DND-26
(Invitrogen), leading to green emission from the same cellular
locations (Figure SB). Emission spectra (at 6 nm resolution) were
acquired at the intracellular (red dot) and extracellular (blue dot)
locations marked in Figure SC. The spectra are shown in
Figure SC. The red dots overlay the emission spectrum of
[Fe(L"),]*" (black curve in Figure SD). These experiments
confirm that [Fe(L"),]*" is able to enter HeLa cells as an intact
complex and that the compound is compartmentalized within
lysosomes.

HelLa cells were incubated with free ligand L' (80 uM, incl.
0.5% DMSO) for 30 min (Figure 6). Again, the characteristic
rhodamine-based fluorescence was seen localized within endo-
somes or lysosomes of the cells confirming cell penetration by
the profluorescent ligand L'. Although the emission profile is
consistent with the formation of [Fe(L"),]*>" in vivo, through
chelation of labile ferric ions, the fluorescence profile is indis-
tinguishable from that of the ring-opened free ligand (HLY'. In
fact, this ambiguity is a problem inherent to every claimed
rhodamine-based metal ion sensor, although this is rarely conceded.

]3+
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Figure 5. HelLa cells incubated with a solution containing (A) [Fe(L"'),]** 40 uM excited at 561 nm and imaged between 570 and 620 nm and (B)
LysoTracker Green excited at 488 nm and imaged between S00 and S50 nm. (C) True color spectral imaging of the HeLa cells incubated with
[Fe(L"),]*" excited at 514 nm. (D) Localized spectra at intracellular (red) and extracellular (blue) regions shown in C. The solution-based emission

spectrum of [Fe(L"),]*" at pH 7.2 (black line) is included.

Figure 6. Confocal microscopy image of HeLa cells incubated with L'
(80 uM) for 30 min.

It is known that lysosomes contain high concentrations of labile
Fe***! and their interior is weakly acidic (pH 4—6),>>*? so either
H" or Fe** (both being present) may give a positive fluorescent
response.

As noted above, all rhodamine-based compounds™* are fluor-
escent at ca. pH 5.5 and below due to proton-driven ring opening
(Scheme 1). The rhodamine lactam reported by Wang et al.* as
well as related ligands'”*® lacking an obvious Fe chelating moiety
have all been claimed to function as Fe'™ sensors. However, no Fe

complexes were isolated or characterized in any of these papers.
In the absence of properly characterized Fe complexes, doubt
remains as to whether the intracellular fluorescent species was
indeed an Fe complex.

B CONCLUSIONS

In conclusion, we have fully characterized the potentiall?r
fluorescent Fe chelator L' in its free ligand form and as its Fe'"
complex [Fe(L"),]*". Both L" and [Fe(L"),]*" are able to enter
live HeLa cells, and it has been demonstrated that the fluorescent
Fe complex localizes within endosomes or lysosomes. However,
the intracellular fate of L" (as opposed to [Fe(L"),]*") remains
unclear. Despite its identical cellular permeability and intracel-
lular localization, discrimination between its fluorescent proto-
nated ([HL']") or chelate ([Fe(L"),]*") forms in vivo requires
more sophisticated cell studies, beyond the scope of this work.
Control of intracellular (and subcellular) Fe concentrations as
well as the lysosomal pH may resolve this issue. Nevertheless, the
fluorescent ferric complex [Fe(L'),]*" alone is a major advance
on “turn-off” Fe probes (such as calcein) that have been reported
in the past. Furthermore, [FE(L1)2]3+ represents the first rho-
damine-based Fe complex to be properly characterized. Further
synthetic work based on both increasing sensitivity and control-
ling subcellular localization is underway.

B ASSOCIATED CONTENT

© Ssupporting Information. Crystallographic data in CIF
format and a plot of the relative fluorescence of L' brought
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about by equal concentrations of Fe'"" and Zn'". This material
is available free of charge via the Internet at http://pubs.acs.org.
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