A macrocyclic zinc(ll) fluorophore as a detector

of apoptosis
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Our originally designed dansylamidoethylcyclen 4 as a biomi-
metic Zn2+-selective fluorophore has been demonstrated to be a
good detector of the apoptosis (induced by an anticancer agent,
etoposide, and H,05) in cancer cells such as HeLa and HL60 cells.
The macrocyclic Zn2* ligand 4 (mostly as a deprotonated form)
is cell-permeable to show weak fluorescence (emission at 550
nm), which forms a strong fluorescent 1:1 Zn2* complex 5 (emis-
sion at 530 nm) when Zn2+* is incorporated into the cells by a
zinc(ll) ionophore pyrithione. Thus formed, Zn2+ complex 5 is
cell-impermeable and remains intact over a few hours. When
apoptosis in HeLa or HL60 cells is artificially induced, 4 selec-
tively and strongly stains apoptotic cells only at early stages,
which was verified by using the conventional apoptosis detec-
tion probe annexin V-Cy3. Detection of the apoptotic cells by 4
was perhaps due to significantly increased free Zn2* flux at
early stages of apoptosis. Apoptotic detection by 4 has been
compared with a presently available Zn2* fluorophore, Zinquin
1. We present that 4 has advantages in detection of apoptosis
over annexin V-Cy3 and Zinquin 1.

poptosis is a highly programmed cell death mechanism

for removal of unwanted cells from tissues and is an im-
portant event in tissue development and homeostasis (1-4).
Many anticancer agents such as cisplatin (5, 6) and etoposide
(7, 8) act by inducing tumor cells to apoptose. Apoptosis is
distinguished from necrosis (passive cell death) by a unique
series of morphological changes, including a decease in cell
volume and budding of the cell contents into membrane-en-
closed vesicles. Fragmentation of DNA in apoptotic cells ap-
pears on gel electrophoresis (1, 8). Apoptosis is accompanied
by a loss of membrane phospholipid asymmetry, resulting in
the exposure of phosphatidylserine at the cell surface, which
is a principle to be currently used for detection of apoptosis
by an annexin V-Cy3 kit (9). Annexin V has a high affinity
for phosphatidylserine, whereby the covalently attached fluo-
rescein Cy3 becomes fluorescent (10).

Zinc(II) is now well recognized as an important cofactor in
the regulation of apoptosis (11-18). For instance, removal of
Zn?* enhances apoptosis, whereas supplementation of Zn?*,
whose mechanism is not yet understood, suppresses it (13).
Furthermore, intracellular labile zinc(1I) flux was observed
during apoptosis by using a fluorescent Zn>* probe, Zinquin
1 (for structures of Zn?* ligands, see Fig. 1) (14-18). Zinquin
1 (L") is a bidentate ligand, and its hydrolyzed form 2 (L?)
gives 1:1 [Zn(H_;L?)] and 2:1 [Zn(H_,L?),] complexes 3 with
Zn?" in physiological media with a respective stepwise Ky of
3.7 X 107 and 8.5 X 10-% M (14). Metalloproteins have much
higher affinities for Zn?*, with Ky typically ranging from 10-!2
to 10-'3 M, than does Zinquin 1. Cellular Zinquin 1 fluores-
cence could thus be increased to the same extent as in apo-
ptotic cells if there were a substantial release of Zn?* from
metalloproteins. It is not clear yet whether the changes in
free Zn?* are a cause or a consequence of apoptosis.
Zalewski et al. (15) hypothesized that the release of Zn?*
from the endonuclease early in apoptosis may facilitate DNA
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fragmentation; i.e., the changes in intracellular Zn?>* may be a
cause of apoptosis.

A few years ago, while pursuing a model study of carbonic
anhydrase, we synthesized a highly efficient macrocyclic Zn>*-
selective fluorescent probe 4 (L?) (18-25). The structure was
originally designed as a biomimetic model of the catalytic
Zn?* center of carbonic anhydrase that strongly and selec-
tively binds to dansylamide. Characteristic of our probe dan-
sylamidoethylcyclen 4 was its affinity to Zn?* (Kq = 1.4 X
10" M at pH 7.0 and 5.5 X 10~13 M at pH 7.8), which was
much higher than that of Zinquin 1 (19). The Ky values for
the 1:1 Zn>*—4 complex, 5 [Zn(H_4L?)] significantly vary at
near neutral pH because of the competing protonation. Inter-
estingly, the Ky value of 5.5 X 10-* M at a pH of 7.8 is com-
parable to the Ky values for zinc(II) enzymes and the Ky
value of 5.7 X 10-'2 M at pH 7-7.8 for zinc(II) finger pep-
tides (26, 27). The dansylamide deprotonation in the Zn?*
complex 5 at pH 7.8 increased the emission intensity by 4.8-
fold at 540 nm and by 10-fold at 490 nm, whereas the non-
metallated dansylamide deprotonation of L to H_;L? without
Zn?* at high pH (>12) brought about only a 20% increase in
the fluorescence emission intensity (19). The second-order
reaction rate of 4 with Zn?* at neutral pH is 1.7 X 102
M-1s7! (19), which is not as fast as 1. Until now, there have
been few cell-permeable Zn?* fluorophores in the literature
(28-31). Zinpyr-1 6, for example, was reported by Lippard
and coworkers (28, 29); however, its applications may be lim-
ited due to its only two to three times increase in quantum
yield on Zn?* binding.

In the present study, we have investigated whether this type
of Zn?* fluorophore 4 is biologically useful, i.e., cell-perme-
able, and, if so, what are its special properties in comparison
to currently available but weakly Zn?*-binding agents such as
Zinquin 1 in detecting intracellular Zn?>" flux. We have dis-
covered that among those Zn>" probes, only 4 was a selective
and efficient sensor of apoptosis in cancer cells. For the
present study, we also have compared 4 with homologous
Zn?* fluorophores 7 (19) and 8 (31). Comparison has also
been made with Zinquin 1 and commercial apoptosis detec-
tion kit annexin V-Cy3 that adopts an entirely different mech-
anistic principle.
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Materials and Methods

All aqueous solutions were prepared by using trace Zn>*-free
deionized and redistilled water. A 4 like L*(HCl)s, either syn-
thesized (19) or purchased from Dojin Kagaku (Kumamoto,
Japan), was dissolved in an aqueous buffer solution. Zinquin
1 was a kind gift from P. D. Zalewski (University of Ad-
elaide, Adelaide, Australia), which was stored at 5 mM in di-
methyl sulfoxide at —20°C. An N-dansyl-N,N-dimethylethyl-
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Fig. 1.

enediamine 7 (19) and a dansylamidoethyl-[12]aneN3 8 (31)
were prepared as described. N,N,N'N'-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) 9 was purchased from
Sigma.

Preparation of Cultured Cells. Cultured HeLa and HL60 cells
were obtained from Cell Resource Center for Biomedical Re-
search, Tohoku University (Sendai, Japan) and were main-
tained in DMEM (Nissui Seiyaku, Tokyo) supplemented with
10% FBS (GIBCO/BRL)/100 pg/ml streptomycin/100
units/ml penicillin. Cell viability was monitored by trypan
blue or propidium iodide (PI) exclusion and phase-contrast
microscopy. PI and trypan blue were added to final concen-
trations of 30 uM and 0.1% (wt/vol), respectively.

Treatment of Cells with Zn2* lonophores. Cells (5 X 10° per ml)
were treated for indicated periods of time at 37°C with 25
1M ZnSO, (approximate concentration of Zn?* in human
plasma is 15 uM) and Zn?* ionophore sodium pyrithione
(14-16) in Hanks’ balanced salt solution (HBSS). Cells were
then washed three times with HBSS to remove extracellular
Zn?* before labeling with Zn?* fluorophores 1, 4, 7, and 8.

Cell Staining. Cells (103/100 ul in complete medium) were
placed into each well of a 96-well plate. After 24 h, the me-
dium was exchanged for serum-free medium containing a dye,
which was then incubated for 30 min. After washing the cells
with PBS, observations were made with an Olympus (New
Hyde Park, NY) fluorescence microscope. Excitation light
was provided by a 150-W Xe arc lamp transmitted through a
400-nm emission filter (Olympus U-MWU cube). Intracellular
acidic compartments were visualized by staining with the acri-
dine orange. Excitation light transmitted through a 460- to
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strong fluorescence

The structures of zinc(ll) fluorophores and zinc(ll) chelators used in this study.

490-nm excitation filter and fluorescence was observed after
passage through a 500-nm emission filter (Olympus CX-
DMB-2 cube).

Fluorescence Microscopy. For measurements of intracellular flu-
orescence wavelength of Zn?* fluorophores, 1, 4, 7, and 8,
suspended HeLa cells (107 cells per ml in medium) or HL60
cells (106 cells per ml in medium) were incubated with 1, 4, 7,
or 8 (50 uM) for 30 min at 37°C, and cells were washed three
times with PBS buffer, then suspended in PBS in cuvettes.
For measurement of intracellular Zn?>* complex of 1 or 4,
cells incubated with 1 or 4 were treated with 25 uM ZnSOy,
and 20 uM pyrithione for 10 min at 37°C in medium and
washed three times with PBS buffer. Fluorescence of cell sus-
pension was measured at 25 = 0.1°C in a Hitachi (Tokyo)
4500 fluorescence spectrophotometer at excitation wavelength
of 330 nm.

Results and Discussion

Intracellular Staining with 4. Incubation of cells with 50 uM 4
for 1 h produced all bright punctate staining patterns similar
to observations made with Zinquin 1 (14, 15) and Zinpyr-1 6
(28, 29). The brightly fluorescing cells by 4 were seen in cul-
tured cell populations tested, including human cervix epithe-
loid carcinoma HeLa cells and human promyelocytic leuke-
mia HL60 cells. It is to be noted that 4 (100 uM) by itself
induced apoptosis on exposure over 48 h. However, a short
exposure (e.g., 1 h) did not cause significant damage to HeLa
cells. Fig. 24 shows intensely fluorescent HeLa cells stained
with 50 uM 4. A significant enhancement of the blue-shifted
fluorescence in the puncta could be observed when the cells
were exogeneously treated for 15 min with a mixture of Zn>*
(25 uM) and zinc(II) ionophore pyrithione (2-mercaptopyri-
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Fig.2. (A)Fluorescence microscopy images (xX400) of HelLa cells labeled with
50 uM 4 for 1 h at 37°C, and the fluorescence emission maximum at 550 nm,
indicating that fluorescence is not Zn?*-induced. (B) The bright perinuclear
punctate staining (emission maxima at 530 nm) increases on addition of the
zinc(ll) ionophore, ZnZ*—pyrithione, indicating the intracellular Zn2*- 4 com-
plexation (to yield 5).

dine N-oxide, 20 uM) (Fig. 2B). Acridine orange tends to be
trapped (as red fluorescence) in acidic compartments of cells
as a membrane-impermeable protonated species, due to its
weak acidity (pKa. = 9.8). 4 also stained the same acidic com-
partments of cells, due to similar weak acidities (pK, = 11.8,
10.8, 9.37, and 4.03). Namely, a less protonated 4 permeates
the cellular membrane, but on more protonations in the
acidic cell compartment, 4 would be impermeable and remain
emitting weak fluorescence (at 550 nm). The initial fluores-
cence of Zn?>"—4 complex 5 was not readily diminished by ad-
dition of a far stronger Zn?*-chelator, TPEN 9 [K4 for Zn?*-
TPEN is 6.3 X 1071° M at pH 7.6 (32)], probably due to
kinetic inertness of the macrocyclic Zn>* complex 5. The
strong intracellular fluorescence from 5 remained intact over
several hours. Separately, we found that the fluorescence of 5
hardly disappeared by addition of TPEN in a test tube. For
comparison, Zinquin 1 by itself (25 uM, the predetermined
optimal concentration) stained HeLa cells only a little, but it
emitted strong blue-fluorescence when contacted with zin-
c(II)-pyrithione. However, the intracellular fluorescence by
the Zn?>"—Zinquin complexes 3 did not last so long as origi-
nally reported of chronic lymphocytic leukemia cells by
Zalewski et al. (15); i.e., within 10-20 sec, the fluorescence
from 3 in HeLa cells became quenched. It is to be empha-
sized that unlike Zinquin complexes 3, the Zn?>"— 4 complex 5
was much more stable kinetically, thermodynamically, and
toward UV light. In comparison to cell-permeable Zinpyr-1 6
reported by Lippard et al., whose fluorescence was strongly
enhanced not only by Zn?* but also by protonation (especially
at neutral pH), our 4 obviously has more advantage. Another
advantage was that metal-free 4 having weak emission maxi-
mum at 550 nm is distinguished from the Zn?>"~bound 4 hav-
ing blue-shifted fluorescence at 530 nm. It is now concluded
that the free ligand 4 as a protonated form (H,L?%) is outer-
membrane-permeable at neutral pH and forms a thermody-
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namically and kinetically stable 1:1 Zn>* complex 5 emitting
stronger blue-shifted fluorescence. The complex 5 remained
impermeable and did not diffuse for a long period. Because
the nucleic acid and membrane bleb were devoid of the 4-
derived fluorescence, we concluded that 4 would localize
only in extranuclei cytoplasm.

After we learned that our zinc(II) fluorophore 4 appeared
useful in detecting intracellular Zn?* influx, we have tested 4
to see how it may image apoptotic processes in cancer cells
that may or may not involve the intracellular zinc(IT) flux.

Apoptotic Morphology of Hela Cells. The HeLa cells were incu-
bated with an anticancer agent etoposide (100 uM, 48 h,
37°C) to induce apoptosis (7, 8). The earliest morphological
change occurred to cell size. At 48 h, a subpopulation of cells
demonstrated marked shrinkage (36 = 6%). At longer time
periods, all of the dying cells shrank. As another indication of
apoptosis, internucleosomal digestion of DNA occurs at an
early event of apoptosis (before cell shrinkage). Etoposide
broke DNA in 48 h after incubation, as shown by 180-bp
DNA ladders on gel electrophoresis (data not shown). The
apoptosis-induced HeLa cells (stained with 4) were examined
simultaneously by phase-contrast and UV fluorescence mi-
croscopy. Very brightly fluorescent apoptotic cells were dis-
cernible from nonfluorescent viable (intact) cells. The mor-
phological features of apoptosis include membrane blebbing,
decrease in cell volume, and pyknotic nuclei in the phase-
contrast microscopic image. Although shrunken apoptotic
cells were brightly fluorescent, there was no simple correla-
tion between degree of shrinkage and fluorescence intensity.
Another apoptosis-inducing agent, HO, (0~1 mM; ref. 33),
also increased proportion of Zn?*-rich cells with similar
apoptotic morphological changes.

Dual Labeling of Apoptotic Hela Cells with 4 and Vital Dye PI. Via-
ble cells seen by phase-contrast microscopic image were de-
void of fluorescence. At early stages of apoptosis (for exam-
ple, treatment with etoposide for at 6 h; Fig. 3 A and B),
brightly fluorescent apoptotic cells emerged, but these apo-
ptotic cells still excluded the vital dye PI (Fig. 3 C and D),
indicating that an increase in the fluorescence by 4 preceded
changes in inner membrane permeability. Later in the etopo-
side culture (for example, at 48 h), however, the later stages
of apoptotic cells permitted the inner membrane permeability
of the vital dye PI to allow pink-red-colored fluorescence
emission (620 nm) from the nucleus DNA-bound PI

(Fig. 3 G-J).

By contrast, cell necrosis induced by a high concentration
(80 mM) of H,O, (33) was not accompanied by an increase
in fluorescence from 4; rather, the fluorescence diminished to
almost none. Furthermore, these dead cells lacked the mor-
phological features of apoptosis. The inner membranes were
leaky of the vital dye PI to permit red florescent interaction
with DNA and did not contain fragmented DNA (data not
shown).

Intracellular Staining with Other Relevant Zn?+ Fluorophores. To
check that the brighter fluorescence by 4 in HeL.a apoptosis
was due to increased release in Zn?", we first tried to stain
HeLa cells with homologues 7 or 8 (100 uM, 30 min, 37°C)
that were shown to bind with Zn?* as less strongly as 4 (19,
31). We saw that 7 and 8 similarly permeated the outer mem-
brane to weakly fluoresce with similar perinuclear punctate
staining pattern, as seen with 4 (Fig. 44). However, when 7-
(or 8)-permeated cells were treated with various concentra-
tions of Zn?* (10-100 uM)-pyrithione (8-80 uM), the fluo-
rescence intensity did not change (Fig. 4B), indicating that 7
and 8 could not detect cellular Zn>*. We also observed that
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Fig.3. Morphological changes of HelLa cells (dually labeled with 4 and PI) by
simultaneous phase contrast (A, C, E, G, and /) and fluorescence (B, D, F, H, and
J) microscopy (X400). (A and B) Live cells and the early stages of apoptotic cells.
(Cand D) Early stage of apoptosis. (E and F) Middle stages of apoptosis. (G and
H) Later stages of apoptosis. (/ and J) Dead cells.

on staining apoptotic HeLa cells [with etoposide (100 uM)
cultured for 48 h] with 7 or 8, the intracellular fluorescences
did not intensify, as observed with 4.

To further test that the brighter fluorescence of 4 in apo-
ptotic cells was due to the flux of free Zn>*, we examined the
effect of the stronger Zn?>* chelator TPEN 9, which acts as an
intracellular Zn?* ligand (13-18). Apoptosis-induced HeLa
cells were treated with TPEN (100 uM) for 2 h after staining
with 4 or Zinquin 1. TPEN did not so clearly eliminate the
bright fluorescence of 4 as the bright fluorescence of 1.
Therefore, it may not be conclusive that the enhanced fluo-
rescence of 4 in apoptosis was due to increased Zn?*. How-
ever, we could explain this result by the fact that the intracel-
lular ligand displacement of macrocyclic complex 5 by TPEN
was kinetically too slow. Although we tentatively postulated
that the brighter fluorescence of 4 in apoptotic cells is due to
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B

Fig.4. 7 (100 uM)-loaded HelLa cells with UV fluorescence. Images are from
before (A) and after (B) increasing intracellular Zn2* concentration using
sodium pyrithione.

increased Zn2" flux, another mechanism, such as altered be-
haviors of probe 4 to permeate apoptotic cells, may not be com-
pletely excluded in accounting for the brighter fluorescence.

live cells

apoptosis

Fig.5. Comparison of microscopic images (X400) of apoptosis by 4 [A (phase
contrast) and B (fluorescence)] and by Zinquin 1 [C (phase contrast) and D
(fluorescence)]. Etoposide (100 uM, 48 h)-treated Hela cells were dually
stained with 4 (100 M) or Zinquin 1 (50 wM) and PI (30 uM). Both fluorophores
were excited at 330-350 nm.
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Fig. 6. Phase-contrast (A) and fluorescent (B) images (xX400) of apoptotic
HL60 cells stained with 4. (C-E) Phase-contrast image (C), fluorescent image
[irradiated with UV (330-350 nm), D], and fluorescent image [irradiated with
visible light (460-490 nm), E] of apoptotic HeLa cells triply stained with 4,
annexin V-Cy3, and PI, showing green-fluorescent apoptotic cells by 4 (D), and
red-fluorescent apoptotic cells by annexin V-Cy3 (E) with red-fluorescent dead
cells by PI.

Comparison of Fluorescence Microscopic Images of Apoptosis by 4
and Zinquin 1. For practical apoptotic detection, we have com-
pared our new probe 4 (100 uM, 1 h) (Fig. 54) with Zinquin
1 (50 uM, 1 h) (Fig. 5B) on HeLa cells apoptosis in the pres-
ence of PI. With either Zn>" fluorophore, the simultaneous
phase contrast and fluorescence microscopic pictures gave
similar detection of intact (live) cells by weak fluorescences,
apoptotic cells by brighter fluorescences, and the PI-stained
necrotic or dead cells. Furthermore, we found that the
brighter fluorescence by 4 was stable and sustained more than
several hours, whereas the brighter fluorescence by Zinquin 1
disappeared in 10-20 sec. These results demonstrate that our
macrocyclic probe 4 is another useful apoptotic detection
probe. Statistic determination of apoptotic HeLa cells by 1 or
4 was preliminarily attempted at several concentrations of
etoposide (see Fig. 7, which is published as supporting infor-
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mation on the PNAS web site, www.pnas.org). However, we
have failed so far to obtain quantitative results.

Fluorescence Microscopic Image of Apoptotic HL60 Cells by 4. The
remarkable increase in fluorescence emission of 4 was also
observed with another kind of cancer HL60 cells in apoptosis
induced by etoposide (100 uM, 48 h). The phase-contrast and
fluorescence microscopic pictures (Fig. 6 4 and B) clearly dis-
tinguished brighter green-fluorescent apoptotic cells from
very weak fluorescent intact (live) cells and nonfluorescent
dead cells, a fact that enhances a potential usefulness of 4 as
an apoptosis probe. Separately, we confirmed the apoptotic
HLO60 cells by the after annexin V-Cy3 detector.

Triply Stained Apoptotic HelLa Cells with 4, Annexin V-Cy3, and PI.
The present apoptosis detection by 4 has been compared with
a currently available annexin V-Cy3 method (9), which adopts
an totally different chemical principle. Entry into apoptosis or
necrosis leads to a loss of phospholipid asymmetry with expo-
sure of phosphatidylserine on the outer leaflet. The anticoag-
ulant annexin V binds to the negatively charged phosphatidyl-
serine on the membrane of apoptotic cells as well as dead
cells. Fluorescein isothiocynate (Cy3)-labeled annexin V thus
stains apoptotic and dead cells. The binding of annexin V
correlates with apoptotic nuclear morphology and DNA frag-
mentation (10). To compare our probe 4 with annexin V for
staining apoptotic cells, apoptotic HeLa cells cultured as de-
scribed above were triply stained with 4, annexin V-Cy3, and
PI for 1 h at 37°C. Fig. 6C shows phase-contrast microscopic
images of viable (live), apoptotic, and dead cells as morpho-
logically distinguished. Irradiation with UV light (330-350
nm) showed only the apoptotic cells with intensely green flu-
orescence from 4 (Fig. 6D). The same apoptotic cells also
have been stained by annexin V-Cy3 (Fig. 6E), as shown by
red fluorescence [irradiated with visible light (460—490 nm)].
These findings are another proof that 3 is as good as the con-
ventional annexin V probe in detecting apoptosis. Moreover,
the annexin V-Cy3 method requires the double stain together
with PI to distinguish apoptosis from necrosis (9, 10), because
annexin V also binds to dead cells. PI distinguishes dead cells
from apoptotic cells. As an advantage, our probe 4 acts alone
to distinguish apoptosis from necrosis.

Conclusion

First, we found a Zn?" fluorophore 4 to be a useful biological
Zn?" probe. 4 may be useful for quantification of Zn?>* con-
centrations in zinc(II)-rich cells including secretory cells or
inflammatory cells (34). Secondly, we have demonstrated that
4 may be a new and more practical detector of apoptosis than
previously reported Zinquin 1 or annexin V-Cy3 probes. The
comparable Zn?*-affinities of 4, Zn?>* enzymes, and Zn?*
finger proteins may be helpful in examining the mechanism of
Zn?* flux in the apoptotic processes.
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