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MODELING NEURONAL Zn** HOMEOSTASIS
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Fig. 2. Cortical neurons, attached to coverslips, were treated with various conditions, as described below, for 30 min, then rinsed 3X with loCa Locke's buffer
containing 100 wM EDTA, lysed by freezing at —80°C, scraped, and resuspended for Zn”* analysis by inductively coupled plasma-mass spectrometry (ICP-MS;
A) or treated as in A with the addition of °°Zn>* (B), and lysate radioactivity was determined by liquid scintillation counting. Lysate protein was determined by
Bio-Rad protein assay using BSA as a standard. Each bar represents mean *= SE: nos. in parentheses are the no. of replicates. An unpaired r-test showed that,
for either A or B, Zn>* uptake after pyrithione treatment was significantly increased (P < 0.01). C: cortical neurons attached to glass coverslips were removed
from neurobasal (NB) media to loCa Locke’s buffer for 1 min at 37°C. Coverslips were then treated for 30 min with 10 puM Zn>~ containing ®*Zn**. Coverslips
were moved to loCa Locke’s buffer containing 100 pM EDTA for various times, then briefly rinsed 3 X in fresh loCa Locke’s buffer/100 uM EDTA, and treated
as described for B. Data are presented as means * SE; nos. in parentheses are the no. of replicates.

some ZnAF-2F was Zn>* bound (as evidenced by the effects of
TPEN addition). Resting levels of ZnAF-2F saturation with
Zn** varied when measured in individual coverslips (16.3 *
1.2%, mean = SE, n = 10), and usually ranged between 10
and 20%.

We observed a steady increase in ZnAF-2F fluorescence
when neurons were placed in buffer with added Zn** (i.e.,
Zn** influx, Fig. 34). We found that the AF/F, was dependent
on extracellular Zn>" concentration, as would be expected for
transporter mediated Zn>" uptake. The AF/Fy (AF/F, per
second) was computed from linear regression analysis of the
first minute of data collected. These rates were then plotted as
a function of extracellular Zn>* concentration and fit to a
rectangular hyperbola to obtain K, for transporter-mediated
Zn*" influx (K, = 4.65 pM). This K, value is consistent with
previous kinetic measurements of Zn?” transport mediated by
SLC39A1 (23) in cultured cells. With the addition of pyri-
thione, ZnAF-2F fluorescence rapidly reached a maximum
(additional increases in Zn>* concentration did not increase
fluorescence, data not shown). After TPEN addition, a new
steady state in intracellular free Zn>* was obtained, yiclding a
fluorescence slightly less than at the start of the reaction,
identical to that obtained without addition of Zn?* (Fig. 3A). In

Fig. 3B, the experimental data are reported as percent satura-
tion to allow direct comparison with model results. It can be
seen in Fig. 3B that, after 3-min exposure to 30 pM Zn?*,
ZnAF-2F was ~40% saturated.

Constraints used for model development. Parameter values
for fluorophore binding are known. Transport K, and Vi
were fixed from the experiments described above. Other
parameter values were constrained by experimental results.
Key experimental constrains reported above are as follows:
1) fluorescence at rest is 16% of maximum, on average: 2) total
neuronal Zn?>* content is 250 uM at rest; 3) total Zn>* content
rises by an additional 320 pM when the cell is exposed to 10
uM extracellular Zn>* for 30 min and reaches a maximum
capacity of 1.5 mM when pyrithione is also present; 4) the
percent saturation of the fluorophore rises from 16% at rest to
39% after 3-min exposure to 30 uM extracellular Zn**; 5) the
AF/F, upon exposure to 30 uM extracellular Zn®™ is linear for
3 min, increases steeply, and saturates following pyrithione
application and decays upon exposure to TPEN, as shown in
Fig. 3. These constraints determine the resting bound and
unbound concentrations of ZnAF-2F and constrain parameter
value choices for the size and kinetics of the muffler in our
three models.
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MODELING NEURONAL Zn>* HOMEOSTASIS

The buffer model (model 1) cannot explain the experimental
results. In the buffer model, there are only three unknown
parameter values (total buffer concentration, on and off rates
for Zn*>* binding to buffer), and the experimental constraints
should be sufficient to allow all parameter values to be deter-
mined uniquely. However, no set of parameter values satisfied
all of the constraints. Resting total Zn** level and Zn**
capacity required a buffer with a K4 of 5.1 nM. Slow buffer on
and off binding rate constants could match the 3-min fluores-
cence value, but the increase in fluorescence was very hyper-
bolic; fast buffer rate constants made the increase in fluores-
cence linear, but the 3-min fluorescence value was much too
small (Fig. 44). No set of rate constants could match both the
linearity of the fluorescence increase and the value at 3 min
found experimentally.

We then dropped the constraint that resting total Zn>" was
250 pM, assuming that perhaps the model | reactions occur
independently of a large unreactive pool of Zn*' [e.g., the
nucleosome (1)]. In this case, buffer K4 was 78 nM to match
the total Zn?>* capacity and the 3-min fluorescence value (solid
line in Fig. 4A; parameter values given in Tables 1 and 2).

A Model 1 B
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However, the model still did not match the experimental data
very well. The fluorescence increase predicted by the model
was never linear, typically having an initial delay and a later
hyperbolic bend. Even more noticeable were the poor fits to the
experimental data when pyrithione and TPEN were added. The
fluorescence increase predicted by the model when pyrithione
was added was far too small, unless the value for kpy,, was
increased, but when kpy, was increased, the fit after TPEN
addition was poor (Fig. 4B). Finally, we note that there are a
number of substances that bind Zn>* with micromolar affinity,
or an affinity much weaker than the 78 nM found here [e.g.,
glutathione (40)]. While a buffer with a 10-fold lower affinity
can match the 3-min fluorescence value, this happens in the
model only for a total Zn>* capacity nearly 10-fold larger, in
contradiction to the experimental constraint.

Insights and predictions from the muffler model (model 2).
The muffler model (model 2) has seven free parameters: buffer
(muffler) concentration, deep-store Zn>* concentration, on and
off muffler Zn>* binding rates, on and off rates to the deep
store, and leak from the deep store. While the experimental
data could not fix all of the parameter values uniquely for this

Model 1 vs. Model 2

Fig. 4. Comparison of predictions using
models 1, 2, and 3. Tn all cases, extracellular
Zn** is 30 pM, pyrithione is applied at 3
min, and TPEN at 6 min (see Fig. 3B).
Parameter values are given in Tables 1 and 2,
except as noted below. A: model | results,
with and without the constraint that total
resting Zn>* is 250 pM. With the constraint,
buffer K4 is 5.1 nM, and starting S and SZn;
values are 1,216 and 249.28 M, respec-
tively. Results are shown when buffer rate
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model, the data severely constrained parameter value choices,
and sets of parameter values that satisfied all of the experimen-
tal constraints shared important features in common. First, the
muffler had to have a high affinity for Zn>* with a fast on-rate
constant for Zn?" binding. Good solutions were found with K4
values of 6080 pM with on-rate constants of 80—100 X 10 °
M~'-s7!. Lower affinity and slower on-rate constants intro-
duced an early bump in the fluorescence increase, and higher
affinity values produced a bowed curve, unlike the experimen-
tal data, which showed a linear increase in fluorescence in the
initial 3 min of exposure to 30 pM of extracellular Zn>* (Fig.
3B). Because of its high affinity, 210-240 pM of the 250 pM
total Zn2" in the cell at rest was bound to this muffler. Second,
free muffler concentration was consistently between 15-25 pM
for good solutions. This is a consequence of the choice of the
K4 value for Zn** binding to the muffler. If the muffler Ky was
greater than 120 pM, the amount of free muffler in the model
had to be very high; ZnAF-2F fluorescence upon exposure to
30 uM extracellular Zn** then rose much more slowly than in
the experiments, because Zn?>* would bind to the free muffler
rather than to ZnAF-2F. Small muffler Ky values produced the
opposite problem; the amount of free muffler was small and it
became quickly overwhelmed when Zn®* influx was in-
creased. The rate constants for muffler interaction with the
deep store could be tuned to compensate somewhat for these
problems, but this introduced other problems with the solu-
tions, such as bowing or an early bump in the fluorescence
curve mentioned earlier. Third, the resting amount of Zn’* in
the deep store was 12-30 pM with parameter value choices
that produced results matching the data. This forms a predic-
tion of the amount of Zn*" in mitochondria, Golgi, and other
organelles at rest.

The muffler model results given so far assume that the 250
M total Zn?™ in the neuron is all available for the reactions
modeled, but, as mentioned above, it is possible that a signif-
icant portion of cellular Zn?>* may be so tightly bound or
otherwise shielded, even from a muffler with a Ky of 60-80
pM, to make it unavailable to the model reactions (1). Thus
simulations were done assuming that only 100 pM of the total
Zn** were available to the model reactions. The major differ-
ence from the previous results was that the Ky of Zn** binding
to the muffler that provided the best fits was larger (80-300
pM). For good solutions, the on-rate for Zn** binding still had
to be large, and free muffler concentration and resting deep-
store Zn>* concentration were in the same ranges as before
(12-27 and 14-30 pM, respectively).

Incorporating MT into the model (models 2 and 3). Because
of the significant role MT is thought to play in Zn** homeosta-
sis (37). we added MT as a Zn>* buffer to the muffler model
(model 2) to see what effect this would have on the results. We
chose a concentration of 1 .M, yielding 7 pM of Zn** binding
sites. This concentration is in excess of the 0.34 pM actually
determined, to allow an effect to be seen more clearly, if there
is one. Total muffler concentration had to be reduced by ~7
KM to continue to satisfy the experimental constraints, but the
overall effect on the results was negligible (curves entirely
overlap in Fig. 4B). At rest, MT Zn>* binding sites 1-6 were
nearly saturated, and site 7 was largely free, and there was little
change during exposure to 30 wM extracellular Zn** for 3 min,
aside from a low level of Zn>* binding to site 7.

MODELING NEURONAL Zn’>* HOMEOSTASIS

Given this result, we turned to a third model, the MT as
muffler model (model 3). In this model, the muffler of model 2
became a simple buffer (additional buffer capacity must be
included to bind the 250 pM total resting Zn>* in the neuron),
and MT was postulated as the exclusive route for trafficking
Zn>™ to the deep store. Results computed with different values
for MT concentration are shown in Fig. 4C. There were a
number of interesting features uncovered with these models.
First, the results with model 3 approached those of model 2
(and also the experimental results) only for the largest values of
MT concentration tested (Fig. 4D). Models with 0.15, 0.5, and
even 1.0 pM of MT had trouble producing a linear increase in
fluorescence over the first 3 min, as seen experimentally.
Curves would bow, bend, or assume a sigmoid appearance,
depending on the particular parameter values chosen (Fig. 4E).
Such variations were particularly sensitive to buffer affinity.
The reason for these deviations from linearity was that low MT
concentrations were not sufficient to transfer Zn”>~ to the deep
store fast enough, forcing the buffer (and the fluorophore) to
handle an increasing amount of the Zn*>* load. Making the
transfer reaction arbitrarily fast in the model did not help,
because the leak rate constant had to be increased as well
because of the Zn>* capacity constraint (see MATERIALS AND
METHODS). In contrast, if MT concentration was 2.0 pM, the
amount of Zn?* that could be shuttled to the deep store in 3
min approached that in the muffler model (model 2), and
linearity in the fluorescence increase was more easily obtained.
Second, as can be seen with the parameter values in Table 2,
Zn** binding sites 5 and 6 on MT are not saturated at rest in
this model as they were when MT was a simple Zn”>" buffer.
In fact, these sites range from being half saturated to being
largely free of Zn>™ in these models (see Table 2; Fig. 4E
legend); this is a result of the muffling reaction between these
sites and the deep store. Third, even though site 7 has a lower
affinity for Zn>" than sites 5 and 6 and is always largely free
of Zn** at rest, it turns out that the net Zn>* flux to the deep
store is greater from sire 7 than from site 6 after the first
minute, and both sites 6 and 7 had greater Zn?>* flux to the deep
store than site 5 (Fig. 4F). This may be a consequence of our
choice of rate constants (Table 1) that were based on the
assumption that rates for the interaction of a Zn?>*-bound MT
Zn** binding site with the deep store should be related to the
affinity of the individual binding sites for Zn>*. Also, as might
be expected, net fluxes were much smaller when MT concen-
tration was 0.15, 0.5, or 1.0 wM. Finally, we note that results
were sensitive to the value of the on-binding rate of Zn** to
MT relative to the Zn>" on-binding rate to the buffer, perhaps
reflecting competition for Zn?*, because the Ky of the buffer
was similar to that of MT Zn** binding sites 5 and 6 (data not
shown). Because the muffler model (model 2) is the best
constrained model and it matches the experimental data well,
we use this model for all further model predictions and com-
parisons to experimental data.

The intracellular free Zn®* concentration. While the models
assumed that the fluorophore was 16% saturated at rest, there
was variation in this percentage among individual experiments.
The muffler model was used to explore the consequences of
these differences. An important experimental constraint for
these simulations was that the slope of the fluorescence in-
crease during the first 3 min was independent of the starting
saturation percentage. Parameter values were found that satis-
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MODELING NEURONAL Zn>* HOMEOSTASIS

fied the constraint that the total resting Zn>* content is 250 pM
for all starting saturation percentages, but the use of these
values caused the slopes of the fluorescence increases to be
different, in contradiction to the experimental data. To match
the slopes found in the data, we let total Zn>* content vary, and
results are shown in Fig. 5A. The starting saturation percentage
not only determined the intracellular free Zn?>* concentration
as expected, but it also determined the total Zn>* in the neuron,
the total muffler concentration, and the total Zn>* capacity. For
example, if we compare starting saturation percentages of 8
and 20%, the resting intracellular free Zn>* concentration is
0.5 and 1.4 nM, total resting Zn*>* content is 146 and 277 pM,
total muffler concentration is 163 and 272 puM, free muffler
concentration is 24.3 and 16.1 pM, and total Zn®* capacity is
1 and 1.6 mM, respectively. The intracellular free Zn’>* con-
centration is maintained in a narrow range by comparatively
large changes in total muffler concentration (which determines
resting Zn>" content and capacity), whereas free muffler con-
centration remains in a much more narrow range.

Next, the muffler model was used to predict how much the
presence of ZnAF-2F (i.e., the Zn** buffering effect of
ZnAF-2F itself) distorted the intracellular free Zn>* concen-
tration. The distortion was small, as shown in Fig. 5, B and C.
Using model 2 (16% ZnAF-2F saturation at rest), the concen-
tration of ZnAF-2F bound with Zn?>* was 758 nM. When
ZnAF-2F was removed from the model and this 758 nM was
added to the free Zn’>* concentration, the system reached a new
equilibrium in which ~47% of the 758 nM went to the deep
store and 53% became bound to free muffler. The result was a
26 pM increase in the resting free Zn>* concentration. Upon
exposure to 30 pM extracellular Zn?>* for 3 min, the difference
in free Zn>" concentration with and without ZnAF-2F was 183
pM (Fig. 5C). Subsequent application of pyrithione increased
free Zn?* levels, but the difference with and without ZnAF-2F
was only 4.5 nM at the peak (Fig. 5B). Thus the model predicts

A 5 uM Pyrithione B
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that cultured neurons have an intrinsic Zn>* buffer capacity far
in excess of that potentially added by 5 pM ZnAF-2F. The
cytosolic buffer (working in concert with a deep store) is able
to “absorb” nearly all of the Zn?* that enters the neuron when
Zn** influx is increased.

The Zn*>™ buffer capacity of cultured cortical neurons, there-
fore, might be expected to be greater than that of HT-29 cells,
which have been studied by Krezel and Maret (38). The
presumed large buffer capacity of neurons should allow for the
application of the equation (25):

F - Fmin
F= Fu

247
[Zn"7] Kd(Fm -
to calculate the intracellular free Zn’>* concentration with
reasonable accuracy (see Fig. 5, B and C). It can be seen that
model predictions of intracellular free Zn?* concentration
changes and those calculated using the above equation agree
quite well when ZnAF-2F is only partially saturated. As
ZnAF-2F nears 100% saturation, the equation tends to signif-
icantly overestimate free Zn** concentration (Fig. 5D). This is
largely because Fp.. estimated as addition of Zn>* and pyri-
thione probably slightly underestimates the true F... This
inaccuracy in estimating F.x becomes exaggerated as F ap-
proaches Fax, making the denominator in the above equation
quite small. In other cell types with a much smaller intrinsic
Zn*" buffer capacity, intracellular fluorophores may act as
significant competing cytosolic buffers and will “clamp”
changes in intracellular free Zn>* concentration (12, 45), such
that the intracellular free Zn?>* concentration will largely de-
pend on the fluorophore concentration, invalidating the above
equation.

A kinetic analysis of Zn*" efflux and model simulations of
efflux. Neurons loaded with 5 pM ZnAF-2F were exposed to
either 30 WM extracellular Zn?* (Fig. 6A), or 30 uM extracel-
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Fig. 6. Experimental data (solid line) and model 2-derived predictions (dotted line) plotted together on the same graphs. A: experimental data. Cortical neurons
were loaded with 5 pM ZnAF-2F and treated with 30 pM Zn>~ for 3 min, and then 100 uM EDTA for 3 min, and finally with 200 uM TPEN. Data are expressed
as AF/Fy (left axis). B: experimental data. Cortical neurons were treated with 5 pM pyrithione and 30 uM Zn>~ for 3 min, and then as in A. Raw data were
converted to esaturation (see MATERIALS AND METHODS). Model 2 predictions (A and B) are expressed as %saturation and scaled to match the experimental data
(right axis in A). Each experimental plot is the mean of data obtained from 3 individual coverslips.

lular Zn** and 5 wM pyrithione (Fig. 6B). Addition of 30 pM
extracellular Zn>* resulted in a roughly linear rise in ZnAF-2F
fluorescence (Fig. 64). Addition of pyrithione at the start of a
reaction resulted in a much faster rate of Zn>* influx, as shown
by the rapid increase in ZnAF-2F fluorescence that quickly
reached near saturation levels (Fig. 6B). After 3 min, 100 pM
EDTA were added to block Zn®* influx, thus allowing for
unopposed Zn>* efflux. The time course of the decrease in
ZnAF-2F fluorescence after EDTA addition, with or without
addition of pyrithione, appeared to follow a slow but steady
decline. The observed changes in ZnAF-2F fluorescence were
completely and rapidly reversed by the addition of TPEN.
These findings are entirely consistent with our contention that
the vast majority of newly transported Zn>" (even in the
presence of pyrithione) is buffered and intracellular free Zn>*
remains in the nanomolar range. The match between model 2
predictions and the experimental data was quite good (see Fig.
6). The model predicted an initial small but rapid decline
followed by a much slower but steady decline after addition of
EDTA. The small, rapid decline was caused by the fast redis-
tribution of Zn?* between intracellular ZnAF-2F and the muf-
fler once influx was stopped. This small decline could be
converted into a large decline (or even a large increase) in the
model by scaling the ZnAF-2F rate constants. The subsequent
longer, slower decline reflects Zn>" concentration gradient-
dependent Zn>* efflux, modeled as a simple reversal of the influx
transporter. It appeared that the experimental data were unable
to resolve the small, rapid initial decline in fluorescence from
the slow and steady Zn>" efflux. Regardless, both the model
and experimental data agree that the intracellular free Zn>*
concentration must remain low, even in the face of much larger
net Zn’* uptakes and that Zn’>* efflux remain small, most
likely as a result of the low intracellular free Zn®"* levels (ie..
large intrinsic buffering capacity). Thus the plateau in ZnAF-2F
fluorescence observed after addition of pyrithione reflects mostly
ZnAF-2F saturation.

Addition of CQ and Zn’" resulted in a large increase in
Zn*™ influx and net uptake of Zn**. A previous study has
suggested that CQ might act as a Zn>* ionophore, but did not
directly measure an increase in cellular Zn?* content after CQ
addition (13). We made direct measurements of Zn?>* uptake in
the presence of low micromolar concentrations of CQ to
confirm this finding, and we felt we could test the validity of
the model by including CQ actions. Figure 7 shows image%

illustrating the increase in fluorescence observed after neurons
were incubated with 30 uM Zn?* or 30 uM Zn?** and 1 pM
CQ for 5 min (compare Fig. 7, A and B). Next, neurons treated
with Zn** and CQ were subsequently treated with 200 pM
TPEN, showing that the increase in intracellular fluorescence
was completely reversed (Fig. 7C). Results of quantifying the
changes in cellular fluorescence intensity observed in Fig. 7,
A-C, are shown in Fig. 7D. These findings were confirmed by
determination of total cellular Zn** uptake using ICP-MS
analysis and ®°Zn*>" uptake as shown in Fig. 8. No effect of
100 nM CQ upon Zn’* uptake after incubation with 10 pM
extracellular Zn>* was observed (Fig. 8, A and B). When Zn>™
and 3 pM CQ were added, both %Zn’>* uptake and total
cellular Zn>" determined by ICP-MS analysis were increased
to levels similar to that seen with the addition of 5 pM
pyrithione and Zn?>* (compare Figs. 2 and 8). The effects of
CQ on the cellular Zn** content were specific, as no change in
total Mn, Fe, or Cu levels were observed by ICP-MS analysis.
As shown previously in Fig. 2C, exposure of cortical neurons
to increased extracellular Zn’* resulted in increased Zn>*
surface binding. It was determined also whether addition of CQ
resulted in an additional increase in surface binding of Zn>".
As shown in Fig. 8C, a small increase in Zn** surface binding
was observed in the presence of CQ, as might be expected for
Zn**/CQ complexes associated with the plasma membrane.
However, data presented in Figs. 7 and 8 clearly show that
exposure to CQ in the presence of extracellular Zn* results in
an increased intracellular free Zn** concentration and total
Zn’>” content.

To incorporate CQ effects into the model, the kinetics of
CQ actions on intracellular free Zn>* needed to be determined
and were studied using intracellular ZnAF-2F fluorescence
changes. No effect of 1 pM CQ was observed after elimination
of Zn** influx by addition of 100 uM EDTA (data not shown).
ZnAF-2F fluorescence only decreased slightly to a new steady
state, identical to that seen in Fig. 34 without CQ addition.
Thus the increase in intracellular fluorescence seen in the
presence of increased extracellular Zn?* with the addition of
CQ was Zn’>* dependent and most likely due to increased
influx of Zn?>*. In addition, if CQ crosses the plasma mem-
brane and enters neurons, as it is likely to do since it is
extremely lipophilic, it has no apparent direct action to affect
the resting intracellular free Zn** concentration, either by
altering cytosolic Zn>* buffering or causing enough Zn>*
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Fig. 7. Cortical neurons attached to glass coverslips
were treated as described in Fig. | and exposed to 30
UM Zn2* (A), or 30 pM Zn?* plus 1 pM CQ (B), or
same as in B followed by 200 uM TPEN (C). Cell
bodies were analyzed for average pixel intensity, and
those data are shown in D. Each bar represents

D 2> mean = SE (n = 7 individual cells on one coverslip
= 50000+ —_ as pictured in A-C). A Tukey multiple-comparison
c test (GraphPad Prism, version 4.03) showed that, for
g 4000 any column pair, P < 0.001. Size bar = 10 pm.
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release from sites of protein binding or organellar sequestration
to have an effect on ZnAF-2F fluorescence.

When increasing concentrations of CQ (0.1-3 pM) were
added in the presence of 30 pM extracellular Zn?*, the AF/Fg
(i.e., Zn** influx) increased in a concentration-dependent man-
ner (Fig. 9). Addition of pyrithione 3 min after the start of each
reaction resulted in a rapid increase in ZnAF-2F fluorescence
that quickly reached saturation (see also Fig. 3). At 3 pM CQ,
ZnAF-2F was already saturated before pyrithione addition
(Fig. 9D). Addition of TPEN after pyrithione addition resulted
in a complete reversal of the fluorescence signal (Fig. 9). In
Fig. 9, results are shown also from the model predictions with

CQ added. CQ was modeled as an ionophore, and the re-
sponses to 30 pM extracellular Zn** with the addition of
various concentrations of CQ generally followed the experi-
mental data. The primary difference was that the model did not
match exactly the dose-dependent increases in Zn?* influx
seen experimentally as a result of CQ addition.

Once newly transported Zn®™ is sequestered, it cannot be
released by CQ. To show if the sequestration of newly trans-
ported Zn** could be disrupted by CQ, CQ was added 3 min
after Zn>" influx had been increased by increasing extracellu-
lar Zn?* to 30 pM (Fig. 104). At the 3-min reaction time point,
either | uM CQ or 1 pM CQ and 100 pM EDTA (which will
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Fig. 8. Cortical neurons were exposed to 10 pM Zn>* with 0, 100 nM, or 3 pM CQ for 30 min, as described in Fig. 2. Results are of ICP-MS analysis (4) or
treated as in A with the addition of ®5Zn>* and lysate radioactivity determined by liquid scintillation counting (B). C: cortical neurons treated as in B, with or
without addition of 100 pM EDTA for 5 min after the 30-min incubation with %3Zn>*. Lysate protein was determined by Bio-Rad protein assay using BSA as
a standard. Each bar represents mean = SE: nos. in parentheses are the no. of replicates. A Tukey multiple-comparison test (GraphPad Prism, version 4.03) was
performed on each data set (A, B, or €) and showed that only the differences between Zn* and Zn2* with 100 nM CQ (A or B) and Zn>* and Zn>* with 5-min
EDTA treatment (C) were not significant; otherwise, all other comparisons were significant (P = 0.01).
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A 100 nM Cq + 30 uM Zn?* B 300 nM Cq + 30 uM Zn?*
5 UM pyrithione 5 UM pyrithione
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Fig. 9. Experimental data (solid line) and model N A
2 predictions (dotted line) plotted together on the "o 100 200 300 400 50 600 3 1w @0 50 4w 500 8o

same graphs. Cortical neurons were loaded with
5 .M ZnAF-2F and treated with 30 pM Zn>* for
3 min (A) with the addition of 100 nM (A), 300
nM (B), 1 puM (C), or 3 uM (D) CQ, followed by c

Time (s)

1 UM Cq + 30 uM Zn?*

Time (s)

D 3umcq+30umzn?

5 M pyrithione for 3 min, and finally 200 pM
TPEN. Each plot is the mean of data obtained

L 1

from 3 individual coverslips.

% Saturation

‘5 uM pyrithione . 5 uM pyrithione
200 yMTPEN 200 yM TPEN

% Saturation

Time (s)

effectively stop any additional Zn*" influx from that point on)
was added. It can be seen that addition of CQ alone resulted in
an immediate increase in the AF/F,. Furthermore, this change
in the AF/F;, was not observed when Zn?* influx was blocked
by the addition of 100 uM EDTA. The results suggest that,
once newly transported Zn’" is sequestered intracellularly, it is
protected from any action of CQ. These data are consistent also
with the idea that CQ affects the transfer of Zn’* across the
plasma membrane and does not affect intracellular Zn>* buff-
ering. Model 2 simulations were done to mimic the experimen-
tal conditions of the addition of CQ after Zn?* uptake was
initiated, with or without the addition of EDTA. The difference
the addition of CQ makes when it is added together with EDTA
is shown in Fig. 10B, where CQ slightly increases efflux. These
data show that the mechanism of action of CQ cannot be

A 30 pM Zn?*

100 200 300 400 500 600
Time (s)

explained by a decrease in the rate of efflux, because efflux is
low and only increases after the addition of CQ. The model 2
results match experimental data and, therefore, support the
theory that, because of the lipophilic nature of CQ, added CQ
is partitioned into cell membranes, and its actions on the
intracellular free Zn>" concentration and total Zn>* content are
mediated through an ionophoretic action.

DISCUSSION

Insights concerning the resting neuronal Zn’" metallome,
intracellular free Zn’", and Zn’7 buffering capacity. We
constructed a series of increasingly complex computational
models describing Zn** buffering in the soma of cultured
cortical neurons. We found first that the experimental data

Fig. 10. A: cortical neurons were loaded
with 5 pM ZnAF-2F and treated with 30 pM 2.5

B 30 uM Zn?*
- 100 uM EDTA or
A LM CQ +/- 100 yM EDTA 1 uMCQ +- 100 yMEDTA

200 EM TPEN .
Zn** for 3 min, then treated with 1 pM CQ, 90+ MIN
with (shaded line) or without (solid line) 100 80+ ’I|
uM EDTA, and finally treated with 200 pM g 704 ’ , pM CQ/EDTA
TPEN. Each plot is the mean of data ob- o 157 'S 604 4 '\ __
; | el < ITh T /7 \ 1pMCQ
tained from 3 individual coverslips. B: model i L 504 / eeeEDTA
2 predictions for the experimental conditions & = 404
SCTi i 13 arass ==
as described in A (see legend). Model pre- 0.5- o 304 /
dictions without CQ but with EDTA are g Prg ‘\
plotted also to allow comparison of efflux 104 \
rates. N
0.5 T T T T ~T 1 % s b = X
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
196
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cannot be described adequately with a model containing only a
simple buffer (model 1), regardless of the affinity or capacity of
the buffer. We then developed the muffler model (model 2) in
which Zn?* binding and sequestration is described as a high-
affinity muffler (58) in equilibrium with free Zn** that can
deposit Zn>* into a much larger capacity deep store. This
model has seven free parameters whose values are heavily
constrained by experimental data from several different types
of experiments, whose results are reported here. This model
was able to reproduce both qualitatively and quantitatively the
changes in intracellular free Zn>* concentration observed after
extracellular Zn®* was increased to micromolar levels. In
addition, this model was able to reproduce the actions of added
CQ as well as the effects of added EDTA, pyrithione, or TPEN.
Thus model 2 provides a simple description that appropriately
describes the interactions of the primary cellular constituents
contributing to the buffering of intracellular free Zn>* concen-
tration in the soma of cultured cortical neurons. Model 2
predicts that, at rest, the vast majority of the cellular Zn’* is
either protein bound or sequestered in organelles (total Zn**
distribution at rest with ZnAF-2F present: 93.6% muffler, 6.1%
deep store, 0.3% fluorophore, free Zn** << 0.1%). The
characteristics of the muffler were not determined experimen-
tally, but the muffler is required for model predictions to match
experimental data.

While the free parameters of the muffler model (model 2)
could not be determined uniquely, sets of parameter values that
satisfied the experimental constraints shared important fea-
tures. The muffler had to have high affinity with Ky of 60-100
pM, and the free muffler concentration had to be near 20 uM,
characteristics similar to those noted by Krezel and Maret (38).
These characteristics, plus the ability to deposit Zn®" into the
deep store, allow the muffler to exert a fine control over
intracellular free Zn’>* concentration over a wide range of
Zn?* loads. The model also predicts that 12-30 pM Zn?*
resides in the deep store at rest. When neurons are exposed to
Zn>" and pyrithione, the total neuronal Zn>* content can be
increased nearly 50-fold over extracellular concentrations, with
Zn?* being shuttled to the deep store by the muffler. Recent
experimental evidence suggests that the large-capacity deep
store could be represented, in part or combination, by mito-
chondria (53), the endoplasmic reticulum/Golgi (17), and other
sites of Zn>"* compartmentalization within the soma of cultured
neurons (10).

The model provides an estimate of the resting intracellular
free Zn’" concentration in the soma of cultured cortical neu-
rons. Given the constraint that, on average, 16% of ZnAF-2F is
bound at rest, the resting intracellular free Zn** concentration
in the presence of ZnAF-2F is 1.05 nM. When ZnAF-2F is
removed from the model, this value increases slightly to 1.07
nM. It is interesting to note that this concentration of free Zn?*
represents ~500 free Zn>™ ions in the soma of a typically sized
cortical neuron. This estimate is somewhat higher than the
estimate obtained for HT-29 cells (38), and 100-fold higher
than that obtained with PC-12 cells. Each study used a different
method of estimating intracellular free Zn>*, which could
account for some of the differences; however, it is quite likely
that different cell types and culture conditions result in differ-
ent buffer capacity and set points for intracellular free Zn?*
levels.
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The variability in resting ZnAF-2F saturation levels (i.e.,
differences in resting intracellular free Zn?*) found in the
experiments was attributed by the model to different levels of
total Zn?* in the cultured neurons. We did not systematically
measure total Zn>* and resting intracellular free Zn’* in a
series of different neuron cultures. However, it seems reason-
able to expect that different cultures might vary in total Zn**
content. What factors might cause such a variation? We would
expect that the free and total Zn** concentrations of NB media
remain within tight limits. Thus it is most likely that one or
more intrinsic factors, beyond the control of the experimenter,
determine the average Zn>" content of particular cultures. For
example, small changes in the culture density might lead to
significant, albeit subtle, differences in expression of various
genes influencing Zn>* homeostasis. Even though the total
Zn*" content of resting cultured neurons seemed to vary, the
neurons maintain resting intracellular free Zn>* concentration
within narrow limits. The model predicts that neurons accom-
plish this feat by increasing or decreasing the cellular muffler
concentration to match the cellular Zn** load.

Neuronal free Zn?" concentration is quite low and strongly
buffered. The Zn>* buffer capacity of neurons can be quanti-
fied using the method developed for estimating proton buffer-
ing capacity of cells (51). These authors defined buffer capac-
ity as all of the cellular processes (including sequestration in
cytoplasmic organelles, but excluding plasma membrane trans-
port) that act to mitigate changes in cytosolic pH when cells are
challenged with an acid or base load. A similar definition can
be used to quantify Zn>" buffer capacity and will allow the
comparison of intrinsic buffer capacity in different cell types
and provide a quantitative measure of changes in buffer capac-
ity after physiological or pathological perturbations. Thus

o d[Zn]
dpZn

(3)

Zn

where Bz is the intrinsic buffer capacity for Zn?*, and d[Zn]
and dpZn represent corresponding changes in the total cellular
Zn>* content (uM) and the —log of the intracellular free Zn*"
concentration, respectively. Using °Zn>* uptake and model
estimates of changes in intracellular free Zn** when cultured
cortical neurons were exposed to 30 uM Zn>*, we found that
neuronal Zn>* content changed 88 wM/min, whereas dpZn
only changed 0.22 unit/min. Therefore, Bz, for cultured corti-
cal neurons is 396 wM/pZn unit. As eukaryotic cells evolved,
Zn?* and Ca®" became important intracellular metals utilized
in a host of biologically significant interactions because of
availability and lack of redox activity. However, for both
metals, even small increases in intracellular concentrations can
be cytotoxic. Thus multiple protective mechanisms evolved to
maintain free metal concentrations within narrow limits, one of
these being cytosolic buffering through the use of soluble
cytosolic metal binding proteins. In the case of Ca®* buffering,
a large family of EF-hand containing proteins shares respon-
sibility for the control of resting cytosolic Ca®* concentration
and functions as Ca’>* sensors (4). The same may be true of
cytosolic Zn? " buffering. The large Zn** buffering capacity of
neurons can be a “double-edged” sword. On the one hand,
Zn>" buffering capacity protects neurons from large swings in
intracellular free Zn>" concentrations, but on the other hand
_Iposcs significant risk to the neuron when exposed to large
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extracellular Zn>* concentrations for prolonged periods. Under
these conditions, large Zn*>" loads can be accumulated, and,
since intracellular free Zn®>* remains low, efflux mechanisms
at the plasma membrane are slow to eliminate such loads.

Role of MT in cytosolic Zn*" buffering. We first explored
whether MT could play a role in Zn”>* homeostasis as a simple
Zn?* buffer. Even when added at a concentration of 1 pM to
model 2, which is greater than the 0.34 pM measured experi-
mentally, MT could not buffer the Zn>* loads described here.
At rest, MT Zn?" binding sites 1-6 were nearly saturated, and
site 7 was largely free, and there was little change during
exposure to 30 WM extracellular Zn?*. For MT to be an
effective cytosolic buffer in cultured neurons under the condi-
tions of model 2, the concentration chosen for MT would have
to be very much larger. However, MT certainly could play a
more prominent role in simple cytosolic Zn?* buffering in cell
types other than cultured neurons, as has been shown in mouse
lung fibroblasts (54).

In the MT as muffler model (model 3), we assumed that MT
was exclusively responsible for sequestration of Zn** to the
deep store. However, for MT to be an effective muffler of the
Zn*>* loads applied in these studies, its concentration could not
be small. Concentrations of 0.15, 0.5, or 1.0 pM could not
shuttle enough Zn?* to the deep store fast enough to match
experimental constraints, but 2.0 pM could. If MT concentra-
tion is indeed low, then a more parsimonious explanation for
MT’s role in resting neurons is that MT is part of the high-
affinity muffler pool represented in the muffler model (model 2).
Interestingly, the low-affinity MT Zn>" binding site, site 7 (K4
of 20 nM), was able to shuttle Zn*>* to the deep store, at least
as effectively as site 6 (Ky of 100 pM) and more effectively
than site 5 (K4 of 40 pM) in these simulations, despite having
much less Zn>* bound at rest. Thus it may be more important
to consider the relative Zn>* binding site occupancy, particu-
larly at sites 6 and 7, than the ratio of MT/T when considering
the potential actions of MT as a muffler. On the other hand, the
model predictions would be consistent with MT playing an
important role in a neuron’s long-term response to increased
Zn?* loads. In this situation, increases in MT protein expres-
sion (resulting in increased cellular concentrations) could allow
MT to become the dominant cytosolic Zn>* muffler. There are
numerous examples and many treatments that have been shown
to increase cellular MT levels severalfold (36). In addition,
direct evidence of increased cytosolic Zn>* buffering capacity
with increased MT expression has been reported (38, 42).

MT may actually play a far more important role as a Zn™"
chaperone involved in pathways of Zn>* trafficking, where
MT transfers Zn>" to highly specific cellular moieties (e.g.,
glutathione) under the control of cellular redox state (31, 32) or
to mitochondrial transporters (11). For example, glutathione
could facilitate the net movement of Zn>* from MT to a deep
store organelle or apoenzyme. We have included a transfer
agent in models, but we have not reported the results here,
because results were similar to those of the MT as muffler
model (model 3) for parameter values chosen; also, there was
no satisfying way to constrain the additional free parameters in
the model for the transfer agent, especially since there are
likely to be several different types of transfer agents with
different concentrations and interaction rates with MT Zn>™
binding sites. Very little useful experimental data exist right
now to inform such a model.

MODELING NEURONAL Zn** HOMEOSTASIS

Routes for Zn** influx and efflux. The model uses a straight-
forward Michaelis-Menten description of Zn** influx. It is
recognized that numerous studies have indicated that multiple
pathways may exist for both the influx and efflux of Zn** in
neurons (8). However, modeling influx in this way with efflux
as a simple reversal of the influx process was adequate to
match the experimental data. Concerning Zn>* efflux, both
experimental data and the model showed that efflux was small,
even after neurons were maximally loaded with Zn** by
exposure to ionophores, presumably a result of the large Zn>*
buffering capacity of neurons. In other words, even after a
large Zn** load, intracellular free Zn>* levels remain low and
apparently are not enough to drive substantial amounts of Zn®*
efflux. No evidence for the active extrusion of Zn>* (like that
seen for Ca’") has been described to date. These data might
appear to be in conflict with a previous report (20), but these
experiments incubated neurons with Ca-EDTA for 1 h. Our
experiments show a slow and steady Zn*" efflux, which, after
1 h, would be expected to result in significant net Zn>* release.
Experimental evidence suggests that, when neurons are ex-
posed to °Zn?*, a large portion (nearly 40% of the original
load) of the accumulated tracer is surface bound. This may
seem like a large amount, but there are many sites, including
the glass surface on which the neurons are grown, that could
provide ample Zn** binding sites. The model has yet to be
expanded to include a description of channel-mediated Zn®*
influx and efflux (52), but this is a logical next step in the
model development.

Insights into the cellular mechanisms of action of CQ. The
model results indicate that the actions of CQ seen in the
experiments are consistent with CQ acting primarily as a Zn**
ionophore when added to cultured cortical neurons. At the
concentrations of CQ added, CQ certainly did not significantly
affect Zn** buffering capacity, as has been suggested by some
to explain its mechanism of action in Alzheimer’s disease. In
the model, CQ binds to extracellular Zn>", crosses the plasma
membrane, releases Zn** inside the neuron, and then returns to
the extracellular space to rebind to Zn**. Both Zn** bound and
free CQ cross the neuron membrane, according to their con-
centration gradients. Modeling the actions of CQ in this way
was sufficient to reproduce the experimental results.

The addition of micromolar concentrations of CQ to cultured
cells has been shown to have several important biological
actions related to its presumed metal chelating activity when
administered in vivo. For example, incubation with CQ and
Zn?" or Cu?* for extended periods (6 h) resulted in large
increases in cellular levels of Zn®* or Cu?* (61) and was
responsible for an upregulation of metalloproteinase activity
that caused a reduction in the production and secretion of AR
1-40 and 1-42. Other studies have shown that micromolar CQ
can increase functional levels of hypoxia-inducible factor-1a,
(protective in ischemic diseases) (5), and micromolar CQ
downregulates mutant Huntington protein expression (46).
Each of these effects could be due, at least in part, to the
ionophoric actions of CQ shown here. Earlier studies have
shown that much higher concentrations of CQ (1 mM) mediate
cellular Cu?" uptake (60). In the present report, CQ levels as
low as 300 nM had discernible effects on the intracellular free
Zn** concentration. Thus micromolar concentrations of CQ
should be effective at increasing the total and intracellular free
Zn>* concentration in neurons, but require micromolar Zn?*
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concentrations to be present extracellularly. It should be noted
that resting extracellular free Zn?* in the brain is estimated to
be <25 nM (19). This concentration is much too low to
activate the ionophoric actions of CQ. Thus CQ would not be
expected to be a generalized Zn*" ionophore in the central
nervous system. However, since extracellular Zn>" levels dur-
ing normal activity at Zn”* containing glutamatergic synapses
should be much greater (19), this mechanism provides for a
selective synaptic effect in those neurons. The effective treat-
ment dosage in humans is 250-750 mg daily, giving blood
levels of ~10 pM (50). CQ shows a rapid brain uptake upon
administration (47), but it is not known whether brain concen-
trations reach micromolar levels. Further studies will be re-
quired to determine the role that the ionophoric actions of CQ
play in its various biological and therapeutic actions.
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Real-time imaging of enzyme activities in vivo offers valuable
information in understanding living systems and in developing
medicine for various types of diseases. Currently, a variety of
fluorescent probes for detecting enzyme activities are generally used
for their high-sensitivity characteristics. However, general fluores-
cence imaging methods are not suitable for in vivo studies because
visible fluorescence scarcely transmits through animal bodies.
Although near-infrared fluorophores are useful for in vivo imaging
for tissue surfaces, they cannot be applied to the deep section of
the organ. On the other hand, magnetic resonance imaging (MRI)
is known as an imaging technique adequate for in vivo studies.

'H is a highly NMR-sensitive nuclide and abundant in living
bodies. Thus, 'H MRI is used as a powerful diagnostic imaging
technique for identifying many human pathologies or medical
conditions. Paramagnetic contrast agents such as several types of
Gd complexes are in clinical use for their abilities to enhance the
signal intensity by shortening the longitudinal relaxation time (7;)
of water protons. Presently, many scientists are interested in
modifying the structures of the contrast agents to be functional in
molecular imaging of biomolecules.! MRI probes for pH,? metal
ions,? enzyme activities,* and so on have been developed. However,
'H MRI often suffers from interference or low contrast due to the
background signals from intrinsic 'H, which hamper interpretation
of the resultant images. Therefore, non-proton MRI is currently
drawing a fair amount of attention.

One of the most promising nuclides for MRI is '"F.* This nuclide
has a high gyromagnetic ratio (y) of 40.05 MHz/T and a 100%
natural isotopic abundance ratio. Thus, the NMR sensitivity of '°F
is .83 relative to 'H. Conveniently, due to their close y values,
F NMR can be measured with most 'H NMR instruments by
appropriately tuning the RF coils. In our bodies, '"F atoms are
concentrated in the form of solid salts mostly in bones and teeth.
Thus, the transverse relaxation time (73) of the intrinsic '°F is
extremely shortened,® and the MRI signal is hardly detectable. When
19F-containing compounds are treated in human or animals, only
the extrinsic '°F MRI signals can be monitored without interference
from background signals. For these above reasons, functional probes
for 'F MRI are very attractive for in vivo molecular imaging.

Known ""F MRI probes are roughly categorized into two groups;
one is the group of '"F-containing compounds which accumulate
in specific sites. Higuchi and co-workers synthesized a '°F-
containing thioflavin derivative that accumulates in amyloid 5 (Af)
aggregates and visualized Af plaques in living animals by '°F MRIL.”
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Scheme 1. Design Principle of 'F MRI Probe Detecting a
Protease Activity

Another class of 'F MRI probes is active agents.® They undergo
chemical modification by the target molecules and then change their
NMR parameters. Mason and co-workers have developed '°F MRI
probes detecting reporter enzyme activities by the chemical shift
change.® These probes are hydrolyzed by the reporter enzyme and
change the '°F chemical shift. Although this approach is promising,
this is highly dependent on the magnitude of chemical shift changes
coupled with the target reaction, where sometimes the ranges of
the chemical shift changes are limited. We here propose a novel
design strategy for 'F MRI probes in detecting protease activity.

We constructed a design principle whereby the intramolecular
paramagnetic effect for 75 of the '°F NMR signal can be modulated
by protease activities. T is an important contrast factor for MRI,
as the apparent intensity of the MRI signal directly depends on 7;
values. Generally, paramagnetic metal ions such as Fe’™, Gd**, or
the paramagnetic molecules such as O; shorten the T of samples
by paramagnetic relaxation enhancement (PRE).’ In particular, Gd**
has a very strong relaxivity (T>-shortening activity) because of its
large electron spin quantum number. When '°F nuclei and a Gd**
ion are attached to a short peptide, the ’F nuclei exhibit a strong
paramagnetic effect from the Gd**. Thus, the 75 of the compound
in the "“F NMR would be shortened, and the MRI signal would be
attenuated. If the peptide has a substrate sequence which can be
cleaved by a certain protease, incubation of the compound with
the protease should induce the extension of the 7; and the
enhancement of the 'F MRI signal (Scheme 1).

According to the above strategy, we synthesized a '“F MRI probe,
Gd-DOTA-DEVD-Tib, for detecting caspase-3 activity (Figure 1).
Caspase-3 is a marker enzyme of apoptosis and is used in the
evaluation of anticancer agents inducing apoptosis of tumor cells.
The probe consists mainly of three parts, which are a Gd** complex,
an enzyme substrate peptide, and a '"F-containing group. The
peptide sequence is DEVD because caspase-3 selectively cleaves
the C-terminal peptide bond of the sequence DXXD (X: optional).'’
A macrocyclic metal ligand, DOTA, was attached via a f-alanine
linker with the N-terminus of '“F-containing peptide DEVD-Tfb,
which was synthesized by Fmoc solid-phase peptide synthesis. The
ligand-conjugated peptide, DOTA-DEVD-Tfb, was complexed with
Gd** ion and purified with a reversed-phase HPLC to yield Gd-

10.1021/ja077058z CCC: $40.75 © 2008 American Chemical Society
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Figure 1. Structure of Gd-DOTA-DEVD-Tfb.
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Figure 2. (a) '"F NMR spectra of DOTA-DEVD-Tfb (1 mM) and Gd-
DOTA-DEVD-Tfb (1 mM). Sodium trifluoroacetate was added as an internal
standard (0 ppm). (b) Time-dependent 'F NMR spectral change of Gd-
DOTA-DEVD-Tfb with caspase-3 at 37 °C.

DOTA-DEVD-Tfb. The probe structure was identified with ESI-
TOF MS, and its purity was confirmed by HPLC and 'F NMR.

Next, we measured the '9F T} and T values of the probe free
from and in complex with Gd3*. The T} and T; of DOTA-DEVD-
Tfb (1 mM) were 1.910 and 0.326 s, respectively. In contrast, the
values of Gd-DOTA-DEVD-Tfb could not be measured, due to
markedly shorter relaxation times and the low signal intensity of
the '9F resonance. This result indicates that the '°F nucleus of Gd-
DOTA-DEVD-Tfb undergoes strong PRE by Gd**. This effect was
explicitly shown in the one-dimensional °F NMR spectrum, in
which the peak intensity of Gd-DOTA-DEVD-Tfb was largely
decreased with broadening as compared with that of DOTA-DEVD-
Tfb (Figure 2a). When we treated the Gd-DOTA-DEVD-Tfb with
caspase-3 at 37 °C, the 'F NMR peak became sharper and higher
in a time-dependent manner (Figure 2b). This indicated the
intramolecular paramagnetic effect from Gd?* to !°F was cancelled
by the cleavage of the probe. The 77 and T3 of the 1 mM cleaved
product were extended to 0.122 and 0.032 s, respectively. These
values are still shorter than those of DOTA-DEVD-Tfb. An
additional experiment suggests that this is because of the intermo-
lecular PRE by the Gd3* complex (Figure S4 in Supporting
Information).

Finally, an attempt was made to visualize caspase-3 activity using
a 1F MRI phantom to verify the practical applicability of this probe
and its sensing principle. As was expected, Gd-DOTA-DEVD-Tfb
showed no signal on the °F MRI phantom image. Time course of
the density-weighted '°F MR images of Gd-DOTA-DEVD-T1b with
and without caspase-3 are shown in Figure 3. Caspase-3 activity
induced a noticeable signal enhancement. This result is compatible
with the one-dimensional °F NMR data shown in Figure 2b. We
used a relatively high probe concentration for MRI because of the
sensitivity limitation due to our current instrument setup. However,
the intrinsically high sensitivity for the '9F signal of the probe is
demonstrated by the NMR spectra measured at 1—5 M by a well-
tuned spectrometer (Figure S5 in Supporting Information). This
result indicates the possibility that a suitable instrument enables in
vivo F MR imaging in the future.

In conclusion, a novel design principle of 'F MRI probes
detecting protease activity was developed. This principle is based
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Figure 3. Time course of density-weighted '°F MR images of Gd-DOTA-
DEVD-Tfb (1 mM) with or without caspase-3 at 37 °C.

on MRI signal quenching from the intramolecular paramagnetic
effect of Gd**. The intramolecular Gd** made the T of the probe
too short to be measured, with the paramagnetic effect which can
be cancelled by the probe hydrolyzation by caspase-3. 7 is a
parameter that can be used to generate contrasts in MR images.
Using this probe as a positive contrast agent, we demonstrated that
the probe could detect caspase-3 activity spatially from the phantom
image using 'F MRI. This method could be applied to the sensing
of not only other kinds of proteases but also other hydrolases such
as nucleases and phosphodiesterases. It is expected that this sensing
strategy might become the basis for the next stage of in vivo
molecular imaging techniques.
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(b~d) B4 NEFBHBEH. 512+ TR (20~40nmFENNMNE=2F T XPEAFSHEEN I
fir) %%+ I ABA (PSDESEIA) FRENTLS (XR14SVHTT 4B TEH). BFEY
BERELLIBERYPSHEEIA IR L DG, PEYEDSIRHERT. I OEE/EF
CBEWTR, YF TR INOBALEENRTFRBSF~HESFREOBIILIES WV

FEEILLEnid, HFEIUERC TR T-OOERLEEIFEET L&
ZEzoNTws B, v4bt, BHERICLVBELLEESHETIOTH
B, BtamWAED [/ FAL V] LBHINC-HESTFOMT, L

YT Furkiz - EESA TR EEZOSND. FLIRISENE A, &
B, > 7AGRBRESRICG S 7 PMEEIIHEDLIGTHABHEEIIHFEL T
5. DL T FAL YRIIBARBRICH -  BEEOEHRE, nE
TIEHLALEHESMZEN TV LWL,

—7%, BREEZA NS > ORBEIIFRENFSH L LIEHHETRA, 20
e, P AR ROBEERMELEI X F7RIZBWTE, +/F
AAYDOKESEHEN, HE Ay VI - OFEHAGBII Lo TEIL TR %
HLTWBRILERT., SO0+ FA4 O8I, #IUHFHETHL I+
[EEBMESFOREDSAF I v 7 5 HEREFIERIL, Fhitfky, +/
FAL D COREREBEBOKRE(ERTIEEZONS.
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KN 3 TA0RELBEFREE

T TADRENE - ZHAEHOETFTHN, FOTE - BERTYA T I v
TLI BN, YT TAOEBREBMBHEICQAEDL ) LRABFASNA TS0
ThHrID. KEIZBT2RBH L+ TAHEOER OB TH s HIKELRR /¢
443, BORELKILFNFESCLHENKRE(ERTS (H3-2-3 a). &
BBV T, A5 VIR, BRERBDEURSHLHYDEE L BEY
A, EHE, LVECKVANSS CFHR, BELREHIIE( LS.
COLIRHEOEIVRBEDREIIEETHL I LI, HAEGCHM
MREEBIIBVT, HELR VT T ABEOEFBE(HEERTE I LY
SR ENS (H3-2-3 b). HHELEEKERTEEOREILHEZE
EOLBHUXEEERLY Y VERETE, ANM CEENRTRR /M VI
EFERE RS, Lo tHBLARRSBRESNA TS Bl BERIZST
BYFTAOREREN, Wit  PHEE2 Lo THRAFENIOTHD L
WIERIETE, ChOREORRNLDINE L FTABRE & F 7 A%
DEEEEHHEALEXET S, FTAREYFHERLTHSPLETILE

. o

731
JE
" f(\é : a) b)
e
25
1B
: ﬁ%
13 RXes |
|8

faR BaR

4R &#k24A8
5458 748 i EER HRHMESR

F3-2-3 HREER/MVORBEMERR
(@) RBOREE 201 L OWEE(L. KEFEREFHEROTINSLERETRT. RBEELLHRR
EUAREHLNOXNA L OBRFBML T3 (X154 V) BFe] 2 B ThR)
(b) ERR (67 B) BLUMBPERER (10yB) OXERERO$EHMIBO TN IREQ. MPEER
ORTIR, ERRBEEN, BERVINRIHFEBCHFEL. A5 CEELEY (XR16 LY EFT
B TER)
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32 WHRFLLTOYFIR

H V77 AGEEES Y T ARIEESA FEAES

U F FATMBED S OBEEEREIE, MEXCEHOLEHELIERE
HELTASIIVBRBEOEDLO THCEEMMIZ, ¥+ 7 A/ (synaptic
vesicles) MY F P ARBEABEBEAT LI LIZL»THIERISNE, Tk
3%, ELHTHVWHHNEEEL2 O OWECEDERE2RIETH D0,
BREKGFEANS Y LAF A VRAOE ST 7AMOMOKEENREL SN
SER, AREREEROBVAIL Y Y ARBRSEET AL EOBBFHESLH
(NE¥ (RoloF R -ROH

—%, VHTARBEERICBITE LT LE, BEEEDEEEEIEEY
BE#HAL, BEZTEEREITILINATS. NMDABRAMPARIO VY
IVEBERRENDLIC, VHFEEMAA Y F Y AN ERBRLTYEY
&, VI F&EEH, RN IVBUREFYAINOS—MPRE, 4142
ERAMNEI Y, BIVHUAKLERITESENTS. —F, mGuRO LI &
RBBESEEOHESIE, SREGY RV EDERIIZE B2 7 FLIHMIEE 4
THLD, PV MMEEDFRILRIBOF—F—Li ), FriVHEEKL
HRTHLNBREY, HROBRNLTHI 722 % — 5T OiEEHE %47
T WL, SRLARNY ST VEERBOFTHIEASTRE 25 ),
ST TR - BB DLY, FNAA BB ENY ST LEE
GTFOMTHFANL L 7 FMEELZBEREL CEEL, FRICEOHH &
BLETOIREBLERLCOI0PRYE Y vV EOHFETHE. E<DEHY
IR EIE, SRELTIEEECLTF M AL VEETHEED, TZEY
BoONZHMATEELGFF v TP ERSATYS (H3-2-4). =
DHFF7 bT=22B0T, BBV BEABRN L IF) v V5T E
DEEHREER LT 7 AMEEORERMEL, V7T MTEORFREMYE, EiE.
#H, FLTRSEHZHETALEIOSNTVEN, ZOLEEEIVEXEHLH
TR, £&ca2-0 DY+ TABEORC, FFEEHROBIEZER
L, BEIZHBAY 7T VEEORE - #6t - KT 2EET 5 Z &2 HETe
LHESE S THS, EEZORE, COFBFHEEDO 7L - AN —% RNWIET
CEH, REDF /HEMomLIREFEDIDTHHEEXTWED.
BEESFTARERT S AN SR, 72F > #BREH% (F-actin)
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i¢ vesicles A- ) B
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FTABIRE  N-type Ca® channel '
NMDA-Rs mGIluRs
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S ITREE

[@3-2-4 BE4VFTADERY /IO

FIERENREE S FTAUET D L F T IGER. SEULFTRABBIIEET 2178, &4V
ZhoDHEBEEROIC—BBRANICRLE. SFTIRBRKTR, EBHBUIC LN S FTINMR
(synaptic vesicles) &BICBME L, WREENHEMHT S LHICLELWEGY 2 - NIBEERICE
WHREATWS., £/, PFTABBECRRERS F TAGEOEELBVFTCHIR Y - NIH
AMPARI 7 L2 3 LB (AMPA-Rs) ®NMDARI T2 3 LEERBH (NMDARs), $/-, KBRYT
Ng 3 LEREE (nGuRs), 5L Eh 52X A 3MBANDES S /7 H (scaffolding proteins), &
51, FhSICBETI8SEE L2 NVHYBBETHEELTVS

=\NM

DEEZERLTEY, 7/F Uy 5TF0ES - REGEMETAIILIZLD,
A4 YREOBB L EIFHB IR TR EEILATWS. £, T2 F
YR FHE (F-actin) *BETHETFRGY /37 HRho7 7 I —
GTPase D BESF T# 5 Citron ®Collibistin, KalirinZz &'ld, A/ YA
ZBELTEY, ChodBE s 2 BICEATAILIZEINGFA Y PT
— I EBRLTVWAILARESH TV B, ThooFFOift+*®EE
R HETABREBEDECAHLOMII 2TV LRW

Y 7ARBERCBIAEREFFA P72, TrFUARRERL
S TARBER Y A BOREAKII Lo TRESATVEDY, Y+ 7A%
REH S o7 BET7 7/ F BEAHECINHENELCHELZT IR
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