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SUMMARY

Using model systems, we have studied the properties of a number of zinc-chelating agents
which are known to cause diabetes in laboratory animals. The abilities to permeate
membranes and to complex zinc inside liposomes with the release of protons are suggested
as chemical properties that can enhance diabetogenicity. When such complexing agents
are added to lipid vesicles at pH 6 containing entrapped zinc ions, they acidify the
contents of these vesicles. We have demonstrated this effect by measuring intravesicular
pH both with a fluorine-containing F NMR probe as well as with the fluorescent probe,
quinine. For example, using quinine, we observed that 0.1 mM 8-hydroxyquinoline reduced
the intravesicular pH of sonicated phospholipid vesicles containing entrapped Zn** (as
sulfate) from pH 6.0 to 2.8. These diabetogenic chelating agents also solubilized zinc-
insulin precipitates from unbuffered suspensions at pH 6.0. The solubilization results
from the acidification of these suspensions. Dithizone and 8-hydroxyquinoline at 4 mM
solubilized 97 and 42%, respectively, of the suspended insulin. We suggest that if such
proton release occurs within the zinc-containing insulin storage granules of pancreatic
B-cells, solubilization of insulin would be induced. Such an event would lead to osmotic
stress and eventually to rupture of the granule. The effects of diethyldithiocarbamate
(DDC), an agent that has been found to protect rabbits against the induction of diabetes
by some other zinc-chelating agents, were also studied. DDC caused a decrease of 3.5
units in the intravesicular pH of zinc-containing vesicles by a mechanism not involving
the release of protons upon chelation of zinc. We have demonstrated several properties
of DDC which may contribute to its ability to protect against the induction of diabetes.
These include its ability to store zinc as a hydrophobic complex in membranes, its
consumption of protons upon spontaneous decomposition, and the ability of one of its
decomposition products, diethylamine, to accelerate the dissipation of pH gradients
across lipid bilayers. Diethylamine is particularly effective in stimulating a rapid dissi-
pation of such pH gradients, even at micromolar concentrations. We have attempted to
estimate quantitatively the extent of proton liberation by various zinc-chelating agents.
This analysis demonstrated that partitioning of the ligand between organic and aqueous
phases, ligand acidity, and zinc complex stability determine the extent of proton release.

INTRODUCTION

Many agents known to induce diabetes are also zinc-
chelating agents and include dithizone (1, 2), oxine (2),
quinaldic acid (3), and derivatives of quinoline (4). The
role of zinc in the storage of insulin in the pancreas (5)
coincides with the suggestion that zinc chelation is im-
portant to the mechanism of action of these diabetogenic
agents (2). This suggestion is also supported by the fact
that the induction of chemical diabetes is accompanied
by a loss of histochemically detectable zinc from pan-
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creatic (-cells (6) and that zinc protects animals against
chemical diabetes (7, 8). In addition, the guinea pig,
which has much less zinc in its pancreatic hormone
storage granules, is less susceptible to chemical diabetes
(1). Insulin secretagogues also stimulate the release of
zinc from pancreatic islets (9). However, since about
1956 when it was first suggested that one of the most
commonly used chemical diabetogenic agents, alloxan,
did not chelate zinc (10), interest in the role of zinc in
chemical diabetogenesis has declined. Nevertheless,
there is a great deal of circumstantial evidence to indicate
that zinc is important in the diabetogenic action of a
number of other zinc-chelating agents such as dithizone
and oxine.
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One of the features that remains to be explained about
the diabetogenic action of zinc-chelating agents is that
not all zinc-chelating agents are diabetogenic, and in
some cases, structurally very similar compounds can vary
widely in their ability to induce diabetes. Thus, for
example, although oxine is diabetogenic, neither 7,8-
dihydroxyquinoline (4), 5,8-dihydroxyquinoline (11), nor
8-hydroxyquinoline-5-sulfonic acid (12) are diabetogenic,
despite their similar chemical structure and their ability
to chelate zinc. In addition, it has been shown that one
zinc-chelating agent, DDC,' can protect rabbits against
the diabetogenic action of another zinc-chelating agent,
dithizone (13).

We have developed a hypothesis that can explain the
diverse actions of different zinc-chelating agents, and in
this work we test several predictions of this hypothesis
using model systems. Our hypothesis is based upon the
fact that insulin storage granules of the pancreatic 8-cell
contain a dense core of material containing insulin (14)
as well as zinc (15). This material is believed to be
initially present as an amorphous precipitate but may
eventually mature into a crystalline array (5). There is
general agreement regarding the size of S-cell storage
granules, which have been found to have a diameter of
290-342 nm (16-18). For a spherical granule, this corre-
sponds to a volume of about 1.4 X 107" liters. The insulin
content of the granule recently has been estimated at 10°
molecules of insulin per granule (18). Thus, the effective
concentration of insulin alone in the granule is of the
order of 0.1 M. A somewhat lower estimate of the con-
centration of insulin of 10 to 30 mM has been made (5)
on the basis of granule volume determined by electron
microscopy of islet cells (16). It is conceivable that the
higher estimate derives from the fact that the purified
granules represent a subpopulation containing more in-
sulin. The osmotic pressure within the granule is kept
low as a result of the insolubility of the zinc-insulin
complex. However, the solubility of the zinc-insulin com-
plex is highly dependent on pH, and its lowest solubility
(19) occurs in the pH range from 5 to 6. This pH range
is also the same as the intragranular pH of pancreatic
storage granules (20). Consequently, the insulin would
be close to the point of its minimum solubility under
physiological conditions. This low intragranular pH is
maintained by an ATP-driven proton pump (21). Con-
ceivably, insulin could be solubilized by the acidification
of the granule contents. The resultant dissolution of the
granule content would lead to a marked increase in
osmotic pressure causing a rupture of the granules. This
would also explain the finding that isolated insulin se-
cretory granules are stable only in the pH range 5 to 7
but burst at more extremes of pH (22). A similar type of
pH-induced osmotic stress has been implicated as pos-
sibly being involved in physiological mechanisms of in-
sulin secretion (21, 23, 24). Since proton gradients across
membranes are implicated in the regulation of many
biochemical processes, including the translocation of ions

! The abbreviations used are: DDC, diethyldithiocarbamate; PIPES,
piperazine-N,N’-bis(2-ethanesulfonic acid); oxine, 8-hydroxyquino-
line; NMR, nuclear magnetic resonance.
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and neutral metabolites, it is not surprising that intra-
granular acidification has serious consequences.

EXPERIMENTAL PROCEDURES

Materials

67ZnCl; (3.4 mCi/mg in 0.5 N HCI) was purchased from New England
Nuclear (Boston, MA). Ammonium dithiocarbamate was prepared from
ammonia gas and carbon disulfide according to the method of Mathes
(25). The NMR probe 2,2,2-trifluoroethylamine hydrochloride (Aldrich
Chemical Co., Milwaukee, WI) was converted into its sulfate salt by
passage through an anion exchange column (Dowex 1-X8), while am-
monium dithiocarbamate was converted into its sodium salt by passage
through a cation exchange column (Bio-Rad AG-50W-X12). Absence
of chloride in the sulfate salt of 2,2,2-trifluoroethylamine was verified
with a silver nitrate test. Quinine, monensin, and insulin (bovine, 0.5%
zinc, 25.6 IU/mg) were purchased from Sigma Chemical Co. (St. Louis,
MO).

Methods

Rate of efflux of Zn®* from phospholipid vesicles. Sonicated unilamel-
lar vesicles were prepared from egg lecithin:cholesterol (molar ratio,
4:1; 10 mg of total lipid/ml) in 4 ml of 10 mM ZnCl,, 10 mm PIPES
(pH 6.0), and 100 ul of *ZnCl, stock solution (1 mCi/ml in 0.02 N HC]).
The sonicated preparation was passed through a 1.5 X 256 cm column
of Sephadex G-50, eluted with 10 mM PIPES containing 15 mM KCl
at pH 6.0. Vesicles containing 10,000 cpm/ml of entrapped ®Zn** were
eluted in the void volume. The ability of chelating agents to remove
entrapped Zn** was evaluated by incubating chelating agents at a final
concentration of 1 mM with 1 ml of vesicle stock suspension. Incubation
was carried out at room temperature in foil-covered test tubes. Trans-
port was stopped at 15 and 60 min by passing 0.5 ml of incubated
vesicles through a Sephadex G-50 column (0.5 X 12 cm) and collecting
7-drop fractions. The fractions were then counted on a Beckman
gamma counter (model Gamma 300). Transport was assessed by the
fraction of ®Zn** left in vesicles (void volume fraction) relative to the
amount initially present in zero time controls. In separate experiments,
the chelating agents did not cause the release of entrapped carboxyflu-
orescein from vesicles (experiment not described here), indicating that
these agents promote the efflux of zinc from intact vesicles. Other ion
fluxes, such as the efflux of anions or the influx of protons, required to
maintain electrical neutrality, were not studied in this experiment.

Fluorine NMR pH measurements. The method employed was
adapted from work on red blood cells by Taylor et al. (26). Multilamellar
vesicles composed of egg lecithin:cholesterol:dicetylphosphate (7.5:
2:0.5) at a concentration of 50 mg/ml were suspended in 10 mM
CFsCH;NH; (as a solution of the sulfate salt adjusted to pH 6), plus
10 mM ZnSO,. The pH of the buffer was adjusted so that the final pH,
after neutralization of the dicetylphosphate, would be 6.0. Preparations
were twice centrifuged at 6000 X g for 5 min to remove extravesicular
zinc and resuspended in 5§ mM CF;CH,NH,, 6.7 mM K;SO,, pH 6.0.
Chelating agents at final concentrations of 1 mM were added to 1.5-ml
aliquots of the vesicle suspensions. Some of the chelating agents such
as dithizone were not sufficiently soluble in water to be added as
aqueous solutions to achieve a final concentration of 1 mM. We there-
fore introduced the chelating agents in the form of a separate sonicated
suspension of egg phosphatidylcholine which had been prepared from
a lipid film containing 5-10% chelating agent by weight. Spectra were
taken at 4° after various incubation times at 4°. All spectra were
recorded on a Brucker WH 90 spectrometer using 10-mm sample tubes.
Fourier transform of the pulse free induction decay was calculated by
averaging the results of at least 500 pulses. Chemical shifts were
measured relative to CF;COOH, which was used as an external standard
with a chemical shift of —78.9 ppm. 'H decoupling was found not to be
required. The dependence of the chemical shift of CF;CH;NH; on pH
was measured at 4° in a separate experiment using 10 mm CF,CH,NH,
and 10 mM ZnSO,. The presence of ZnSO, had no effect on the observed
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chemical shift. In all NMR measurements with the liposomes, zero
time control spectra were run prior to addition of the chelating agent.
The NMR assay was particularly useful for studying the water-insolu-
ble chelating agent dithizone, as this agent could be added in the form
of a separate vesicle population. However, the use of a fluorescent
probe to monitor pH was more sensitive, allowing for the use of
sonicated unilamellar vesicles and shorter incubation times. The use
of both an NMR and a fluorescent probe further demonstrated that
the results were not dependent on the particular model system used.

Fluorescence probe pH measurements. The formation of pH gradients
across sonicated unilamellar liposomes was monitored with the use of
the fluorescent probe quinine (27). Sonicated unilamellar vesicles com-
posed of soybean lipids (Sigma, phosphatidylcholine, type IV-S) were
prepared at a concentration of 10 mg of lipid/ml in 20 mM sodium
glutamate buffer, pH 6.0, containing 8.3 mM ZnSO,. The use of chlo-
ride-containing salts or HCl was avoided as the chloride anion accel-
erates the dissipation of pH gradients (28). The extravesicular zinc was
removed by passage of the sonicated preparation through a 1.5 X 20
c¢m column of Sephadex G-50, eluted with 32.3 mM sodium glutamate,
pH 6.0. The vesicles were eluted in the void volume and were stored on
ice until used for fluorescence measurements.

The assay was performed by adding 2 ml of 20 mM sodium citrate
buffer, pH 6.0 to a 1-cm? fluorescence cuvette followed by 30 ul of the
vesicle preparation with entrapped zinc and 20 ul of a quinine solution
to give a final concentration of 0.5 uM quinine. The fluorescence
spectrum was scanned over the wavelength range 360 to 487 nm using
a Perkin-Elmer MPF-44 spectrofluorimeter in the ratio mode. The
chelating agent to be tested was then added in a 20-ul volume to give
the desired concentration (usually 0.1 mM), and the fluorescence spec-
trum was rescanned. In gradient dissipation experiments, a second
reagent was added either simultaneously with the complexing agent or
subsequently to the development of the pH gradient. A low emission
value at 382 nm indicates a drop in pH inside the vesicles where more
of the probe will partition (27). Finally, any pH gradient formed was
dissipated with the addition of 3 ng/ml of the ionophore monensin and
the resulting fluorescence spectrum again was monitored. The fluores-
cence spectra before the addition of chelating agent and after the
addition of monensin were similar. The fluorescence of quinine at a
given pH was altered by the presence of lipid. A standard curve was
established by preparing vesicles in buffers of different pH and adding
a small aliquot of them to the pH 6 buffer. This standard curve was
used to calculate the extent of the perturbation of the intravesicular
pH.

Solubilization of zinc-insulin complex. A suspension of zinc-insulin
complex at pH 6.0 was prepared adding a 4-fold molar excess of ZnSO,
to a 1 mM solution of insulin, both solutions having been adjusted
initially to pH 3 with HCL. The final pH of the mixture was adjusted
to 6.0 with KOH, whereupon the Zn-insulin complex precipitated. The
complex was centrifuged for 10 min at 12,000 X g; the supernatant was
decanted and replaced with distilled water to give a final concentration
of 4 mM insulin. The insulin-zinc slurry was then mixed with the zinc-
chelating agents. Because of the insolubility of some of the zinc-
chelating agents, particularly dithizone, these agents were incorporated
into lipid vesicles to distribute the chelating agents uniformly through
the solution so as to attain equilibrium more rapidly. Egg phosphati-
dylcholine (27 mg/ml water) admixed with 5 mM chelating agent was
vortexed and sonicated under a nitrogen atmosphere. The final pH was
adjusted to 6.0 with 0.1 N KOH or 0.1 N H;SO,. The chelating agents
plus lipid vesicles were mixed with the zinc-insulin complex to give a
final concentration of 4 mM chelating agent and 1 mM Zn-insulin. The
samples were then placed on a wrist action shaker for 1 hr at room
temperature. Following this period of equilibration, the pH of the
suspension was again monitored and the samples were centrifuged at
12,000 X g for 10 min at 4°. The concentration of insulin remaining in
the supernatant was measured using the Bio-Rad dye-binding protein
assay.

RESULTS

Effect of chelating agents in the permeability of zinc
ions across phospholipid membranes. The abilities of che-
lating agents to accelerate the diffusion of zinc across
the phospholipid bilayer of the vesicles are summarized
by calculating the percentage of zinc which had escaped
from the vesicles after 15 and 60 min (Table 1). For each
vesicle preparation, the amount of zinc removed from
the vesicle fraction in the presence of a chelating agent
was corrected for the amount of zinc transport in the
absence of chelating agent (control vesicles) after 15 and
60 min. This correction was always 2% or less of the
total radioactivity associated with the vesicles. The pres-
ence of the water-soluble chelating agent EDTA did not
enhance the rate of zinc transport. In the cases of DDC
and dithizone, the presence of the chelating agent al-
lowed more zinc to associate with the vesicles than
occurred with the control. This was especially true for
dithizone which has very limited water solubility even in
the absence of zinc. DDC and dithizone may be poor
ionophores because of the strong tendency of their zinc
complexes to partition into the lipid bilayer.

The diabetogenic chelating agents oxine and 8-hy-
droxyquinaldine are the most potent zinc ionophores.
Tolbutamide and chlortetracycline are relatively weak in
promoting the transport of zinc. However, there is little
correlation between the ability of these compounds to
induce diabetes and their action as zinc ionophores.
Thus, dithizone, which is diabetogenic (1, 2), is a poor
zinc ionophore, while another diabetogenic agent, oxine
(2), is a potent zinc ionophore. Thus, other factors must
play an important role in determining the diabetogenicity
of these chelating agents.

Acidification of the contents of zinc-containing vesicles
by chelating agents. Using fluorine NMR, we observed

TABLE 1
Effect of chelating agents on the transport of Zn** from phospholipid
vesicles
Release of intravesicular 10 mM labeled Zn** (as the chloride) from
sonicated vesicles of egg lecithin:cholesterol (molar ratio, 4:1) at room
temperature into 10 mM PIPES containing 15 mM KCl at pH 6.0.

Compound added (1.0 mMm) Transport®
15 min 60 min
%
8-Hydroxyquinoline (oxine) 90+ 2 9% +1
8-Hydroxyquinaldine 92.6 +£ 0.2 95 + 2
8-Hydroxyquinoline-5-sulfonic acid 302+ 09 0+2
4,8-Dihydroxy-2-quinolinecarboxylic
acid (xanthurenic acid) 15+8 32+3
Dithizone -363+0.2° -—22+2°
DDC -40+02° 11%08
Tolbutamide 5+3 22+5
Chlortetracycline 45+03 12+ 4
EDTA 0 0

¢Mean + SD (n = 4); corrected for release of the ®Zn label in the
absence of any chelating agent and expressed as per cent loss from zero
time.

® Negative values indicate the presence of more ®Zn in the vesicles
containing the chelating agent than are found in control vesicles
without chelating agent.
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that the addition of oxine or of dithizone consistently
gave rise to a shoulder on the resonance line for the
CF3;CH,NH; probe (Fig. 1). The position of this shoulder
corresponded to an acidification of the intravesicular pH
of =0.6 pH unit. Since the intravesicular volume is only
about 5% compared with the total volume of the solution,
the major peak corresponds to the extravesicular probe.
The shoulder could be eliminated with the addition of
excess Triton detergent. The appearance of the shoulder
in the NMR spectra was not observed with vesicles not
containing entrapped zinc ions. Unlike oxine or dithi-
zone, the addition of EDTA did not lead to a shoulder
on the NMR resonance line. The results support the
hypothesis that diabetogenic chelating agents can acidify
the contents of zinc-containing liposomes. In some cases,
it was difficult to quantitate the extent of acidification
of the vesicular contents because of the broadness of the
signals. Among the factors contributing to the broadness
of the peak is the instability of the pH gradient formed.
This line-width enhancement was likely caused by a slow
exchange of the CF;CH;NH; during the 10 min required
to achieve a good signal to noise ratio. In addition, there
may be heterogeneity of the intravesicular pH in the
various compartments of the multilamellar vesicles.
Cooling the suspension to 4° during the NMR experi-
ments significantly reduced these problems but did not
eliminate them completely. The fluorescence assay was
used for more extensive studies.

The changes in quinine fluorescence after the addition
of 0.1 mM chelating agent were dependent on the pres-
ence of Zn’* entrapped in the vesicles. The diabetogenic
zinc-chelating agent oxine, which liberates protons upon
binding zinc, caused the acidification of vesicle contents
(Table 2). The decrease in pH induced by oxine using
this fluorescence assay was much greater than that ob-
served with the NMR method. The two systems are
difficult to compare directly, but some of the factors that
may have contributed to the decreased pH shift in the
NMR experiment are as follows. Multilamellar rather
than single-walled vesicles were used for the NMR stud-
ies (to obtain sufficient signal strength) making it more
difficult for the chelating agent to equilibrate with the
inner core of the vesicles. The greater internal volume of
the multilamellar vesicles requires a larger liberation of
protons to affect the same pH change. The higher probe
concentration for the NMR experiments and the longer
time required to measure the response of the probe (about
15 min for signal averaging in the NMR experiment
versus only 3-4 min to acquire the fluorescence spectra)
potentiate the dissipation of any pH gradient that might
form.

Using the fluorescence assay, we find that DDC, a
chelating agent which does not liberate protons when it
binds to zinc in aqueous solution, nevertheless strongly
acidified the contents of zinc-containing vesicles (Table
2). The mechanism by which this occurs must have other
contributions than zinc complex formation (see below).
A more stable compound, structurally similar to DDC is
ammonium dithiocarbamate (25).2 This substance also
acidified the contents of zinc-containing vesicles, albeit

2R. M. Epand, A. R. Stafford, and E. Nieboer, unpublished results.
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somewhat less than DDC (Table 2). Since DDC has been
shown to protect rabbits against the induction of diabetes
by oxine (13), we tested the ability of its analogue,
ammonium dithiocarbamate, to decrease the extent of
acidification of vesicle contents caused by oxine. No
protective effect was observed in this in vitro system
(Table 2). One of the products of the degradation of
DDC, diethylamine, was able to reduce the extent of
acidification of vesicle contents caused either by DDC or
by oxine. This result suggests that diethylamine accel-
erates the dissipation of pH gradients as occurs in general
with permeant weak bases. This was directly tested in
our system either using an intravesicular pH of 2.5
induced by the addition of DDC (Table 3) or with a
vesicle preparation with an internal pH of 3.0 suspended
in a buffer at pH 6 (Table 4). It was found that ammo-
nium sulfate and diethylamine can dissipate the pH
gradient with a time course indicating a rapid release of
protons from the vesicle within the first minute, followed
by the release of protons at a rate at least an order of
magnitude slower (Table 3). In the absence of added
substance, there is a slow dissipation of the DDC-induced
pH gradient (Table 3), possibly due to the formation of
diethylamine from DDC breakdown or outward move-
ment of DDC (see Discussion). The slower phase may be
rate limited by ion transport required to maintain elec-
trical neutrality. For subsequent measurements, the flu-
orescence readings were taken within 1 min after addi-
tion of the compound being tested, and the fractional
change in the pH gradient was recorded. In the absence
of added compound, or after addition of 100 uM sodium
dithiocarbamate, there was no rapid dissipation of the
pH gradient (Table 4). By contrast, very low concentra-
tions of diethylamine as well as of ammonium sulfate
rapidly dissipated the pH gradient (Table 4). This phe-
nomenon may contribute to the protective effect of DDC.

Solubilization of insulin from zinc-insulin precipitates
by zinc-chelating agents. We have simulated the major
contents of insulin storage granules with zinc-insulin
suspensions and have measured the ability of these che-
lating agents to solubilize the insulin from these suspen-
sions. The solubility of the Zn-insulin precipitate was
strongly dependent on pH with the minimum solubility
occurring at about pH 6 and with markedly greater
solubility below pH 5 or above pH 7. As expected, the
diabetogenic chelating agents oxine and dithizone acidi-
fied the suspensions of zinc-insulin and solubilized a
large proportion of the insulin (Table 5). EDTA also
induced the dissolution of a significant quantity of in-
sulin. This dissolution of insulin is not likely to be
predominantly the result of removing zinc from the
precipitate since we found that the solubility of zinc
insulin was similar to zinc-free insulin, especially at more
acidic pH values (data not shown). We suggest that the
observed acidification accompanying solubilization is
similar to events which could occur in the interior of
insulin storage granules within pancreatic g-cells. In-
stead of acidification, DDC caused an increase in the pH
of the zinc-insulin suspensions. Thus, the ability of this
chelating agent to acidify the contents of zinc-containing
vesicles is likely to occur by a mechanism different from
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pH 5.26
pH 6.01 pH 534
pH 4.58
pH
1 1 1 1 1 1 1 1 1 1 1 1
-710 -720 =730 -74.0 -700 -71.0 =720 -730 -70.0 -710 =720 -730
(ppm) (ppm) &(ppm)
pH 5.99
pH 5.75
pH 4.67-
pH 5.06
' 1 1 | 1 1 1 1
-71.0 =720 =730 =740 -71.0 -72.0 -730
§(ppm) &(ppm)

FI1G. 1. F NMR spectra of zinc-containing multilamellar vesicles

Vesicles composed of lecithin, cholesterol, dicetylphosphate (7.5:2.0:0.5) were prepared (50 mg/ml) and chelating agents were added in the
form of a vesicle suspension as described in Materials and Methods. The pH values shown were obtained from a pH chemical shift calibration
curve for CFsCH,NH;. Spectra (500 pulses) were recorded at 90 MHz and 4°. A, prior to addition of chelating agent; B, 5-min incubation with 1
mM oxine; C, 5-hr incubation with 1 mM oxine; D, 5-min incubation with 1 mM dithizone; E, 3-hr incubation with 1 mM dithizone.
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TABLE 2
Fluorescent probe assay of acidification of the contents of zinc-
containing vesicles
Intravesicular ApH was measured with quinine using sonicated
vesicles of soybean lipids containing 8.3 mM Zn** (as sulfate) in 20 mM
glutamate, pH 6.0. The extravesicular solution was 20 mM sodium
citrate, pH 6.0. Values are mean + SD (n = 2-10)

Compounds added (0.1 mm)° Intravesicular
ApH®

8-Hydroxyquinoline (oxine) -32+03
DDC -35+02
Ammonium dithiocarbamate -1.8+0.2
Ammonium dithiocarbamate + oxine® -32+02
Diethylamine + oxine* -21+0.2
Diethylamine + DDC* -20+0.1
Sodium dithiocarbamate -1.5+0.1
Sodium dithiocarbamate + oxine® -35+02
8-Hydroxyquinoline-5-sulfonic acid 0

Tolbutamide 0

EDTA 0

*The strong absorption of the zinc-dithizone complex in the UV/
visible region of the spectrum prevented the use of dithizone in this
experiment.

® Estimated from a standard curve comparing fluorescence change
with ApH using preformed (known) gradients (see Materials and Meth-
ods).

¢ The two compounds were added together to give a final concentra-
tion of 0.1 mM each.

TABLE 3
Dissipation of preformed pH gradients with time in the presence of
diethylamine or ammonium sulfate

A pH gradient between an external pH of 6 versus an internal pH
of 2.5 was first generated with 0.1 mM DDC. Its dissipation with time
was recorded after the addition of 0.1 mM ammonium sulfate or
diethylamine. Other conditions as for Table 2. Values are mean + SD
(n=23).

Time Dissipation Dissipation Dissipation
with no with with
addition ammonium sulfate diethylamine

min % % %

0° 0 283 + 0.4 26+ 3
1.0 44+0.1 30.6 £ 0.2 33+5
2.0 10+1 33+2 3756
5.0 21+1 43+ 2 468

°T = 0 represents the minimum time (less than 1 min) after the
addition of ammonium sulfate or diethylamine (0.1 mm).

that of the diabetogenic zinc-chelating agents. Prelimi-
nary data suggest that the accumulation of the DDC
anion occurs by H* symport or OH™ antiport. The rise
in pH occurs because DDC and ammonium dithiocarba-
mate are unstable at acidic pH, decomposing into carbon
disulfide and a base (ammonia or diethylamine) with the
consumption of 2 protons near neutral pH. Since insulin
is more soluble above as well as below pH 6, DDC and
ammonium dithiocarbamate cause some solubilization of
insulin (Table 5). This decomposition could contribute
to the protective effect that DDC gives against diabeto-
genic zinc-chelating agents by reducing the drop in pH
caused by these agents. In addition, vesicular DDC efflux
might have a similar ameliorating effect. Tolbutamide
had very little effect in this system.
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TABLE 4
Dissipation of preformed pH gradients
Conditions were as for Table 3.

Compound added Concentration Dissipation of
pH gradient®

%

Diethylamine 10 nM 25

100 nM 37

1uM 47

10 uM 50

100 uM 63

1 mM 7%

Ammonium sulfate 100 uM 21

300 uM 49

500 uM 56

Sodium dithiocarbamate 100 uM 0

None 0

* Rapid dissipation of a preformed pH gradient (intravesicular pH
3, extravesicular pH 6) less than 1 min after the addition of the reagent.

TABLE 5
Effect of addition of chelating agents to zinc-insulin suspensions at pH
6.0 on the pH and on the extent of solubilization of insulin

This experiment was carried out in the presence of lipid vesicles
(see Materials and Methods). Suspensions of insulin which had been
precipitated with zinc at pH 6 were mixed with the indicated compound
which had been previously sonicated with egg phosphatidylcholine
(required to disperse the water-insoluble dithizone). The resulting
change of pH and solubilization of insulin were measured. Values are
mean + SD (n = 3)

Compound added (4 mm) ApH Insulin
Solubilized
%

None 0.05 + 0.05 74+08
8-Hydroxyquinoline (oxine) —1.08 + 0.03 423
Dithizone -1.5+0.1 97+3
DDC 05+0.1 26+ 2
Ammonium dithiocarba-

mate 0.75 + 0.09 395
Tolbutamide 0.07 £ 0.03 9.4 +0.7
EDTA -13+04 31+3

DISCUSSION

Zinc slows the release of insulin in vivo and probably
contributes to stabilizing the storage form of insulin (5).
Thus, one might anticipate that zinc ionophores would
be diabetogenic as a result of their ability to remove zinc
from pancreatic insulin storage granules. Oxine and 8-
hydroxyquinaldine are cases in point as they readily
transport Zn?* from phospholipid vesicles, removing vir-
tually all of the zinc in the first 15 min (Table 1). Further,
the nondiabetogenic and hydrophilic chelating agents 8-
hydroxyquinoline-5-sulfonic acid and xanthurenic acid
are poorer ionophores, presumably because of their lower
ability to partition into the bilayer. However, the diabe-
togenic ligand dithizone likely promotes the partitioning
of the resulting zinc complex into the membrane, rather
than acting as an ionophore (29). Chlortetracycline is
thought to be a calcium ionophore (30) as is tolbutamide
(31), although the ionophoretic ability of tolbutamide
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has been questioned (32). Neither tolbutamide nor chlor-
tetracycline transports zinc (Table 1). Therefore, our
data suggest that diabetogenic zinc-chelating agents
either accelerate the transport of zinc across phospho-
lipid membranes or render it lipid soluble. It is concluded
that the ability to cross lipid membranes and to complex
zinc inside liposomes are attributes essential for biolog-
ical activity related to the diabetogenicity of zinc-chelat-
ing agents.

The ability of chelating agents to acidify the interior
of zinc-containing vesicles correlates most directly with
diabetogenicity. The two potent diabetogenic zinc-che-
lating agents oxine and dithizone can create pH gradients
across the bilayer of zinc-containing vesicles (Fig. 1 and
Table 2). They are both lipophilic compounds and can
therefore easily cross lipid membrane barriers. In gen-
eral, the ability of a chelating agent to acidify the con-
tents of zinc-containing vesicles will depend not solely
on its permeability and the extent of proton release upon
chelation of zinc in water. It will also be determined by
the distribution of the zinc-chelating agent and its metal
complex between aqueous and membrane phases and the
effect of this partitioning on the proton ionization con-
stants of the chelating agent (Table 6). Oxine, 8-hy-
droxyquinaldine, 8-hydroxyquinoline-5-sulfonic acid,
and xanthurenic acid have a pK, which is above 6. Thus,
this group would be protonated at pH 6 leading to the
liberation of a proton upon chelation of zinc. If the
chelating agents partitioned into a nonpolar environ-
ment such as the phospholipid membrane, this pK,
would increase and a proton would still be liberated upon
the chelation of zinc. In the cases of dithizone or DDC,
pK, is below 6 and protons would not be liberated when

zinc is chelated in an aqueous environment; however,
this pK value is shifted above 6 in a nonpolar environ-
ment. Thus, in the presence of the typical lipid concen-
trations used, dithizone can release protons when parti-
tioned in a membrane phase. This does not occur with
DDC, EDTA, or insulin because they are less lipophilic.

Oxine and dithizone also promote the solubilization of
zinc-insulin complexes at physiological pH values (Table
5). They would thus cause a marked increase in the
osmotic pressure within insulin storage granules leading
to their rupture, to their fusion with other organelles, or
to exocytosis. By contrast, the nondiabetogenic (12) and
more hydrophilic chelating agents 8-hydroxyquinoline-
5-sulfonic acid and EDTA do not cause acidification of
the vesicle contents (Table 2), presumably because they
are not sufficiently permeable to the bilayer. EDTA does
cause some solubilization of insulin-zinc complexes (Ta-
ble 5), as expected from the release of protons accom-
panying complex formation at pH 6 (see Table 6). It
appears that the water-soluble chelating agents are not
diabetogenic because they are unable to enter the cell.
Tolbutamide is not diabetogenic and it does not acidify
the contents of zinc-entrapped vesicles (Table 2), nor
does it solubilize zinc-insulin precipitates (Table 5).
Thus, all of the diabetogenic chelating agents tested not
only are lipophilic but they also release protons upon
chelation of zinc as demonstrated by their ability to
acidify the contents of zinc-containing vesicles. This
reaction can take place with zinc-insulin as the source of
Zn?* jons because the diabetogenic chelating agents have
a greater affinity for zinc than the weaker binding sites
of insulin (compare apparent complex stabilities at pH 6
listed in Table 6). Inside granules, the concomitant acid-

TABLE 6
Proton dissociation constants and zinc-binding affinities of chelating agents
Compound Ligand Complex Fraction of Apparent complex Charge of  Protons
acidity® stability® ligand (of,,) stall;ilétg meulal liberateld
- resent in at .0, complex on complex
PKa (=12, etc) log Kzar log Kzai, unprgtonated form logpﬂ,.’ (n) ME,., formatign of
at pH 6.0° charge = ML, at pH
(n) 6.0¢
8-Hydroxyquinoline (oxine) 5.0 (1) 9.7 (2) 8.5 73 1.8x 10 8.3 (2) 0(2) 22
8-Hydroxyquinaldine 5.6 (1) 10.0 (2) 7.8° 7.5¢ 7.2x 1078 6.0 (2) 0(2) 26
8-Hydroxyquinoline-5-sul-
fonic acid 3.9 (2) 8.4 (3) 7.5 6.8 4.0x10°° 9.5 (2) -2(2) 20
Xanthurenic acid 39 (2)° 8.6 (3)° 6.4¢ 4.7° 2.5 %1073 5.9 (2) -2(2) 20
Dithizone 4.5 (1) 10.0 (1) 7.8 7.3 0.97, (107%)/ 15.1 (2), 7.1 (2) 0(2) 0, (2.0)(2.0)
DDC 3.4 (1) 7.0 (1) ~6 ~5 1.0, (9 x 107%  11.0 (2),8.9 (2 0(2) 0, (1.8)(0)*
EDTA 6.2 (3) 10.3 (4) 16.3 1.9 x10°° 11.6 (1) -2(1) 16
Insulin 5.3 (1)* 3.9 (1)

¢ Data are taken from current compilations of equilibrium constants; values refer to 25° and an ionic strength of 0.1 M.

b a;, was calculated as described in Laitinen and Harris (38).

© Apparent complex stability is equal to log [8, (aL)"] with 8, = K- Kap,- - - - K, (38).

4 Calculated from ayr + 2any + - - -iany (38); for value of n, see previous column.

¢ Obtained by applying a correction factor to data determined in 50% dioxane-water solvent mixture.

/ Corresponds to the equilibrium HL = L~ + H*, with HL the reagent concentration in CHCly; L~ and H* refer to the aqueous phase. Equal

volumes of organic and aqueous phases are assumed.

2 This calculation takes into account that the lipid component constituted 2% of the total volume in the insulin solubilization experiments.
Dithizone was present entirely as HL, dissolved in the lipid phase; DDC was largely present as the anion in the aqueous phase.

*k Corresponds to “tightly” bound zinc ions (2 sites per hexamer at pH 6.0) (39).

i Corresponds to “weakly” bound zinc ions (10-12 sites per hexamer at pH 6-8) (39).
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ification promotes the dissolution of insulin and the
building up of osmotic pressure, and thus the postulated
rupture of the granule.

A special case constitutes drugs which can hydrolyze
or rearrange after they have entered the storage granule.
A possible example of this is alloxan. This substance can
readily be taken up by g-cells (33) but may not chelate
zinc (10). However, it can readily rearrange to alloxanic
acid (34). Alloxanic acid itself is not diabetogenic because
it would probably be too polar to penetrate cell mem-
branes. However, if alloxan were converted to alloxanic
acid within the storage granules, the rearrangement itself
would release protons and additional acidification might
also take place upon chelation of zinc with the alloxanic
acid. Alloxan is known to lower the pH within pancreatic
islets, and this has been suggested to be of importance
in its mechanism of action (35). Thus, alloxan cannot be
excluded from our general mechanism of the diabetogenic
action of zinc-chelating agents, although because of its
reactivity other mechanisms may also be involved.

A more complicated example is DDC. This zinc-che-
lating agent has been found to protect rabbits against
dithizone-induced diabetes, although, like the diabeto-
genic zinc-chelating agents, it has also been found to
stimulate the release of insulin from the pancreas (36).
A number of factors contribute to these effects. In our
model system, DDC exhibits a property of the diabeto-
genic zinc-chelating agents by causing the acidification
of zinc-containing vesicles. The mechanism by which
DDC establishes a pH gradient is different from that of
oxine or dithizone since DDC does not release protons
upon chelation of zinc in aqueous media, nor is it ex-
pected to do so effectively in the presence of liposomes
(see Table 6). This difference could account for the fact
that DDC is not diabetogenic. We have clearly demon-
strated that DDC is taken up by lipid vesicles at pH 6
(data not reported). Accumulation of DDC in the vesicle
(both in the lipid phase and intravesicularly) requires
protons. The process is driven by the chelation of zinc
which is found only intravesicularly. Conversely, DDC
efflux would result in an intravesicular pH increase, and
this might contribute to the dissipation with time re-
ported in Table 3 (no additions), and to the protective
effect against dithizone reported for DDC in animal
studies. It is also possible that the products of DDC
degradation, diethylamine and carbon disulfide, pass
through the membrane and then reform DDC inside the
vesicle in the presence of zinc with the liberation of 2
protons. Any subsequent decomposition of the intrave-
sicular DDC would consume protons. Thus, the dieth-
ylamine formed from the breakdown of DDC can func-
tion to dissipate pH gradients, both by acting as a base
as well as by accelerating proton fluxes across the vesicle
membrane. Inside the storage granule, the DDC anion
can chelate zinc without the liberation of protons to form
a hydrophobic complex which partitions into the mem-
brane (29), perhaps serving as a reservoir of zinc ions
which would be available for complexing with insulin.
The ability of DDC to act as a radical scavenger (37)
may also protect against the induction of diabetes.

We are currently testing the proposed osmotic mech-
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anism using isolated 8-cells and isolated insulin storage
granules.
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