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Cyanide Is a highly toxic agent that Inhibits mitochondrial
cytochrome-c oxidase, thereby depleting cellular ATP. It con-
tributes to smoke Inhalation deaths In fires and could be used as
a weapon of mass destruction. Cobalamin (vitamin B1:z) binds
cyanide with a relatively high affinity and Is used In Europe to
treat smoke Inhalation victims. Coblnamlcle, the penultimate
compound In cobalamin biosynthesis, binds cyanide with about
1010 greater affinity than cobalamin, and we found It was
several-fold more effective than cobalamin In (I) reversing
cyanide Inhibition of oxidative phosphorylation In mammalian
cells; (II) rescuing mammalian cells and Drosophila melanogas-
fer from cyanide toxicity; and (III) reducing cyanide Inhibition of
Drosophila Malplghlan tubule secretion. Coblnamlde could be
delivered by oral Ingestion, Inhalation, or Injection to DrosophI-
la, and It was as effective when administered up to 5 mlns post-
cyanide exposure as when given pre-exposure. We conclude
that coblnamlde Is an effective cyanide detOXifying agent that
has potential use as a cyanide antidote, both In smoke
Inhalation victims and In persons.exposed to cyanide used as
a weapon of mass destruction. Exp Bioi Mad 231:641-651, 2006
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Introduction
Cyanide is a potent toxin with the LDso of potassium

cyanide (KCN) for animals in the range of 2-8 mg/kg, and
in humans, as little as 50 mg may be fatal (I). It has been
used throughout history as a homicidal and suicidal agent
and was used in chemical warfare in World War I, in Nazi
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concentration camps in World War IT (referred to as Zyklon
B), and was likely used during the Iran-Iraq War in the early
1980s (2). Cyanide has the potential to be used as a weapon
of mass destruction, particularly in closed spaces, such as
airports and train stations (3-5).

Cyanide gas is generated during the combustion of any
material containing carbon and nitrogen, including cotton,
plastics, silk, and wool, and, thus, cyanide gas is produced
in residential and industrial fires (6). With the advent of
more synthetic-based materials used in construction,
cyanide gas may be responsible for as many deaths from
smoke inhalation as carbon monoxide (6-9). Cyanide binds
to metalloenzymes, and its primary intracellular target is
considered to be cytochrome-c oxidase (i.e., complex N of
the mitochondrial electron transport chain) (10).

Several antidotes for cyanide intoxication exist, includ-
ing sodium nitrite, sodium thiosulfate, and hydroxo-
cobalamin (vitamin B I2J (11). Sodium nitrite generates
methhemoglobin (ferric hemoglobin), which has a high
affinity for cyanide but can no longer bind oxygen and, thus,
in smoke inhalation victims can exacerbate the reduction in
oxygen-earrying capacity induced by carbon monoxide
(12). Sodium thiosulfate acts as a sulfur donor for the
enzyme rhodanese, which detoxifies cyanide by converting
it to thiocyanate, but rhodanese is limited both in tissue
distribution and amount. Cobalamin binds cyanide with a
relatively high affinity (KA :::::: 1012 ~J) (13), but still 4 to 5
g are required when treating victims of smoke inhalation. In
the United States, sodium nitrite and sodium thiosulfate are
used as cyanide antidotes, while in France and several other
European countries, hydroxo-eobalamin is favored (14).

Cobinamide is the penultimate precursor in the biosyn-
thesis of cobalamin, lacking the dimethylbenzimidazole
nucleotide tail coordinated to the cobalt atom in the lower
axial position (Fig. 1). Thus, whereas cobalamin has only an
upper ligand binding site, cobinamide has both an upper and
a lower ligand binding site; moreover, the dimethylbenzi-
midazole group has a negative trans effect on the upper
binding site, thereby reducing cobalamin's affinity for
ligands (15). The net effect is that cobinamide has a much
greater affinity for cyanide ion than cobalamin, with a KA of
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Figure 1. Structures of cobinamide and cobalamin. Shown is the
structure of cobalamin; cobinamide lacks the dimethylbenzimidazole
nucleotide tail linked to the cobalt atom in the lower axial position.
The "A" is a cyanide group in cyanocobalamin (vitamin 8 12) ,

~ 1022 ~I (13), indicating that cobinamide should be a
more effective cyanide detoxifying agent than cobalamin.
However, one cannot assume that in vitro affinities will
translate to in vivo conditions; for example, intracellular
proteins may bind cobinamide and cobalamin to varying
degrees, and it was, therefore, important to compare the
cyanide detoxifying properties ofcobinamide and cobalamin
under physiologic conditions. We now show both in cultured
mammalian cells and an intact organism that cobinamide is
superior to cobalamin as a cyanide detoxifying agent.

Materials and Methods

Materials. Cobinamide was produced by acid hydrol-
ysis of cobalamin (Sigma Chemical Co., St. Louis, MO), as
described previously (16); unless noted otherwise, "cobi-
namide" and "cobalamin" refer to their hydroxo derivatives.
The purity of cobinamide was assessed spectrophotometri-
cally and by elution as a single peak by high-performance
liquid chromatography on a reversed-phase column, with
the eluent monitored by UV absorption at 348 nm (16).
Potassium cyanide (Fisher Scientific, Pittsburgh, PA) was
dissolved in 10 mM NaOH, and experiments, where KCN
was injected into flies, it was diluted into 10 mM Na2C03,
pH 9.5. Chinese hamster lung fibroblasts (Chinese hamster
cells) obtained from the American Type Culture Collection
(CCL 16, Manassas, VA) were grown as described
previously (17). Wild-type Oregon R Drosophila mela-
nogaster from the Bloomington Stock Center (Blooming-
ton, IN) were used as described previously (16). Beveled
33-gauge needles and 2.5-J.lI syringes were from the
Hamilton Company (Reno, NV).

Measurement of Respiratory Activity of Chi-
nese Hamster Cells. Mitochondrial respiratory activity

of Chinese hamster cells was assessed by measuring oxygen
consumption as described previously (17). Briefly, cells
were harvested by trypsinization, resuspended in 20 mM
Hepes (pH 7.1), 250 mM sucrose, and 10 mM MgCh, and
were permeabilized with 100 mg/ml digitonin. An amount
of permeabilized cells corresponding to ::::; 0.5 mg of protein
was transferred to a metabolic chamber maintained at 37°C.
The chamber was filled completely with the Hepes-sucrose-
MgCl2 buffer; we were careful to assure that no air bubbles
were present. Cellular oxygen consumption was measured
polarographically with a Clark oxygen electrode under basal
conditions after stimulation by 5 mM sodium succinate and
glycerol 3-phosphate and after adding 250 JlM KCN,
followed by variable amounts of cobinamide or cobalamin.

Measurement of Growth of Cyanide-Treated
Chinese Hamster Cells. Cells were grown in glucose-
free Dulbecco's modified Eagle's medium supplemented
with 25 mM galactose and 10% fetal bovine serum, as
described previously (17). After 24 hrs of equilibration in
the medium, 100 JlM KCN was added (referred to as zero
time); KCN was additionally added at 8 and 24 hrs, and
cells were counted at 48 hrs using a Model ZM Coulter
Counter. To some cultures, 10 JlM cobinamide was added at
zero time.

Delivery of Coblnamlde and Cobalamin to D.
melanogaster. Ingestion of Cobinamide and Cobala-
min. Flies were grown on food containing cobinamide or
cobalamin, as described previously (16). Briefly, standard
fly food paste was liquified by heating to 40°C, and after
adding cobinamide or cobalamin to final concentrations of
100 J,lM', the food was cooled to room temperature. Flies
were grown on the cobinamide- or cobalamin-supplemented
medium from the first instar larval stage prior to use in
experiments. We observed no toxicity from either agent,
even when flies were grown for more than 10 generations on
the supplemented food.

Injection of Cobinamide and Cobalamin. Flies
anesthetized on ice were injected into the thorax with 1 III
of water, or with I J.lI of 500 JlM cobinamide or cobalamin
dissolved in water, using a 33-gauge needle attached to a
2.5-J.ll syringe. They were allowed to recover for 10 mins
and were then exposed to HCN, as described below. In
some experiments, they were exposed to HCN first and were
injected within 1 min of HCN exposure.

Inhalation of Cobinamide and Cobalamin. The
mouthpiece of a nebulizer (Easy Mist, Prestige Medical,
Northridge, CA) was attached to a 1 X 3-cm chamber
consisting of plastic tubing; gauze with cotton wool at the
proximal end of the chamber reduced the rate of air flow and
minimized turbulence. After a 10-min equilibration in the
chamber, flies were exposed for 2 mins to nebulized water
or nebulized 100 J,lM' cobinamide or 100 J,lM' cobalamin. The
flies were allowed to recover for 2 mins prior to further
treatment.

Exposure of D. melanogaster to HCN and
KCN. Exposure to HCN. Flies were transferred to a 10-
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ml plastic vial, and after a 10-min equilibration period, HCN
was generated in the vial by spotting 1 JlI of a 1 or 10 mM
KCN solution on a 0.5 X 0.5-cm square of Whatman #1
filter paper, which was placed immediately in the vial. The
vial was shaken gently for 20 sees to force the insects to fly
and open their respiratory spiricles, and after a l-min total
HCN exposure, the paper square was removed. The HCN
caused all flies, including those previously treated with
cobinamide or cobalamin, to fall motionless to the bottom of
the vial. flies were monitored for activity, and those able to
walk or fly within 1 hr were considered recovered. We
showed in control experiments that water spotted on the
Whatman paper had no effect on the flies and that
pretreating the paper with 10 mM NaGH completely
prevented subsequent toxicity of KCN, indicating that the
paper was sufficiently acidic to generate HCN. Consistent
with the latter point, we showed that by leaving the filter
paper in the vial for 1 hr (without flies), we could
quantitatively recover KCN spotted on the paper in NaGH
in the bottom of the vial (as described below). Since not all
of the KCN was necessarily released as HCN during the
I-min exposure of the flies, and since some of the generated
HCN gas could condense into liquid at room temperature,
the stated concentrations of HCN gas represent the maximal
concentration to which the flies were exposed.

Injection with KeN. Anesthetized flies were injected
with 1 III of 10 mM Na2CG3, pH 9.5, or I III 100 j.lM KCN
dissolved in the Na2C03 solution, as described above for
injection with cobinamide or cobalamin.

Measurement of HCN. Cyanide gas generated in
vials was measured by collecting the HCN in 0.2 ml of 100
mM NaGH in the bottom of the vials, being careful not to
allow the paper containing the KCN to contact the NaGH.
Cyanide in flies exposed to HCN was measured by
extracting 20 flies in 500 III of 100 mM NaGH. In both
cases, the resulting NaCN was measured by incubation with
p-nitrobenzaldehyde and o-dinitrobenzene, with the colored
product measured at 578 nm (18). The assay was linear
between 1 and 15 j.lM NaCN.

Effect of KCN on Malplghlan Tubule Secretion
In D. me/anogaster. The Malpighian tubules of D.
melanogaster are the insect's fluid transporting and
osmoregulatory organ, corresponding to vertebrate kidneys.
We measured rates of tubular secretion as described
previously (16). Briefly, the two pairs of Malpighian tubules
of a fly were dissected from to adult flies, which had been
grown on either standard food or food containing 100 j.lM
cobinamide or cobalamin. Each tubule pair with its
accompanying ureter was suspended in mineral oil, with
the nonureteral end of one tubule bathed in a 10-lll droplet
of Schneider's Insect medium and the corresponding end of
the other tubule immobilized on a dissecting pin. The
amount of fluid transported by the tubule bathed in
Schneider's medium was determined every 10 mins at
room temperature by measuring the size of drops formed at
the end of the ureter. After measuring basal fluid secretion

rates over three lO-min intervals, KCN was added at a final
concentration of 100 j.lM to the droplet of Schneider's
medium, and rates of fluid secretion were measured for three
additional 10-min intervals.

Statistical Analyses. Differences between sets of
data were compared using a non-paired t test.

Results

Cobinamlde Recovers Respiratory Activity In
Cyanide-Treated Chinese Hamster Cells. We have
shown previously that measuring respiratory activity in
penneabilized Chinese hamster cells incubated with succi-
nate and glycerol 3-phosphate accurately reflects cyto-
chrome-c oxidase activity (17). Cyanide is an effective
inhibitor of cytochrome-c oxidase, and we found that 250
j.lM KCN almost completely inhibited respiratory activity in
Chinese hamster cells (Fig. 2a). At physiologic pH, KCN
will be converted to HCN, since the pKa of the latter is 9.3;
although the boiling point of HCN is 25.7°C and the
experiments were performed at 3rC, it is unlikely that any
of the generated HCN escaped from the buffer, since the
incubation chamber was filled completely with buffer and
sealed tightly. Adding cobinamide rapidly increased respi-
ratory activity, and at an equimolar concentration as KCN,
full recovery occurred (Fig. 2a, upper tracing shows
cobinamide at 150 j.lM, and Fig. 2b, closed circles, shows
a dose-response from 50 to 300 j.lM cobinamide).
Cobalamin was less potent than cobinamide, inducing a
maximum 42% recovery of respiration at 250-300 j.lM (Fig.
2a, lower tracing shows 250 j.lM cobalamin, and Fig. 2b,
open circles shows a dose-response). Neither cobinamide
nor cobalamin alone had any effect on oxygen consumption.

Coblnamlde Restores Growth In Cyanide-Treat-
ed Chinese Hamster Cells. If glucose is available,
cultured mammalian cells can derive all of their ATP from
glycolysis when oxidative phosphorylation is inhibited (19).
Thus, to study cyanide's effect on cell growth, we had to use
glucose-free medium containing galactose as a sugar source
(17). Because KCN will be converted to HCN under
physiologic conditions, and because HCN is volatile, we
had to add KCN serially over time. Treating Chinese
hamster cells with 100 j.lM KCN at zero time and at 8 and 24
hrs inhibited growth at 48 hrs by 31% ± 5% (mean ±
standard deviation [SD] of three independent experiments).
Adding 10 j.lM cobinamide at zero time restored the cell's
growth rate to normal, Presumably the reason low amounts
of cobinamide were effective is that most of the generated
HCN vaporized from the culture medium.

Coblnamlde Detoxifies Cyanide in D. me/ana-
gaster. Delivery of Cobinamide via Ingestion. Droso-
phila melanogaster is recognized to be a model for human
disease and is used increasingly in drug discovery (20). As a
flying insect, D. melanogaster has a high metabolic rate and
would be expected to be highly sensitive to HCN. The gas
could enter flies within seconds through their spiricle-
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10 ~l in the flies (21); human fatalities occur at cyanide
concentrations above 40 J,lM (I). When flies were grown on
food containing 100 J,lM cobinamide and then exposed to
HCN, 90% survived the gas exposure, both at 2.2 and 22
ppm (Fig. 3a, cross-hatched bars). Survival of the
cobinamide-fed flies was similar to that of mock-treated
flies not exposed to HCN (Fig. 3a, filled bar). This is to be
contrasted with flies fed 100 J,lM cobalamin, which
exhibited 80% recovery at 2.2 ppm HCN, but only 20%
recovery at 22 ppm (Fig. 3a, left-diagonal striped bars; P <
0.01 for comparison between cobinamide and cobalamin at
22 ppm). The cobinamide and cobalamin concentrations in
the flies could not be determined because they were below

Figure 3. Cobinamide ingestion detoxifies cyanide gas and KCN in
D.melanogaster. Aies were grown from the first instar larval stage on
standard fly food paste (normal food, open and filled bars) or
standard food containing either 100 11Mcobalamin (Cbl, left-cliagonal
striped bars) or 100 11M cobinamide (Cbi, cross-hatched bars). (a)
Under each indicated condition, 20 flies were exposed for 1 min to
HCN at either 2.2 ppm or 22 ppm. The HCN caused all flies to
collapse motionless within 20 sees; flies not exposed to HCN are
shown in the filled bar on far right. (b) Under each condition, 10 flies
were injected with 1 111 of either 10 mM Na2COa, pH 9.5 (filled bar), or
100 11MKCN in Na2COa, as indicated. In both panels, the data plotted
on the ordinate are the number of flies that recovered and were able
to walk or fly by 1 hr postexposure and represent the mean ± SO of
at least three independent experiments performed in duplicate.
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Figure 2. Cobinamide recovers respiratory activity in cyanide-
traated Chinese hamster cells. Chinese hamster cells at a density
of - 3 x 107 cellslml were transferred to a metabolic chamber, and
respiratory activity was assessed by measuring oxygen consumption
using an oxygen electrode. In the absence of added substrate (sub, 5
mM sodium succinate and 5 mM glycerol 3-phosphate), oxygen
consumption was low-as indicated by the almost horizontal lines on
the tracings in panel a. KCN was added to a final concentration of
250 11Min all experiments, and cobinamide (Cbi) and cobalamin (Cbl)
were added at 150 and 250 11M, respectively, in panel a, and at the
indicated concentrations in panel b. Panel a shows raw data from two
experiments plotted on the same graph, and panel b shows percent
recovery by cobinamide and cobalamin; the latter data are a
summary of three experiments performed in duplicate (mean ± SO).

tracheal respiratory system and more slowly over minutes
through transcuticle absorption (21). We found that a l-min
exposure to an HCN concentration as low as 2.2 ppm killed
80% of the flies, and at 22 ppm, all flies died (Fig. 3a, open
bar, and solid line at zero value on y axis, respectively, for
flies grown on normal food). At the low and high exposure
levels, we found the HCN concentration in the flies was I
and 10 J,lM, respectively, based on a fluid volume of about
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nebuliZed withwater, but notexposed to HCN,are shownin the filled
bar in panelc. In panelsa and c, the data are the mean :t SO of at
least three independent experiments performed in duplicate on 10
and20 files,respectively; in panelb, eachdatapoint is the meanof at
least two independent experiments performed on 10 flies.

the limits of detection of the high-performance liquid
chromatography system described in the Materials and
Methods section (lOO pmol), even when extracts from 20
flies were combined .

The cobinamide-fed flies could be exposed to 22 ppm
HCN for up to 15 mins without any significant increase in
mortality. but exposure times >30 mins killed all flies. This
indicates that in addition to entering through the respiratory
system. HCN may. during more prolonged exposure, enter
the flies through other means (e.g., a transcuticle mecha-
nism, thereby achieving higher tissue levels).

As an alternative method of exposing flies to cyanide,
we injected them with 1 ,.11 of 100 J,lM KCN dissolved in 10
roM Na2C03. pH 9.5. Assuming the KCN was evenly
distributed in the flies. the intracellular KCN concentration
should have been about 10 J,lM, similar to the concentration
in flies exposed to 22 ppm HCN. Injecting Na2C03 alone
had no effect on the flies (Fig. 3b, solid bar), whereas
injecting KCN resulted in 100% mortality (Fig. 3b, solid
line at zero value on y axis). Flies grown on cobinamide
were relatively resistant to the KCN. exhibiting a 65%
survival rate (Fig. 3b. cross-hatched bar), while flies grown
on cobalamin exhibited a 38% survival rate (Fig. 3b, left
diagonal bar; P < 0.01 for difference between cobinamide
and cobalamin).

Delivery of Cobinamide via Injection. Because we
could not measure the concentration of cobinamide and
cobalamin achieved in the flies in the ingestion studies. we
injected the drugs, which allowed us to know the exact
amount received by the flies. In the first series of
experiments, we injected flies with 1 ul of 500 J,lM
cobinamide or cobalamin, yielding approximate concen-
trations of 50 J,lM in the flies, and we then exposed the flies
for 1 min to 22 ppm HCN. This exposure to HCN killed
almost all flies injected with water (Fig. 4a, open bar).
similar to our previous findings. This is to be contrasted
with flies injected with cobinamide or cobalamin, of which
65% and 41% survived. respectively (Fig. 4a, cross-hatched
bar and left diagonal bar on left. respectively; P < 0.05 for
difference between cobinamide and cobalamin). The
combination of cobinamide and cobalamin was no more
effective than cobinamide alone.

In treating patients exposed to HCN. it would be most
useful to have an agent that could be used postexposure,
rather than pre-exposure, and we therefore modified the
protocol and exposed the flies to HCN for 1 min, followed
by injecting them with water, cobinamide, or cobalamin. We
found that 500 J,lM cobinamide and cobalamin salvaged
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94% and 45% of flies exposed to HCN, respectively,
whereas water-injected flies all died (Fig. 4a, cross-hatched
bar and left diagonal bar on right, respectively, compared to
solid line at zero value on y axis; P < 0.01 for difference
between cobinamide and cobalamin). The reason for higher
survival rates when cobinamide was administered post-
HCN exposure, compared to pre-HCN exposure, may
reflect a procedural difference: in the pre-HCN exposure
experiments, the flies were anesthetized on ice to allow
injection, which could have decreased their subsequent
survival, whereas in the post-HCN exposure experiments,
the flies were injected immediately after HCN exposure,
since they were already sedated. As part of these studies, we
found that cobinamide could be given up to 5 mins after
HCN exposure and still rescue the flies as effectively as
when it was given immediately after cyanide.

These injection experiments allowed us to compare
potencies of cobinamide and cobalamin; cobinamide
rescued 100% of flies at 600 JlM, whereas cobalamin
concentrations as high as I rnM rescued only 60% of flies
(Fig. 4b). Drug concentrations required to rescue half of the
flies were 250 JlM for cobinamide, and 600 JlM for
cobalamin. Thus, cobinamide was at least 2.4 times more
potent than cobalamin and could rescue all flies exposed to
HCN, compared to cobalamin, which rescued less than two-
thirds of the flies. These data are similar to those found
when comparing the potencies of cobinamide and cobala-
min in reversing cyanide inhibition of oxidative phosphor-
ylation (Fig. 2b).

Delivery of Cobinamide via Inhalation. In acute
cyanide gas exposure, administering cobinamide via the
gastrointestinal route would unlikely result in sufficiently
rapid absorption to be effective, and administering cobina-
mide via injection would require trained health personnel.
We therefore tested whether cobinamide could reduce
cyanide toxicity when provided via inhalation, since this
mode of delivery is simple and rapid. We developed a
system using a hand-held nebulizer to deliver drugs to flies
via inhalation, and we showed, using the red dye amaranth,
that the dye was delivered to internal organs via the flies'
spiricle-tracheal system. To our knowledge, this is the fir~t

example of administering drugs to D. m~la~ogaster Via

nebulization. Even at low flow rates, nebulization of water
killed about 20% of control, non-cyanide exposed flies,
presumably because of turbulent air flow and shear forces
(Fig. 4c, filled bar). Exposing flies to 2.2 ppm HCN after
nebulization of water killed 80% of the flies (Fig. 4c, open
bar on left), a result similar to mortality rates found
previously at this HCN concentration .(Fig. 3a): H0:-vever,
only 18% of flies died that had rece~ved cobinamide by
nebulization prior to HCN exposure (FIg. 4c, cross-hatched
bar on left). Since the latter survival rate is similar to that of
non-cyanide exposed flies receiving ne~ulized. water,
cobinamide completely prevented mortality. Flies that
received cobalamin by nebulization exhibited some protec-
tion from HCN, with a 55% mortality rate (Fig. 4c, left

diagonal bar on left; P < 0.01 for difference between
cobinamide and cobalamin).

As mentioned above, cobinamide would be most useful
in cases of cyanide exposure if it could be administered
postexposure, rather than pre-exposure. We therefore altered
the protocol and exposed flies to 2.2 ppm HCN and then
subjected them to nebulization with water, cobinamide, or
cobalamin. We found cobinamide was as effective in
preventing death under these conditions as when it was
administered prior to cyanide exposure (Fig. 4c, cross-
hatched bar on right). Cobalamin also exhibited similar
results when administered prior to cyanide exposure, but
flies nebulized with water showed lower survival rates,
presumably because they were already impaired from the
cyanide at the time of nebulization (Fig. 4c, open and left-
diagonal bars on right, respectively).

Coblnamlde Reduces Cyanide Inhibition of
Malplghian TUbule Secretion. Secretion by insect
Malpighian tubules is an ATP-dependent process and would
be expected to be inhibited by cyanide (22). We found that
100 JlM KCN rapidly reduced rates of tubular secretion by
D. melanogaster Malpighian tubules (Fig. 5a, filled circles).
Tubules that had been treated at zero time with either 100
JlM cobinamide or 100 JlM cobalamin showed significant
resistance to the inhibitory effect of KCN (Fig. 5a, open
circles and triangles, respectively). Cobinamide and coba-
lamin had no effect on basal secretion rates, as can be
observed during the zero to 30-min interval. When the same
experiment was performed on flies that had been grown on
cobinamide prior to measuring tubular secretion rates, we
found almost complete reversal of the toxic effects of KCN
(Fig. 5b, compare open circles, cobinamide-fed flies to filled
circles, control flies). The more complete reversal of KCN
toxicity in the cobinamide-fed flies compared to the
cobinamide-treated tubules may have resulted from slow
cellular uptake of cobinamide in the latter condition; longer
times of cobinamide preincubation with the tubules could
not be performed because the tubules have a limited
experimental time. Flies that had been grown on cobalamin
showed an intermediate degree of resistance to KCN (Fig.
5b, triangles).

To determine if cobinamide could reverse the inhibitory
effects of cyanide on tubular secretion, we added cobina-
mide 10 mins after adding 100 JlM KCN to the tubules and
found that tubular secretion rates increased significantly
(Fig. 5c, open circles are cobinamide-treated tubules). Even
after only 10 mins of cyanide exposure, we observed
morphologic changes in the tubular cells, which could
explain why cobinamide did not return tubular secretion to
normal.

Discussion
Drosophila is emerging as a model organism in drug

discovery for many reasons, including its rapid rate of
propagation, its well-defined genetics, and its similarity to
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mammalian systems (20, 23, 24). As we show in this study,
drugs can be administered to Drosophila via multiple
mechanisms, further enhancing its use in pharmacologic
research. Use of Drosophila in drug discovery will not
eliminate the need for vertebrate studies, but it should
reduce the number of animals required.

Cobalamin has been used both prophylactically and
therapeutically to treat experimenJal cyanide toxicity, and
when given at high enough doses, it has rescued mice and
guinea pigs from cyanide-induced apnea and coma (25,26).
Cobalamin has been used for some time in France to treat
human cyanide exposure, either alone or combined with
sodium thiosulfate, and several well-documented cases
involving revival of unresponsive comatose patients have
been published (27, 28). The major disadvantage of
cobalamin is that high doses are required, generally 4-5 g
must be administered intravenously. We found that
cobinamide detoxified cyanide more effectively than
cobalamin in two separate biological systems, and although
it is difficult to strictly compare the two agents, because
even at high doses cobalamin never achieved the efficacy of
cobinamide, clearly cobinamide is at least two to three times
more potent than cobalamin. Taking into account the lower
molecular weight of cobinamide compared to cobalamin,
the data indicate that 1-1.5 g of cobinamide should be
sufficient to treat severe cyanide toxicity in humans.
Although this is still a relatively high dose, it is well within
a clinical range.

Previous workers have shown that HCN, the form of
cyanide present at physiologic pH, reacts with purified
cytochrome-c oxidase in two steps: relatively rapid
formation of an enzyme-HCN intermediate, followed by
slow conversion of the intermediate to a stable product,
possibly an enzyme-cyanide ion complex (29, 30). The rate
constant for the first step is 0.03 sec-I, yielding a half-life of
the intermediate of 23 sees (29, 30). Dissociation of cyanide
from the final product is slow, 106 sec'", and thus the
overall reaction of cyanide with cytochrome-c oxidase has
been referred to as irreversible or "quasi-reversible" (29,
30). Using cobinamide and cobalamin, both of which have
relatively high affinities for cyanide, we found that the
reaction of cyanide with cytochrome-c oxidase was
reversible, as demonstrated by measuring enzyme activity
in permeabilized Chinese hamster cells. In addition,
cobinamide and cobalamin reversed the lethal effects of
cyanide in the hamster cells and in D. melanogaster, and
cobinamide largely reversed cyanide inhibition of Malpigh-
ian tubular transport, an ATP-dependent process. Assuming
these latter effects of cyanide were from inhibition of
cytochrome-c oxidase, these data provide evidence that the
reaction of cyanide with cytochrome-c oxidase is reversible
when assessed in intact organisms or organ systems. Similar
conclusions have been drawn from previous workers using
cobalamin in other animal models of cyanide poisoning and
in treating smoke inhalation victims (14, 25-27).

When developing responses to weapons of mass
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Figure 5. Cobinamide reduces cyanide inhibition of Malpighian
tubule secretion. Pairs of Malpighian tubules were removed from D.
melanogaster, and rates of fluid secretion were determined by
measuring droplet formation from the ureter over 10-min intervals.
Secretion rates were measured for three 10-min intervals prior to
adding 100 J.IM KCN to all tubules. (a) Cobinamide (open circles) and
cobalamin (triangles) at concentrations of 100 J.IMwereadded to the
tubules at zero time. (b) Flies were grown from the first instar larval
stage on standard fly food (closed circles) or food containing either
100 J.IM cobinamide (open circles) or 100 J.IM cobalamin (triangles)
prior to removal of their Malpighian tubules. (c) Cobinam~de at a
concentration of 100 J.IM was added to the tubules 10 rnms after
adding KCN (open circles). In all three panels, data are the mean.:!:
SO of at least three independent experiments performed on 20 pairs
of Malpighian tubules.
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destruction, it would be helpful to have drugs that could be
administered after exposure to the toxic agent, since
prophylactic treatment may not be possible. It was therefore
useful to find that cobinamide could be given to flies after
cyanide exposure and that it was at least as effective as
when given prior to cyanide exposure. Of perhaps greater
importance, cobinamide could be administered by injection
or inhalation, which would allow for rapid drug delivery.

Recent data indicate that cyanide may playa role in the
development of several diseases. Cigarette smokers have
high levels of blood and urinary cyanide and thiocyanate, as
do patients on hemodialysis (31, 32). The high thiocyanate
levels may contribute to lipid oxidation and, therefore,
arteriosclerosis, because thiocyanate is an excellent substrate
for peroxidase enzymes (33-36). Some Pseudomonas
aeruginosa strains are cyanogenic, including those isolated
from sputa of cystic fibrosis patients, indicating that cyanide
may contribute to the lung destruction in cystic fibrosis
patients infected with P. aeruginosa (37). For these clinical
conditions it could be useful to have a drug that could
detoxify cyanide, particularly one that could be administered
by inhalation in the case of patients with cystic fibrosis.

As a precursor in the biosynthesis of cobalamin,
cobinamide is a contaminant of multivitamin preparations,
and at least in pigs, it can be absorbed across the ileum
independently of intrinsic factor (38, 39). Once absorbed,
cobinamide binds tightly to haptocorrin but poorly to
transcobalamin II (40-42). Since the serum levels of
haptocorrin and transcobalamin II are similar, a significant
amount of cobinamide could be present in serum, and
cobalamin analogs, including cobinamide, have been
detected in the serum, bile, and tissues of animals and
humans, accounting for 5%-50% of total corrinoids (41,
4~6). Intravenous injection of radioactive cobinamide
into rabbits indicates that cobinamide, like cobalamin, is
taken up by the liver within minutes, but unlike cobalamin,
cobinamide is released more slowly from the liver; once
released from the liver, the tissue distribution and urinary
and fecal excretion of the two agents is similar (47). Thus,
with a few notable exceptions, cobinamide and cobalamin
appear to be handled similarly in mammalian systems.

At concentrations up to 200 J.lM, cobinamide did not
inhibit growth of mouse leukemic cells or human monocytes
and lymphocytes (48, 49). It had no effect on the growth of
baby chicks when administered parenterally at 40 times the
dose of cobalamin, but it did inhibit chick growth when
given orally, which indicates that it interfered with
cobalamin absorption (50). Cobinamide was nontoxic to
rats when administered continuously at 4 ~g/hr for 14 days,
and it did not inhibit the two mammalian cobalamin-
dependent enzymes methionine synthase and methylmalon-
yl-CoA mutase (51). We found that up to 50 J.lM,
cobinamide was not toxic to cultured mammalian cells
and that toxicity at higher concentrations could be reversed
completely by cobalamin (16). We also found no effect of
cobinamide on the activities of methionine synthase or

methylmalonyl-CoA mutase, indicating that cobinamide
was interfering with cobalamin metabolism (16). Since we
found that cobinamide and cobalamin yielded similar results
as cobinamide alone, the two corrinoids could be used
together to avoid cobinamide toxicity.

In conclusion, cobinamide is an effective cyanide
detoxifying agent that could be used potentially in a variety
of clinical states, and it might be particularly beneficial as an
antidote to massive cyanide poisoning.

We thank Dr. Timothy Bigby for providing the nebulizer used in these
studies.
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