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Figure 2. Inner skeleton of [LNi(P3)NiL]2*. Values of P,-Ni-P,, angles:
89-96° (n, m = 1-6), 53-55° (n, m = 7-9).

phosphorus atoms of L and with the p, orbitals of the P;
molecule. If the latter are considered to provide 3 electrons and
the former to provide 6 electrons, the total number of 18
electrons is attained for complex 1. By the same approach, the
number of 33 electrons is obtained for the nickel derivatives,
which has never been reported for triple-decker sandwich
compounds.> The presence of an odd number of electrons is
confirmed by the value of the magnetic moment which corre-
sponds to one unpaired electron for dimer.
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Catalytic Irreversible Inhibition of Mammalian
Ornithine Decarboxylase (E.C. 4.1.1.17) by
Substrate and Product Analogues

Sir:

The diamine putrescine and the polyamines spermidine and
spermine which are derived from it have been implicated in the
regulation of growth processes.! In attempts to delineate the
still controversial roles of these bioamines, several reversible
inhibitors of the pyridoxal phosphate (PLP)-dependent enzyme
L-ornithine carboxylyase (ODC, E.C. 4.1.1.17) which cata-
lyzes the conversion of L-ornithine to putrescine, have been
prepared.? A new and elegant approach to specific, irreversible
enzyme inactivation is to design inhibitors possessing latent
reactive groupings which are unmasked at the enzyme’s active
site as a result of the normal catalytic turnover.3 Such known
inhibitors are analogues of the normal enzyme substrate, but,
less obviously, in view of the microscopic reversibility principle,
they may conceptually be analogues of the product. This
communication discloses that, not only the ornithine analogues
1, but also the putrescine analogues 5-hexyne-1,4-diamine (2)
and trans-hex-2-en-5-yne-1,4-diamine (3) are irreversible
inactivators of ODC, and that, in each case, the mechanism
of inhibition demands activation of the inhibitor by the target
enzyme.

Incubation of the enzyme preparation, obtained from the
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Table I. Kinetic Constants for the Irreversible Inhibition of Rat
Liver ODC¢

Compd K1, uM* 750, Min® Kinact, $~1¢
la 39 3.1 37X 1073
1b d d

1c 8700 29 0.4 X 1073
2 2.3 9.7 1.2X 1073
[2H]-2 4.3 9.6 1.2 X 1073
3 1 5 23x1073

@ The composition of the stock solution of ODC follows: proteins
(16 mg/mL), sodium phosphate buffer (30 mM, pH 7.1), di-
thiothreitol (5 mM), pyridoxal phosphate (0.1 mM). The specific
activity of this stock solution was 0.12 nmol of CO»/min per mg of
protein.? For a typical experiment 320 uL of this stock solution were
mixed at time 0 with 80 uL of a sotution of inhibitor in water and in-
cubated at 37 °C. At different times 50-uL aliquots were transferred
into a 1-mL assay medium containing sodium phosphate (30 mM, pH
7.1), dithiothreitol (5 mM), pyridoxal phosphate (0.1 mM), L-orni-
thine (0.081 umol), and DL-[1-!4C]ornithine (0.043 umol, 58 Ci/mol,
Amersham) in a closed vessel in which a filter paper moistened with
50 uL of hyamine hydroxide (1 M) was fitted. The reaction was al-
lowed to proceed for 60 min at 37 °C and then terminated by the ad-
dition of 0.5 mL of 40% trichloroacetic acid. After an additional 30
min the CO; absorbed on the filter paper was counted in a standard
scintillation cocktail. b Partially purified preparations of similar
specific activity have been used by others2® in their assessment of
potential irreversible inhibitors of ODC. ¢ K (apparent dissociation
constant), 7so (half-life or ¢; 5 at infinite concentration of inhibitor),
and kina (inactivation rate constant) were calculated according to
the method of Kitz and Wilson.® 4 No saturation kinetics were ap-
parent with 1b; at a concentration of 0.1 mM, ¢, is 22 min,

livers of thioacetamide-treated rats* at pH 7 with 1a, 1b, 1c,
2, and 3 in each case resulted in a time-dependent loss of en-
zyme activity which followed pseudo-first-order kinetics for
at least two half-lives (Table I). Over longer time periods, the
semilogarithmic plots deviated from linearity.’ However, in-
cubation with 1a, the most efficient inhibitor among the or-
nithine analogues, or 2 at 0.1 mM concentration resulted in
95% inactivation of ODC after 10 min. Prolonged (24 h) di-
alysis of enzyme previously inactivated by 1a or 2 against a
buffer solution containing phosphate (30 mM), pyridoxal
phosphate (0.1 mM), and dithiothreitol (5 mM) (conditions
where the native enzyme is stable) did not lead to regeneration
of enzyme activity, thus demonstrating the irreversibility of
the process. That the inhibition of ODC is active site directed
is shown by the protective effects of the natural substrate L-
ornithine, of a competitive inhibitor 2-methylornithine$ and
of putrescine, the product of decarboxylation, against induced
inactivation. The presence of dithiothreitol (5 mM) in the
preincubation medium and the absence of lag time before the
onset of inhibition rule out the possibility of inhibition via an
affinity labeling mode by a diffusible alkylating species.

Further evidence for the involvement of the enzyme’s active
site in the inhibitory process comes from the observed satura-
tion effect (Table I) on the rate of inactivation (demonstrated
by plotting #,> as a function of 1/I according to Kitz and
Wilson?). Moreover, with both 1a and 2, the inhibitory activity
resides with only one optical isomer ((=)-1a and (—)-2), the
other isomer being essentially inactive.’

When the rate of inhibition induced by 4-deuterio-5-hex-
yne-1,4-diamine ([2H]2) was compared with that observed
with 2, no kinetic isotope effect on the inactivation rate con-
stant was observed, but rather a primary kinetic isotope effect
on the apparent Michaelis constant is measured (Kn,;p = 1.9).
Proton abstraction hence must occur, but is not rate limiting.
Presumably, the rate-determining step involves covalent
linkage of transformed inhibitor to the enzyme.

A straightforward mechanism (Scheme I) can be considered
for the inactivation of ODC by 1a, 1b, and 1c. The first steps
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involve enzymatic decarboxylation of the inhibitor to generate
the intermediate carbanionic species 4 which can either induce
the elimination of the leaving group X to produce the conju-
gated imine 8 (path a) or lead to formation of the tautomeric
imine 6 in which the leaving group X is now in an activated
allylic position (path b). The reactive imines 5 or 6 could then
alkylate a nucleophilic residue (Nu in Scheme I) at or near the
active site to covalently bind the inhibitor to the enzyme.!9 This
process finds support first in the fact that a-amino acid de-
carboxylases are known in some cases (for example 3,4-dihy-
droxyphenylalanine!! and histidine!2 decarboxylases) to de-
carboxylate the a-methyl analogue of their substrate, and
second in the now well-documented irreversible inactivation
of PLP-dependent enzymes catalyzing a-hydrogen abstraction
from «-amino acids, such as transaminases and racemases, by
substrate analogues bearing a halogen atom on the 8-carbon
atom.!3

The mechanism by which 2 and 3 irreversibly inactivate
ODC can be rationalized on the basis of the microscopic re-
versibility principle. It is proposed that, if these compounds can
replace putrescine in the active site,'4 then the proton ab-
straction implicit in the reverse reaction should lead to pro-
pargylic anion formation, yielding an allene on protonation,
Such an allene, being conjugated to the pyridoxaldimine
function, should be a reactive Michael acceptor which could
alkylate a nucleophilic residue in the active site.!?

As expected from the postulated mechanisms of action, 1a
and 2 are specific inhibitors of ODC in vitro. When tested at
millimolar concentrations, 1a and 2 had no irreversible in-
hibitory effect on glutamic acid decarboxylase and aromatic
amino acid decarboxylase. As 2 is an amine, it was also verified
that it lacks inhibitory activity toward GABA-transaminase
and diamine oxidase.

The synthesis of the ornithine analogues 1'¢ is depicted in
Scheme II and relies on the reaction of the Schiff base methyl
ester synthon!” with bifunctional alkylating agents, followed
by appropriate deprotection.

2 was prepared by alkylation of the anion derived from
TMSC=CCH,;N=CHPh (7) with Br(CH;);N=CHPh (bp
120 °C at 0.05 mm), followed by acid hydrolysis (6 M
HC])_18.19

The synthesis of 3 is shown in Scheme III, The anion derived
from the protected propargylamine 7 underwent a regiose-
lective 1,2 addition to acrolein, in the presence of Znl,, the
resulting alcoholate being trapped with acetyl chloride to af-
ford the aldimine 8.20 Treatment of crude 8 with PANHNH,
caused cleavage of the aldimine function with a concomitant
O- to N-acy! shift leading to the allylic alcohol 9 (mp 116 °C,
29% from 3). The trimethylsilyl group was removed to give 10
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Scheme I1. Synthesis of Ornithine Analogues 1
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(mp 94 °C, 88%) which, when treated with CCI3CN as de-
scribed by Overman,?! afforded the allylic trichloroacetimidate
11. 11 was not purified but was subjected to thermal rear-
rangement?! in refluxing m-xylene to give the trichloro-
acetamide 12 (mp 158-159 °C, 40%). Removal of the amide
functions was achieved with 3 M HCl and the diamine 3 pu-
rified as the dihydrochloride (mp 175 °C dec, 70%).

In conclusion, 1, 2, and 3 are the first reported irreversible
inhibitors of ODC and are likely to be useful tools for assessing
the biological roles of polyamines.2? The new approach for the
specific irreversible inhibition of decarboxylases by analogues
of the substrate a-amino acid possessing an a-methyl group
substituted by halogen atoms has proven to be of a general
nature and its extension to the irreversible inactivation of other
a-amino acid decarboxylases will be the subject of other re-
ports. That the microscopic reversibility principle can be used
to advantage in the design of catalytic irreversible inhibitors
has been hitherto unexploited. In this connection we have also
observed what appears to be a mechanistically identical inhi-
bitior;sof glutamic acid decarboxylase by 4-aminohex-5-ynoic
acid.
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Existence and Stability
of a Simple Sulfide of Iron(III)
Sir:

The existence of a simple sulfide of iron(I1I) has been de-
bated periodically for several years.1-8 The central difficulties
that have produced much of the debate are, first, the apparent
instability of the compound and second, the lack of a good
method for characterizing insoluble amorphous or micro-
crystalline materials of this type. In view of the possible geo-
logical significance of iron(III) sulfide® and its relation’ to
iron-sulfur minerals (pyrite, marcasite) that are a major
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Figure 1. Mdssbauer spectrum of iron(I1I) sulfide at 78 K (bar indicates
error).

problem in the utilization of many coals, we have undertaken
a detailed study of the chemical and physical properties of this
material. We report here a synthesis, infrared characterization,
and Mossbauer study with particular emphasis on the thermal
stability of the compound. Previous reports*> on the synthesis
of Fe,S3 have casually mentioned Mdssbauer measurements,
but details (center shifts, quadrupole splittings, thermal ef-
fects) were not given,

It is claimed that Fe,S; can be obtained from iron(III) al-
koxides and H,S in organic solvents,* from ammoniacal so-
lutions of iron(III) tartrates and HS~ ion,* from H,S and
Fe;03:H,08 or suspensions of Fe(OH)s at pH 9.5,% and by
titrating FeCl; with Na3S.!9 The first two methods give
products that are heavily contaminated and, importantly, all
previous preparations apparently were carried out at room
temperature, or higher.

We have prepared!! iron(III) sulfide in an amorphous form
by treating stoichiometric quantities of aqueous Fe(I11) with
aqueous NasS at 0 °C or below. Examination of the material
with a scanning electron microscope equipped with an energy
dispersive x-ray spectrometer confirmed the fact that sodium
and chloride were not present and that the atomic ratio of Fe:S
is 1:1.5. Thus at least on an empirical basis, the material pre-
pared is Fe,S;. The Méssbauer spectrum!? of the compound
at 78 K is shown in Figure 1; this spectrum is basically different
from that of any of the known iron sulfides or compounds such
as NaFeS,.6 The spectrum was analyzed by using a nonlinear
least-square fitting program assuming Lorentzian line shapes.
The best fit was obtained with two doublets with the following
center shifts (CS) and quadrupole splittings (QS): doublet A,
CS =0.35£0.06 mm/s, AEq = 0.82 £ 0.06 mm/s; doublet
B,CS =0.51 £0.12mm/s, AEq = 0.88 £ 0.12 mm/s. These
results indicate that there are two different environments for
the iron ions in the compound, both with a symmetry lower
than cubic. The observed CS is consistent with iron(III) or
low-spin iron(II).!13 In the latter case the ground state is non-
magnetic, as in pyrite, FeS,.14

In order to characterize fully the charge state of the iron ion,
Mossbauer measurements were carried out at 4.2 K. A six-line
pattern with relatively broad line widths was obtained, as
shown in Figure 2. The hyperfine magnetic field at the 57Fe
nucleus is 253 £ 6 kOe.}3 The presence of a magnetic splitting
at 4.2 K completely excludes the presence of iron(II), con-
firming the formation of the compound as a sulfide of iron(I11).
It is to be noted that the presence of a similar hyperfine mag-
netic field for the two sites of iron excludes the possibility of
having two different compounds. The value observed for the
splitting is much smaller than that expected for high-spin
iron(I1I),'6 indicating a high degree of covalency. In order to
determine the type of order in this compound, measurements
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