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Abstract—The biogenic polyamines spermine, spermidine, and their precursor putrescine are present in micro-to-millimo-
lar concentrations in all cell types and are vitally important for their normal growth. High intracellular content of spermine
and spermidine determines the multiplicity of the cellular functions of the polyamines. Many of these functions are not well
characterized at the molecular level, ensuring the ongoing development of this field of biochemistry. Tumor cells have ele-
vated polyamine level if compared with normal cells, and this greatly stimulates the search for new opportunities to deplete
the intracellular pool of spermine and spermidine resulting in decrease in cell growth and even cell death. O-Substituted
hydroxylamines occupy their own place among chemical regulators of the activity of the enzymes of polyamine metabolism.
Varying the structure of the alkyl substituent made it possible to obtain within one class of chemical compounds highly effec-
tive inhibitors and regulators of the activity of all the enzymes of putrescine, spermine and spermidine metabolism (with the
exception of FAD-dependent spermine oxidase and acetylpolyamine oxidase), effectors of the polyamine transport system,
and even actively transported in cells “proinhibitor” of ornithine decarboxylase. Some principles for the design of specific
inhibitors of these enzymes as well as the peculiarities of cellular effects of corresponding O-substituted hydroxylamines are

discussed.
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The history of biogenic polyamines spermine (Spm)
and spermidine (Spd) rises up to the second half of XVII
century, when Antoine van Leeuwenhoek discovered
unknown crystals in semen [1]. Two hundred and fifty
years later this compound was identified as Spm phos-
phate [2]. Nevertheless, polyamine biochemistry is a
young and fast-developing field — its modern history
started in the late 1960s when mammalian ornithine
decarboxylase was discovered [3, 4]. This finding was the
key to bringing the system of Spm and Spd biosynthesis
into its modern form (Fig. 1). In the beginning of the
1970s, it was established that tumor cells contain higher
amounts of polyamines as compared with normal cells
[5], and this finding greatly stimulated the development
of molecular biology and biochemistry of polyamines.

The biogenic polyamines Spm, Spd, and their pre-
cursor putrescine (Put) are present in micro-to-millimo-
lar concentrations in all living organisms and are vitally
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important for normal growth of cells [6, 7]. The pancreas
has the highest concentration (7-8 mM) of Spm and Spd
in humans [8]. Depletion of the intracellular pool of Spm
and Spd slows cell growth and may even result in cell
death. High concentration of Spm/Spd, whose amino
groups are protonated at physiological pH, a priori deter-
mines the multiplicity of cellular functions of polyamine,
and these are presumably described in terms of specific
electrostatic interactions with DNA, RNA, and other
negatively charged macromolecules, nucleoprotein com-
plexes, receptors, and membrane fragments [6, 7, 9].
The rate-limiting enzymes of polyamine biosynthesis
are pyridoxal-5'-phosphate-dependent ornithine decar-
boxylase (ODC) and pyruvate-dependent S-adenosylme-
thionine decarboxylase (AdoMetDC), while the key
enzyme of polyamine catabolism is spermidine/sper-
mine-N'-acetyltransferase (SSAT) (Fig. 1). Biosynthesis
of these enzymes is precisely controlled at the transcrip-
tional and translational levels, and key regulatory mecha-
nisms are established both for normal and tumor cells [7,
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Fig. 1. Polyamine metabolism: /) arginase; 2) arginine decarboxylase; 3) agmatinase; 4) S-adenosylmethionine decarboxylase; 5) ornithine
decarboxylase; 6) spermidine synthase; 7) spermine synthase; §) spermidine/spermine N'-acetyltransferase; 9) acetylpolyamine oxidase; 10)
spermine oxidase; //) deoxyhypusine synthase; /2) hypusine synthase; 13) glutathionespermidine synthetase; /4) tripanothione synthetase.
Transformations that are typical for mammals (—), bacteria (--3), and pathogenic trypanosomatides (=) are shown.

9]. All cells are equipped with a system of polyamine
active transport, which has an important impact on cellu-
lar polyamine pool supplying up to 30% of total amount
of Spm, Spd, and Put. The small (27 kDa) short-living
protein antizyme (AZ) is one of the most important reg-
ulators of polyamine homeostasis in cells — its biosynthe-
sis is triggered by increased intracellular concentration of
Spm and Spd [10]. AZ is known to inhibit uptake of
polyamines, and it forms a tight complex with the ODC
subunit and delivers it to the 26S proteasome [11]. All
these achieve fast and efficient control of intracellular
polyamine content [12].

Design and synthesis of specific inhibitors of the
enzymes of Spm and Spd biosynthesis, as well as inducers
of SSAT, was for many years one of the key vectors of
polyamine biochemistry [13-15]. This goal is closely
related to practical medicine, since inhibitors of
polyamine biosynthesis have expressed anti-parasite
activity (polyamines are of crucial importance for the life
cycle of such disease-causing trypanosomatides as
Plasmodium falciparum, Trypanosoma brucei gambiense,

Leishmania donovani, etc.), and because inhibitors of
polyamine biosynthesis have a potential for the treatment
of some oncological diseases (polyamine level in tumor
cells is higher compared with that in normal cells). Many
data disclosing the role and functions of Spm and Spd, as
well as regulatory mechanisms responsible for maintain-
ing of polyamine homeostasis in a cell, were obtained
using inhibitors of polyamine biosynthesis (reviewed in
[13, 15]). A set of highly effective inducers of SSAT was
synthesized, and their ability to efficiently deplete the
intracellular pool of Spm and Spd was studied [16, 17].
The best of these compounds are active in vivo and are at
different stages of clinical trials as potential antitumor
and anti-parasite drugs (reviewed in [7, 9, 18, 19]).
O-Substituted hydroxylamines occupy their own
place among chemical regulators of the activity of the
enzymes of polyamine metabolism. Varying the structure
of the alkyl substituent made it possible to obtain within
one class of chemical compounds highly effective
inhibitors and regulators of the activity of all the enzymes
of Put, Spm, and Spd metabolism (with the exception of
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FAD-dependent SMO and APAO), effectors of the
polyamine transport system, and even actively transport-
ed in cells proinhibitor of ODC. Hydroxylamine-con-
taining inhibitors of ODC and AdoMetDC (the most
investigated representatives of this family of compounds)
were found to be essential instruments for the investiga-
tion of cellular functions and metabolism of Spm and Spd
and provided mile-stone results for the field.

HYDROXYLAMINE-CONTAINING ANALOGS
OF DECARBOXYLATED
S-ADENOSYLMETHIONINE

S-Adenosylmethionine decarboxylase (AdoMetDC,
EC 4.1.1.50) belongs to a small family of enzymes having
covalently bonded pyruvate residue as a prosthetic group
[20]. AdoMetDC, like other pyruvate-dependent decar-
boxylases, is synthesized as a proenzyme that after auto-
catalytic splitting gives rise to the o-subunit containing
266 amino acids (human enzyme) with an N-terminal
pyruvate residue and a smaller f-subunit (67 amino acid
residues) [20].

Hydroxylamine-containing inhibitors of AdoMetDC
were first synthesized in early 1980s and were derived from
sulfonium-containing hydroxylamines, analogs of decar-
boxylated AdoMet (deAdoMet) and methylmethionine
[21, 22]. The most active of these compounds was S-(5'-
deoxy-5'-adenosyl)[(methylthio)ethyl|hydroxylamine —
AMA (Table 1). Substitution of the terminal aminometh-
ylene group of deAdoMet with an aminooxy group is iso-
steric, which is crucial for structural similarity with the
substrate and obeys specific binding of the inhibitor in the
enzyme active center. The sulfonium center and adeno-
sine group fulfill anchoring functions and are necessary for
the exact recognition of the inhibitor by the enzyme.
Therefore, AMA was about five orders of magnitude more
effective compared with compounds (I) and (II) (Table 1).
The properly positioned aminooxy group of AMA forms
an oxime with a pyruvate residue of the active center — this
is the reason for irreversible inhibition of AdoMetDC.
Inhibition develops in time because in the active center of
AdoMetDC the carbonyl group of pyruvate, in contrast to
PLP-dependent enzymes, is not activated by forming a
protonated internal aldimine with a Lys residue. The sub-
strate is not able to restore the activity of AdoMetDC, but
competing with the inhibitor for binding protected the
enzyme from the action of AMA. All the above explains
why under the standard assay (without preincubation of
the enzyme with the inhibitor) AMA was less effective
towards the enzyme from L1210 cells (ICs, 3-107 M [23])
when compared with that for the enzyme from rat liver
(ICs, 3:10° M [22]) — in the latter case 30 min preincu-
bation of the inhibitor with AdoMetDC was used.

AMA is a monocation at physiological pH value (the
pK, of the H,NO-group is ~4.5, which is for five orders of

BIOCHEMISTRY (Moscow) Vol. 78 No. 13 2013

1433

magnitude lower than that of the amino group of
deAdoMet), and this is essential for the recognition of the
inhibitor by the enzyme. Application of the scheme of
Kitz and Wilson [30] to describe the inhibition of bacter-
ial AdoMetDC with AMA clearly showed the process to
be two-stage. Moreover, the affinity of the inhibitor
towards the enzyme at the reversible step was 100 time
better than the K, of the substrate and 10 times better
than the affinity of deAdoMet to the enzyme, while k;,,
of AdoMetDC from E. coli was determined as
0.8-1072 sec™! [22]. The specificity of the action of AMA
towards AdoMetDC was confirmed with low activity of
AMA towards PLP-dependent ODC and aspartate
aminotransferase. These two enzymes were inhibited only
by micro- and millimolar concentrations of AMA,
respectively.

The activity of most eukaryotic AdoMetDC is
allosterically regulated by putrescine. The mechanism of
this activation apparently includes putrescine-induced
conformational change of the protein structure, which
results in 10-fold decrease in K, of the substrate
(0.06 mM at pH 7.5), changes in the pH profile of enzy-
matic reaction, and also decrease in k., to 2.5 sec™! at
37°C [32]. On the contrary, bacteria including E. coli have
Mg?*-dependent AdoMetDC. It turned that Mg?* is
essential for effective inhibition of AdoMet with AMA. In
the absence of Mg>*, AMA was inactive against E. coli
enzyme even at 6-:107° M concentration [33], while in the
presence of Mg?" the IC5, was 2-1078 M (Table 1). A sim-
ilar decrease in the inhibitory activity in the absence of
Mg?* was observed also for 1-aminooxy-3-aminopropane
(APA), which is a nonspecific irreversible inhibitor of
AdoMetDC. One can assume that Mg?* causes confor-
mational changes of the enzyme, and a catalytically
important pyruvate residue become available and reactive
towards the amino group of the substrate as well as
towards the aminooxy residue of AMA [33].

High inhibitory activity and specificity of the action
of AMA is most likely determined by the structural simi-
larity between AMA—AdoMetDC oxime and the external
aldimine, the first intermediate of the enzymatic decar-
boxylation of AdoMet, but X-ray investigations of the
AMA—AdoMetDC complex have never been performed.
However, X-ray studies of the complex of AMA with 1-
aminocyclopropanecarboxylate synthase (AdoMet is the
substrate of this PLP-dependent enzyme) demonstrated
that the oxime of the enzyme mimics the external
aldimine [34]. Correspondingly, the same may be true
also for the case of the AMA—AdoMetDC complex.

One of the peculiarities of the AdoMetDC reaction
is the irreversible inhibition of the enzyme with a sub-
strate taking place once per 6000-7000 decarboxylations
[35]. The reason for “substrate inhibition” could be either
transamination of the pyruvate residue and/or addition of
Cys140 to the acrylate system [36, 37]. It is worth men-
tioning that the incubation of AdoMetDC with
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Table 1. Inhibition of AdoMetDC with deAdoMet hydroxylamine-containing analogs [39]

Hydroxylamine-containing analog of deAdoMet Enzyme source Inhibition Reference
NH, E. coli 1C52:10° M [21]
N
¢ ¢ )
HN___~__S N N/) rat liver ICs, 9:10° M [21, 22]
(o) ® o
10-8
AMA OH OH L1210 ICs, 3-108 M [23]
NH,
<,N N rat liver ICyy 410° M [22]
HN g~ 8 N N/)
o E. coli ICs 1-10* M [22]
U]
OH OH
GHy
H,N
2 \o/\/g\cm E. coli ICs, 5-10* M [22]
(1)
NH,
N E. coli 1C5 9-107 M [22]
¢ ¢ N
H,N. o/\/\/% N~ N7
0 rat liver ICy 8-10° M 122]
ABMA
OH OH
NH,
/N AN N
H < | /) rat prostate IC, 6:107 M [24]
2 ey
AOPA v o
NH,
N S
A
y N/o\/\/N N N/ rat prostate ICs, 9:107 M [25]
2 ey
MAOPA O OH
NH,
—7
HaC </N | SN rat prostate IC5 4107 M [25]
HoN N N~
~N
o o human recombinant 1Cy 5.5-10° M 126]
enzyme
MAOEA OH OH
NH,
N AN
H CHs ¢ ] /)N
HZN/N\/\/N o N™ N rat prostate ICs, 7-10 M [25]
MHZPA oi H oi H
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Table 1. (Contd.)

Hydroxylamine-containing analog of deAdoMet Enzyme source Inhibition Reference
NH,
H3c N* N
H.N ll‘l = || >—CHs human recombinant enzyme IC5 7-10° M [26]
2 \o/\/ N N
o
8-Me-MAOEA OH OH
& E. coli K 2:10° M
NH, = Kipse 0.04 min™'
N N n [27-29]
</ | g human recombinant enzyme K 9.510° M
s N N/) = Kinae 0.30 min™!
o % E. coli K, 210° M
o Kinae 0.03 min™
o) OH OH norAdoMao N [27-29]
H,N” § human recombinant enzyme K 3.1-10° M
= Kipae 0.15 min™
= E. coli K 2:10° M
NH, ~ Kinae 0.03 min™
N N § human recombinant enzyme K 2.1.10° M [27-29]
CH,3 </ | = Kinae 0.08 min™!
' »
NT N
@ |-o & E. coli K 210°5M
o Kipae 0.01 min™'
OH OH AdoMao 4 [27-29]
H N/o § human recombinant enzyme K 2.0-10° M
2 = Kinae 0.12 min™!

deAdoMet also results in the irreversible inhibition of the
enzyme [38]. (Abortive transamination is well-known and
typical for PLP-dependent decarboxylases [40].)

Substitution of sulfonium center of deAdoMet with
the methylamino group gives rise to a nitrogen-contain-
ing analog (aza-deAdoMet), which is a rather poor com-
petitive inhibitor of AdoMetDC having K; 0.1 mM [38],
while the product of the enzymatic reaction has affinity of
a few orders of magnitude better (K; 0.1 uM [31]).
Incubation of AdoMetDC with aza-deAdoMet, in con-
trast to deAdoMet, did not lead to irreversible inhibition
of the enzyme. Moreover, in the case of aza-deAdoMet it
was impossible to reduce the Schiff base with NaBH;CN,
which distinguishes in principal aza-deAdoMet from
deAdoMet [38]. One possible explanation for this differ-
ence could be improper orientation of the side-chain of
the inhibitor in the enzyme active center, making impos-
sible the formation of a Schiff base.

One might assume that non-productive binding of
aza-deAdoMet in the active site of AdoMetDC could be
determined by abnormally low pK, of the secondary
amino group of aza-deAdoMet, like the corresponding
amino group of aza-AdoMet having pK, of only 7.09 [41].
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Respectively, aza-AdoMet can mimic AdoMet, which is a
corepressor of the methionine repressor (MetlJ) of E. coli,
only at pH 5.5, while at pH 7.4 the analog is not recog-
nized as AdoMet [41].

Nevertheless, a system of hydroxylamine-containing
inhibitors of AdoMetDC derived from aza-deAdoMet,
i.e. AOPA [24], MAOEA, and MAOPA [25] (Table 1) has
been prepared. The hydrazine-containing inhibitor of
AdoMetDC, MHZPA [25], also belongs to this family of
inhibitors. It was assumed that in all the above com-
pounds the 5'-methylamino group can be protonated at
physiological pH value, while the possibility of its abnor-
mal protonation leading to the mimetics of decarboxylat-
ed S-adenosylhomocysteine (deAdoHCys), but not of
deAdoMet, was not discussed earlier. Investigation of the
interaction of prostate AdoMetDC, or the enzyme from
L1210 cells with AOPA, MAOPA, and MAOEA
(Table 1), demonstrated that these inhibitors are about
100 times less effective compared with the inhibition of
rat liver AdoMetDC with AMA (Table 1). These differ-
ences can be partially attributed to different methods of
determination of the enzymatic activity — 30 min prein-
cubation with AdoMetDC was used in the case of rat liver
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enzyme [21, 22], while in the case of prostate AdoMetDC
and the enzyme from L1210 the inhibitors were added to
the substrate mixture just before the reaction was started
upon the addition of AdoMetDC [25]. However, in all
cases the inhibition was irreversible and developed in
time. The substrate was not able to restore the activity of
AdoMetDC, but it protected the enzyme. Interestingly,
hydrazine-containing MHZPA (ICs, 7-10~® M) was more
active compared with the corresponding hydroxylamine
analogs of aza-deAdoMet [25].

Incubation of human recombinant AdoMetDC with
MHZPA resulted in the appearance of absorbance at
260 nm in the UV spectrum of the a.-subunit, which is an
evidence of covalent binding with the inhibitor contain-
ing the adenine chromophore. Moreover, a fragment of
the N-terminal peptide pyruvoyl-Ser-Met-Phe-Val-Ser-
Lys containing MHZPA (according to mass-spectromet-
ric data) was isolated after limited proteolysis [42].
However, these data do not confirm that MHZPA binds
in the active center similarly to that of the substrate, since
as early as in 1970 the phenylhydrazone of AdoMetDC
was isolated and identified [43].

X-Ray investigation of the AdoMetDC complex with
AdoMet methyl ester clearly demonstrated Schiff base
formation and binding of the adenosine group in the
unusual for nucleosides syn-conformation [44]. It is
known that the introduction of the substituent in the
eighth position of the adenine ring favors this conforma-
tion [26]. Respectively, a family of 8-substituted deriva-
tives of MAOEA was synthesized and their inhibitory
activity was investigated [26]. 8-Me-MAOEA turned to
be the most active compound, and it inhibited human
recombinant AdoMetDC 8-fold better compared with
that of MAOEA (Table 1).

X-Ray investigation of the complex of 8-Me-
MAOEA with human recombinant AdoMetDC proved the

Pher OH OH

Glu247
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formation of the oxime of the enzyme (Fig. 2a). However,
in the case of 8-Me-aza-deAdoMet (the nitrogen-con-
taining analog of deAdoMet with the N-methylamino
group at the sulfonium center of AdoMet), a Schiff base
was not detected in the crystal (Fig. 2b). Hence, it was
clearly demonstrated at the structural level that deAdoMet
and aza-deAdoMet bind differently in the AdoMetDC
active center, and a hypothesis of Abdel-Monem [38]
about different positions of the aminopropyl group of
deAdoMet and aza-deAdoMet in enzyme—inhibitor com-
plexes was confirmed. The formation of AdoMetDC
oxime with 8-Me-MAOEA and the hydrazone of the
enzyme with MHZPA might take place due to the flexibil-
ity of aminooxyethyl and hydrazinopropyl groups in the
initial noncovalent complexes of AdoMetDC with these
inhibitors and also because the formation of oximes and
hydrazones are irreversible processes.

Two suicide inhibitors of AdoMetDC are known —
5-((Z)-amino-2-butenyl)methylamino-5'-deoxyadeno-
sine (AbeAdo [45]) and §-(5'-deoxy-5'-adenosyl)-1-
amino-4-methylthiocyclopentene-2 (AdoMac [27, 46]).
Activities of Z-cis-isomer of AbeAdo towards AdoMetDC
from E. coli as well as against the rat liver enzyme were
practically 1000 higher compared with the corresponding
activities of the E-frans-isomer [45, 47]. This may be con-
sidered as indirect evidence of “nonproductive” binding
of aza-deAdoMet in the active center of AdoMetDC
since productive binding requires a stretched conforma-
tion of the side-chain of the substrate/inhibitor. It can be
assumed that the cis-configuration of the double bond in
the AbeAdo structure is enough to compensate structural
disturbances caused by the substitution of the sulfonium
center with the aminomethyl group. Hence, the proper
position of the terminal amino group of the inhibitor in
the E—I complex, which is necessary for Schiff base for-
mation, is fixed, and this is one of the driving forces for

b
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Fig. 2. Schematic structure of AdoMetDC complexes with 8-Me-MAOEA (a) and 8-Me-aza-deAdoMet (b). Adapted from [26].
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the irreversible inhibition. In the case of E. coli
AdoMetDC, the inhibition was Mg?"-dependent [47], as
was observed in the case of AMA and the bacterial
enzyme (see above), while in the case of rat liver the
inhibitory potency of AdoMetDC was increased in the
presence of Put [45]. These data clearly indicate the exis-
tence of Mg?*- and Put-determined conformational
changes of AdoMetDC, making the carbonyl group avail-
able to react with inhibitors.

Third group of hydroxylamine-containing inhibitors
of AdoMetDC is derived from AdoMac by the substitu-
tion of the amino group in the cyclopentene cycle to the
aminooxy group (Table 1). This algorithm might be rather
mechanistic, but it gave very powerful inhibitors with
interesting spectra of activities that increased our knowl-
edge about the peculiarities of the inhibition of
AdoMetDC and existing structure—activity relationships.

Both AdoMao and norAdoMao irreversibly inhibited
bacterial and human recombinant AdoMetDC (Table 1).
The differences in the activities of (R,R)- and (S§,S5)-
diastereomers in the case of AdoMetDC from E. coli were
not large. Moreover, activities of sulfonium-containing
AdoMao and norAdoMao with a sulfide bond against the
enzyme from E. coli (Table 1) were rather similar, which
distinguishes these inhibitors from AMA and the corre-
sponding sulfide (I) — in the latter case AMA was 1000
times more efficient (Table 1). The structure—activity
relationships observed in the case of AdoMao/
norAdoMao can be attributed to the conformational
restrictions induced by the cyclopentene cycle and stereo
configuration of the two chiral centers. These fix the spa-
tial orientation of the reactive aminooxy group in the E—I
complex. Finally, the differences in the activities of trans-
1R, 4R- and ftrans-1S,45-norAdoMao towards bacterial
and human AdoMetDC (Table 1) clearly indicate the
existence of differences in the organization of the sub-
strate recognition sites.

Therefore, three types of hydroxylamine-containing
inhibitors of AdoMetDC are known (Table 1). The best
representatives of this family (AMA, 8-Me-MAOEA, and
AdoMao) irreversibly and specifically inhibit the enzyme
from different sources at 1-100 nM concentration. High
inhibitory activity and specificity of action should allow
successful application of these compounds for the regula-
tion of polyamine metabolism in cell culture and yield
some mile-stone results for biochemistry of Spm and Spd.

AMA was the first irreversible and very effective
inhibitor of AdoMetDC [21], and it inhibited the growth
of L1210 at 0.1 mM concentration, depleting the intra-
cellular pool of Spd and Spm, while the amount of Put
inside the cells was dramatically increased [23]. These
observations confirmed the specificity of action of AMA
and are in good agreement with that expected for an
inhibitor of AdoMetDC. In the case of L1210 cells, AMA
was more effective than DFMO (a suicide inhibitor of
ODC) and exhibited lower toxicity [23]. Combined appli-
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Fig. 3. Spd (1 uM), but not Spm (3 puM) or Put (I pM), reduces
L1210 cell growth with completely depleted polyamine pool
(simultaneous treatment with 0.1 mM AMA and 1 mM DFMO
for 144 h).

cation of AMA and DFMO allowed for the first time to
deplete chemically the pool of all three polyamines, i.e.
Spm, Spd, and Put [23]. This opened a possibility of
investigating the ability of the individual polyamines to
support the growth of L1210 cells. Only Spd was able to
completely support the growth and viability of L1210 cells
with depleted pool of all three polyamines, but not Spm,
in spite of its effective catabolism to Spd (Fig. 3). This
observation was of crucial importance for polyamine bio-
chemistry since in the case of L1210 cells a weak point in
polyamine metabolism (Spd deficiency) was discovered.
Later, it was demonstrated that the crucial importance of
Spd for growth support is related to the need to supply
aminobutyl group for posttranslational modification of
initiation translation factor 5A — Spd is the only donor of
the aminobutyl group for this vitally important reaction.
Incubation of L1210 with AMA resulted in 50-fold
increase in the content of inactive AdoMetDC protein. In
addition to the protein with molecular weight ~32 kDa, in
this case it was also possible to detect a protein
with molecular weight ~37 kDa, which was also revealed
with AdoMetDC-specific antibodies [48]. This was the
first example of the application of the inhibitor to demon-
strate directly that AdoMetDC is synthesized in cells in a
form of a proenzyme. Incubation of cells with AMA
decreased the intracellular concentration of Spd and
Spm, which activated the system of polyamine
transport — V., increased 4.5-fold, while exogenous Spd
and Spm rapidly decreased V,,, to control values [49].
Incubation of L1210 or SV-3T3 cells with MAOEA
(0.1 mM) or 0.05 mM MHZPA also resulted in the deple-
tion of the intracellular Spm/Spd pool and increased Put
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content, while these inhibitors in combination with
DFMO depleted the pool of all three polyamines in cells
[25]. Incubation of L1210 cells with either MAOEA or
MHZPA increased the amount of active ODC, which was
due to stimulation of ODC biosynthesis at the stage of
translation and also due to decrease in the rate of degra-
dation of ODC [50]. Exogenous Spm and Spd reversed all
the effects of the inhibitors. Later, these data were
explained in terms of polyamine-dependent regulation of
the biosynthesis of antizyme — one of the key regulators
of polyamine homeostasis in cells.

It is known that the disease-causing parasite
Trypanosoma brucei has no system of purine biosynthesis,
but it has a specific purine transporter. AdoMao is able to
use this transporter to penetrate inside the parasite, and in
vitro it inhibited the growth of T. brucei with I1Cs, 0.9 pyM
[29].

Therefore, investigation of cellular activity of the
inhibitors of AdoMetDC, mainly hydroxylamine-con-
taining compounds of nucleoside nature, provided very
important results for polyamine biochemistry.

HYDROXYLAMINE-CONTAINING
ANALOGS OF PUTRESCINE

Pyridoxal-5"-phosphate (PLP)-dependent ornithine
decarboxylase (ODC, EC 4.1.1.17) is the rate-limiting
enzyme of Spm and Spd biosynthesis. The catalytically
active a,-dimer has two active centers, each formed with
amino acid residues of both subunits. Each subunit
has molecular weight of 50-55 kDa depending on the
source of the enzyme [51]. Many inhibitors of ODC,
including compounds active in vivo, are known (reviewed
in [13, 15]). The best known and investigated is a.-difluo-
romethyl ornithine (DFMO) [13, 52, 53]. This com-
pound named Eflornithine® is used for treatment of
African sleeping sickness [54, 55] and for facial hirsutism,
i.e. excessive masculine-like hair growth in women [56].
DFMO has also advanced to clinical trials with promising
results as a chemopreventative agent in the case of elevat-
ed risk for specific epithelial cancers [57].

Highly effective and specific inhibitors of ODC were
discovered among Put-like O-substituted hydroxylamines
(Table 2). The first and simplest was 1-aminooxy-3-
aminopropane (APA), which pseudo-irreversibly inhibit-
ed the enzymes from rat and mouse liver in nanomolar
concentrations [58, 59]. The positively charged amino
group of APA serves as an anchor during the interaction
with ODCs that display exact binding of the inhibitor in
the enzyme active center. The properly positioned and
unprotonated at physiological pH aminooxy group
(pK, 4.2) [61] reacts with PLP in the active center of
ODC, forming the oxime of the enzyme.

The aminooxy analog of cadaverine (ABA) was
10 times less active than APA, while unprotonated at
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physiological pH bis-aminooxy derivatives were not
effective even at 1 uM concentrations (Table 2). The
specificity of action of APA was confirmed by poor activ-
ity (IC5, ~ 0.1 mM) of the inhibitor towards PLP-
dependent ornithine §-aminotransferase and AdoMetDC
[59].

Introduction of a hydroxyl group in the APA mole-
cule had slight if any effect on the activity of the inhibitor;
also, the inhibitory potency of the (R)- and (.5)-isomers of
2-OH-APA were about the same (Table 2). 2-F-APA, in
contrast with APA, 2-OH-APA, and ABA (all three are
pseudo-irreversible inhibitors), irreversibly inhibited
ODC [65]. The molecular mechanisms of this irreversible
inhibition were not studied, but it may be that first the
ODC oxime is formed, followed by the alkylation of the
catalytically essential Cys360 residue. An alternative
explanation could be the stabilization of the E—I complex
with a strong hydrogen bond, which is typical for a fluo-
rine atom.

The high inhibitory activity of APA towards ODC
stimulated X-ray investigation of the ODC—APA com-
plex. The inhibitor was properly bound in the enzyme
active center (the protonated at physiological pH amino
group of the inhibitor served anchoring functions), that
like in the case of substrate binding resulted in cleavage of
the C=N double bond of the internal aldimine between
the carbonyl group of the coenzyme and the amino group
of Lys69 [63]. The pyridinium ring of PLP was turned
away from amino group of Lys69, and the carbonyl group
of the coenzyme was positioned close to the aminooxy
group of APA. However, in this case, in contrast to com-
plexes of PLP-dependent GABA transaminase [67],
aspartate aminotransferase [68], 1-aminocyclopropane-
1-carboxylate synthase [34], and pyruvate-dependent
AdoMetDC [26] with aminooxy analogs of substrate/
product of the corresponding enzymatic reaction, the for-
mation of the ODC oxime was not observed in the crys-
tal. The carbonyl group of PLP and the aminooxy group
APA remained “frozen” at ~3 A, i.e. at the distance of a
hydrogen bond. So, in this particular case ODC—APA
complex is crystallized in a conformation not realized in
solution, where the ODC oxime is formed.

APA exists at physiological pH in mono-cationic
form and can be considered as the simplest insufficient-
ly protonated analog of Put. Since deprotonation of the
terminal amino group of Put must take place in the
active site of spermidine synthase (SpdSy) before the
transfer of the aminopropyl group from deAdoMet, one
can consider APA as a unique analog of the intermediate
mono-protonated form of Put. This suggests efficient
competitive inhibition of SpdSy by APA, but only if the
protonation of an amino acid residue in the SpdSy active
center is not essential for catalysis. In fact, APA
reversibly inhibited SpdSy from mouse kidney [58] and
P. falciparum [69] with K| values of 3.2 and 35 uM,
respectively.
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Table 2. Inhibition of ODC with hydroxylamine-containing analogs of putrescine [60]

Hydroxylamine-containing analog of putrescine Source of the enzyme Inhibition Reference
mouse liver IC5,2:10° M [59]
/0\/\/ NH, APA mouse kidneys 1C5,3.2:10° M [58]
HoN rat liver 1C4, 3.5-10°% M [65]
L. donovani K 1-107° M [64]
human recombinant enzyme K 1.410°M [63]
P. falciparum K 2.710°M [62]
/o\/\/\ . -7
HZN NH2 ABA mouse liver ICy, 2:107" M [59]
HZN/O\/\/O\ NH, mouse liver ICs, >10°° M [59]

OH
/0\)\/0\ rat liver 1C5 6.7-10* M [65]
HoN NH,

OH
/O\)\/ NH2 2-OH-APA rat liver 1Cy, 3.8:10° M [65]
H,N

OH
/0\/'\/NH2 (R)-2-OH-APA rat liver 1C,4.9-10° M [65]
H,N

OH
H N/o\/k/ NH, (S)-2-OH-APA rat liver 1C5,3.3-107° M [65]
2

2

2-F-APA rat liver ICs 1.4-10° M [65]

2

2-CI-APA rat liver 1C59.3-107°* M [65]

CGP 52622 A

F
H-N /0\)\/ NH
2
Cl
H-N /0\)\/ NH
2
H N/o NH; P. falciparum 1C,2.5-10% M [66]
2 P. falciparum K, 7.9.10° M [64]
CGP 54169 A
NH,
H,N \O/O/

P. falciparum 1Cs, 6.3-10° M [66]
P. falciparum K 2410 M [64]

Cellular effects of APA were studied in more detail
compared with the effects of hydroxylamine-containing
analogs of deAdoMet (see previous section). APA is not
stable in cell culture, and it is decomposed by serum
aminooxidases [70, 71]. On the contrary, its oximes with
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pyridoxal (PL) and PLP are much more stable, even in
spite of the slow dephosphorylation of APA-PLP oxime
occurring in cell culture medium [70].

APA, 2-OH-APA, and 2-F-APA inhibited the
growth of various tumor cells at 0.01-0.1 mM concentra-



1440

tions [64, 65, 72-76]. APA penetrates inside baby hamster
kidney cells (BHK) by passive diffusion, which was clear-
ly shown using *H-labeled APA [77]. The Put transporter
of tumor cells more likely also cannot recognize APA as
Put. In all cells treated with APA, decrease in the Put/Spd
pool and accumulation of deAdoMet was observed,
which is quite typical for ODC inhibitors. Growth of cells
and their viability can be restored with exogenous Put or
Spd. Interestingly, APA-PL or APA-PLP at 0.01 mM
concentration inhibited DNA biosynthesis in BHK cells,
i.e. these oximes were as effective as APA itself [70].
Treatment of Ehrlich ascites tumor cells with APA great-
ly increased activity of AdoMetDC, as well as biosynthe-
sis of both AdoMetDC and ODC — latter enzyme being
accumulated in the inhibited form [75]. Treatment of
human colon cancer cells (Caco-2 and HT-29) with APA
and AMA in combination (0.1 mM of each) resulted in
total inhibition of ODC/AdoMetDC activities within
24 h and also decreased the intracellular polyamine pool
to 8-23% of the control. Combined application of APA,
AMA, and 5-fluorouracil reduced colon cancer cell sur-
vival more potently than treatment with either 5-fluo-
rouracil alone or only with APA-AMA [78].

Polyamines are essential for the growth of protozoan
parasites (Plasmodium falciparum, Leishmania donovani,
Trypanosoma brucei gambiense) causing malaria, leishma-
niasis, and African sleeping sickness, respectively; these
diseases are widespread in the tropics and subtropics.
Therefore, new metabolic pathways that can be targeted
to inhibit the growth and development of these parasites
are urgently needed. The enzymes of polyamine biosyn-
thesis are promising targets since Put and Spd are
required for the growth of the parasite and also because
Spd is a constituent of trypanothione (Try) (Fig. 1), ful-
filling multiple functions protecting the parasite from
unfavorable influences [54]. However, Spd is vitally
important also for host (human) cells, and this seriously
complicates the application of inhibitors of polyamine
biosynthesis for treatment of parasitic diseases.
Nevertheless, DFMO (a suicide inhibitor of ODC) is suc-
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cessfully used to treat late stages of African sleeping sick-
ness caused by Trypanosoma brucei gambiense [55].

APA is among the most active inhibitors of ODC
(Table 2) slowing the growth of normal and tumor cells.
APA is also very active against P. falciparum (1C5, 1 uM
[64]), as well as promastigotes (ICs, 42 uM [62]) and
amastigotes (IC5, 5 uM [62]) of L. donovani, depleting
Put, Spd, and Try pools of these parasites. The growth of
L. donovani and P. falciparum can be completely restored
upon addition of Put/Spd to the medium, which shows
the specificity of APA action. At the same time, some
forms of L. donovani hyperexpress ODC, and these forms
are resistant to APA, this indicating that ODC is the tar-
get of the inhibitor [62].

APA penetrates into parasites by passive diffusion,
and in the case of L. donovani there was an attempt to
transform APA into an actively penetrating prodrug, i.e.
1-guanidinooxy-3-aminopropane (GAPA). This inhibi-
tor (Fig. 4) is an agmatine isoster, but its terminal guani-
dinooxy group has pK, of only 6.71 [79], while the pK, of
the guanidine group of agmatine is about 12.5-13.0.

Comparison of the activities of APA and GAPA
towards ODC (0.001 and 60 pM, respectively) with
inhibition of the growth of L. donovani amastigotes
(5 and 9 uM, respectively) can be considered as evi-
dence of active penetration of GAPA into the parasite
[79], and it suggests GAPA to be first actively transport-
ed inhibitor of ODC. The possibility of intracellular
transformation of GAPA into APA (Fig. 4) depends on
the presence of ureidohydrolases with low substrate
specificity. It is known that many arginases can convert
canavanine into canaline, while some are even known to
cleave Agm to Put [80]. Besides, macrophages where L.
donovani is localized in humans have agmatinase activi-
ty [81]. Having penetrated inside L. donovani, GAPA
depleted the pool of Put and Spd, while exogenous Put
and/or Spd completely reversed the effects of the
inhibitor. These observations clearly confirmed that the
biochemical target of GAPA is related to polyamine
metabolism.

Other targets ?

N
NH § Ureido-
2 hydrolases
GAPA N i l APA
pKa=6.71 Cell wall v
uM inhibitor nM inhibitor
of ODC of ODC

Fig. 4. Possible explanation of GAPA activity.
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However, GAPA, in contrast to APA, only slightly
decreased the level of Try in L. donovani [79]. So, the
mechanism of inhibition can hardly be interpreted only in
terms of the inhibition of ODC by GAPA itself, or with de
novo synthesized APA (Fig. 4). Besides, the relationship
between Spd and Try levels in L. donovani might be rather
complicated.

Another fundamental difference between GAPA
and APA and DFMO is its high activity against ODC-
overexpressing forms of L. donovani [82]; they are poor-
ly inhibited by APA and DFMO. Therefore, it seems that
GAPA might have other metabolic target(s) different
from ODC.

Since the early 1980s, it has been known that DFMO
exhibits fungicidal activity against Uromyces phaseoli even
in field trials [83]. Investigation of the effects of APA and
DFMO on the growth of the phytopathogenic fungus
Pyricularia oryzae Cav. causing pyriculariose (the most
damaging rice blast disease in all rice-growing regions)
demonstrated both that compounds inhibit the growth of
P. oryzae at 0.1-1.0 mM concentrations [84]. However,
APA, in contrast to DFMO, bleached the mycelium and
normally black or deep-brown colonies became small and
colorless [84]. Interestingly, the growth and mycelium
pigmentation were restored upon the addition of Put [84].
Melanin biosynthesis in P. oryzae starts from the polycon-
densation of acetyl- and malonyl-CoA. An intermediate
pentaketide is a precursor of phytotoxic heptaketide
pyriculol and scytalone — the latter undergoing further
transformations to dihydroxynaphthalene (Fig. 5). It is
known that the inhibition of scytalone conversion to
dihydroxynaphthalene with tricyclazole gives rise to pink
colonies [86]. Treatment of P. oryzae with APA inhibited
the formation of pyriculol and scytalone, this indicating
the inhibition of early stages of melanin biosynthesis, pre-
sumably the multienzyme complex catalyzing polycon-
densation of acetyl- and malonyl-CoA, since APA, in
contrast to 1-aminoethyl phosphinic acid (treatment with
this inhibitor also gives colorless mycelium [85]), did not
inhibit pyruvate dehydrogenase complex [84]. These data
are the first indication of the involvement of Put in the
regulation of the pentaketide biosynthetic pathways in
fungi.

There is another example confirming differences in
the cellular effects of APA and DFMO. In the case of
BHK cells treated with APA, but not with DFMO, dis-
turbances of the Golgi apparatus were found [87].

Only a few experiments describing antitumor activi-
ty of APA and related hydroxylamines in vivo have been
reported. Antitumor activity of 2-F-APA (at dose 1/20 of
the maximal tolerated dose) is about the same as DFMO
(at dose 1/5 of the maximal tolerated dose) in the case of
female CD-1 nude mice bearing human bladder carcino-
ma T24 [88, 89]. These results suggest that compounds
like 2-F-APA might have therapeutic value as cytostatic
drugs.
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HYDROXYLAMINE-CONTAINING ANALOGS
OF SPERMINE AND SPERMIDINE

The biochemical properties of Spm, Spd, and Put
are determined by the superposition of the structure and
the charge of the molecules, i.e. proper spatial localiza-
tion of amino groups that are protonated at physiological
pH. However, the impact of the charged constituent is not
so well investigated. A rational approach to study the
influence of the charge on biological properties of a
polyamine is to design isosteric but incompletely proto-
nated analogs with pK, of one or two amino groups
decreased by a few orders of magnitude. A possible
approach to altering the pK, of the amino groups of the
polyamine is substitution of the terminal NH,CH,-group
with an NH,0-group, causing minimal steric distur-
bance. The pK, value of the terminal aminooxy group
depends on the structure of the analog (Fig. 6) and
is ~3.2-4.5, i.e. about five orders of magnitude lower than
that of the amino group. The pK, values of -CH,-NH-O-
CH,-groups are already in the interval 2.5-2.7. Hence,
hydroxylamine-containing analogs of polyamines are
structurally similar to the parent polyamines, but they are
incompletely protonated, which allows investigation of
the effect of the amino group protonation on the bio-
chemical properties of Spm and Spd.

The inhibitory activity of hydroxylamine-containing
analogs of Spd — AOE-PU and AP-APA towards ODC
and AdoMetDC was not high, and it was comparable with
that of simple O-substituted esters of hydroxylamine.
Thus, AOE-PU and AP-APA at 1 mM concentration
inhibited AdoMetDC by 54 and 70%, respectively, while
at 0.01 mM they inhibited ODC by 12 and 20%, respec-
tively [90].

The interactions of AOE-PU and AP-APA with
SpmSy were more complicated and provided interesting
data. AP-APA is an isoster of doubly protonated (at N'-
and N*-nitrogens) Spd, i.e. it can be considered as a
mimetic of the doubly protonated state of Spd, which
occurs in the active site of SpmSy. On the contrary, AOE-
PU is an isoster of Spd being doubly protonated at the N*-
and NM¥-nitrogen atoms, and it cannot be considered as an
isoster of the first intermediate of the SpmSy reaction.
Hence, AP-APA was 100 times more active then AOE-
PU, and its affinity to SpmSy was ~10-fold better than
that of Spd [90]. These data confirm that AP-APA is a
good mimetic of the doubly protonated form of Spd,
which in accordance with transition state theory must
have higher affinity to SpmSy compared with the triply
protonated Spd. Moreover, AP-APA was a substrate of
SpmSy, but the rate of 5-oxa-Spm formation was low, and
the kinetic parameters were not determined. Low rate of
AP-APA alkylation with deAdoMet (SpmSy catalyzes
direct transfer of the aminopropyl group of deAdoMet to
the M-amino group of Spd) was more likely associated
with much higher nucleophilicity of the unprotonated
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Fig. 5. Chemical regulators of melanin biosynthesis in the phytopathogenic fungus P. oryzae.

amino group compared with the H,NO-group — nucleo-
philicity of the acceptor of the aminopropyl group is one
of the rate-determining factors of the SpmSy reaction
[90]. Besides, deprotonation of Spd is obviously associ-
ated with the protonation of the enzyme active site
amino acid residue, and we do not know anything about
the impact of the side chain of this amino acid on catal-
ysis.

Both AOE-PU and AP-APA are substrates of the
crude acetylase activity of BHK cell extracts [90], but the
experiments with BHK cells demonstrated that only
AOE-PU metabolized to the corresponding N'-acetylat-
ed derivative in spite of the fact that both AOE-PU and
AP-APA penetrated inside the cells [91].

Enzymatic acetylation of Spm and Spd is catalyzed
by Spd/Spm-N'-acetyltransferase and takes place via
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direct transfer of the acetyl group of Ac-CoA to the N'-
amino group of Spm/Spd. Hence, for the inhibition of
SSAT conjugates of HS-CoA with Spm, or nor-Spd,
where HS-CoA and polyamine were connected with
acetate linker (Fig. 7) were used. Conjugates of symmet-
rical polyamines inhibited SSAT with 1Cs, 0.5-5.0 uM
depending on the structure of the polyamine residue [92].
Later, to conjugate SH-CoA or D-pantetheine selectively,
either to N'- or M-amino groups of the Spd molecule, a
complicated and multistep synthetic procedure was
developed [93].

Aminooxy analogs of Spm and Spd (Fig. 6) are not
only insufficiently protonated polyamine isosters, but
they are also classic carbonyl reagents. The latter provid-
ed the possibility of developing simple two step synthesis
of the required conjugates using different reactivity of
H,NO- and H,N-groups and using acetone linker to
combine polyamine and CoA constituents of the conju-
gate [94, 95]. The most active was the conjugate mimick-

APA

ABA

AOE-PU
H

AP-APA
5-oxa-Spd

AO-Spm

BAO-Spm
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ing the adduct of the N8-position of the Spd molecule
(ICs, 1 uM), while the conjugation of the N'-position of
Spd was not so effective (ICs, 6 uM) [94, 95]. The conju-
gate of AP-APA and HS-CoA was 22-fold more active
compared with the starting ketone, which confirmed the
impact of the polyamine residue in the inhibition of
SSAT. The impact of the adenosine group of CoA in the
inhibition of SSAT was crucial, since corresponding
derivatives of D-pantetheine were poor inhibitors
(ICy, > 100 MM). This structure—activity relationship was
not self-evident because it is known that, at least in the
case of succinyl-CoA-acetoacetate transferase, the pan-
tetheine group makes a significant contribution in the
efficiency of the substrate binding [96].

Among other data on the interaction of aminooxy
analogs of Spm/Sd with the enzymes of polyamine
metabolism, it is necessary to point out the substrate
properties of N'-Ac-AOE-PU in APAO reaction
(key 0.54 sec™) [97] and the substrate properties of AO-

H2N/\/\0’NH2 » 2HCI
HzN\/\/\O/NHz - 2HCI
HZN/O\/\N/\/\/NHz - 3HCI
HzN/\/\H/\/\O’NHZ « 3HCI
HZN/\/\H/O\/\/NHz - 3HCI
HZN/O\/\H/\/\/H\/\/NHZ -4HCI

H
. N .NH, -4HCI
H,N O\/\u/\/\/ ~ "o V2

H
5-oxa-Spm HZN/\/\N,O\/\/N\/\/NHZ =4HCI

H

Fig. 6. Structure of some aminooxy- and oxa-analogs of polyamines.

o
R/\HJK/S\COA

Amide as analog of transi-
tion state of SSAT reaction

Transition state
of SSAT reaction

RO N/J\/S\COA

Oxime as analog of transi-
tion state of SSAT reaction

Fig. 7. Mimetics of the transition bisubstrate complex of the SSAT reaction with acetyl and acetone linkers.
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Spm (Fig. 6) towards SSAT from colon cancer cells
(Caco-2): the K, was 2.2 mM [73].

AP-APA and AOE-PU were not stable in cell culture
medium, and like APA they were the substrates of serum
aminooxidases [71]. These Spd aminooxy analogs effi-
ciently inhibited the growth of L1210 cells but not of
BHK cells [74, 91], while AO-Spm did not inhibit the
growth of either Caco-2 [73] or BHK cells [74], but it was
effective against L1210 cells [74]. Surprisingly, AO-Spm
was able to restore the growth of APA-treated BHK cells
[98], i.e. one O-substituted hydroxylamine reversed the
effect of another O-substituted hydroxylamine. One can
assume that AO-Spm is acetylated in BHK cells, as it is in
Caco-2 cells [73], and subsequent APAO-catalyzed split-
ting of N'-Ac-AO-Spm results in formation of Spd.

Isosteric Spd analogs — AOE-PU and AP-APA —
exhibited different ability to modulate the NMDA recep-
tor; AP-APA was an antagonist, while AOE-PU was an
agonist [99]. These data were the first direct indications
on different recognition of terminal amino groups of Spd
in the polyamine—receptor complex.

Therefore, aminooxy analogs of Spd turned out to be
useful tools to study the enzymes of polyamine metabo-
lism, and their use confirmed the functional non-equiva-
lence of the terminal amino groups of Spd.

Hydroxylamine derivatives occupy an important
place among inhibitors and chemical regulators of the
enzymes of polyamine metabolism. Within this class of
chemical compounds, it turned possible to design irre-
versible inhibitors of carbonyl-dependent AdoMetDC and
ODC, those being active at nM concentrations; effective
inhibitors of SSAT, SpdSy, and SpmSy; effectors of
polyamine transport; and an original proinhibitor of ODC.
Using these hydroxylamine derivatives, data being of fun-
damental value for polyamine biochemistry and dealing
with cellular functions of Spm/Spd and also mechanisms
controlling biosynthesis and degradation of short-living
ODC, AdoMetDC, and SSAT were obtained. The coordi-
nated activities of these enzymes are responsible for main-
taining cellular polyamine homeostasis.
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