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Abstract The present work aims at determining the
structure—activity relationships (SAR’s) which rule the bi-
ological function of agmatine (4-(aminobutyl)guanidinium,
AGM), a biogenic amine produced by decarboxylation of
arginine. Its structural preferences, both as an isolated
molecule and in aqueous solution (namely at physiological
conditions) were ascertained, by vibrational (Raman) spec-
troscopy coupled to theoretical (density functional) calcula-
tions. An evaluation of mitochondrial functions (membrane
potential (AW), mitochondrial swelling, and cytochrome
¢ release) in rat liver mitochondria (RLM) was also car-
ried out. The results thus obtained, coupled to the con-
formational analysis performed for the distinct polyamine
protonation states, allowed to individualize the agmatine
structures which interact with the mitochondrial site re-
sponsible for its transport and for the protection against
mitochondrial permeability transition (MPT) induction, as
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well as to gain information on the specific mechanisms
involved.
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Introduction

Agmatine (4-(aminobutyl)guanidinium, AGM, Fig. 1), is a
biogenic amine produced by decarboxylation of L-arginine
by arginine decarboxylase (ADC). The metabolic pathway
of agmatine synthesis, long known to be present in bacteria
and plants, has lately also been demonstrated in mammalian
tissues [1]. A large number of evidence has been reported
regarding the wide range of physiological functions carried
out by agmatine [2]. In fact, this polyamine was found to
act as a neurotransmitter or neuromodulator [3] and bind
to imidazoline and «;-receptors [4, 5], and it can stimulate
insuline release [6] and induce catecholamine [3]. In addi-
tion, agmatine may behave as an antiproliferative agent and
tumor suppressor [7—10], by inhibiting polyamine biosyn-
thesis and thus regulating cell proliferation (e.g., in rat hep-
atoma cells [11]), as well as by modulating apoptosis (e.g., in
hepatocytes [12]).

Besides being synthesized in sifu, agmatine can also be
taken up from exogenous sources through the diet, and accu-
mulated in the cells and the subcellular organelles by means
of specific protein transporters [13—15], which have not yet
been identified at a molecular level. As accounted for other
biogenic polyamines, the activity of agmatine as a trans-
portable cation and biological effector can be significantly
influenced by its structural preferences. Thus, the study of
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Fig. 1 Schematic representation of the agmatine molecule, in the
totally protonated form. (The atom numbering is included)

its conformational characteristics is of the utmost importance
for the understanding of the structure—activity relationships
(SAR’s), which rule AGM’s diverse biological functions.

The goal of the present work is to better understand the
role of agmatine in biological systems (e.g., mitochondria)
in the light of a thorough conformational analysis of the
polyamine, both in the solid and in aqueous solution, for
AGM distinct protonation states. Vibrational (Raman)
spectroscopy combined to theoretical methods (density
functional calculations) were used for the structural
study, while biological assays were carried out in rat
liver mitochondria (RLM) preparations. In this regard,
the phenomenon of mitochondrial permeability transition
(MPT) has been taken into account.

MPT is due to the opening of a high conductance chan-
nel, the transition pore, in the mitochondrial membrane. This
phenomenon takes place when a large amount of Ca’* ac-
cumulates in mitochondria, together with an inducing agent,
e.g., phosphate or a pro-oxidant compound. The produc-
tion of reactive oxygen species, though the oxidation of
critical thiol groups, and the interaction of Ca>* with spe-
cific sites of the adenine nucleotide translocase, are then
responsible for triggering MPT. This is characterized by
a collapse of AW, matrix swelling, release of endogenous
cations, and oxidation of sulphydryl groups, glutathione, and
pyridin nucleotides. All these events add to a redox catas-
trophe and a bioenergetic collapse [16]. Indeed, the swelling
undergone by mitochondria is responsible for outer mem-
brane rupture and the consequent release of soluble fac-
tors such as cytochrome c (responsible for caspase activa-
tion), the final result being apoptosis induction (for a review
see [17]).

Experimental section
Chemicals

Agmatine, anticytochrome c antibody (Pharmigen), biuret,
bovine serum albumine (BSA), ethylenediaminetetraacetic
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acid (EDTA), ethyleneglycol-bis(2-aminoethylether)-N,
N,N'N'-tetraacetic acid (EGTA), carbonyl cyanide p-
trifluoromethoxyphenyl-hydrazone  (FCCP), rutenone,
ruthenium red, SDS-PAGE, succinate, tetraphenyl-
phosphonium cation (TPP*), as well as the Centrikon
membranes (Amicon), were purchased from Sigma—Aldrich.

Biological assays
Mitochondrial preparations

RLM were isolated by conventional differential centrifuga-
tion, in a buffer medium containing 250 mmol dm~3 sucrose,
5 mmol dm—3 Hepes (pH 7.4), and 1 mmol dm— EGTA.
EGTA was omitted from the final washing solution [18].
Protein content was measured by the biuret method with
bovine serum albumin as a standard [19].

Standard incubation procedures

RLM (1 mg protein/mL) were incubated in a water-
jacketed cell at 20°C. The standard medium contained
200 mmol dm~3 sucrose, 10 mmol dm~3 Hepes (pH 7.4),
5 mmol dm—3 succinate, and 1.25 umol dm3 rotenone. Vari-
ations and/or other additions are described for each particular
experiment presented.

Determination of mitochondrial functions

The membrane potential (AW) was calculated on the basis
of distribution of the lipid-soluble tetraphenylphosphonium
cation (TPP™) through the inner mitochondrial membrane.
This was measured with a homemade TPP"-specific elec-
trode (according to published procedures [20]).

The mitochondrial swelling was determined by measur-
ing the apparent absorbance change of the mitochondrial
suspension at 540 nm, using a Kontron Uvikon mo. 922
spectrophotometer, equipped with a thermostatic control.

The protein sulphydryl group oxidation assay was per-
formed as described in the literature [21].

Detection of cytochrome c release

RLM (1 mg protein/mL) were incubated at 20°C for 15 min in
the standard medium, with appropriate additions. The reac-
tion mixtures were then centrifuged at 13,000 x g for 10 min,
at 4°C, in order to obtain mitochondrial pellets. The super-
natant fractions were further spun at 100,000 g for 15 min,
at 4°C (in view of eliminating mitochondrial membrane
fragments) and five times concentrated by ultrafiltration
through Centrikon membranes (Amicon), at 4°C. Aliquots
of these concentrated supernatants were then subject to
15%-SDS-PAGE (sodium dodecylsulphate-polyacrylamide
gel electrophoresis) for cytochrome c, and analyzed by
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Western Blotting using a mouse anticytochrome c¢ antibody
(Pharmigen).

Theoretical calculations

The density functional calculations—full geometry op-
timization and calculation of the harmonic vibrational
frequencies—were performed using the GAUSSIAN 98W
program [22] within the Density Functional Theory (DFT)
approach, in order to properly account for the electron corre-
lation effects (particularly important in this kind of systems).
The widely employed hybrid method denoted by B3LYP
[22-28], which includes a mixture of HF and DFT exchange
terms and the gradient-corrected correlation functional of
Lee et al. [29, 30], as proposed and parametrized by Becke
[31, 32], was used, along with the double-zeta split valence
basis set 6-31G™* [33, 34].

Molecular geometries were fully optimized by the Berny
algorithm, using redundant internal coordinates [35]: the
bond lengths to within ca. 0.1 pm and the bond angles
to within ca. 0.1°. The final root-mean-square (rms) gra-
dients were always less than 3 x 10™* hartree bohr~! or
hartree radian—!. No geometrical constraints were imposed
on the molecules under study.

Mulliken atomic charges were calculated for the different
protonation forms of the agmatine molecule. The relative
populations were determined according to the Boltzmann
distribution (at 25°C), based on the relative conformational
energies yielded by the geometry optimization. The calcu-
lated wavenumbers above 400 cm™' were scaled using a
factor of 0.9614 according to Scott and Radom [36], before
comparing them with the experimental data.

The solvent effect (water) was simulated by performing
Self-Consistent Reaction Field (SCRF) calculations. A con-
tinuum model—the Integral Equation Formalism (IEF) [37-
39] version of Tomasi’s Polarized Continuum Model (PCM)
[40—42]—was used. This approach defines the molecular
cavity as the union of a series of interlocking spheres cen-
tered on the distinct atoms of the system.

Raman spectroscopy

The Raman spectra were obtained at room temperature,
for both the pure solid and the aqueous solutions of ag-
matine, on a triple monochromator Jobin-Yvon T64000
Raman system (0.640 m, f/7.5) with holographic gratings
of 1800 grooves mm~!. The detection system was a nonin-
tensified CCD (Charge Coupled Device). The entrance slit
was set to 200 um and the slit between the premonochro-
mator and the spectrograph was opened to 14.0 mm. The
514.5 nm line of an Ar™ laser (Coherent, model Innova 300)
was used as excitation radiation, providing 60 to 200 mW

at the sample position. Each spectrum is the sum of about
three scans for the solid samples and 10-15 scans for the
solutions. Under the above-mentioned conditions, the error
in wavenumbers was estimated to be within 1 cm~!. Samples
were sealed in Kimax glass capillary tubes of 0.8 mm inner
diameter.

For all agmatine aqueous solutions, the pH was ajdusted
with NaOH and/or HCI, the presence of the Na* and Cl~
ions leading to a better mimetization of the physiological

conditions.
The spectra of the analogous polyamines dien

(H,N(CH;),NH(CH;,);NH;) and propen (H,N(CH;)s3
NH(CH;);NH,), in the solid N-protonated form, were
also obtained, in order to better assign the agmatine
features.

Statistical analysis

The data represented in Fig. 3 was obtained by five different
independent assays. All experimental results are expressed
as the mean + standard deviation (SD).

Results
Biological assays

Agmatine at 15 gmol dm™3 concentration was previously
reported to induce MPT through a mechanism, which possi-
bly involves generation of H,O; [12]. However, an opposite
effect was observed when mitochondria was treated with
higher concentrations of agmatine [15]. These observations
are corroborated and better explained by the present results.
In fact, the biological assays now performed allow to de-
termine that, in the concentration range 0.5-2 mmol dm~3,
agmatine displays a dose-dependent inhibition on mitochon-
drial swelling (/5o value = 0.5 mmol dm~?) (Fig. 2A), al-
most identical to that detected for the divalent polyamine pu-
trescine (Iso = 0.47 mmol dm~?) (Fig. 2B). At 1 mmol dm—3
concentration, in turn, agmatine was found to prevent the
collapse of the membrane potential induced by Ca®* plus
phosphate (Fig. 3A), as well as to block the oxidation of
sulphydryl groups (Fig. 3B). Figure 3C reports a Western
Blot analysis of mitochondrial cytochrome ¢ in the super-
natant, evidencing that concomitantly to the onset of the
above mentioned events cytochrome c is also released. The
presence of 1 mmol dm~ AGM significantly inhibits this
efflux. Furthermore, agmatine showed to be able to inhibit
mitochondrial swelling in mitochondria deenergized by car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP),
in the presence of ruthenium red (RR), thus suggesting that
the amine acts by interacting on the external side of the mi-
tochondrial membrane (Fig. 3D). These observations clearly
indicate that agmatine, at high concentrations, inhibits the
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Fig. 2 Dose- dependent effect
of agmatine (A) and putrescine
(B) on mitochondrial swelling
induced by Ca’* in the presence
of phosphate. RLM were
incubated in standard medium
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triggering of MPT, as opposed to the results previously re-
ported by Gardini and collaborators for low AGM concen-
trations [12] (for a review on MPT see Ref. [43]).

Previously reported studies demonstrate that the preven-
tive effect of natural and synthetic polyamines on MPT in-
duction is strongly dependent on their electric charge, the
concentration of amine needed to inhibit the phenomenon
being inversely proportional to its charge [44]. Further-
more, the present results show that agmatine still exhibits
its inhibitory effect on MPT under deenergizing conditions
(Fig. 3D), evidencing that it can prevent the instauration
of MPT by binding to the external side of the membrane,
without crossing it. In fact, pore opening under deenergiz-
ing conditions has been previously reported elsewhere [45].
In the light of these observations, it is proposed that the
species responsible for this protective effect are dicationic
AGM structures, the structure of which was obtained by the-
oretical calculations (see below).

a Springer

Ab initio MO calculations

A complete geometry optimization by density functional
calculations was carried out for agmatine, considering the
distinct protonation states of the molecule. The effect of
several structural parameters on the overall stability of the
polyamine was investigated, namely: (i) conformation of the
guanidinium group relative to the carbon chain (-(CHj)4—)
of the molecule—change in the (C4CsNC;s) dihedral angle
(rotation around the Cs—N ¢ bond) (Fig. 1); (ii) orientation of
the guanidinium (C;3=)N-H group relative to the C;3—Nj;
bond—(H9N;9C1gN»;) dihedral equal to 0 or 180°, defining
either a cis or a trans configuration, respectively.

Both considering the isolated molecule and the aqueous
solution, five different conformers were obtained for unpro-
tonated (n =0, ¢ =0) and monoprotonated (n=1,g=1+)
agmatine, while six were found for the diprotonated (n =2,
q=72+) species (Table 1, Figs. 1 and 4).
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Fig. 3 Protective effect of agmatine on AW collapse (A), thiol oxi-
dation (B), and cytochrome c release (C), induced by Ca?t and phos-
phate. Protective effect of agmatine on mitochondrial swelling induced
by Ca®* plus ruthenium red (RR) and FCCP (D). Panels A-C: RLM
was incubated for 20 min (in the same conditions as those described for
Fig. 1A). Agmatine was present at | mmol dm~3 concentration. The
AFE value indicated in panel A refers to the electrode potential. Panel
C represents the cytochrome c released from RLM to the supernatant
and undergone to SDS-PAGE. The gel was transferred to nitrocellulose

For the unprotonated species, four conformers were de-
termined to be significantly populated at room temperature
(Table 1). The lowest energy geometry (AGM 00) presents a
quasi-perpendicular orientation of the guanidinium group
((C4CsN6Cig) ca. 78.0°) and a cis conformation of
(Cig3=)N-Hrelative to the C;3—N5; bond (Fig. 4). Conformer
AGM 04 was determined to be highly destabilized (mainly
for the isolated molecule), most probably due to the orienta-
tion of the guanidinium NH) relative to the aliphatic amino
group (Fig. 4)—AGM 04 vs AGM 03, Table 1.

Three conformations with considerable population at
room temperature were obtained for the diprotonated
species of agmatine—AGM 22, AGM 23, and AGM 25
(Table 1). The most stable structure in aqueous solution—
AGM 22, probably the predominant species at physiologi-
cal pH—displays a quasi-perpendicular guanidinium group
((C4C5N16C15)= —89.0°, Table 2) relative to the carbon
chain, as opposed to the lowest energy conformer for the
isolated molecule, AGM 23, which has a (C4CsN5Cg)
dihedral of 165.6 °. In both cases, the (C;3=)N-H group

100
80
60
404
204

% reduced thiol groups

B
control
Ca* +RR +
AA =0.200 FCCP + AGM
o |
Smin
D

Ca’* + RR + FCCP
membrane and immunostained with anticytochrome c anti-body. For
plots A and C four different assays were performed yielding identical
results. The results comprised in panel B are the mean values +2SD
of five different experiments. Panel D: RLM were incubated in stan-
dard medium in the presence of 30 umol dm~> Ca>*. Where indicated,
0.5 pmol dm— RR and 0.1 pumol dm~> FCCP (added 2 min after
Ca?") and 1 mmol dm~ agmatine were present. Four other experi-
ments yielded similar results

adopts a trans orientation relative to the C;g—Nj; bond. The
two species present in aqueous solution with almost iden-
tical populations, AGM 22 (37.2%) and AGM 25 (36.0%),
are enantiomeric conformations, varying solely in the rela-
tive orientation of the guanidinium group and the aliphatic
chain—(C4CsN;4Cyg) equal to +89.0° (Tables 1 and 2,
Fig. 5).

Regarding the monopositive molecule (protonated only in
the guanidinium amino group, displaying the highest polar-
ity), two mainly populated geometries (at room temperature)
were obtained—AGM 10 and AGM 11 (Table 1, Fig. 5). Sim-
ilarly to what has been verified for dipositive agmatine, while
the minimum energy conformer for the isolated molecule
(AGM 11, Fig. 4) displays a coplanar structure, a tilted
conformation (AGM 10, Fig. 5) was found to be the most
favoured one in solution. A trans guanidinium (C;g=)N-H
group relative to C13—IN,; was also determined to lead to a
higher stabilization. The highest energy conformer (AGM
14), in turn, presents two conformational characteristics
which were found to be energetically unfavored: a cis
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Table 1 Calculated relative
energies, populations, and

AE, kJ mol~! (population?, %)

dipole moments (1) for the IEFPCM

distinct conformers of agmatine, Conformer B3LYP/6-31G**” /D¢ B3LYP/6-31G** /D

in its distinct protonation states,

both as an isolated molecule and n=0(q=0)

in aqueous solution AGM 00 0 (38.6) 35 0(35.7) 49
AGM 01 2.1(16.4) 24 03(3L7) 3.6
AGM 02 1.7 (19.6) 3.5 1.9 (16.5) 5.1
AGM 03 1.1 (24.9) 1.7 2.3 (13.9) 2.8
AGM 04 10.6 (0.5) 33 6.9 (2.2) 4.4

n=1(@=1+)

AGM 10 1.7 (33.7) 13.4 0(54.7) 15.8
AGM 11 0 (66.3) 13.0 0.9 (38.5) 15.2
AGM 12 27.2(0) 160 65(3.9) 19.3
AGM 13 26.7 (0) 15.9 7.3(2.9) 19.1
AGM 14 32.5(0) 12.9 21.7 (0) 15.2

“Calculated at 25°C. n=2(@=2+)

bYsolated molecule. AGM 20 9.2 (1.1) 2.7 5.14.7) 5.1

1D = 1/3 x 10~ em. AGM 21 12,5 (03) 45 T11) 6.6

IIn water, £ — 78.30. AGM 22 1.4 (26.4) 59 00372 72

. . AGM 23 0 (46.4) 71 1.6(19.5) 8.9

q:za::‘;rfesﬁ:zgzC‘i’lr]‘:"“;ﬁ?]‘e’“q AGM 24 18.3 (0) 100 107 (0.5) 12.5

’ AGM 25 1.5(25.8) 59  0.1(36.0) 73

refers to its charge.

orientation of the guanidinium (C;s=)N-H relative to the
Ci35—N; bond, coupled to a trans (Ci3=)NH relative to
the aliphatic NH3™. Thus, despite its high dipole moment
(u = 15.2 D), this geometry is not populated in aqueous solu-
tion at room temperature, as opposed to AGM 11, which has
an identical polarity (u = 15.2 D) but a population of 38.5%
(Table 1).

Similarly to what has been reported for putrescine [46,
47], the carbon chain of the agmatine molecule was found
to adopt a preferential linear all-trans configuration, for all
protonation states of the molecule. A trans orientation of
the guanidinium (C;g3=)N-H relative to the C;3—N,; bond
was found to be energetically favored whenever the neigh-
bouring amino moiety is protonated, which is easily un-
derstandable in the light of minimisation of the Hyy- - -Hys
steric repulsions: conformers AGM 10 vs. AGM 12, AGM
11 vs. AGM 13, AGM 22 and AGM 25 vs. AGM 20, and
AGM 23 vs. AGM 21 (Fig. 4). Moreover, a trans conforma-
tion of the (C;3=)NH moiety relative to the aliphatic NH,
((CsN6C1gNg) ca. 180.0°) is clearly unfavored: conformers
AGM 04 vs. AGM 03, AGM 14 vs. AGM 13, AGM 24 vs.
AGM 23 (Fig. 4). In aqueous solution, those geometries dis-
playing a nonplanar conformation of the guanidinium group
relative to the carbon chain showed to be stabilized rela-
tive to the coplanar ones (which are favored for the isolated
molecule).

Apart from the relative orientation of the Nj9y—Hyy and
C13—N3; bonds (Fig. 1), the configuration of the whole guani-
dinium (C;3=)NH moiety relative to the aliphatic amine
chain thus proved to be a quite important parameter for the
stabilization of the agmatine molecule, most probably due
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to electronic delocalization factors. In fact, by comparing
the results obtained for the isolated agmatine (gas phase)
and considering the presence of water, it may be concluded
that the nonplanar geometries are clearly favored in solution
(AGM 00 vs. AGM 01 and AGM 10 vs. AGM 11 Fig. 5,
Table 1).

N-Protonation of agmatine, in turn, was found to lead to
an expected decrease of the negative charge of the nitrogen
atoms, both for the guanidinium moiety of the molecule
and for the terminal amino group: uncharged conformers
vs. mono- and dipositive species, and monoprotonated vs.
diprotonated forms (Fig. 5). As to the carbon atoms adjacent
to the ionizable site, while the guanidinium Cig is unaffected
by protonation, the charge in C, is approximately doubled
(—0.06 to — 0.12) upon N;-protonation (Fig. 5).

Raman spectroscopy

The Raman spectra (100-1750 cm™!) of diprotonated ag-
matine, both in the solid state and in aqueous solution
(at pH 7.3), are represented in Fig. 6. Figure 7 com-
prises the Raman pattern of agmatine aqueous solutions (ca.
0.5 mol dm~3), at distinct pH values. The corresponding ex-
perimental wavenumbers are listed in Table 3, along with
the calculated frequencies for the most stable conformers of
the diprotonated molecule—AGM 23 (isolated amine) and
AGM 22 (aqueous solution).

A complete assignment of the experimental vibrational
features was carried out (Table 3), in the light of both
the theoretical results and the spectra of the similar
polyamines dien (H,N(CH,),NH(CH;),NH;) and propen
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(HoN(CH;)3NH(CH;,)3;NH,) presently obtained (Fig. 8),
as well as based on the data previously gathered for the
analogous biogenic amines putrescine (H,N(CH;)4NH,),
spermidine (H,N(CH;);NH(CH,);NH;), and spermine
(H,N(CH;)3NH(CH,)4NH(CH;)3NH,) [46-49].

The vibrational results now reported for agmatine are in
total agreement with its theoretically determined conforma-
tional behavior, previously described. In fact, the expected
structural changes due to N-protonation are clearly detected
in its Raman spectra: as pH is increased (and the amount of
protonated species gets lower and lower) a strong decrease in
intensity is observed for the very intense band at 983 cm™!

;df(a’(/.)

Q—- AGM 21

» ’,? z
AGM 22

]
X e b

) ? 'r > II‘
o ‘9 AGM 23 /‘p {\‘ ‘/‘ ?/i
7 ' AGM 24

(Fig. 7), ascribed to a deformation (rocking) mode of the
NH; ™" guanidinium group, pnp, (Table 3). Moreover, as the
percentage of the unprotonated form raises the broad feature
at ca. 1650 cm™', assigned to the NH, scissoring mode, in-
creases in intensity. It should be noted that at pH 11.8 there
is still a nonnegligible percentage of monoprotonated agma-
tine in solution, which accounts for the presence of the band
at 983 cm~!, although much weaker than for lower pH val-
ues, when the dipositive species is predominant in solution
(Fig. 7). The occurrence of the Raman strong feature due to
the pnp, mode is predicted by the calculations, for the mono-
and dipositive forms of agmantine (displaying a protonated
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Table 2 Optimized geometries for the most stable conformers
of agmatine at physiological conditions (B3LYP//6-31G** level of
calculation)

AGM 22 AGM 25
Bond lengths (pm)
N;—Cy¢ 150.8 150.7
Ny~Cis 135.0 135.0
Cis—Nyg 126.9 127.0
C1s—No; 149.8 149.8
C—C3 1524 152.4
C3—Cy 153.5 153.5
C4—C;5 153.5 153.5
N;-Hsg 103.4 103.4
N;-H; 103.4 103.4
N;—Hys 103.4 103.4
Nie—Hi7 102.6 102.6
Ni9—Hyg 102.3 102.3
N21—Ha 103.7 103.7
N21—Has 103.7 103.7
Noy—Hog 103.4 103.4
C,—Hg 109.3 109.3
C,—Hy 109.3 109.3
Cs—Hjo 109.8 109.9
Cs-Hp 109.8 109.8
C4—Hi» 109.7 109.7
C4—Hy3 109.7 109.7
Cs—Hy4 109.6 109.5
Cs—H;s 109.5 109.6
Bond angles (°)
Ni16—Ci8—Nig 135.1 135.1
Ni9—Ci3—Nyy 113.6 113.6
N,—-Cr,—C3 111.0 111.1
C4—Cs5—Nyg 113.1 113.1
Cr—C3—Cy 111.1 111.0
C3—C4—Cs 111.5 111.5
N;—C,—Hg 106.3 106.3
C,-N;—Hs 111.7 1117
C,—-N;-H7; 111.7 111.7
Cs—N¢—Hy7 116.8 111.9
C18—Ni9—Hap 113.6 113.6
Ci8—N21—Ha 112.0 112.1
Ci3—Naj—Hys 107.9 108.0
C,—C3—Hyo 109.4 109.4
C3—Cy4—Hi, 109.9 109.9
Cy—Cs—Hy4 110.6 110.9
Dihedral angles (°)
C5—N16—Ci1s—Nig -53 5.2
C5—N;6—C13—Noy 176.6 176.7
N;—Cr,—C5-C4 179.6 179.8
Cy,—C3—C4—C;5 179.6 —179.6
C3—C4—Cs5—Ny¢ —179.8 178.7
C4—C5—N;4—Cig —89.0 —88.6
Ni6—C18—N19—Hao 1.9 -16
Ni6—Cis—Naj—Hap 58.5 —178.4
N16—Ci18—N31—Has 178.0 62.2
C3—C,—-Ni-Hg -59.9 —60.3
C3-C,—-N,-Hy; 60.3 59.9
N;—C,—C5—H; 52.2 58.5
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Table 2 Continued

AGM 22 AGM 25
C4—C3—Cr—Hg 60.9 61.1
C,—C3—-C4—Hp2 -59.0 —58.6
C3—C4—Cs—Hy4 58.3 58.8

¢ Atoms are numbered according to Fig. 1.

guanidinium group, Fig. 5), both for the isolated molecule
and for the aqueous solution, at 994 and 981 cm™', respec-
tively (Table 3). The protonation state of agmatine can thus
be easily and unequivocally determined through its Raman
pattern, in aqueous solution.

Discussion

The results gathered along the present study lead to the un-
derstanding of the conformational preferences of agmatine,
namely to the determination of the most stable physiologi-
cal agmatine structures, i.e., the predominant species present
in aqueous solution at pH 7.3. These were found to be the
dicationic forms AGM 22 and AGM 25, displaying a lower
negative charge in the protonated aliphatic amino terminal
relative to the monopositive or neutral forms of the molecule
(Fig. 5). Most probably, these are also the conformations to
be found in the biological fluids during agmatine absorption
from the diet, as well as in the cytosol, in mammalian cells,
after agmatine is transported across the plasma membrane.
Consequently, these are prone to be the species that inter-
act with the mitochondrial membrane and have a marked
effect on MPT, a phenomenon known to be associated with
apoptosis (for a review see Ref. [16]).

The concentration-dependent effect of agmatine on MPT
induction verified along this work may be explained by con-
sidering that it is due to the oxidation products of agma-
tine (H,O and aldehyde) in the presence of Ca?*. Thus,
while for low AGM concentrations all the amine is in
the oxidized form, at high concentrations the tendency to-
ward pore opening triggered by the oxidation of agmatine
is counteracted, or even abolished, by the intact amine
molecules, not yet oxidized. These results are in accor-
dance with those found in the literature for the monoamine
tyramine [50].

Although no specific agmatine transport mechanism has,
to this date, been characterized at a molecular level, there
are several proposed models reported in the literature. One
of these suggests that agmatine may (e.g., in human cell
lines derived from embryonic kidney) be transported through
the nonneuronal monoamine transporters EMT and OCT2
[14]. In this particular case, it was verified that the trans-
port velocity is directly proportional to the concentration of
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Fig.5 Schematic
representation of the calculated
(IEFPCM/B3LYP/6-31G**)
lowest energy conformers for
agmatine in aqueous solution, in
its distinct protonation states.
(Mulliken atomic charges are
included. The most abundant
physiological forms of agmatine
are AGM 22 and AGM 25)

Fig. 6 Experimental Raman
spectra (100-1750 cm™!) of
diprotonated agmatine (at
25°C): (A) solid state; (B)
aqueous solution (0.5 mol dm~3
pH 7.3). (§ and p represent
deformation and rocking
vibrational modes, respectively;
atoms are numbered according
to Fig. 1)
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Table 3 Raman experimental

and calculated wavenumbers Experimental

Calculated*

(cm™1) for diprotonated

Solid state Aqueous solution®

Isolated molecule?’  Aqueous solution® Approximate description”

agmatine (Physiological

species), both in the solid state 3389
and in aqueous solution 3332
3273
3183
2996
2973 2977
2947 2934
2925 2905
2876 2884
2795 2792
1698
1627 1647
1473 1472
1451 1448
1341
1319 1318
1195
1182 1173
1095 1095
1063 1068
1027
983 983
“B3LYP/6-31G** level, for the 969 952
isolated molecule; 912
IEFPCM/B3LYP/6-31G** level,
for the aqueous solution; 891
wavenumbers above 400 cm™!
are scaled by 0.9614 [36]. 310

b .
At(?ms are nur.nber.ed according 608 606
to Fig. 1; the vibrational modes

are represented by: v, stretching; 360

8, deformation; p, rocking andr, 461 487
torsion; ip and op stand for 442 449
in-plane and out-of-plane 385

modes. 294 296
°pH is 7.3. 219

4 AGM 23 conformer. :?2

¢AGM 22 conformer.

3444 3327 v (N'H)

3438 3305 v (N'°H)

3343 3271 Vas (N2'H3)

3339 3270 Vas (N'H3) + vas (N2H3)

2989 2997 Vas (CHp)

2982 2972 vs (CH,)

2959 2949 Vas (CHy)

2928 2946 vs (CHy)

2918 2924 vs (CHy)

2917 2910 v (CHy)

1756 1722 v (C'8=N")

1607 1613 8.5 (N'H3)

1471 1468 5 (CH»)

1449 1448 5 (CH»)

1334 1342 5 (CH,)

1313 1323 8 (CH,)

1219 1229 8 (CHy) + 8 (N'°H)P + §
(N19H)ip

1206 8 (CHy) + 8 (N'H)P + §
(N19H)ip

1111 1123 v (C-C)

1047 1071 p (N*'H3) + 8§ (N'°H)°P

1033 1058 o (N?'H3) + p (N'H3) +
8 (CH,)

994 981 p (N*'H3)

964 958 v (C—C) + v (C-N)

940 934 v (C-C) + v (C-N) + p
(N?'H3) 4+ 8 (N'PH;)P

909 883 v (C-C) + v (C-N) + §
(CHy)

795 811 8 (CH,) + 8 (N'"H;3)oP

601 8 (N'OH)°P

565 579 § (N'®H)P + v (N-C-N)

485 464 5 (N'OH)°p

429 425 v (C—=C) + v (C-N)

402 344 T (N'H3)

347 322 7 (N?'H3)

234 286 Skeletal mode

164 150 Skeletal mode

123 144 Skeletal mode

the monopositive form of the molecule, the uptake increas-
ing drastically with increasing pH (in the range 6.5-9.0).
Thus, the monoprotonated species AGM 10 and AGM 11
(Fig. 5) would be the sole substracts for either EMT or OCT?2.
However, this behavior seems to indicate that this transport
mechanism is most likely an electroneutral one, and conse-
quently the amine should not be transported in the mono-
protonated form (which has a quite high dipole moment),
as proposed by Grundemann and collaborators [14], but
instead in the totally unprotonated, uncharged form—AGM
00 and AGM 01 (Fig. 5). In turn, if an hydrophilic chan-
nel is considered as the specific transport system, agmatine

a Springer

should be in the diprotonated state—AGM 22 and AGM
25 (Fig. 5)—which has a dipole moment of about one-half
that of the monopositive species (Table 1). A specific trans-
port system for agmatine in mitochondria has recently been
identified [15] as being a strictly electrophoretic mechanism,
exhibiting a Vyax value (6.5 nmol min~! mg~! prot) about 5-
fold higher than the corresponding one for the analogous
divalent biogenic amine putrescine ([H3N(CH;)4N H; ],
Vimax = 1.14 nmol min~! mg’1 prot) [51]. Since this trans-
porter resembles that of putrescine, a hydrophilic channel is
known to be involved and the agmatine conformers capable
of crossing the mitochondrial membrane should then be the
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Fig.7 Experimental Raman
spectra (100-1750 cm™!) of
agmatine in aqueous solution, as
a function of pH (0.5 mol dm™3,
25°C): (A) pH 4.5; (B) pH 7.3;
(C)pH 10.1; (D) pH 11.8. (8
and p represent deformation and
rocking vibrational modes,
respectively; atoms are
numbered according to Fig. 1)

A

p (N>1D)

WA

r T T
250 500

diprotonated ones AGM 22 and AGM 25 (Fig. 5). Never-
theless, the large difference between the measured transport
rates for agmatine and putrescine are suggested to be in-
dicative of an alkaline microenvironment of the agmatine
transporter (pH > 7.3), which will imply that this amine is
not carried as a dipositive species, but as a monovalent, high
dipole moment, cation instead (AGM 10 and AGM 11).

Considering the occurrence of electrostatic interactions
between agmatine and the fixed anionic charges of neighbor-
ing biological structures (e.g., aspartic and/or glutamic acid
residues from transporter proteins, Fig. 9), the most prob-
able conformations for this polyamine under physiological
conditions are the dipositive ones AGM 22 and AGM 25 (as
also suggested by the results on MPT triggering), although
the monocationic species AGM 10 and AGM 11 may also
exist in particular microenvironments. However, agmatine
is also known to interact with hydrophobic sites in vivo, in
which case the structures involved would be AGM 00 and
AGM 01, which are the most abundant uncharged forms in
solution.

T T T T T 1
750 1000 1250 1500 1750

Wavenumber (cm™!)

Conclusions

The results obtained along the present study allowed to
thoroughly characterize the structure of the most stable
geometries of agmatine in aqueous solution, under different
pH conditions (Fig. 5): at physiological pH, the diprotonated
(dipositive) forms—AGM 22 and AGM 25; at alkaline pH
(ca.7.3-9.0), the monoprotonated (monopositive) species—
AGM 10 and AGM 11; and in strong alkaline medium,
the totally unprotonated (neutral) molecule—AGM 00 and
AGM 01.

Since the activity of biogenic polyamines is recognized
to be strongly affected by their structural preferences, the
determination of the conformational behavior of agmatine
is of the utmost importance for the understanding of its di-
verse biological roles, namely its effect on the mitochondrial
permeability transition and its specific transport mechanism.
These SAR’s studies are essential for the development of new
agmatine-based therapeutic strategies (e.g., against drug ad-
diction, pain-killing, or tumor suppressing).
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v, stretching; 8, deformation; and p, rocking; s and as stand for sym-
metric and antisymmetric vibrations; guan refers to the guanidinium
moiety of the molecule; atoms are numbered according to Fig. 1)

Fig. 8 Experimental Raman spectra (100-1750, 2600-3400 cm™!)
of agmatine (A), dien (B), and propen (C), in their totally protonated
forms (solid state, at 25°C). (The vibrational modes are represented by:
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