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In the present paper we describe the first synthesis and evaluation of a novel Mn (II) complex (DTPA-
PPDA Mn (II)) which contains a C-15 fatty acid moiety that has high affinity to the heart muscle. The com-
plexation energy of DTPA-PPDA Mn (II) evaluated by quantum chemistry methodology indicates that it
essentially exceeds the corresponding value for the known DTPA Mn (II) complex. Molecular docking
revealed that the affinity of the designed complex to the heart-type transport protein H-FABP well
exceeds that of lauric acid. Phantom experiments in low-field MRI the designed contrast agent provides
MR imaging comparable to gadopentetic acid.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) has long been used for effec-
tive cardiovascular visualization, accurate determination of ven-
tricular size, mass, function [1,2] pathologies of aorta and
myocardium [3-7]. However, metabolic imaging of the heart
(ATP, fatty acids, glucose consumption) has not been fully realized
in the clinic yet. Therefore, the design of new MRI contrast agents
for heart visualization is of particular importance.

Gadolinium-based complexes are typically used for MR imaging
despite that free Gd (III) ions are highly toxic as xenobiotic parti-
cles [8,9]. Although gadolinium-containing complexes are particu-
larly stable at 20-40 °C [10], their decay to free ions must still be
taken into account. As an illustrative example, the widely-used
gadopentetic acid may cause a number of side-effects such as
nephrogenic systemic fibrosis [11-14].
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Manganese-enhanced MRI of the heart has recently gained a
growing attention and several manganese-containing complexes
have by now successfully been tested in MR imaging experiments
[15-18]. Being a natural cellular constituent [19], Mn (II) has sim-
ilar paramagnetic properties as gadolinium, however, being signif-
icantly less toxic [20]. The main idea is that Mn (II) resembles Ca
(I1), which is a key regulator of myocardial contraction. Mn (II)
can ‘surrogate’ Ca (II) in myocardium calcium exchange and can
therefore be used for the evaluation of calcium uptake in the heart.
It has thus been established that manganese-enhanced MRI signals
reflect changes in the Ca (II) uptake in the myocardium [21,22].

Itis known that fatty acids are the most important energy sources
for the myocardium and provide up to 90% of its aerobic metabolism
via B-oxidation [23]. Radiolabelled p-iodophenylpentadecanoic acid
(I-PPDA) [24,25] has been approved as a good tracer for SPECT imag-
ing of the myocardium. Kropp and colleagues [26] reported that I-
PPDA qualitatively incorporates into endogenous lipids of the heart
and metabolizes similarly to the natural fatty acids. Thus, ligands
based on phenylpentadecanoic acid (PPDA) chelating Mn (II) can
possibly provide both selective delivery of contrast agents to the
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myocardium and good MR imaging of the heart muscle. However,
conjugates of Mn (II) with PPDA or other fatty acids are unknown
in the literature to date. The aim with the present work is to design
such a contrast agent, synthesize it for the first time and evaluate its
applicability in medicine. The desired ligand contained
DTPA-chelating group connected to two PPDA moieties is 15 - (4 -
carboxymethyl (2 - carboxymethyl (2 - carboxymethyl (4 - (14-
carboxytetradecyl) phenyl carbamoyl methyl) aminoethyl)
aminoethyl) - aminomethyl carboxyamido phenyl) - pentadecanoic
acid or DTPA-PPDA 4.

For Mn (II) chelating we chose DTPA due to its favorable prop-
erties. DTPA is bifunctional complex one which contains both a
good chelating group and chemically reactive functional groups
which can be covalently attached to two molecules of PPDA via
the amide bond. Multidentate ligand DTPA creates high cation
coordination numbers and complexation constants being less rigid
in comparison to many other complex ones [27].

2. Materials and methods
2.1. Synthesis of DTPA-PPDA Mn (1)

The ligand DTPA-PPDA 4 was synthesized starting from -
phenylpentadecanoic acid 1 (Scheme 1). The latter was prepared
according to the described procedure [28,29]. Phenyl pentadecanoic
acid 1 was nitrated and nitro group of the resulted compound 2 was
reduced to give the amine 3. Condensation of the product 3 with
DTPA-bis(anhydride) [30] gave the ligand DTPA-PPDA 4.

The ligand 4 was prepared as yellowish crystals with the total
yield 38%. The ligand was insoluble in chloroform, water and acidic

©/(CH2)14C02H a /©/(CH2)14COZH : ©/(CH2)14C02H
— > R
O,N H,N
3

medium. A complete dissolution was observed in absolute boiling
ethanol or in NaHCOs solution at pH > 9.

Complexation of DTPA-PPDA 4 with Mn (II) was carried out by
the treatment of DTPA-PPDA with the manganese (II) chloride in
NaHCO; solution. The absence of free Mn?* ions was confirmed
by complexometric titration with eriochrome Black [31]. The com-
plexation reaction was successful only if pH 9.5 was achieved.
However, this pH is regarded as unacceptably high for the injection
formulations [32]. Therefore, the pH of resulted solution has to be
adjusted to 8.5-9.0 by 1 M HCI solution after the complete con-
sumption of all Mn (II) ions.

2.2. Calculation details

2.2.1. DFT calculations

Geometry optimization of electronic ground state and the cal-
culation of total energies for all compounds were carried out using
Density functional of theory (DFT) with the B3LYP exchange-
correlation functional [33]. The DGDZVP basis set [34,35] was used
in the case of all structures in the reaction (1) and (3) with Mn (II)
described in Section 3.1. The 4f-core ECP53MWB pseudo potential
[36] and basis set for 3d-, 6s, and 6p-function for electrons were
used for the reaction (2) with Gd (Ill) and the 6-31G(d,p) basis
set was used for other atoms given section in 3.1. All calculations
were performed using the Gaussian-09 software [37] on the Skif
TSU supercomputer [38].

2.2.2. Molecular docking
The molecular docking simulations were performed using the
AutoDock Vina [39] program and its Autodock tools. Charges and

Scheme 1. Synthesis of DTPA-PPDA4, its key HMBC correlations and subsequent synthesis of DTPA-PPDA Mn(Il) 5 complex. ~Reagents and conditions: (a) HNO3, H,SOs,
—15°C, 8 h, (b) Hy, Pd/C 48 h, (c¢) DTPA-bis(anhydride), which was synthesized according to [30], DMF.
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Fig. 1. The structure of DTPA-PPDA Gd (III) 6 complex (Eq. (2)) calculated by DFT method.

Table 1
The calculated complexation (decomposition) energy in kJ/mol at the DFT/B3LYP level
of theory.

Ligand Clc. energy, kj/mol
DTPA-PPDA Mn (II) 150.624
DTPA Mn (II) 87.864°
DTPA-PPDA Gd(III) 384.928

2 Experimental energy = 83.68 kJ/mol. According to [27], at 20 °C, log K=15.6.
Experimental energy was calculated using the equation: AG=R-T-InK, or
consequently, AG = 17.5-log K (kJ/mol).

nonpolar hydrogens were added using default parameters in
MGLTools. The size of the docking grid was decreased from default
values to include only the inner sphere of the protein. The strin-
gency of docking was set to 8, the default parameter. 3D illustra-
tions were generated and visualized using the PyMol program.

2.3. Phantom experiments in low-field MRI Imaging

MRI experiments were carried out using ‘Magnetom Open’
(Seimens medical, Germany) at 0.2 T. Phantom experiments were
carried out using non-anthropomorphic phantoms - 10 mL glass
vessels filled with DTPA-PPDA Mn (II) 5 saline solutions. The solu-
tions were prepared at a range 0.01-2 mM in order to cover a wide
range of commonly used T1-weighted measurements using turbo
spin-echo sequence with repetition time TR=420ms and
TE=15ms.
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The images obtained in T1-weighted sequences were quantified
for an average intensity in phantoms of different concentrations
and compared with gadopentetic acid of equal concentration to
prepare a calibration curve of intensity versus concentration. In
the present study we focused on the visualizing properties and
did not determine the relaxivity in detail.

3. Results and discussion
3.1. Quantum-chemical calculations

In order to estimate the stability of the DTPA-PPDA Mn (II) com-
plex, we compared it with similar DTPA-PPDA Gd (III) (Fig. 1) com-
plex. It is known that Gd (IlI) - complexes are used as contrast
agents are more stable than the corresponding Mn (II) complexes
[10]. For the calculation of the complexation energy of compounds
5-6 in water quantum chemical modeling was carried out. The fol-
lowing chemical reactions were simulated:

DTPA-PPDA + Mn(1l) - 6H,0 — DTPA-PPDA>Mn(Il) - 2H,0
+2(H;0"—H,0) (1)

DTPA-PPDA + Gd(IIl) - 8H,0 — DTPA-PPDA>Gd(III) - H,0
+3(H30"—H,0) + H,0 )

The initial structures of DTPA and DTPA-bisphenylamide Mn (II),
DTPA-bisphenylamide Gd (III) were taken from the X-ray data in
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Fig. 2. The reaction of DTPA-PPDA Mn (II) complexation calculated by DFT method.
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Fig. 3. The reaction of DTPA Mn (II) complexation calculated by the DFT method.

Fig. 4. Molecular docking of H-FABP with A: DTPA-PPDA Mn (II) 5 and B: lauric acid. The inner cavity of the protein is illustrated as dots.
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Fig. 5. The intensity of phantoms T1-weighted MR image of different saline
solution concentrations of DTPA-PPDA Mn (II) 5 and gadopentetic acid, TR = 400 ms,
TE=25ms at 0.2 T. ®: DTPA-PPDA; O: Gadopentetic acid. Data is presented as
means SDs *.

the Ref [40,41] and then augmented by (CH,)4COOH groups.
According to the X-ray analysis, DTPA-bisphenylamide is in the
zwitter-ion form in water [40]. As the coordination value of Mn
and Gd is 6, respectively, 8 or 9 [42]. We used 6 and 8 molecules
of water for the construction of the first water coordination sphere

for Mn (II) and Gd (IIl) ions. According to the X-ray analysis, the
complex DTPA Gd (III) contains one water molecule in the coordina-
tion sphere. The initial structure of the protonated water cluster
(H30%-H,0) was taken from the Ref. [43].

To validate the theoretical method we performed quantum-
chemical calculations for DTPA Mn (II) complex according to the
following scheme:

DTPA + Mn(Il) - 6H,0 — DTPA 2Mn(Il) - 2H,0 + 2(H;0" —H,0)
3)

The results of complexation energy calculations are combined in
Table 1. The complexation energy of DTPA Mn (II) is in a good agree-
ment with experimental data. According to our calculations, com-
plexation energy of DTPA-PPDA Mn (II) 5 complex exceeds DTPA
Mn (II) 1.67 times. This allows us to conclude that the C-15 alkyl
groups of DTPA-PPDA increase the chelating of Mn (II) as well as
change the geometry of the chelating center (Figs. 2 and 3).

The optimized structures of ground state for all compounds in
the reaction of DTPA-PPDA Mn (II) complexation are shown in
the Fig. 2. The Cartesian coordinates of atoms are given in the sup-
porting information. It can be seen that the Mn (II) cation is coor-
dinated to two amide oxygen atoms with the average Mn—O bond
length of 2.29 A, three tertiary amine nitrogen atoms with average
Mn—N bond length 2.50 A, and two oxygen atoms of deprotonated
acetate groups with bond length 2.09 A. One carboxyl group does
not participate in the coordination.
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The geometric parameters of DTPA-PPDA Mn (II) are quite sim-
ilar to those of the simpler complex DTPA Mn (II) (Fig. 3): the aver-
age lengths of amide Mn—O 2.38 A, tertiary Mn—N 2.49 A and
carboxyl Mn—0 bonds 2.06 A. This indicates that the addition of
two long-chained hydrophobic tails did not significantly alter the
geometry of the chelating center yet the complexation of the man-
ganese ion is enhanced.

It can be seen that after complexation the hydrophobic tails of
the resulted DTPA-PPDA Mn (II) complex are moved close one to
another in comparison to the initial ligand DTPA-PPDA (Figs. 2
and 3). The hydrophilic DTPA residue becomes more compact
which could be an important factor for the transfer of this molecule
throughout the myocite membrane.

3.2. Molecular docking

According to recent studies, long-chained fatty acids are incor-
porated into the myocardium both via passive diffusion and
protein-mediated systems such as translocase/CD36 or fatty acid
transport proteins [44,45]. Furthermore, a specific heart-type fatty
acid binding protein (H-FABP) [46] delivers fatty acids through the
cytoplasm to the outer mitochondrial membrane where they
metabolize via B-oxidation. Consequently, a scarce affinity to the
H-FABP transport protein can be the main hindrance for the heart
metabolism of the DTPA-PPDA Mn (II) complex.

In order to estimate the affinity of DTPA-PPDA Mn (II) 5 to H-
FABP we performed molecular docking using AutoDock Vina [39].
The structure of the protein was taken from the X-ray analysis
Ref. [47]. According to the authors, C12-C18 fatty acids have the
best affinity to the active site. Thus, to the validate method, we per-
formed molecular docking of lauric acid and confirmed that the
structure of the calculated complex (Fig. 4B) is quite close to that
obtained by the X-ray analysis [47]. The results of molecular
docking revealed that the affinity of DTPA-PPDA Mn (II)
5 (—6.2 kcal/mol) is even better than calculated for lauric acid
(—3.9 kcal/mol). One chain of DTPA-PPDA Mn (II) occupies the
same site of H-FABP inner cavity (Fig. 4A) being complementary
to the guanidine residue. The DTPA fragment along with the second
PPDA chain is adhered to the outer H-FABP aminoacids residues.

3.3. Phantom experiments

The intensity of phantoms T1-weighted MR images of different
concentrations of DTPA-PPDA Mn (II) 5 saline solutions compared
with gadopentetic acid of equal concentrations is shown in Fig. 5. It
can be seen that the T1-weighted images of the former are ampli-
fied more than twice from the background even at a concentration
0.04 mmol/L. At 0.2 mmol/L and higher concentrations the amplifi-
cation exceeded 7-9% of the gadopentetic acid intensity. At
1 mmol/L gadopentetic acid amplified the signal at about 12-
15%. Thus, within a concentration range from 0.008 to 1 mmol/L
the amplification degree of T1-weighted images with DTPA-PPDA
Mn (II) 5 does not yield worse results than gadopentetic acid.

4. Conclusions

In order to search for better contrast agent candidates for heart
MRI we have in this work taken advantage of modern quantum
chemistry and docking simulation technology in conjunction with
MRI phantom experiments. According to quantum chemical DFT
calculations of complexation energies, the here studied DTPA-
PPDA Mn (II) complex 5 is more stable than the earlier studied
DTPA-Mn (II), and consequently, has a reduced decomposition rate.
It contains two water molecules in the inner sphere to provide
good relaxometric properties [48]. According to molecular docking

calculations, DTPA-PPDA Mn (II) can be successfully transferred to
mitochondrial membrane to undergo B-oxidation. The designed
complex 5 provides MR imaging comparable to gadopentetic acid
and, consequently, is a good candidate for further in vivo medicinal
experiments after the evaluation of its toxicity.
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