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Abstract The interactions of L-aminoglucosidic stereoisomers
such as rhodostreptomycins A (Rho A) and B (Rho B) with
cations (Mg2+, Ca2+, and H+) were studied by a quantum me-
chanical method that utilized DFT with B3LYP/6-311G**.
Docking studies were also carried out in order to explore the
surface recognition properties of L-aminoglucoside with respect
to Mg2+ and Ca2+ ions under solvated and nonsolvated condi-
tions. Although both of the stereoisomers possess similar
physicochemical/antibiotic properties against Helicobacter pylo-
ri, the thermochemical values for these complexes showed that
its high affinity for Mg2+ cations caused the hydration of
Rho B. According to the results of the calculations, for Rho A–
Ca2+(H2O)6, ΔH = −72.21 kcalmol−1; for Rho B–Ca2+(H2O)6,
ΔH = −72.53 kcalmol−1; for Rho A–Mg2+(H2O)6,
ΔH = −72.99 kcalmol−1 and for Rho B–Mg2+(H2O)6,
ΔH = −95.00 kcalmol−1, confirming that Rho B binds most

strongly with hydrated Mg2+, considering the energy associated
with this binding process. This result suggests that RhoB forms a
more stable complex than its isomer does with magnesium ion.
Docking results show that both of these rhodostreptomycin
molecules bind to solvated Ca2+ or Mg2+ through hydrogen
bonding. Finally, Rho B is more stable than Rho A when
protonation occurs.

Keywords DFTstudy . RhodostreptomycinsA andB .Mg2+,
Ca2+ andH+ ions

Introduction

Recently, the stereoisomeric L-aminoglucosides rhodostrep-
tomycin A (with the R configuration; Rho A) and rhodos-
treptomycin B (with the S configuration; Rho B; see Scheme 1)
were isolated from co-culture broths ofRhodococcus 307CO [1].
It is known that RhoA and Rho B exhibit considerable antibiotic
activity against the cell growth ofHelicobacter pylori, which is a
known promoter of gastrointestinal cancer [1]. Importantly, the
probability of developing stomach cancer increases in humans
over the age of 50 years old [2].

One of the current challenges for the pharmaceutical in-
dustry is to biologically synthesize active compounds, through
phytochemical processes or interactions of different microbial
organisms [3–5], that can inhibit highly resistant microbial
infections such as MRSA (methicillin-resistant Staphylococ-
cus aureus) and VREF (vancomycin-resistant Enterococcus
faecium) [6–10]. In particular, the use of different microor-
ganisms is becoming a common strategy for preparing bio-
logically active compounds [11–14]. On the other hand, in
silico studies can be used [15–17] to analyze the experimental
conditions under which it is possible to synthesize a particular
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compound that is expected to have specific antimicrobial
properties [18, 19]. Applying such an approach can circum-
vent the tedious process of experimentally deriving the appro-
priate antibiotic formulation [20–22]. Thus, computational
chemistry is often employed to determine and analyze the
structural stabilities and expected antimicrobial activities of
target molecules [15, 23]. Furthermore, it is also important to
mention that previous studies of antibiotics have suggested
that their potency increases when they interact with Ca2+ or
Mg2+ [16, 18]. Consequently, theoretical methods have been
used to analyze several L-aminoglucoside antibiotics in the
presence of Ca2+ and Mg2+ ions as a possible means to
increase their stability [24, 25] through coordination with
water molecules [26, 27]. Moreover, water molecules are
involved with ligand recognition; this concept has been ex-
plored using docking procedures [28]. Thus, in the work
described in the present paper, we theoretically examined the
molecular interactions of the antibiotics Rho A and B with
Ca2+ and Mg2+ ions in order to calculate their coordination
properties and—using these theoretical data—infer their

antibiotic efficiencies against Helicobacter pylori. Addition-
ally, enthalpy calculations (utilizing quantummechanics, QM)
of Rho A and B with these solvated metals (Ca2+ and Mg2+)
were performed to determine the main surface contact zones
of the molecules.

Methodology

Total optimization of the molecular models was performed for
both the neutral and protonated forms of the rhodo-
streptomycins A and B using the Gaussian 09 program [29].
The interactions of these stereoisomers with Ca2+ and Mg2+

ions were analyzed by applying density functional theory
(DFT) with the basis set 6-311G** for all atoms. The
B3LYP exchange-correlation functional was employed
[30–32]. This method provides suitable structural and elec-
tronic parameters for Ca(II)/Mg(II) compounds [33]. Total
structure optimization along with vibrational analysis of
the optimized structures was performed in order to determine
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whether each structure corresponded to a maximum or a
minimum on the potential energy curve.Molecular geometries
were optimized using B3LYP/6-311G** in an aqueous medi-
um (dielectric constant ε = 78.39) by means of the PCM
method [34]. The calculated binding energies (BE) between

each rhodostreptomycin structure and Ca2+ or Mg2+ were
corrected for the zero-point energy (ZPE).

The stereostructures of the rhodostreptomycins are shown
in Scheme 1, which highlights the different Cahn–Ingold–
Prelog [35] configurations of the isomers (R configuration
for Rho A and S configuration for Rho B) at C4 in the
oxazolidinone ring (ring 1 in the scheme). Furthermore, since
the carbamic moiety of the oxazolidinone system (i.e., C4 in
ring 1) bonds with H+, Ca2+, and Mg2+ ions, the structural
parameters of the rhodostreptomycins are expected to change
when they interact with these cations.

Molecular docking procedure

For the docking studies, Rho A and B were considered the
targets and solvated or nonsolvated metallic ions the ligands.
Nonpolar hydrogens were stripped away from Rho A and B
using the AutoDock Tools 1.5.2 program [36], and the Mul-
liken charge on each whole system was calculated using the
Gaussian program. When using the automated docking pro-
gram AutoDock 4.0.1 [36], the interactions of Rho A/Rho B
molecule with metal ions-water were considered rigid [36]. A
3-D grid box containing Rho A or B (30×30×30 Å) with a
spacing of 0.375 Å was constructed. The Lamarckian genetic
algorithm [36] was applied to search for Rho–metal interac-
tions. All simulations were performed with an initial popula-
tion of 100 randomly placed individuals and a maximum of
1×107 energy evaluations. The lowest-free-energy conforma-
tion was chosen. The other docking parameters were kept at
the default values used by the AutoDock Tools 1.5.2 program
[36]. Visualization of the protein–ligand complex was
performed using Autodock Tools 1.5.2 [36] and Visual Mo-
lecular Dynamics (VMD) 1.8.6 [37].

Results and discussion

Geometrical and electronic parameters of Rho A and Rho B

The optimized geometrical data for Rho A and Rho B (Fig. 1)
show that the calculated bond lengths in both molecules are
very similar, except for the distance C2–N3, which appears to
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Fig. 1 Optimized geometries (shown in 3D) for Rho A and B. Some bond
lengths (in Å) are shown for the oxazolidinone ring (ring 1) as well as some
hydrogen bonds, all of which were calculated using B3LYP/6-311G **

Table 1 Bond angles (in degrees) in the oxazolidinone ring (ring 1) of Rho A and B, obtained using B3LYP/6-311G**

Angle Rho A Rho B RhoA–H+ RhoB–H+ RhoA–Mg2+ RhoB–Mg2+ RhoA–Ca2+ RhoB–Ca2+

O2a–C2–N3 129.17 129.01 127.87 128.57 127.73 133.93 128.05 132.87

C2–N3–H 119.83 118.31 118.77 120.87 116.46 120.97 117.95 120.70

H–N3–C4 122.20 120.76 123.22 124.85 122.14 124.57 123.00 124.03

N3–C4–O4a 119.57 109.37 111.35 110.70 111.77 110.08 111.80 110.32
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be a double bond in Rho A (length 1.36 Å) and a single bond
(length 1.37 Å) in Rho B. Results for bond angles were as
follows: 119.83° in RhoA and 118.31° in Rho B for C2–N3–H,
and 122.20° in Rho A and 120.76° in Rho B for H–N3–C4,
meaning that small differences in these angles of 1.52° and
1.44° between Rho A and B were observed (see Table 1).
Similarly, the bond angle of N3–C4–O4a was 119.57° in Rho
A and 109.37° in Rho B (see Table 1); here, the carbon atom
has different configurations for RhoA and B, and the difference
in angle between Rho A and B is 10.2° (see Table 1). Further-
more, both Rho A and B are stabilized by hydrogen bonds
(which range in length from 1.67 to 1.94 Å for Rho A and from
1.69 to 1.95 Å for Rho B; see Fig. 1). Total energy calculations
for both isomers indicated that these systems are stable, given
thatΔE is 2.50 kcalmol−1 when they are solvated in water (see
Table 2). The Mulliken population analyses revealed that the
different types of reactive site, such as electrophilic and nucleo-
philic centers, are present (see Table 3). For example, for oxygen
atoms values range from −0.335 to −0.398 and, in case of N3,
values are −0.414, for Rho A, and −0.410, for Rho B, indicating
that these atoms exhibit a nucleophilic character during the
formation of a stable complex with a Ca2+ or Mg2+ ion.

Results for their electronic properties (see Table 2) show
differences in chemical reactivity between Rho A and Rho B,

and suggest that Rho B may be more reactive than Rho A
when protonation occurs. For example, results for chemical
hardness (η) show a slightly higher value for Rho B (74.66
kcalmol−1) than for Rho A (67.73 kcalmol−1), meaning that
Ca2+ or Mg2+ can coordinate more effectively with Rho B
than with Rho A. Results from molecular orbital studies
showed that the HOMO orbital is localized over the nitrogen
and oxygen of ring 1 (streptidine; see Scheme 1) for Rho A/B
(see Fig. 2), suggesting that these atoms (N3a and O4a) may
act as nucleophilic (Lewis base) sites in Rho A and Rho B that
can interact with a cation (Lewis acid). Additionally, the
HOMO-1 orbital was detected 0.02 eV (for Rho A) and
0.01 eV (for Rho B) below the HOMO, indicating that the
nitrogen atoms (guanidine) of the α-L-streptose (ring 4) con-
tribute to the p- and π-orbital character of the C–N and N=C
bonds. Furthermore, the small energy difference between the
HOMO and HOMO-1 orbitals favors the formation of a stable
complex with a Ca2+ or Mg2+ ion.

Geometrical and electronic parameters of Rho A–H+

and Rho B–H+

Regarding interactions between Rho A/B and an H+ ion, it
was observed that there were many possible modes of

Table 2 Theoretical data on Rho A and B and their complexes, obtained using B3LYP/6-311G**

Molecule/complex In the gas phase In water as solvent

HOMO
(kcalmol−1)

LUMO
(kcalmol−1)

Dipole
(D)

Hardness
(kcalmol−1)

ΔE
(kcalmol−1)

HOMO
(kcalmol−1)

LUMO
(kcalmol−1)

Dipole
(D)

Hardness
(kcalmol−1)

ΔE
(kcalmol−1)

Rho A −134.12 1.34 12.87 67.73 2.41 −144.92 9.17 10.07 77.05 2.50
Rho B −144.20 5.12 7.60 74.66 −145.07 16.53 11.21 80.80

Rho A–H+ −186.64 −65.86 15.56 60.39 2.76 −146.09 1.61 19.36 73.85 11.20
Rho B–H+ −191.53 −57.53 5.75 67.00 −147.20 −7.13 8.56 70.03

Rho A–Mg2+ −243.15 −156.19 24.32 43.48 24.30 −143.40 −25.90 30.68 58.75 9.93
Rho B–Mg2+ −242.02 −163.76 7.52 39.13 −148.61 −27.25 7.52 60.68

Rho A–Ca2+ −238.43 −156.93 26.23 40.75 19.60 −143.59 −15.51 40.65 64.04 1.72
Rho B–Ca2+ −239.93 −170.51 8.62 34.71 −148.01 −15.43 23.57 66.29

Table 3 Mulliken charges for certain nitrogen, oxygen, and carbon atoms in Rho A and B and their complexes, obtained using B3LYP/6-311G **

Atom Rho A Rho B Rho A–H+ Rho B–H+ Rho A–Ca2+ Rho B–Ca2+ Rho A–Mg2+ Rho B–Mg2+

O1 −0.335 −0.343 −0.306 −0.328 −0.305 −0.439 −0.297 −0.447

O2a −0.370 −0.342 −0.310 −0.291 −0.273 −0.260 −0.254 −0.236

O4a −0.398 −0.398 −0.486 −0.426 −0.543 −0.568 −0.563 −0.556

N3 −0.414 −0.410 −0.449 −0.416 −0.462 −0.356 −0.456 −0.346

C2 0.485 0.464 0.485 0.481 0.494 0.456 0.484 0.491

C4 0.263 0.257 0.334 0.322 0.326 0.269 0.336 0.287

C5 −0.098 −0.08 −0.145 −0.100 −0.097 −0.186 −0.085 −0.186

H+, Ca2+, Mg2+ 0.389 0.372 1.307 1.350 1.016 1.030
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interaction. However, electrostatic potential maps indicated
that ring 1 has the highest electron density (see Fig. 3). For
this reason, we only simulated protonation on the
oxazolidinone ring. The optimized geometries of Rho A–H+

and Rho B–H+ were calculated using B3LYP/6-311G** (see
Fig. 4), and the results indicated that the geometrical param-
eters for ring 1 (streptidine) changed considerably upon the
protonation of Rho A to Rho A–H+, mainly due to the in-
creased length of the C4–O4a bond, which stretched from
1.40 Å to 1.45 Å [19]. However, although there was no
significant difference in bond length between the neutral and

protonated structures of Rho B, a small difference was ob-
served in the bond angles of the oxazolidinonicmoiety (ring 1,
streptidine); see Table 1.

Mulliken charge analysis (see Table 3) showed that hetero-
atoms such as oxygen possessed higher charge densities
(ranging from −0.291 to −0.486 and from −0.449, for N3–
Rho A–H+, to −0.416, for N3–Rho B–H+) than other atoms
(see Fig. 5). Furthermore, it was observed that the electron
density of O2a decreased from −0.370 to −0.310, and that of
N3 increased from −0.414 to −0.449, when the neutral struc-
ture was protonated to Rho A–H+. The same behavior was
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Δ Δ
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Fig. 2 HOMO, HOMO-1, and
HOMO-2 (shown in 3D) orbitals
for molecules Rho A and Rho B,
obtained using B3LYP/6-311G **
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observed when the neutral structure of Rho B was protonated
to Rho B–H+ (the electron density of O1 decreased from
−0.343 to −0.328 and that of O2a decreased from −0.342 to
−0.291). According to the results for Mulliken charges (see
Fig. 5), the oxazolidinone ring (ring 1, streptidine) was further
stabilized by the protonation of either Rho A or Rho B. From
the results of molecular orbital studies on the protonated
structures, it was observed that the HOMOwas localized over
N3a of the L-aminoglucoside ring (ring 3, α-L-glucosamine;
see Scheme 1), and it was p type in nature (see Fig. 6),
exhibiting small π-orbital contributions from various oxygen
atoms (O4a, O5a). Similarly, for Rho B–H+, the HOMO over
N3, O4a, and O5a of ring 3 (α-L-glucosamine) is p type in
nature. The HOMO-1 molecular orbital that was needed to
achieve a bond with σ and π character was localized over
oxygens 4a and 5a in ring 3 (α-L-glucosamine) in the Rho A–
H+ systems. The results show the contribution from the
homocyclic ring 4 (α-L-streptose) to the molecular orbital of
the guanidine group in the case of Rho B–H+.

Hydrogen bonds were present in the protonated structures
that were optimized; for example, there were two H-bonds
(O5a–H···O7a, 1.90 Å, ring 3; and O6a–H···OO5a, 1.73 Å,
ring 4) that stabilized the Rho A–H+ structure and one hydro-
gen bond in Rho B–H+ (O5a–H···O5a, 1.61 Å, ring 4; see
Fig. 4). After analyzing data on the total energies of the
protonated structures, it was found that Rho B–H+ is more
stable than Rho A–H+, with an energy difference of 2.76 kcal
mol−1 in the gas phase (see Table 2). This result is in accord
with experimental observations [1], which suggest that

protonated Rho B is stabilized in a similar way to the mech-
anism of a proton pump inhibitor, which is a characteristic of
drugs that act to reduce the production of gastric acid and
neutralize the ionic activity in the medium [38].

Abilities of Rho A and Rho B to coordinate with Ca2+ or Mg2+

The abilities of Rho A and B to coordinate with Ca2+ or Mg2+

were analyzed using theoretical methods (see Fig. 3). The
addition of Ca2+ to oxazolidinone (ring 1) was performed by
total relaxation, and the lowest energy was obtained for Rho
A–Ca2+ when Ca2+ was bonded to O4a, O7 (rings 1 and 2),
O6a (ring 4), and O8a. Similarly, Rho B–Ca2+ was found to be
most stable when Ca2+ coordinated with O1, O4a (rings 1 and
2), O1, and O7a (ring 3) of Rho B. Likewise, the coordination
behavior of Rho A or Rho B with Mg2+ was analyzed. The
optimized geometries (of Rho A–Ca2+, Rho B–Ca2+, Rho
A–Mg2+, and Rho B–Mg2+) were calculated using B3LYP/
6-311G** (see Figs. 7 and 8), and these results showed that
there was no significant difference in the bond lengths
obtained when either Ca2+ or Mg2+ coordinated with L-
aminoglucoside: O4a–Ca2+ = 2.38 Å for Rho A–Ca2+ and
2.33 Å for Rho B–Ca2+ (see Fig. 7). Additionally, slight
changes in the bond angles O2a–C2–N3, C2–N3–H, H–N3–
C4, and N3–C4–O4a in the oxazolidinone ring (ring 1) were
observed after its coordinationwith Ca2+ orMg2+; see Table 1.
The angle O2a–C2–N3 showed differences of 6.2° between
Rho A–Mg2+ and Rho B–Mg2+ and 4.82° between Rho A–
Ca2+ and Rho B–Ca2+. Furthermore, bond delocalization over

X
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4a 4
3

5 1

2
2a

X = H+, Ca2+, Mg2+  

Fig. 3 Inferred mechanism of the
interaction of an ion with the
active sites of Rho A and Rho B
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the nitrogen of the guanidine group (homocyclic ring 4) of
Rho A–Ca2+ was noted (see Fig. 9), and O and Ca2+ were
observed to coordinate. This led to system stabilization, as the
four atoms O4a, O7 (ring 1), O6a (ring 4), and O8a coordi-
nated to Ca2+ at distances of 2.38, 2.37, 2.07, and 2.53 in this
system. Similarly, for Rho B–Ca2+, there was coordination
between Ca2+ and the four atoms O1, O4a (ring 1), O1, and
O7a (ring 3) at distances of 2.50, 2.33, 2.30, and 2.28, respec-
tively. For Rho A–Mg2+, the three atoms O4a, O7 (rings 1 and
2), and O6a (ring 4) were seen to coordinate with Mg2+ at
distances of 2.03, 2.08, and 1.86 Å; for Rho B–Mg2+, the
Mg2+ coordinated to O4a (ring 1), O1, and O7a (ring 3) at
distances of 2.02, 2.02, and 1.98 Å. In the case of Mg2+ with

Rho B, the oxazolidinone ring (N3–C2 and C2–O2a) forms a
delocalized region, whereas the equivalent region in Rho A–
Mg2+ is the guanidine of ring 4 (see Fig. 8).

Mulliken charge analysis (see Table 3) showed that the
oxazolidinone ring (ring 1) donates charge to Ca2+; for example,
O4a increased in charge density from −0.398 to −0.568 after the
coordination of Rho A to Ca2+, whereas O2a dropped in charge
density from −0.370 to −0.273; similarly, the charge density on
O2a decreased from −0.370 from −0.260 when Rho B coordi-
nated with Ca2+, whereas N3 gained charge (changing from
−0.414 to −0.462), but C4 lost charge (changing from 0.263 to
0.326 on average). However, in this case, the Ca2+ ion increased
in charge density by around 0.7 electrons (see Fig. 10). These

Rho A-H+ Rho B-H+

LUMO

eV

HOMO

HOMO-1

HOMO-2

ΔΔ Δ

ΔΔ

Δ Δ

eV

eVeV

eV eV

Fig. 6 HOMO, HOMO-1,
and HOMO-2 (shown in 3D),
molecules of Rho A–H+

and Rho B–H+ using B3LYP/
6-311G **

4830 J Mol Model (2013) 19:4823–4836



values agree with the bond lengths in the L-aminoglucoside ring
(ring 1), and the Mulliken charges for the Mg2+ complex were
found to be similar to those for the Ca2+ complex.

The total energy results indicated that Rho A–Ca2+ is more
energetically stable than Rho B–Ca2+, with a difference of
1.72 kcalmol−1 in water as a solvent. Similar results were
obtained for Mg2+ with Rho (in this case, the difference in
energy was 9.93 kcalmol−1 in water as a solvent; see Table 2).
This difference may be due to the considerable strength of the
O–Ca and N–Ca bonds [39] and the formation of other H-
bonds. Therefore, the binding energy (BE) was calculated
using the following equations:

BE ¼ ERhoA−Ca2þ− ERhoA þ ECa2þ½ � ðI:1Þ

BE ¼ ERhoB−Ca2þ− ERhoB þ ECa2þ½ � ðI:2Þ

BE ¼ ERhoA−Mg2þ− ERhoA þ EMg2þ
� � ðI:3Þ

BE ¼ ERhoB−Mg2þ− ERhoB þ EMg2þ
� �

: ðI:4Þ

Binding energy data predict that Rho A forms a more
stable complex than Rho B does with Ca2+ or Mg2+ (see
Table 4). For example, the binding energies for the unhydrated
complexes were −223.67 (Rho A–Ca2+), −207.59 (Rho B–
Ca2+), −300.46 (Rho A–Mg2+), and −280.05 (Rho B–Mg2+)
kcalmol−1.
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Fig. 7 Optimized geometries
(shown in 3D) of Rho A–Ca2+

and Rho B–Ca2+, as calculated
with B3LYP/6-311G**. Some
bond lengths (in Å) in the
oxazolidinone ring (ring 1) are
shown, as well as the coordination
towards Ca2+
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Docking studies

With the aim of analyzing nonbonded interactions by explor-
ing the most favorable contact of the Rho A or B surface with
Ca2+ or Mg2+, a docking procedure that considered the ex-
plicit coordination of water molecules with metal ions was
implemented [28]. The docking procedure was also performed
for the unhydrated ions. Since metal ions are solvated in an
aqueous environment [40], they can interact with solvated
target molecules [41]. We therefore explored the interactions

of the solvated metals ions with Rho A or B (see Fig. 11), and
found that the hydrogen-bonding network within the stereo-
isomer governs the interaction with Mg2+ or Ca2+. Further-
more, water molecules act as hydrogen donators and oxygen
and nitrogen atoms in the Rho molecules can act as hydrogen
acceptors. Also, the oxygen atom in a water molecule can act
as a hydrogen acceptor and the guanidinic group (N3) of Rho
A can act as a hydrogen donator. The bonds between metal
and water show that oxygen atoms facilitate interactions
through molecular coordination [42] during the docking

RhoB-Mg2+

2

Mg2+

31

2a

4
4a

5
1.54 

1.46 1.36 

1.43 

1.98 

1.18 

1.47 

2.02 

2.02 

1

7a

1.45 

RhoA-Mg2+

2

Mg2+

3

1

2a

4 4a

5
1.57 

1.37 

1.40 

1.40 

1.49 

1.18 

1.41 2.03 

2.08 
1.86 

7 6a

Fig. 8 Optimized geometries
(shown in 3D) of Rho A–Mg2+

and Rho B–Mg2+, as calculated
with B3LYP/6-311G**. Some
bond lengths (in Å) in the
oxazolidinone ring (ring 1) are
shown, as well as the coordination
towards Mg2+
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studies all water molecules were maintained despite of being
free or non-bonded. Solvated metal ions recognizes small
ligands, as also happens with tetracyclines [43]. When metal
ion–water complexes were present (see Fig. 11), the water
molecules were arranged in such a way that they formed some
hydrogen bonds with Rho A or Rho B while the metal ion was
located in the cavity of Rho (see Fig. 11).

RhoA–Ca2+(H2O)6 is stabilized by the following interac-
tions: H···O7a = 1.725 Å, H···O1(ring 3) = 1.766 Å,
H···O3a = 1.720 Å, H···N3 = 2.085 Å, H···N(a) = 1.972 Å,

and H···N(e) = 1.634 Å. RhoA–Mg2+(H2O)6 is stabilized by the
following interactions: H···O7a = 1.713 Å, H···O1
(ring 3) = 1.785 Å, H···O3a = 1.731 Å, H···N3 = 2.121 Å,
H···N(a) = 1.971Å, andH···N(e) = 1.602Å. In addition, RhoB–
Ca2+(H2O)6 is stabilized by the following interactions:
H···O8a = 1.985 Å, H···O1(ring 3) = 1.774 Å,
H···O3a = 1.827 Å, H···N(a) = 1.791 Å, and two H···N(e)···H =
1.649–1.888 Å interactions, while RhoB–Mg2+(H2O)6 is stabi-
lized byH···O7a = 1.759Å,H···O6a = 1.745Å,H···N(b) = 1.623
Å, H···N(e) = 1.687 Å, and two H···O(ring 3)···H = 1.758–1.936
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Fig. 9 Bond angles (shown in
3D), in degrees, that occur during
the interaction of either (a) Rho A
or (b) Rho B with Ca2+, and the
angles seen at the site of the
amines on ring 4 of the Rho A–
Ca2+ complex
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Å hydrogen bonds. These intermolecular hydrogen bonds be-
tween the Rho structure and a cation are strong.

Rho B forms the lowest energy (most stable) metal complex
with Mg2+ (see Table 4): Rho B–Mg2+(H2O)6 (−93.68 kcal
mol−1). This could be due to cationic and stereoisomeric ef-
fects, as well as the presence of water molecules, which induce
stronger repulsive effects than those afforded by hydrogen
interactions. In this work, there is less interaction between
hydrated calcium and Rho B, while the interaction between
Rho B and calcium ions without hydration is very strong, this
due to the characteristics of the cation. Accordingly, it is also
important to consider the type of Rho stereoisomer involved.
The Rho B–Mg2+(H2O)6 complex shows fewer intermolecular
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Fig. 10 Some Mulliken charges
(shown in 3D) in the (a) Rho A–
Ca2+ and (b) Rho B–Ca2+

complexes, as calculated using
B3LYP/6-311G**

Table 4 Relevant energies for (hydrated and unhydrated) complexes of
Rho A or Rho B with Ca2+ or Mg2+, calculated using B3LYP/6-311G**

Complex BE
(kcalmol−1)

ΔH
(kcalmol−1)

ΔS
(kcalmol−1 K)

Rho A–Ca2+ −223.67 −224.42 0.26

Rho B–Ca2+ −207.59 −208.69 0.26

Rho A–Mg2+ −300.46 −301.56 0.25

Rho B–Mg2+ −280.05 −281.49 0.25

Rho A–Ca2+ (H2O)6 −70.18 −72.21 0.33

Rho B–Ca2+ (H2O)6 −70.54 −72.53 0.32

Rho A–Mg2+ (H2O)6 −71.80 −72.99 0.32

Rho B–Mg2+ (H2O)6 −93.68 −95.00 0.32
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interactions than the Rho A–Mg2+(H2O)6 complex, and some
of the hydrogen-bond distances are shorter in the latter com-
plex. The hydrated Ca2+ ion had the lowest affinity with Rho
A, followed by the Rho B–Ca2+ complex.

Thermochemical values calculated with B3LYP/6-311G**
for these complexes showed a high affinity of the Mg2+ cation
hydrated with Rho B. Hence, for Rho A–Ca2+(H2O)6, ΔH =
−72.21 kcalmol−1 for Rho B–Ca2+(H2O)6 ΔH = −72.53 kcal
mol−1 for Rho A–Mg2+(H2O)6ΔH = −72.99 kcalmol−1, and for
Rho B–Mg2+(H2O)6 ΔH = −95.00 kcalmol−1, confirming that
Rho B binds most strongly to the hydrated Mg2+ ion (Table 4).
This result agrees with experimental observations [1].

Conclusions

After a total energy comparison, it was observed that proton-
ated Rho B is more stable than protonated Rho A. There is a
difference of 2.76 kcalmol−1 between these two systems,
based on the energy needed to form the two hydrogen bonds
that stabilize each system. This result agrees with reported
experimental results which indicate that Rho B causes greater
bacterial growth inhibition than Rho A, because in acid me-
dium, Rho B is protonated better than Rho A, Rho B–H+

showed higher stability since it is considered a proton pump
inhibitor, and is therefore a stronger inhibitor of Helicobacter
pylori. Similarly, the calculated thermochemical values for
these complexes showed that its high affinity for Mg2+ cause
the hydration of RhoB: for Rho A–Ca2+(H2O)6,ΔH = −72.21
kcalmol−1 for Rho B–Ca2+(H2O)6 ΔH = −72.53 kcalmol−1

for Rho A–Mg2+(H2O)6 ΔH = −72.99 kcalmol−1 and for
Rho B–Mg2+(H2O)6ΔH = −95.00 kcalmol−1, confirming that

the Rho B molecule binds most strongly with the hydrated
Mg2+ ion. Water molecules may play an important role in
interactions between Rho A or B and Ca2+ or Mg2+. Some
small molecules induce their biological activity reaching their
receptor (protein) binding sites through hydrogen bonding,
acting as a mediator of water molecules, and possibly
explaining the role of the hydrated cation.
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