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The coordination of the horminone molecule with hydrated magnesium and calcium divalent ions was studied
by means of the density functional theory. All-electron calculations were performed with the B3LYP/6-31G
method. The first layer of the water molecules surrounding the metallic cations was included. It was found
that the octahedral [horminonef604)—Mg—(H.0)4]?" complex is more stable than [Mg¢B)s]>". That is,
horminone is able to displace two water units from the hexahydrated complex. This behavior does not occur
for C&". Consistently, [horminone(©-0g4)—Mg—(H.0)4]?* has a greater metaligand binding energy than
[horminone(Q—0g)—Ca—(H,0)4]?". The preference of horminone by Kigis enlightened by these results.

Moreover, its electronic structure, as shown by huge changes in the atomic populations, is strongly perturbed

by Mg?*. Indeed, horminone, bonded to [Mg{®)),]?*, is able to cross the bacterial membrane cell. Once
inside, [horminone(@-0q)—Mg—(H-0)4)?" binds to rRNA phosphate groups yielding [horminong{Qg)—

Mg—(H20)(PQH,)(POsH3)2]*. These results give insights into how horminone may inhibit the initial steps
of protein synthesis. The stability of the studied systems is accounted for in terms of the calculated structural
and electronic properties: MgO and Ca-O bond lengths, charge transfers, and binding energies.

1. Introduction prior to this it was known as semisynthetic substahklermi-

A fundamental problem in physical chemistry is to asses the "0n€ has showed higher antibacterial activity aga8taphy-
activity of a given compound in terms of its structure or lococcus aureuandVibrio cholera€’ Its effect againsBacillus
geometry and electronic properties. For instance, several ap_subtilisandS. aureusan also be considered as an intermediate

proaches or protocols have been designed, such as QSAR opuSceptibility level against these type of bacté@ther studies
QSAR—COMFA -3 which require molecular parameters, ob- Nave demonstrated that this molecule has been active against

tained by quantum mechanical calculations, usually done with Staphylococcugpidermidis? Moreover, it was also found to
semiempirical and/or ab initio methods, for the treatment and € cytotoxic against mammalian tumor c&liand also behaves
characterization of the activity. These types of methods have &S inhibitor againsfTrypanosoma cruzgrowth, the Chagas
proved to be useful when the number of molecular species, diseéase agent.Regarding its structure, horminone, an abietan
whose activity has been measured, is relatively large. Once thediterPene quinone, is related to tetracycline, _SF_’eCl';'C?”V to
biological activity of a compound has been confirmed remains OXYtetracycline, a well-known commercial antibiofi€”**It is

the determination, at the molecular level, of the involved worthwhile to mention that the physical chemistry of these kinds
mechanism during the action of a single molecule or drug. The ©f compoun4ds has been scarcely studied, despite their clinical
study of this step requires the performance of ab initio quantum iMportance:* It has been observed that tetracycline is a metal-
calculations, more accurate than the semiempirical ones, for adépendent antibacterial agent that inhibits bacterial protein
precise determination of the structural and electronic properties SYNthesis by binding to the r|bosome.+ln the extracellular form
of the molecule or drug under study. This way, it is feasible, IS likely to exist either as a Mg or C&" complex since both
first, to locate the compound active site and, second, to studythe binding affinities and the extracellular concentrations of
how the interaction with the receptor precedes, usually a smalil Mg?" and C&" are similar (1 mM vs 4 mM}> With respfct to
region of a macromolecule, such as rRNA. The purpose of this the microbiological action of tetracyclines, Kgand C& are
paper is to present a theoretical study, done ab initio, for the Probably the monrt_reIevant divalent cations to be considered
horminone molecule, which has the property of inhibiting the for chelation. M@* is the dominant divalent cation (2 mM) in
growth of several types of bactefign attempt is made to ~ the |ntrace+llylar_ environment (pH 6.6), w[leere_ the concentra-
characterize the key parameters, structural and electronic,tion of C&? is significantly lower (0.1«M).*° It is well-known
involved during the bacteriostatic activity of such compound. that inside cells free metal ion concentrations are much lower

The horminone molecule is a very important antibiotic. It was than the total metal_ion concentr_ations, meaning that intracellular
found for the first time in horminium pyrenaicufnalthough macromolecules bind substantial amounts of metal 16iihe
coordination number and coordination geometry depend on
:COFFESponding author. E-mail: castro@quetzal.pguim.unam.mx. characteristics of both the metal ion and the ligands. The aqueous
Autéi%%]ga(?e Cl:/?giESFUdIOS Superiores Cuautiti&niversidad Nacional Mgz+ and C&* ions considere_d here are freque_nt_ly hexacoor-
*DEPg Facultad de Qmica, Universidad Nacional AUtmma de dinate complexes where the six-coordinated moieties are located

México. at the apexes of an octahedron. Metal ions show differences in
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the preferred patterns in coordination complexes. On the basis
of these preferences, both metal ions and ligands can be
classified as “hard” or “soft”. In solutions, hard metal ions
preferentially bind hard molecular species and soft metal ions
preferentially bind soft molecules. For the purpose of RNA
studies, those moieties that coordinate through sulfur or nitrogen
atoms are considered soft and those coordinating through oxygen
are considered hard.

In this regard, we recently studied the interaction, in the gas
phase, of the horminone molecule with a single divalent
magnesium cation, Mg .18 In fact, the interaction of horminone
(Hm) with this metallic ion is very important, since it may be
the responsible for the obtainment of an “active molecule”,
through the modification of its physical chemistry properties.
For instance, it is believed that, through the HMg?" complex,
the horminone moiety is able to cross the bacterial wall cell;
once inside the inhibition mechanism of the protein synthesis
is switched-on. On the other hand, it has been recognized that
the hexahydrated Mg ion is involved in a structural role when
it is associated with proteirs. So, it is very important to
understand the bonding behavior of horminone with hydrated
Mg2" and C&" cations, since both ions are present in the
bacteria. As it was mentioned above, the purpose of this
;:ontrll'lbutlon :s to _repo:‘tr? denS'ty furycglohnalhtfljeoryd(DFT) stu_dy optimized structure. Bond lengths are in A and bond angles are in deg
orthe comp ex?dt'on orhorminone with the hydrate magnesium (in italics), and Mulliken charges, electron units (in bold characters),
and calcium divalent cations. The most favorable sites for are indicated.
coordination were determined, and the HMg?" and Hm-

Ca&" complexes contain the direct effects of the first layer of (H20)(PQH2)(POyH3)5]+ system. The stability of these com-
the solvent water molecules. plexes is addressed in terms of the calculated structural and

Aside from the determination of the structural, electronic, and electronic parameters, namely M@ and Ca-O bond lengths,
energetic properties of the hydrated HiMg?" complex, we charge transfers, and binding energies. The obtained results give
have also addressed the study on a proposal for the structure ofnsight into the role played by horminone during the inhibition
the hydrated horminone magnesium complex bounded at theof the protein synthesis.
macromolecules region (i.e. rRNA 30S) responsible for some
steps (i.e. decoding process) during the proteins syntPfeisis.
fact, most ribosomal antibiotics work by binding to specific sites,
i.e., the ribosome phosphate groups, and interfering with ribo-  In this research, the geometry and the electronic structure
some function during the protein synthesis. For example, therefor the lowest energy states of [Mgf8)s]?", [Ca(HO)s]?",
is evidence that this type of bacteriostatic action is shown by horminone, [horminoneMg]?*, [horminone-CaF", [hormi-
some tetracycline® Since horminone is structurally correlated none-Mg—(H20)4]2t, and [horminone Ca—(H20)4%" were
to oxytetracycline, it is expected that the former molecule will studied by means of all-electron calculations using the hybrid
exhibit a similar bacteriostatic behavior as the last compound, B3LYP functionaf®27 in concert with the 6-31G basis S&t.
which has been widely studied. In this regard, the structural Particularly, the hexahydrated cations were also fully optimized
and electronic properties of HrMg?*—phosphate are needed  with the bigger 6-311G(2d), 6-31#G(d,p), and 6-311G-
to obtain an understanding of how this antibiotic interacts, with (2d,2p) basis sef while the biggest basis set under which the
the ribosome, at molecular level. horminone moiety was treated was 6-31G(d,p), aside from

It has been found, for oxygen donor monodentate ligands, the use of the 6-31G, 6-31G*, and 6-31G%**basis sets.
that octahedral six coordination, [Mg§B)s]2", is dominant for Calculations were performed with the aid of the Gaussian-98
the M@+ complexeg?2122while, for C&*, the most common  program?! Basis set superposition errors (BSSE) were estimated
coordination numbers range from 6 t¢34 Moreover, some by the counterpoise methd8The optimized structures were
theoretical studies show that [Mgf8l)¢]2" is more stable than ~ confirmed as local minima by estimating their normal vibrations
[Ca(H0)6]2".2% As it is well-known, Mg+ and C&" ions are within the harmonic approximation. Charge distributions,
very important in several biological processes. Then, we are through Mulliken population analysis, were determined for the
interested in studying the interaction of these hydrated ions with equilibrium geometries. The structures and the molecular orbitals
horminone and on determining which cation is more favorable, (MOs) were visualized through the GV package, coupled to
by means of a total energy criteria, for the binding with this Gaussian-98. In particular, MO frontiers, the so-called highest
antibiotic. For this purpose, aside from [Mg{®)s]>* and [Ca- occupied molecular orbital (HOMO) and lowest unoccupied
(H20)6)%", we have studied the [horminor#g—(H20)4)%" and molecular orbital (LUMO), as well as the charge distributions,
[horminone-Ca—(H20)4)2" systems. In the case of the tetra- are very useful parameters that allow, in a first approach, the
cycline antibiotic, it has been found that the divalent magnesium characterization of these antibiotic reactivities. Finally, the Bader
is crucial for the binding of this molecule to the ribosome. That theory “atoms in molecules” (AIM) was used to characterize
is, this drug interacts with the phosphate oxygen atoms of the some intramolecular hydrogen-bonding interactions in the
RNA residueg? promoting the inhibition of the protein syn-  horminone moleculé® AIM calculations based on the Bader
thesis. Therefore, we have also studied the [hormirdig— theory were performed using the AIM2000 progré&m.

Figure 1. Selected geometrical parameters from the B3LYP/6-31G

2. Computational Procedure
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TABLE 1: Calculated M —O Bond Lengths, in A, and O—M —0 Bond Angles, in deg, for the [M(H,0)¢]2" (M = Mg, Ca)
Optimized Complexes Using B3LYP and the Indicated Basis Set

[Mg(Hz0)e]** [Ca(H0)e]*
6-31G  6-31%#G(2d)  6-31H-G(d,p) 6-31¥(2d,2p) 6-31G  6-311G(2d)  6-31H-G(d,p)  6-311(2d,2p)
Bond
M—-0O 2.078 2.098 2.111 2.100 2.407 2.398 2.402 2.403
M—-0 2.078 2.097 2.111 2.100 2.407 2.399 2.403 2.404
M—-0O 2.078 2.097 2.110 2.100 2.409 2.401 2.404 2.405
M—-0 2.079 2.098 2.111 2.101 2.409 2.400 2.404 2.405
M—-0O 2.077 2.099 2.112 2.101 2.410 2.402 2.406 2.407
M-0O 2.079 2.098 2111 2.101 2.411 2.403 2.406 2.407
O—H 0.975 0.969 0.967 0.965 0.976 0.969 0.968 0.966
Angle
O—-M-0 89.8 90.0 90.0 90.0 89.2 90.7 90.6 90.6
O—M-0 90.2 90.0 90.0 90.0 91.0 89.6 89.6 89.6
O0—-M-0 90.2 90.0 90.1 90.1 90.3 89.9 89.9 90.0
O0-M-0 90.2 90.0 90.0 90.0 88.6 91.2 91.1 91.1
O0—-M-0 89.9 90.1 90.1 90.1 89.3 90.5 90.5 90.5
O—-M-0 90.2 89.9 89.9 89.9 89.9 90.9 90.8 90.8
O—-M-0 90.1 90.2 90.1 90.1 91.3 89.3 89.4 89.4
O—-M-0 89.8 90.1 90.1 90.1 89.1 89.2 89.2 89.3
O0—-M-0 90.0 89.8 89.8 89.8 89.5 90.2 90.2 90.2
O—-M-0 90.0 89.8 89.9 89.9 90.9 89.4 89.4 89.5
O—-M-0 90.2 90.1 90.1 90.1 90.6 90.3 90.3 90.3
O0—-M-0 89.8 89.8 89.8 89.8 90.2 88.8 88.9 88.9
3. Results and Discussion TABLE 2: Binding Energies (BE) and Total ZPE Corrected

. Binding Energies (BE-ZPE) for the [M(H,0)¢]2" (M = Mg,
[Mg(H_ZO)s]2+ and [Ca(H20)e]**. First, the geometry and  Ca) Complexes, According to E(M2+) + 6E(H,0)] —
electronic structure for the lowest energy states of the E[M(H ,O)g]?", Using B3LYP and the Indicated Basis Set

[Mg(H20)e]2" and [Ca(HO)s]?" complexes were calculated. basis set BE-ZPE (kcal/mol) BE (kcal/mol)
Then, the capability of the horminone molecule for interacting Ma(HO)?"

with and displacing two water units from these hydrated systems 6-31G Mg 3929'262 380.31
was addressed. As it was mentioned, an octahedral hexacoor- g_311+G(2d) 327.79 313.13
dination was found to be dominant for Kfginteracting with 6-311+G(d,p) 324.06 309.02
monodentate ligand$:21:220ur computed B3LYP/6-31G ge- 6-311+(2d,2p) 317.62 303.24
ometry for [Mg(H:O)e]?* is shown in Figure 1. In fact, this [Ca(H0)e 2+

structure has an octahedral shape, withNly—O bond angles 6-31G 301.49 288.10
very close to 99. The Mg—0O bond lengths, of 2.0772.079 g-gﬂiggd)) ggg% ggg-;g

A, Table 1, match the MgO value, of 2.08 A, obtained by 6-311+(2d,'2pp) 05 74 53108

Pavlov et al. with the B3LYP/LAND2DZ metho#.From the
experimental side, it has been found that all the crystallographi- calculations, the use of the 6-3tG(2d) basis yields a binding
cally determined Mg" aqua ions are six-coordinatétwith energy of 327.8 kcal/mol. After the inclusion of ZPE corrections,
an average 2.066(2) A MgO bond length. Our calculated a value of 313.1 kcal/mol is obtained. Similarly, the bigger
Mg—O distance as well as that of ref 25 is in agreement with 6-311+G(d,p) and 6-311G(2d,2p) basis sets give, including
the experiment. On the other hand, for bag®kHthe calculated ZPE, binding energies of 309.02 and 303.23 kcal/mol, respec-
O—H bond lengths and the HO—H bond angle are equal to  tively. Note that 6-31+G(2d), 6-31%#G(d,p), and 6-311G-
0.975 A and 110.25 respectively. Then, with respect to the (2d,2p) produce binding energies that differ by 10 kcal/mol.
free water molecules and at the B3LYP/6-31G level of theory, The last value, 303.23 kcal/mol, is remarkably close to the value
the Mg—OH, bond formation produces a negligible shortening, reported by Pavlov et &b In other words, the expensive
=0.001 A, of the bond lengths and an increas€?, of the calculation with the second, (2d,2p), set of polarization functions
angles, of the coordinated,8 molecules. That is, the effect of  produces relatively small effects, with respect to the (2d) and
Mg?" on the geometry of the bounded water moieties is very (d,p) patterns, on the calculated energetic properties. These
small. Similar effects were obtained using bigger 6-8Gt results point out that reasonably accurate geometries are obtained
(2d), 6-31H1-G(d,p), and 6-311G(2d,2p) basis sets. with the use of the relatively small 6-31G basis set, as quoted
The relatively short MgO bond length indicates a substantial above with the results of the MgO bond lengths for [Mg-
bonding interaction among the water molecules and the metallic (H,O)g]?*. But an improvement in the binding energies needs
cation. A 399.2 kcal/mol binding energVable 2, was estimated  a bigger 6-313G(2d), 6311#G(d,p), or 6-31%#G(2d,2p) basis
for [Mg(H20)e]?" (to the sum of the total energies of Kfg set.
and six HO molecules was subtracted the total energy of the In the calculated B3LYP/6-31G lowest energy structure of
hexahydrated Mg complex). After the inclusion of zero point  [Ca(H:0)e]2*, Figure 2, the CaO 2.41 A bond length is
energy (ZPE) corrections, a value of 380.31 kcal/mol is obtained. significantly longer, 0.33 A, than the M¢Q value, indicating
The strength of this metaligand bond is accounted by the a weaker metatoxygen bonding interaction in the calcium
magnitude of the charge transfer, £0.8 electrons, which is ~ complex. In fact, our calculated total binding energy, 301.5 or
carried out from the water moieties toward the metallic cation. 288.10 kcal/mol including ZPE corrections, for [Ca(®)e]?",
Using a bigger basis set, Pavlov et al. have found, including is smaller than the corresponding value for the?Mgomplex.
ZPE corrections, a total binding energy of 303.9 kcal/mol and This result is consistent with the occurrence of a smaller charge
a charge transfer o&0.7 electrong® In our all-electron transfer, of 0.55 electrons, from the®l moieties toward the
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0.448 B3LYP/6-31H-G(d,p), and B3LYP/6-311G(2d,2p), indicate
that the former is more stable, by 72.3, 69.7, and 72.1 kcal/
mol, respectivelyUsing the B3LYP functional and the 6-3t5G-
(2d,2p) basis, Pavlov et al. have also found that the octahedral
[Mg(H20)e]2t complex is more stable, by 70 kcal/mol, than
[Ca(H0)e)%". That is, DFT calculations reveal that the water
magnesium(ll) complexes are more stable than the calcium(ll)
ones. As quoted, in a bacterial cell, there are both divalent
cations. Now, we will analyze if horminone, which is a
bidentade ligand, is able to displace two water molecules from
the Mg?t- and C&"-hexahydrated complexes. The relative
stability of the C&"™— and Mg*—horminone compounds will
also be addressed.

[Horminone—M] 2, M = Mg?" and Ca&", Systems.The
calculated electronic structure for the lowest energy state of
horminone, indicates that the oxygen &d Q atoms are the
most negative sites of the molecule, since they have Mulliken
populations of—0.61 and—0.45 electrons, respectively. See
Figure 3. Also the @ and Q atoms are negative, with
populations of~0.45 and—0.60 electrons. On the other hand,
the hydrogen atom glwith +0.40 electrons, is the most positive
Figure 2. Selected geometrical parameters from the B3LYP/6-31G atom, and 'é_ls also _pOSItlve, WlthH.)'Ss eIe_Ctron_s. T_hen,(,H
optimized structure. Bond lengths are in A and bond angles are in deg @nd Hh are highly acid atoms. Consistent with this picture, the
(in italics), and Mulliken charges, electron units (in bold characters), ground-state geometry of horminone reveals the appearance of
are indicated. two relatively strong intramolecular hydrogen bonds;—8l.
C&" cation. It is to be mentioned that our all-electron an_d Q—Ha, with 2'_009 and 2'.1.36 A distances, r_espectiv_ely.
calculations with the bigger 6-3#1G(2d), 6-311G(d,p), and This H-bond formation was verified by AIM calculations, which

6-311+G(2d,2p basis sets produce total binding energies, iqdicated bond ﬁriticﬁl points alon.gbech anhd Q’_Ha;.see
including ZPE corrections, of 240.79, 239.34, and 231.10 kcal/ Figure 3. Note that the £-Hc bond involves the formation of
mol, respectively: the last value is in close agreement with the € fivé @—He—Oc—Ci2—Cyy member ring, while @-Ha is
result, 234.4 kcal/mol, reported by Paviov et?alThese  associated with the formation of the six€Ha—O.—C7—Ce—
6-3114+G(2d) and 6-31+G(2d,2p) calculated binding energies Ci14member cycle. Ring grmcal points were also found on th_ese
are close to each other, but they are substantially smaller, bycycles by the AIM formalism. Concerning the molecular orbital
about 46-50 kcal/mol. than the 6-31G result. Moreover. all _ description, it was found that the HOMO is mainly located on
these C&(H.O)s binding energies are smaller than their the quinone ring C, with some important contributions on the

counterparts for the Mg (H;0)s case. So, the Mg ion shows Oa gnd Q atoms_. See Figure 4, where the frontier molecular
stronger bonding interactions with the monodentate water Orbitals of horminone are shown. It can be observed that the

molecules than CA. HOMO-1 level, lying only 0.22 eV below HOMO, is also
Our computed 6-31G CeO equilibrium bond length, 2.410  located on the quinone region, displaying also significant
A, is in reasonable agreement with the theoretical estimation, contributions, greater than those of HOMO, on theadd G
of 2.42 A, obtained by Pavlov et al., at the B3LYP/LAND2DZ ~&toms. Moreover, HOMO-2, lying 0.38 eV below HOMO-1,
level of theory. They also report a charge transfer of 0.54 also presents strong contributions on thea@d G sites. That
electrons from the water moieties toward théCaation. Even is, these three orbitals may contribute to the coordination,
more, these authors have observed that the calculateddCa  through the horminone £and Q atoms, with the Mg" or C&*
bond distance using doubletype LANL2DZ basis sets is  cations. This orbital cooperative effect, coupled with high
longer than the corresponding experimental vafuef 2.334- negative charges on the,Gnd Q atoms, quoted above,
(9) A. Since a reduction of 0.05 A was obtained for the-Ca produces a high nucleophilic character on these sites, needed
bond length when d functions were added, a corrected value offor to displace two water moieties from [Mg§B)s]>* or [Ca-
2.37 A was reported in ref 25 for the €® bond length inthe ~ (H20)e]>*. Even more, the LUMO orbital is also mainly located
[Ca(H0)e]2" complex. In our calculations, the use of bigger ©0n the quinone ring, with some contributions on the oxygen
6-311G(2d), 6-31#G(d,p), and 6-31+G(2d,2p) basis sets atoms, Q and Q. That is, the frontier molecular orbitals
produce bond lengths of 2.401, 2.404, and 2.405 A, respectively.(LUMO, HOMO, HOMO-1, and HOMO-2) suggest that the
So, the use of these bigger basis sets produce an improvement®a—0q region may be considered as the reactive site of the

with respect to the 6-31G value, of only 0.668.009 A for horminone bidentade ligand, when it behaves as a nucleophile
the Ca-O bond length in the [Ca@D)e]?>t complex. But it is against acid centers, such as#lgnd C&". Indeed, total energy
to be remarked that the use of the huge 6-36{2d), 6-311-G- results indicate that the MgO,—Oqy coordination mode is

(d,p), and 6-311G(2d,2p) basis sets is prohibitive for calcula- energetically more favored, since the M@,—O; mode was
tions of many-electron systems where the horminone molecule located 32.4 kcal/mol higher in enerdfy/Further, both [hormi-
replaces two water molecules. As shown above, the relatively none(Q—0g)—Mg]?" and [horminone(-0¢)—Mg]?" systems
small 6-31G basis produces geometries of reasonable accuracyvere calculated taken into account solvent effects through a

for the Mg?™ and C&" water complexes. self-consistent reaction field model; in particular, Tomasi's
In summary, the B3LYP/6-31G binding energy results polarized continuum model (PCEP)was used. This way, the
indicate that [Mg(HO)g]?" is more stable, by=92.2 kcal/mol, total energy difference between these complexes indicates that

than [Ca(HO)g]?". The three methods, B3LYP/6-315G(2d), they are separated by a substantially smaller separation, of 8.0
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Figure 3. Selected geometrical parameters from the B3LYP/6-31G optimized structure. Bond lengths are in A, and Mulliken charges, electron
units (in bold characters), are indicated. The dashed lines indicate the intramolecular H-bond interaction, bgtw@gartd H---O,.

4

HOMO
TAE =0.22eV

HOMO-2

Figure 4. HOMO, HOMO-1, and HOMO-2 contour plots for the
horminone molecule at the B3LYP/6-31G level.

kcal/mol, than that in the gas phase, with the Mg,—Oy
coordination mode remaining lower in energy than-Mg,—
O.. That is, both gas phase and PCM calculations indicate the Figure 5. Optimized geometry for the [horminone{©0.,)—CaP*

same lowest energy state for the horminoMg?" complex. and [horminone(@—0y,)—CaP* systems. Bond lengths, in A, bond
In the next section we will include the solvent effects directly angles, in deg (in italics), and Mulliken populations, electron units (in
on these two coordination modes. bold characters), are indicated at the B3LYP/6-31G level.

For [horminone-CaF", the lowest energy state also corre-
sponds to the coordination of the Tacation with the Q and 0,—0y state, the Ca0, (2.30 A) and Ca0yq (2.21 A) bond
Qg4 horminone atoms. The CaD,—O, mode was found 25.68  lengths are noticeable longer than their counterparts of [hormi-
kcal/mol higher in energy; see Figure 5. In the preferred-Ca  none(Q—0g)—Mg]?*, Mg—0, (1.90 A) and Mg-Oy4 (1.86 A).
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LUMO

AE=2.70eV

HOMO

Figure 6. HOMO and LUMO contour plots for the [horminone{©
O14)—CaPt system using the B3LYP/6-31G level.

It can also be observed that the six-member ring"€®,— Figure 7. Optimized geometry for the [horminone(©04)—Mg—

 CoeCr — i s cignifi ; (H20)4]?" and [horminone(@-0;)—Mg—(H20)4%" systems. Bond
Cr=Cs—C14—0q, see Figure 5, is significantly more distorted, lengths, in A, bond angles, in deg (in italics), and Mulliken populations,

i i i qug
€., I_ess planar, than the_ corresponding ring fo_r electron units (in bold characters), are indicated at the B3LYP/6-31G
horminone. In fact, the Mg ion promotes the formation of a  |ayel.

quasi-planar M§™—0,—C;—Cg—C;4—0q ring.

The HOMO and LUMO contour plots for the [horminone- [horminone(Q—0g)—Mg]?", =209 kcal/mol, is greater than that
(O4—0g)—CaP* lowest energy state are shown in Figure 6. Note of [horminone(Q—04)—CaF*, =134 kcal/mol. Up to this point,
that the LUMO presents strong contributions on the quinone the analyzed electronic and structural parameters account for
ring C and on the C& region. In the quinone regio@, the the fact that horminone has more preference foFMgan for
HOMO displays a pattern similar to that of free horminone, C&".
except that now appears some significant contributions on the Hydrated [Horminone —M —(H>0)4%", M = Mg?" and

cyclohexyl groupA. In contrast, in [horminone(£-0Oq)—Mg]%" Ca?", Systems.The computed two low-lying states of the
the HOMO is more strongly displaced fro@ toward theA [horminone-Mg—(H20)4]>" complex are shown in Figure 7.
ring, while the LUMO is highly located on the Mg region, The lowest energy state arises when the ligand is coordinated
with some small contributions on the0C;—Cg—Cy4—0Oy through its Q and Q atoms to M@". Note that around the

atoms. That is, the LUMOs of [horminone{©0,4)—CaF" and Mg?* ion remains a slightly distorted octahedral geometry. The
of [horminone(Q—0q4)—Mg]?* present appropriate channels for Mg—0, and Mg-Oq4 bonding formation produces a reduction,
their bonding interaction with nucleophilic molecules, such as from 90 to 83.2, Table 3, for the @-Mg—0q4 angle. Another
water or phosphate moieties. O—Mg—0 angle is 13 more opened; see Figure 7. On the other
Overall, these results indicate a weaker bonding behavior in hand, as shown by the-Mg—0 bond angles (of 74104,
C&*—horminone than in M§ —horminone. This can be in the higher energy [horminonef©0,)—Mg—(H20)4%" co-
rationalized in terms of the transferences of charge that occurordination mode occurs a highly distorted octahedral geometry
from horminone toward the metallic ions. In the Ca complex, around Mg@". This higher energy state was found 17 kcal/mol
the transference, 0.25 electrons, is half from that observed for above the [horminone(S Og4)—Mg—(H20)4]?" state. This result
the Mg case. In fact, the metaligand binding energy for should be compared with that one obtained in the absence of
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TABLE 3: Selected O—M Bond Lengths, in A, Bond O—M—0 Angles, in deg, and Mulliken Populations for M2* and Oxygen
Atoms for the [Horminone(O,—0g)—M]2*, [Horminone(O,—0O¢)—M] 2", [Horminone(O,—0g4)—M —(H,0)4]%",
[Horminone(Op—0c)—M —(H,0)4]%t, and [Horminone(O,—0O4)—M —H,0—2H3PO4H,PO,]+ (M = Mg2*, Ca2t) Optimized

Systems Using B3LYP/6-31G (M= Mg, Ca)

bond angle charge
complex Q—M O¢—M Op—M Oc—M O0;~M—-0Oy Op—M-0O; O, Oy Oy Oc M
[horminone(Q—0g)—Mg]?* 1.902 1.859 96.4 —0.803 —0.770 1.503
[horminone(@-0Og)—Mg)]?* 1899 1971 82.9 —0.689 —0.780 1.503
[horminone(Q—0g)—Mg—(H20)4]%" 2.089 2.036 83.2 —0.707 —0.650 1.162
[horminone(@-0¢)—Mg—(H20)4]?" 2.062 2.144 73.9 —0.622 —0.764 1.183
[horminone(@—0g)Mg—H,0—2HsPOsH,PO] T 2.082  2.065 82.8 —0.731 —0.581 1.069
[horminone(Q—0g)—CaP*" 2,295 2.208 7.7 —0.798 —0.773 1.747
[horminone(Q-Oc)—CaP+ 1.289 2.366 68.0 —0.738 —0.832 1.781
[horminone(Q—0g)—Ca—(H20)4%" 2411 2.360 73.2 —0.725 —0.663 1.480
[horminone(Q-Oc)—Ca—(H20)4]%* 2372 2.486 64.0 —0.641 —0.759 1.475
[horminone(Q—0g)Ca—H,0—2H;POH,POJ T 2.404  2.360 72.0 —0.749 —0.619 1.413

TABLE 4: Calculated B3LYP/6-31G Binding Energies (BE)
and Total ZPE Corrected Binding Energies (BE-ZPE), for
the Horminone Complexes

BE BE-ZPE
complex (kcal/mol)  (kcal/mol)
[horminone(Q—0g4)—Mg]2" 209.87 209.02
[horminone(@—0,)—Mg)]?+ 177.44 178.04
[horminone(Q—0g4)—Mg—(H20)4)2" 401.05 387.82
[horminone(@—0¢)-Mg—(H20)4]%" 384.00 371.53
[horminone(Q—0Og)Mg—H,0—2H;POH.PO)] ™ 599.12
[horminone(Q—0q)—CapR* 134.10 133.45
[horminone(Q—0y)—CaP" 108.41 108.70
[horminone(Q—0g)—Ca—(H20)4]?" 302.27 290.65
[horminone(Q—0)—Ca—(H20)4]2" 283.85 272.92
[horminone(Q—0g)Ca—H;0—2HzPOHPOy] 500.50

the first layer of water molecules. As quoted above, [horminone-
(Oa—0g)—Mg]?" and [horminone(@-0.)—Mg]2" are separated
by 32.4 kcal/mol, with the former one being also lower in
energy'® A separation of 8.0 kcal/mol was obtained by the
inclusion of the solvent effects through the PCM reaction field.

In the [horminone(@-0g)—Mg—(H20)4]%" ground state, the
Mg—0 distances fall in the 2.642.09 A range. These values
are shorter than the MgO distances of [Mg(kHO)s]2". In
particular, Mg-O4 shows the shortest bond length, of 2.04 A,
and Mg-0O, has a 2.09 A value; while MgQq also shows a
short value, of 2.06 A. Then, the substitution of twgQHunits
by horminone has promoted the appearance of shorter®g
bonds which can be accounted by the charge transfer, of 0.84
electrons, that is carried out from the water and horminone
moieties toward Mg". Note that, in the [horminone(2-Oc)—
Mg—(H20)4)%" higher energy state, a slightly smaller charge
transfer, of 0.82 electrons, is observed, as well as the appearance
of longer Mg—0 bond lengths, of 2.042.14 A.

The coordination of horminone with Mg involves the
formation of the six-member ring Mg—0,—C;—Cg—C14—Og;
see Figure 7. The MgOq bond has a longer separation than
Mg—0,, which may be due to the fact that the oxygepafm,
bonded to a hydrogen atom, has a smaller capability for the
transference of electrons toward kMg The Q—C7 (1.521 A)

In any case, the energy gap is high enough to be surmounted agnd the Q—Ci4 (1.288 A) bond lengths are longer than their

room temperature. The importance of the direct inclusion of
the water solvent effects is evident by the present results.
So, the more likely state of the hydrated hormineivg?™

counterparts, 1.466 and 1.263 A, of the bare horminone; see
Figure 3. But the & Cg (1.513 A) and the € Cu4 (1.494 A)
bond lengths experience shortenings of 0.005 and 0.010 A,

complex is the one reported in Figure 7. The total binding energy respectively. So, this metaligand interaction has perturbed

of [horminone(Q—0q4)—Mg—(H20)4]%", of 401.05 kcal/mol,
Table 4, is almost equal to that of [Mg¢B)e]2™, of 399.2 kcal/

mol, suggesting an equilibrium of these two systems. However,

significantly the bonding of the ©-C;—Cg—C14—0Oq region.
The G—Cy—C;;—C15,—C13—Cyy cycle, see Figure 7, has also
been perturbed noticeably, since it shows enlargements of

the inclusion of zero point energy (ZPE) corrections produces 0.003-0.013 A and shortenings of 0.60.025 A.

binding energies of 387.82 and 380.31 kcal/mol for the former
and later systems, respectively. That is, the hormirdvig?—
(H20)4 complex is more stable, by 7.5 kcal/mol, than [Mg
(H20)e]?". These B3LYP/6-31G results imply that horminone

The structural changes quoted above are a consequence of
the electronic effects that the [Mg§B)4]2" ion has produced
on the horminone moiety, which are clearly exemplified by the
oxygen atoms. In [horminone{® Og4)—Mg—(H.0)4]%", the

is able to displace two water molecules from the hexahydrated oxygen Q and Q, atoms, bonded to Mg, have experienced

Mg?" complex. This conclusion should be taken with caution,
since, as quoted above for [Mgf&)e]2", huge changes (of
nearly 80 kcal/mol) of binding energies are produced when
going from the 6-31G basis set to the larger 6-8G(2d,2p)
one. Note that [horminone¢ Oc)—Mg—(H20)4], 17 kcal/mol

a significant increase in their negative charge: frot61 (Q)

and —0.45 (Q) electrons, in the bare horminone, they have
increased up te-0.71 and—0.65 electrons, respectively, in
the hydrated complex. Then, at a first sight, in the-M®, and
Mg—0Qy interactions, the metal to ligand back-donation is greater

higher in energy, is unable to achieve such a displacement; seghan the ligand to metal donation. On the other hand, the charge

Figure 7. Then, a relatively stable complex [horminong{O
Og)—Mg—(H20)4)%" is formed when the horminone molecule
is coordinated to Mg through its Q and Q sites.

of the O atoms in [Mg-(H.O)e]?" is equal to—0.78, while in
[horminone-Mg—(H20)4)%", the O atoms (of the #D moieties)
have values of—0.78 electrons, indicating the absence of

On the other hand, it has been determined that the oxytetra-changes in their atomic populations. That is, in the last complex

cycline antibiotic crosses the wall cell of the bacteria in a
cationic form, i.e., when it is bonded to a Rfgion.3® Since

the O atoms surrounding the Kigion are not responsible for
the charge reduction of the metallic cation. Then, most of the

horminone is structurally related to oxytetracycline, the present donated charge to Mg comes, ultimately, from the horminone
results suggest that the horminone molecule may be able tomolecule, producing, finally, the Mg-16 cation. In fact, note

penetrate the wall cell of the bacteria through the [horminone-
(0Os—0g)—Mg—(H20)4]%" complex.

that the @ and Q atoms, far away from the Mg ion,
experience a decrease in their electronic population. Even more,
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TABLE 5: Selected O—H Bond Lengths, A, and Mulliken
Populations for Hydrogen Atoms for the Horminone,
[Horminone(O,—0g4)—Mg] %",
[Horminone(O,—0g4)—Mg—(H20)4)?", and
[Horminone(O,—0g4)—Mg—H>0—2H3PO4H,PO4]* Optimized
Systems Using B3LYP/6-31G

charge

horminone horminone horminone
(0a—=0g)— (0a—0y)—  (Oa—Og)—Mgz"—
atom  horminone MgZ"  Mg% —4H,0 H0—2H;POH.PO,

H#(Cv) 0.149 0.224 0.180 0.211
Ha(O05) 0.380 0.467 0.426 0.486
H1s(C1s) 0.167 0.208 0.172 0.185
H204C20) 0.158 0.208 0.179 0.170
Hooo(C20)  0.132 0.147 0.141 0.137
H20dC20) 0.145 0.194 0.182 0.162
He(Oo) 0.401 0.447 0.434 0.417
bond length
horminone horminone horminone

(Ca—0Og)—  (0a—Oy)— (02—0Og)—Mg?+—
bond horminone Mg2*" Mg2t—4H,0 H0—2H3POH,PO,

Oa—Ha 0.982 0.977 0.977 0.992
Oc—Hec 0.989 0.991 0.989 0.989

most of the H atoms of the horminone molecule, with respect
to the bare state of this moiety, have experienced a significant
decrease in their electronic charge. See for instance, in Figures
3 and 7, the indicated populations of the H atoms, particularly
those of H, His, and H. This picture suggests that the whole
electronic cloud of the horminone moiety has been strongly
polarized toward the ©-Mg—0Oq region; see Table 5. The direct
effects of the solvent water molecules are clearly seen by these
results.

For [horminone-Ca—(H,0)4]%" also the @—Ca—Oq4 and
Op,—Ca—0Oc coordinations were searched. The B3LYP/6-31G
results indicates that [horminonef&04)—Ca—(H0)4]%" is
18.4 kcal/mol more stable than [horminong{€D.)—Ca—
(H20)4]%"; see Figure 8. This energy gap is quite similar to that
found for the M@" case; see Figure 7. However, in the ground
and higher energy states of the2Caomplex, occur highly
distorted octahedral geometries around thé*Gan, which

reflects a weaker bonding metdigand behavior. Figure 8. Optimized geometry for the [horminonefe04)—Ca—
The [horminone(@-0g)—Ca—(H20)4]%", 302.27 (290.65) (H20)4?" and [horminone(®-0O)—Ca—(H,0)4%" systems. Bond
kcal/mol, binding energy is almost equal to that of [C20b2", lengths, in A, bond angles, in deg (in italics), and Mulliken populations,
301.5 (288.1) kcal/mol, values in parentheses including ZPE electron units (in bold characters), are indicated at the B3LYP/6-31G
' ' ! level.

corrections, implying that horminone is in equilibrium with the

hexahydrated Ca complex. However, the [horminone- a great difference in hardness, indicating low metigand
(O4—0g)—Ca—(H20)4]2" binding energy is substantially smaller, reactivity. As for horminone, we have also estimated the
by about 100 kcal/mol, than the corresponding value, 401.05 [Mg(H20)s]?" and [Ca(HO)s]?" hardness. The results are 4.68
(387.82) kcal/mol, of [horminone(© -Og)—Mg—(H20)4%". and 4.34 eV, respectively, indicating that, in the hexa-
These results are in agreement with the calculated@aond hydrated fashion, these ions are more likely to react with the
lengths, 2.36-2.41 A, which are substantially longer than the horminone moiety. We will continue with the discussion of the
Mg—O values, of 2.042.09 A. Moreover, a significant smaller  [horminone(Q—04)—Mg—(H20)4]2" and [horminone(@-0q)—
charge transfer, of 0.55 electrons, has occurred in the calciumCa—(H,0)4)%" lowest energy states.

complex than in the magnesium one, of 0.84 electrons. Thatis, [Horminone—M —(H,0)(POsH2)(PO4H3)2]T, M = Mg?t

the Mg?" ion (66 pm) small size leads to a strong electrostatic and Ca". Up to here, we have studied the bonding of the
attraction for the oxygen atoms of the ligands (horminone and horminone molecule to the Mg and C&" ions, taking into
water moieties), while the larger size of the?Céon (99 pm) account explicitly the effects of the first layer ob® molecules.
leads to much smaller interaction enerdieSo, these energetic, The obtained results indicate that horminone has greater
structural, and electronic parameters account for the fact thatpreference for Mg" than for C&". As quoted above, through
the horminone molecule has more preference fof'Mgn than the attachment of horminone to the hydrated?Mdpn, this

for Ca&2". On the other hand, the reported hardness values of antibiotic crosses the membrane wall; once inside the inhibition
the Mg?+ and C&" ions®® are 32.55 and 19.52 eV, respectively, of the protein synthesis initiates. As it was mentioned in the
while horminone has a 1.55 eV value; this last value was Introduction, the horminone molecule is structurally related to
estimated as half the difference between the LUMO and HOMO the family of the tetracycline molecules. It has been found that
orbital energies. So, these two metal ions and horminone presenthe divalent magnesium is crucial for the binding of the
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. - . Figure 10. Optimized geometry for the [horminone{&0y)—Ca*—
Figure 9. Optlmlze(i geometry for the [hormln)oine{eod)—Mng— Hzgof2H3PO4IF—)|2PO4]Jr s?/stem. Byond Ieng[ths, inA, t?énd (gngles in deg
HZ(%].ZH3PQdHi|;??.]k systeml. It3_ond Ie-lng:hs, in 'tl b_ont;j le:jngrlles |ntdeg (in italics), and Mulliken populations, electron units (in bold characters),
(in italics), and Mulliken populations, electron units (in bold characters), are indicated at the B3LYP/6-31G level.

are indicated at the B3LYP/6-31G level.

to RNA. Further, such horminoréMg?" to RNA attachment
tetracycline antibiotics to the ribosome. Specifically, the tetra- may produce the inhibition of the protein synthesis.
cycline drug interacts with the phosphate oxygen atoms of the
RNA residueg? Therefore, we have also studied the interaction Conclusions

of the hydrated horminoreMg?" system with the phosphate, L . .
PO, groups of ribosomes, which implies the displacement The coordination of the horminone molecule with hydrated
of thr,ee HO molecules fr,om [horminone(® Og)—Mg— magnesium and calcium divalent ions was studied by means of

o : M the B3LYP/6-31G method. The first layer of water molecules
(H20)*", yielding the [horminone (6> O)—Mg—(H:0)- surrounding the metallic cations was included. The hydrated
Mg?t and C&" ions exhibit a quite different structural and
energetic coordination behavior with horminone. It was found
that the octahedral [horminonef©04)—Mg—(H20)4]%" unit is
more stable, by 7.5 kcal/mol, than [Mg{B)s]>". That is, the
moderate B3LYP/6-31G level of theory indicates that horminone
is able to displace two water molecules from the hexahydrated
complex. This behavior does not occur for’?€aConsistently,
[horminone(Q—0q4)—Mg—(H20)4)?>" has a greater, by about

i ; 100 kcal/mol, metatligand binding energy than [horminone-
slightly shorter than the MgO(phosphate) bonds. With the (0.—Og)—Ca—(H,0)]2*. The preference of horminone by

remaining HO molecule, the Mg ion has a 2.071 A MgO Mg?2* is enlightened by these results. Moreover, its electronic
bond; this value is even shorter than the corresponding Va'“esstructure, as shown by huge changes in the atomic populations,
in [horminone(Q@—0g)—~Mg—(Hz0),]?* and in [Mg—(H20)]*". s strongly perturbed by Mg. The small size of the Mg ion
Overall, this Mg-O bond contraction indicates a greater bonding (66 pm) leads to a strong electrostatic attraction of the oxygen
interaction between the Mg cation and the horminone  aoms of the ligands (horminone and water moieties), while the
molecule in the [horminone(© Og)—Mg—(H20)(PQiH2)- larger size of the G4 ion (99 pm) leads to much smaller
(POQsH3)2* complex, where a charge transfer occurs, of 0.93 jnteraction energies. Indeed, horminone, bounded to [Mg-
electrons, from the ligands toward g The calculated binding (H;0)42* is able to cross the bacterial membrane cell. Once
energy is 599.10 kcal/mol. The values of these two properties jnside, [horminone(@-0g)—Mg—(H20)4]2* binds to the rRNA

are bigger than those observed in [horminong{Og)—Mg— phosphate groups yielding [horminong(@Dy)—Mg—(H20)-
(H20)4)?" and in [Mg(HO)g]?*, which accounts for the stability  (PO,H,)(POsH3);] . The attachment of horminone to mRNA

of the horminone-Mg?*—phosphate complex. With longer may inhibit the mechanism involved in the protein synthesis.
Ca—O distances, of 2.332.51 A, and a smaller charge transfer, Overall, these results account for the fact that since ancient times
of 0.59 electrons, the binding energy (500.5 kcal/mol) of Sabia species, to which horminone belongs, have been used in
the C&" complex, [horminone(g-0Og)—Ca—(H.0)(POH,)- folk medicine all around the word due to their diverse biological
(POyH3)2] ™, shown in Figure 10, is significantly smaller than activities, including antibacterial and antituberculous. The
that of the corresponding Mg system. This implies that,  present results suggest that such antibacterial activity is mainly
through the M&" ion, the horminone antibiotic can be bonded due to the attachment of horminone to the #idgon and,

(POyH2)(POsH3)2] T complex, where the oxygen atoms of the
PO~ groups have been saturated with protons. The optimized
geometry of this system is shown in Figure 9. Also here, as in
[horminone(Q—0q)—Mg—(H20)4]%", remains some type of
octahedral symmetry around Kig Despite the fact that the
Mg—O bonds are originated from the interaction of the2¥g
ion with three different ligands (horminone, phosphate, and
H20), the Mg-0O bond lengths are restrained within the 2.665
2.124 A range. On average, the M@, and Mg—Og4 bonds are
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furthermore, to the binding of the hydrated hormineig2"
complex to the mRNA phosphate groups.
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