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Abstract: Human- used antibiotics are eliminated from the body with little or
no transformation at all. Traces of eliminated antibiotics enter the receiving
environment directly since they cannot be treated in prevalent wastewater treat-
ment facilities. Thus, wastewaters containing traces of antibiotics have to be
treated accordingly. Lincomycin is subsequently isolated from Streptomyces
lincolnensis. Lincomycin and its derivatives are antibiotics exhibiting biolog-
ical activity against Gram-positive bacteria, and are natural antibiotics in the
environment as pollutants. This study aims to predict the degradation mech-
anism of lincomycin molecule in the gaseous phase and aqueous media. Pro-
bable reaction path of lincomycin molecule with OH radicals was analyzed.
Optimized geometry was calculated via Gauss View 5. Subsequently, the low-
est energy status was determined through geometric optimization via Gaussian
09 program. Aiming to determine the intermediates in photocatalytic degrad-
ation mechanism of lincomycin, geometric optimization of the molecule was
realized through DFT method. Activation energy for the probable reaction path
was calculated, and their most stable state from the thermodynamic perspective
determined for the gaseous phase and aqueous media. Impact of water solvent
was investigated using the conductor-like screening solvation model (COSMO).
The predicted mechanism was confirmed by comparison with experimental
results on simple structures reported in literature.
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INTRODUCTION

Demand for antibiotics in the world is growing continuously. The threat of
infectious diseases has been considerably decreased through antibiotics since
their discovery in the 20th century. Deaths from diseases that were once prevalent
and fatal decreased dramatically through the combination of the so-called “mir-
acle drugs” and improvements in sanitation, housing, food, and the occurrence of
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mass immunization programmes. For many years, the lives of millions of people
were saved and their sufferings were reduced via antibiotics. In the late 20th
century, antibiotics not only have saved peoples lives, but also increased life exp-
ectamcy.1

There are various ways for active pharmaceutical ingredients to enter the
environment. The cycle starts with human beings and animals, ends up in waste-
water, soil, groundwater, and finally, if not treated properly, it arrives at potable
water supplies. Due to the long half-life of antibiotics, some of the antibiotics
reaching the environment can be found in nature. In wastewater treatment facil-
ities, active components are released into the environment with almost no change.
In the case that metabolites are still biologically active, aqueous organisms in the
environment are affected, and consequently these become a threat not only to the
ecosystem, but also to human beings.2

Due to their designed effect, antibiotics primarily affect organisms such as
bacteria, fungi and microalgae. Antibiotics are discharged into the environment
with a slight or no change, and conjugate to polar molecules.> Antibiotics accum-
ulate in different environmental compartments because of their low biodegrad-
ability.® Natural cycles, products, production facilities, and soil are the resources
of antibiotics in nature. In terms of risk assessment of antibiotics, natural con-
centrations of them are important for the natural cycle. Some of the antibiotics
produced from soil bacteria are beta lactam antibiotics; there are streptomycins
and aminoglycosides as well. Streptomycetes is one of the soil bacteria within the
actinomycetes group. Thus, antibiotics are produced by streptomycete bacteria. !

The action and behaviour of antibiotics is an important issue in environ-
mental chemistry. The amount of antibiotics used for veterinary purposes and for
manuring land is estimated to be more than one kg per ha. In addition, antimic-
robial agents used for animals can be discharged into the environment from agri-
cultural lands.”-13

Because of their changeable steric genus, antibiotics are ionized as amphi-
philic or amphoteric, thus allowing the adsorption to take place in soil.” Because
of the physical and chemical properties, such as molecule size, solubility, hyd-
rophobicity, sorption and fixation of agents, there is a difference in antibiotic
interaction with soil. Many agents are obstructed strongly in soil due to their
being polar and slowly soluble in water.!4

Organic contaminants exist at very low concentrations in water.!5 Therefore,
it is essential that the organic contaminants be removed from drinking water.16
Natural purification of water systems such as rivers, creeks, lakes, and pools is
realized by solar light on earth. Sunbeams initiate the degradation reaction of
large organic molecules into smaller basic molecules, finally providing the form-
ation of CO,, H,O and other molecules.!7-18
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REACTION PATHWAYS OF LINCOMYCIN MOLECULE 279

In its reactions with organic molecules, ‘OH behaves as an electrophile
whereas O is a nucleophile. Thus, “OH readily adds to unsaturated bonds while
O" does not. Both forms of the radical abstract H from C—H bonds and this can
result in the formation of different products when the pH is raised to a range
where O° rather than *OH is the reactant. For example, if an aromatic molecule
carries an aliphatic side chain, O® attacks there by H abstraction whilst *OH adds
preferentially to the aromatic ring.!® Hydroxyl radical which is the most reactive
type known in biological systems reacts with every biomolecule it encounters
including water. Potentially, every biomolecule is a hydroxyl radical scavenger
but at different speeds.29 Aromatic compounds are good detectors since they can
be hydroxylated. In addition, the position of attack to the ring depends on the
electron withdrawal and repulsion of previously present substituents. The attack
of an aromatic compound by any hydroxyl radical results in the formation of a
hydroxylated product.2!

This study aims to predict the degradation mechanism of the lincomycin
molecule in the gaseous phase and in aqueous media. The probable reaction path
of lincomycin molecule with “OH was analysed through the density functional
theory (DFT) method.

COMPUTATIONAL SET-UP AND METHODOLOGY
Computational models

The models of the molecules were formed by the use of the mean bond distances and the
geometric parameters of the benzene ring. Tetrahedral angles were used for the sp3-hybridized
carbon and oxygen atoms and 120° for the sp-hybridized carbon atoms was used in the
computational modelling. The aromatic ring was left planar, excluding the position of attack.
Due to the change in the hybridization state of the carbon at the addition centre from sp? to
sp, the attacking "OH was presumed to create a tetrahedral angle with the C—H bond.2?

Molecular orbital calculations

In photocatalytic degradation reactions of lincomycin, it is possible that products more
harmful than those in the original material could be formed. Therefore, before experimentally
realizing a photocatalytic degradation reaction, it is essential to know the nature of the
primary intermediate products. The most reliable and accurate information is gathered through
calculations realized with quantum mechanical methods. Thus, since the yield produced was
the same, photocatalytic degradation reactions of lincomycin and its hydroxy derivatives are
based on the direct reaction of these molecules with “OH.

With this aim, the kinetics of the reactions of lincomycin with “OH were theretically
analysed. The study was initiated with lincomycin and then exposed to reaction with “OH and
the reaction yields were modelled in the gaseous phase. Experimental results in the scientific
literature showed that *OH detach a hydrogen atom from saturated hydrocarbons, and *OH is
added to unsaturated hydrocarbons and materials with this structure.2? For this purpose, all
possible reaction paths for the analysed reactions were determined. For every reaction path,
molecular orbital calculations of the reactant, yield, transition state complexes were performed
with the density functional theory (DFT) and their molecular orbital calculations were realized
and their geometries optimized. In order to explore the conformational landscape of the
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molecules, a potential energy surface scan was performed along the torsional coordinates
mentioned above in a relaxed manner (i.e., all other geometrical parameters were optimized at
each point) for both conformers. The scan was calculated using the B3LYP/6-31G* method.2*

Kinetic data treatment

The aim of this study was to develop a model providing the outcome of the yield distri-
butions of the photocatalytic degradation reactions. The vibration frequencies, the thermodin-
amic and electronic features of every structure were calculated using the obtained optimum
geometric parameters. Subsequently, based on the quantum mechanical calculation results, the
rate constant and activation energy (E,) of every reaction was calculated at a temperature of
25 °C.

In order to enable the calculation of the rate constant, it is necessary initially to calculate
the partition function of the activated complex. To realize this calculation, it is essential to
know the geometry of the complex and the moments of inertia. In addition, £, should be
known in order to determine the rate constant. The activation energy, as the vibration fre-
quency, can only be calculated quantum mechanically.

The most probable reaction path and the yield distribution of the reaction of *OH for
every molecule were determined by comparing the obtained results. The optimized geometric
structures were drawn via GaussView 5, and the calculations were realised within the Gaus-
sian 09 programme packet.2’

Methodology

The investigated reaction system was composed of “OH, which are open-shell species. It
is known that open-shell molecules cause severe problems in quantum mechanical calcul-
ations. The self-consistent field method (SCF) calculation will proceed for an open-shell case
in the same way as for a closed-shell case. However, since two sets of equations have to be
dealt with, at each iteration, the program has to consider, either simultaneously or success-
ively, the closed-shell and the open-shell equations. In this respect, the computational burden
could be two-times larger for an open shell than that for a closed-shell. Another point raised in
connection with the optimization of the SCF process for open-shell molecules is the relative
intricacy of the sequence of calculations for the closed-shell Hamiltonian and the open-shell
Hamiltonian.26

Thus, DFT method with the Gaussian 09 programme was used in order to perform geo-
metry optimization of the reactants, the product radicals, and the pre-reactive and transition
state complexes.2S DFT methods, taking the electron correlation into account, use the precise
electron density to calculate molecular properties and energies. Spin contamination does not
affect them and hence, for calculations involving open-shell systems, they become favourable.
DFT calculations were made by the hybrid B3LYP functional combining the HF and Becke
exchange terms with the Lee—Yang-Parr correlation functional 2

It is essential in such calculations to choose the basis set. Based upon the obtained
results, optimization in the current study was carried out at the B3LYP/6-31G(d) level. In the
determination of the transition states, the forming C—O bonds in the addition paths and the
H—O bond in the abstraction path were chosen as the reaction coordinates. By using frequency
analyses at the same level, the ground state and transition state structures were approved. For
the characterization of transition structures, one imaginary frequency that belonged to the
reaction coordinate was set, subtending to a first-order saddle point. The zero-point vibrational
energies (ZPEs) were measured at the B3LYP/6-31G(d) level.??
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REACTION PATHWAYS OF LINCOMYCIN MOLECULE 28 1

Solvent effect model

The energetics of the degradation reactions of all organic compounds are affected by water
molecules in aqueous media. In addition, geometry relaxation on the solutes is induced by H,O.
On the other hand, it was indicated in previous studies that there is an insignificant effect of
geometry changes on the energy of the solute for both open- and closed-shell structures.?” In
this study, DFT/B3LYP/6-31+G(d) calculations were realised for the optimized structures of
the reactants, the pre-reactive and the transition state complexes and the product radicals, by
using the COSMO (conductor-like screening solvation model) as the solvation method in
order to consider the effect of H,O on the energetics and the kinetics of lincomycin + *OH
reactions. Water at 25 °C was used as a solvent with dielectric constant, ¢ = 78.39.28

The COSMO method explains the solvent reaction field through apparent polarization
charges distributed on the cavity surface, determined by presuming that the total electrostatic
potential cancels out at the surface. The solvation in polar liquids can be described by this
condition. Therefore, this method was chosen to be appropriate for the present study.?®

RESULTS AND DISCUSSION

As seen in Table I, according to the analysis performed with the degradation
method, the conformer with the lowest energy, i.e., the most durable conformer
of the lincomycin molecule, is the one obtained through the 2.2 pathway. In other
words, degradation obtained through the 2.2 pathway is easiest, in the sense, of
having the lowest energy path.

TABLE I. Energy, enthalpy, entropy and Gibbs energy changes (Ha) for the gaseous phase
and aqueous phase of the degraded fragments of the lincomycin molecule

1.(Ha) LO L11 L12 L13 L14 L15 L16 L17
HFg —1664.76 —1546.80 —1296.74 —1183.40 —1128.05 —1129.26 —-1089.95 —691.77
AE -1664.21 —-1546.34 —1296.41 —1183.08 —1127.75 —1128.94 —1089.668 —691.49
AH -1664.21 -1546.34 —-1296.41 —1183.08 —1127.75 —1128.94 -1089.66 —691.48
AG -1664.30 —1546.420 —-1296.48 —1183.15 —1127.82 —1129.01 -1089.72 —691.54
HFg -1664.76 —1546.81 —1296.76 —1183.42 —1128.07 —1129.27 -1089.95 —691.77
AE -1664.20 —1546.35 —1296.43 —1183.10 —1127.78 —1128.95 —-1089.67 —691.48
AH -1664.20 —1546.35 —1296.43 —1183.10 —1127.77 —1128.95 -1089.67 —691.48
AG —1664.29 —1546.43 —1296.50 —1183.16 —1127.84 —1129.02 —-1089.73 —691.54
2.1.(Ha) LO L211 L212 L213 L214 L215 L17
HFg -1664.76 —1625.44 —1227.26 —859.23 —745.90 —690.55 —691.77
AE -1664.21 -1624.92 —-1226.75 —-858.94 -745.61 —690.29 —691.49
AH -1664.21 -1624.92 —-1226.74 -858.94 -745.61 —690.29 —691.48
AG -1664.30 —-1625.01 —1226.83 —859.00 -745.67 —690.34 —691.54
AH -1664.20 —-1624.92 —1226.74 —858.96 —745.63 —690.30 —691.48
AG -1664.29 -1625.01 -1226.83 —859.03 -745.69 —690.36 —691.54
2.2.(Ha) LO L211 L1222 1223 1224 L16 L17

HFg -1664.75 —1625.44 —1227.26 —859.26 —745.92 —690.57 —691.77
AE -1664.20 —-1624.92 —1226.74 —858.96 —745.63 —690.31 —691.48
HFg -1664.76 —-1625.44 —1257.42 —1144.08 —1088.73  —1089.95 —691.77
AE -1664.21 -1624.92 —-1257.13 —1143.80 —1088.47  —1089.66 —691.49
AH -1664.21 -1624.92 —1257.13 —1143.80 —1088.47  —1089.66 —691.48
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TABLE I. Continued

2.2.(Ha) LO L211 L1222 1223 1224 L16 L17

AG -1664.30 —1625.01 —1257.19 —1143.86 —1088.53  —1089.72 —691.54
HFg -1664.75 —1625.44 —1257.44 —1144.10 —1088.75  —1089.95 —691.77
AE -1664.20 -1624.92 —1257.15 —1143.81 —1088.49  —1089.67 —691.48
AH -1664.20 -1624.92 —1257.15 -1143.81 —1088.49  —1089.67 —691.48
AG -1664.29 -1625.01 —1257.21 —1143.87 —1088.55  —1089.73 —691.54

The probable degradation paths of lincomycin were determined to be N-C,
C-S and C-O bond parts. Reaction centres can be explained through Mulliken
charge distribution of the molecule. According to the data in Table II, the
degradation reaction occurred due to the electronegativity of S, N, and O.

TABLE II. Mulliken loads of the heavy atoms of the studied molecules

APT Ly Li Li Lis Lis
0,, 0.806382 O, 0.750864 O, 0.526494 O, -0.860038 0y, 0.828547
0,,-0.601210 O, 0294258 O, 0.619427 Oy, 0.316327 0y, 0313591
0,4-0.677656 0., -0.310899 O, -0.660659 O, 0.320893 140 0307825
0,6-0.689424  0,,-0340576 Oy, -0.649637 O,s-0.319121 15 H 0.000000
S;g-0230684  S5-0.175516  S,50.104437  S;5-0.201040 16 0 -0.359063

Nas —0.777974
043 -0.667325
045 -0.961545
N, —0.667944

Nas —0.436045
033 -0.298481
0450815511
N, —0.531620

Nys —0.543784
053 -0.632524
045 -0.479355

Nas —0.184563
0430363602

18 S -0.245104
31 0-0.360373

Lis Lig Lis Lon Lo
0, 0228212 0, 0375313 O, 0.646524 0, 0.806102 0y, -0.494272
0,,-0.258525 0,;-0360245 O, -0.672449 Oy, 0.298240 0y, -0.237619
0,5-0268234  S,5-0.227613  O,;-0.692649 Oy, 0.326231 0,4 -0.246626
S150.064980  Ong0.402836  O,3 0.639021 Oy -0345171 0, -0.232486
0,5 0239380  Os; 0345292 O 0.659311  S;4-0.159014 N, ~0.298117
0430203297 Ny, ~0.635725 Ong 0232444
0,9 -0.282741 Oy, ~0.605135
05, 0.879534 Ny ~0.431394
Ny, -0.647293
Loz Lyig Lyis Ly L3 L4
0,, 0485495 0O, 0487155 0O, 0770529 Oy, 0847370 O, 0516818 O, 0.836362
0,, 0.625464 0,,-0.626757 0,,-0323676 Oy, -0.595180 O,,-0.619741  O,, 0308736
0,4 0.654873  0,,-0.658295  0,,-0326129 0O, 0.625393 0,,0.659983 O, 0304284
0,6-0.633652  0,,-0.637287  0,o-0315774  0,4-0.627928 0,5-0.643903 0,4 -0.358326
Nyy 0.547955 Ny —0.728199 O, 0373021  S;50.189657  S;g0.066985 S5 0.247485
O3 0.622386  Ong—0.637626 N, ~0.670077 Ny -0.727635  0O,;-0.359047

05, ~0.464787

0,9 -0.587428
05, -0.749394

059 -0.646215

According to the data in Table II, the nucleophilic centres of the molecule
are S13, O36 and Nps. The probable reaction pathways determined for lincomycin
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are given in Fig. 1. The hydroxyl radical, being a very active species, has a strong
electrophilic character. Once it is formed, it is ready to attack the lincomycin
molecule and produce reaction intermediates.
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Fig. 1. The probable reaction pathways determined for lincomycin.
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Lis Lir
Fig. 2. The geometric shapes of L,;; and all other fragments obtained because of optimization
(grey, carbon; red, oxygen; blue, nitrogen; white, hydrogen; yellow, sulphur). (For interpret-
ation of the references to colour in this figure legend, the reader is referred to the
web version of the article).

As seen from different angles in an optimized form, lincomycin molecule
(Lp) has a conformation far from a planar structure in terms of geometric shape
(Fig. 2). The bond length of S atom to C atom in CH3 group was found to be S—C
1.82742 A, its bond length to C atom in the closed ring was found to be S—C
1.8516 A, and the bond angle it created was determined as C-S—C 99.44260°. Bond
lengths in the area of degraded Lj;; fragment were C=0 1.25848 A, C-C
1.43762 A, C-N 1.38830 A; the N-C—C bond angle was 120.21676°. The sub-
sequent fragment is Ly>5. Bond lengths in the area of the degraded Ly, fragment
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REACTION PATHWAYS OF LINCOMYCIN MOLECULE 285

were C=0 1.22039 A, C-H 1.10184 A, C-N 1.37365 A; the N-C—O bond angle
was 123.20369°. The subsequent fragment is Ly73. The bond lengths in the area
of the degraded L3 fragment were C—C 1.54212 A, C-N 1.46367 A; the N-C-O
bond length was 112.96433°. The subsequent fragment is L>74. Bond lengths in
the area of degraded L,,4 fragment were: C—H close to the S atom 1.40810 A,
C-H 1.43116 A; the C—-O—C bond angle was 113.48227°. The subsequent frag-
ment is Lig. Bond lengths in the area of the degraded Lig fragment was O-H
1.40971 A; the C—S—C bond angle was 101.28857°. The subsequent fragment is
Li7.

CONCLUSIONS

In this study, the most probable reaction paths when an “OH is added to lin-
comycin were determined. When the Mulliken charges in Table Il are analysed,
the electronegativities of S, N and O atoms give information about the bonding
state of the “OH.

Degradation reaction occurs with the attack of *OH to S. The fragment gen-
erated because of bond rupture was called L,11. The geometric shapes of Ly
and all other fragments are obtained because of optimization. The total energy of
the product for gaseous phase was calculated as —1625.4413989 Ha, and for
aqueous phase as —1625.4400089 Ha. The enthalpy, entropy and Gibbs energy
changes calculated for both the gaseous and the aqueous phases are given in
Table 1. The fragment Ly, was found to be the one with the least energy in the
degradation paths of the molecule, i.e., the most stable fragment. This fragment is
generated by bond rupture of the close ring to which the electronegative N is
bound. The total energy of the product was calculated as —1257.4228785 Ha for
the gaseous phase and —1257.4428949 Ha for the aqueous phase. The fragment
generated because of bond rupture due to the electronegativity of N and O atoms
was called Ljy3. The total energy of the product was calculated as —
1144.0846754 Ha for the gaseous phase and —1144.0964429 Ha for the aqueous
phase. The fragment generated with the separation of electronegative NH; group
was called Lyp4. The energies of the formed product for the gaseous and aqueous
phases were —1088.7336272 and —1088.7537095 Ha, respectively. Due to the
electronegativity of the O atom in the closed ring of the formed fragment, the
bond ruptured and L4 fragment was formed. The energies of the formed product
for the gaseous and aqueous phases were —1089.9475657 and —1089.9543748
Ha, respectively. The smallest fragment was L7, which was transformed into
harmless substances of the antibiotic solved in water. The total energies of the
product for the gaseous and aqueous phases were calculated as
—691.7740044 and —691.7684783 Ha, respectively.

As a result, degradation process requires energy. "OH are used to degrade
antibiotic substances in water. As seen in the obtained fragments, lincomycin was
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degraded into L7 and became harmless to the environment. The aim of this
study was to elucidate possible modes of lincomycin degradation mixed in water
into the smallest fragment, and remove it from water resources. As also seen in
the results, the degradation occurred theoretically.
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U3BOJ
HU3PAYYHABAIE MOTYRUX PEAKIITMOHUX ITYTEBA MOJIEKYJIA TUHKOMULIMHA
ITOMORY DFT PAUYHAPCKOI' METOJA

BAHAR EREN' 1 YELDA YALCIN GURKAN?

INamik Kemal University, Faculty of Agriculture, Tekirdag, Turkey u 2Namik Kemal University, Department
of Chemistry, Tekirdag, Turkey

AHTHOMOTHIM KOje KOPUCTE JbyLU U3MYydyjy Ce U3 Teja MaJl0 WIH HUMAI0 NPOMEHEHH.
TparoBu eTUMHUHHCAHUX aHTHOMOTHKA yila3e JUPEKTHO Y OKOJIMHY IIOLITO ce He MOry odpa-
oty y BehHHM [TOTOHa 3a TpeTUpame OTHafHUX Boja. [lopacT OTIOPHOCTH MUKPOOpPraHHW3ama
MOxe OUTH y3pOKOBaH HUCKMM KOHIIEHTpalldjaMa Tparoba aHTUOMOTHKA [JOK BUCOKE KOHLIEH-
Tpaluje aHTUOMOTHKA MOTY UMaTH TOKCHUYHE edexre. 350r Tora ce oTHagHE BOJIE KOje cangpie
TparoBe aHTUOWMOTHKA MOPAjy TPETUPATH Ha oxroBapajyhu HauwH. JIMHKOMUIIMH je U30/I0BaH
u3 Streptomyces lincolnensis. TMHKOMHULIMH U HErOBU JEPUBATH Cy aHTHOMOTHULIU KOjH MOKA3Yjy
OMOJIOIIKY aKTUBHOCT NMpemMa IrpaM-TNO3UTUBHUM DakTepHjama. 300T CBOje IIMPOKe ynoTpede
JTUHKOMUIIVH je TPUPOINHU aHTHOUOTHUK KOjU Ce y KUBOTHOj OKOJIMHU jaBiba kao 3arahusau.
OBa cTyzuja Texu fAa Npefckake MeXaHW3aM Jerpajalyje MojaeKkyia JMHKOMUIIMHA Y TacHOj
(pasu 1 y BOIEHOj cCpedUHU. AHa/IM3MpaH je moryhu myT peaxuyje Monexysia JMHKOMHULIMHA ca
OH papukanom. OnTuMu3oBaHa reomeTpyja je Hahena nomohy Gauss View 5. 3atum je Haj-
HW)Ka eHepryja HaheHa ontuMu3anujom ca Gaussian 09 nmporpaMmoM. Y nusby na ce ofpene UH-
TepMenujepy npy GOTOKATATUTHUKO] Jerpasalujyu THHKOMHUIIMHA, ypalheHa je onTUMHU3anuja
meToznoM teopuje dyHKiuoHana ryctuHe (DFT). M3pauyHaTta je akTHBaliOHa eHeprHja 3a
moryhe peakiiMoHe nyTeBe, Ka0 U TEpPMOJUHAMHUUYKY HajcTadWIHMja CTamka 3a FaCOBUTY U BO-
IeHy CpeduHy. YTULIAj BOJIE ka0 pacTBapaya UCTPaKeH je KOpUIThemeM COIBAaTallAOHOT MO-
Jena 3akiamama Hanuk npoBogHUKy (COSMO). IlpeackasaHu MexaHu3aM je noTspheH mope-
heweM ca y TUTEpaTypH CAOMLITEHUM eKCIIEPUMEHTATHHUM pe3ylITaTUMa Ha MPOCTUM CTPYK-

Typama.

(TTpumssero 21. jyna, pesuaupano 21. oktodpa, mpuxsaheno 8. Hosembpa 2016)
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