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      Metallo-β-lactamases (MβL) are catalyzing the hydrolytic cleavage of the four-membered β-lactam ring in broad spectrum of 
antibiotics and therefore inactivating the drug. Electronic structure and electronic energy of metallo-β-lactamase active center, two 
inhibitors of this enzyme including penicillin and cephalexin, and different complexes between these inhibitors and active center of 
metallo-β-lactamase have been investigated. For both substrates (S), the nucleophilic attack of the amide group substrate to model of active 
site dinuclear zinc (E) formed an ES reactive complex that by passing through the first transition state (TS1), first intermediate (INT1), the 
second intermediate (INT2) and second transition state (TS2) converted to the product. Also, all thermodynamic functions, ∆Hº, ∆Sº and 
∆Gº, are calculated at 25 °C and 1 atm, in order to form two transition states, TS1 and TS2, and also for the total reaction of two MβL 
inhibitors. In all calculations, solvent effects have been considered in water using PCM method. 
 
Keywords: Dinuclear zinc metallo-β-lactamase, Penicillin, Cephalexin, Thermodynamic functions, QM calculation

 
INTRODUCTION 
 
      Metallo-β-lactamases (MβLs) are bacterial enzymes that 
catalyze the hydrolytic cleavage of the four-membered β-
lactam ring and inactivate most of the known β-lactam 
antibiotics [1-5]. Metallo-β-lactamase contains one or two 
Zn2+ ions in its active sites [6-10] as cofactors for the 
catalytic activity [11-15]. One zinc ion (Zn1

2+) is 
coordinated to three histidine residues (His82, His84 and 
His145) and a bridging hydroxide ion , Water 1, [16-19], 
that is reminiscent of the carbonic anhydrase II active center 
and are arranged in a distorted tetrahedral shape [20-24]. 
The second zinc ion (Zn2

2+) coordinates to five ligands 
including an aspartate (Asp86), a cystein (Cys 164), a 
histidin (His206), apical water (Water 2), and Water 1 [16-
19]  in  a  distorted trigonal  bipyramidal  geometry  [21,22], 
 
*Corresponding author. E-mail: ghiasi@alzahra.ac.ir    

 
Fig. 1. 
      Besides the extensive experimental studies [25-30], 
several theoretical studies on MβLs have been reported to 
point out the coordination structure of the active dinuclear 
zinc site [31,32], the catalytic mechanism and ligand 
binding [33,34]. However, the action mechanisms of these 
enzymes are still not well understood [35-38], and studies 
about interaction between metallo-β-lactamases and 
different antibiotics as a substrate of the enzymes are rare. 
Despite much progress in antibiotic design throughout the 
past 6 decades, their resistance to β-lactams is now a serious 
clinical problem, particularly in postsurgery, nosocomial 
infections and immunosupressed patients [39-42]. 
      Four elementary reaction steps were proposed by Wang 
et al. [43-46] for kinetic mechanism of the CcrA enzyme. 
CcrA is a kind of MβL enzyme and this name is kind of 
gene coding, reaction 1,  
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Fig. 1. Model system for the dinuclear zinc cluster of CcrA enzyme with numbering for some key atoms. 

 

 

(a) Penicillin 

 

 
(b) Cephalexin 

Fig. 2. Chemical structure of two substrates (a) penicillin and (b) cephalexin with numbering for some key  
                 atoms. 
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      E + S               ES               EI                 EP              E+P 
                                                                                            (1) 
 
which E, S and P stand for enzyme, substrate and product, 
respectively, and ES, EI and EP refer to complex between 
enzyme and substrate, intermediate and complex, and 
between enzyme and product, respectively. They found that 
the first and the fourth steps, substrate binding and product 
release, are rapid [31].  
      Taking aforementioned fact into consideration, here, we 
are particularly interested in studying the second and the 
third steps which include the nucleophilic attack of the 
bridging hydroxide ion on the substrate and eventual 
protonation of the leaving amine group [28,36].  The model 
system which has been employed in this study contains a 
hydroxide bridged dinuclear zinc cluster that is coordinated 
to imidazole molecule, acetate and thiolate ions, Fig. 1. 
Subsequently, the inhibition mechanism, potential energy 
profile, the stationary state, intermediate and transition 
structures according to reaction model 1 for the CcrA 
enzyme by two antibiotics containing penicillin and 
cephalexin have been investigated, Fig. 2. 
 
COMPUTATIONAL METHODS 
 
      All calculations were performed using the Gaussian 98 
[47] software. The optimization of dinuclear zinc  metallo-
β-lactamase (MβL) model and inhibitors, the complex 
between inhibitors and MβL, including intermediate and 
transition state geometries were done at the B3LYP-D3 
level [48,49] employing the standard 6-31G basis set. Full 
optimizations were performed without any symmetry 
constrains. We use the STABLE keyword to confirm the 
most stable conformer of all compounds. The harmonic 
vibrational frequencies were computed to confirm that the 
optimized geometry correctly corresponds to a local 
minimum that has only real frequencies. The SCAN and 
QST3 procedure was used to search for transition states. All 
TS geometries were double checked using IRC and FREQ 
calculations. In addition, the thermodynamic properties of 
all compounds were obtained from frequency calculations at 
298.15 K and 1.0 atmosphere pressure. All reported 
enthalpies were zero-point (ZPE) corrected with unscaled 
frequencies. 

 
 
The solvent effects on the conformational equilibrium and 
contribution to the total enthalpies were investigated with 
PCM method [50]. Solvation calculations were carried out 
for water with the geometry optimization for this solvent.  
 
RESULTS AND DISCUSSION 
 
Geometry Optimization 
      Geometry optimization of active site dinuclear zinc 
cluster of the CcrA enzyme (DZCC). The model system 
for the active site dinuclear zinc cluster of the CcrA enzyme 
was optimized at B3LYP-D3/6-31G level, with no initial 
symmetry restrictions and assuming C1 point group. 
Calculation of vibrational frequencies has confirmed 
stationary point with no negative eigenvalue in the force 
constant matrix. The optimized geometry of DZCC active 
center in the gas phase was reoptimized by considering the 
solvent effect (є = 78.9) using PCM method [50] at the same 
level of calculation. The calculated results indicate that 
DZCC active center is stabilized by about 56.47 kcal mol-1 
in the water solvent. 
      Figure 3 shows the optimized geometry of active site 
dinuclear zinc cluster of the CcrA enzyme at the B3LYP-
D3/6-31G level while some structural details of DZCC 
active site are presented in Table 1 for the gas and  solvent 
phases.   
      Geometry optimization of penicillin and cephalexin. 
Two inhibitors, penicillin and cephalexin, Fig. 2, have been 
fully optimized in the gas phase, and then in the water 
solvent at the same level of calculation for DZCC active 
center. The calculated results indicate that the two substrates 
are stabilized by 12.55 and 18.82 kcal mol-1, respectively, in 
the water solvent. 
      Figure 4 shows the optimized geometry of the two 
inhibitors in the water solvent. The results of frequency 
calculations confirm the stationary points of two inhibitors. 
Some structural details of the inhibitors are presented in 
Table 2. 
 
Nucleophilic Attack of the Substrate Amide Group 
to Active Site Dinuclear Zinc Cluster of the CcrA: 
      According to Fig. 5, the substrate amide group attacks to 
zinc ion (Zn1) by the bridging hydroxide ion, and then the 
reaction  intermediate  is  hydrolyzed  by  an  external  water 
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molecule to produce the product. The ES complexes were 
constructed from the optimized geometry of DZCC, 
penicillin and cephalexin and optimized in the gas and water 
phases. The result of calculations indicates that penicillin 
and cephalexin are bound to the active center through direct 
coordination of the amino carbonyl oxygen (Os in Fig. 2) 
substrates to Zn1. Also, calculated results show that the 
optimum distances of Os-Zn1 in the reactive (DZCC/ 
Penicillin) and (DZCC/Cephalexin) complexes are 2.68 Å 
and 2.70 Å, respectively. The Os...Zn1 interaction, similar 
to the role of a Lewis acid catalyst in the amid hydrolysis 
reaction, polarizes the carbonyl bond [51,52]. Therefore, the 
susceptibility of the amino carbonyl carbon substrate is 
increased towards nucleophilic attack. After optimization of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
these two reactive complexes, the apical water ligand 
(Water 2) was replaced by the penicillin and cephalexin 
carboxylate groups, and then the bridging hydroxide ion 
was migrated from Zn2, and was stabilized at a distance of 
about 5 Å for penicillin and cephalexin, respectively, to 
assume a suitable orientation for the nucleophilic attack on 
the amino carbonyl carbon. The stabilization energy to form 
the reactive complex (ES) is about 10.0 kcal mol-1 for both 
inhibitors. 
      From the optimized reactive complexes, (DZCC/ 
Penicillin) and (DZCC/Cephalexin), as a starting point the 
C2-Ns bond in β-lactam in penicillin and cephalexin is 
increased from 1.2 Å and 1.3 Å in step of 0.1 Å and 
simultaneously  the  O1 (Water 1)....C2 distance  is  reduced  

 

Fig. 3. Optimized structure for active site of dinuclear zinc cluster of CcrA enzyme’ model in water solvent. 
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Fig. 4. Optimized structure of (a) penicillin and (b) cephalexin in water solvent. 
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                       Table 1. Some Structural Details for Active Site of Dinuclear Zinc Cluster of  
                                     CcrA Enzyme’ Model in Solution and Gas Phase (in the Parenthesis)  
                                     at B3LYP-D3/6-31G Level 
 

Connected atoms 

Bond distance (Å) 

 

Zn1-O1 

Zn1-N1 

Zn1-N2 

Zn1-N3 

Zn2-O1 

Zn2-O2 

Zn2-Owa 

Zn2-S 

Zn2-N4 

 

Standard deviation 

 

Bond angle (°) 

 

Zn1-O1-Zn2 

O1-Zn2-O2 

O1-Zn2-Owa 

 

Standard deviation 

 

Dihedral angle (°) 

 

Zn1-O1-Zn2-O2 

Zn1-O1-Zn2-Owa 

Zn1-O1-Zn2-S 

Zn1-O1-Zn2-N4 

 

Standard deviation 

 

 

 

1.94(1.94) 

2.01(2.01) 

2.04(2.03) 

2.02(2.02) 

2.03(2.03) 

1.98(1.98) 

3.23(3.22) 

2.34(2.34) 

2.02(2.01) 

 

0.99(0.99) 

 

 

 

127.22(126.98) 

99.92(100.00) 

56.45(56.46) 

 

 2.21 

 

 

 

 88.52(88.52) 

-107.50(-107.51) 

-46.61(-46.58) 

-167.82(-167.82) 

 

 1.00(1.00) 

 

Exp. 

 

1.90 

2.00 

2.10 

2.00 

2.10 

2.10 

2.30 

2.30 

2.10 

 

 

 

 

 

125.10 

100.20 

57.00 

 

 

 

 

 

 88.90 

-107.5 

-47.3 

-167.20 
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             Table 2. Some Structural Details of Penicillin and Cephalexin in Solution and Gas Phase 
                           (in the Parenthesis) 
 

Compound         Connected                                               
                              atoms                                                                                                

 

Bond distance(Å) 
 

Os-C2 
C2-C3 
C3-C4 
C4-N5 
Ns-C2 

 

  
 
 

 1.23(1.22) 
 1.56(1.57) 
 1.57(1.56) 
 1.47(1.48) 
 1.41(1.41) 

  

                                                                          
                            Bond angle (°) 
 Os-C2-C3 

C2-C3-C4 
C3-C4-Ns 
Ns-C2-Os 

 

137.22(137.20) 
84.72(83.12) 
88.36(87.49) 

131.35(130.46) 

 

 
                            Dihedral angle (°) 

 
 Os-C2-Ns-C4 
 Os-C2-C3-C4 
 C2-C3-C4-Ns 

 
-165.12(-163.67) 
165.22(163.87) 

9.06(6.78) 
  

                                                                   
                            Bond distance (Å) 

 

Os-C2 
C2-C3 
C3-C4 
C4-Ns 
Ns-C2 

 

 1.22(1.23) 
 1.56(1.57) 
 1.58(1.58) 
 1.46(1.46) 
 1.41(1.40) 

  

                            Bond angle (°) 
 Os-C2-C3 

C2-C3-C4 
C3-C4-Ns 
Ns-C2-Os 

 

135.97(136.11) 
84.94(85.10) 
88.08(88.67) 
133.13(134.00) 

 

                                                
                            Dihedral angle (°) 
  

Os-C2-Ns-C4 
Os-C2-C3-C4 
C2-C3-C4-Ns 
 

 
 

 
-167.59(-167.11) 
 167.98(168.00) 
 7.30(7.65) 

 

 

 

Penicillin 

Cephalexin 
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Fig. 5. Reaction model for nucleophilic attack of the substrate amide group to the dinuclear zinc cluster of  

                CcrA enzyme’ model. 
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from 4 Å and 4.2 Å in step of 0.3 Å. The system passes 
through the first transition state when the C2-Ns bond in 
penicillin and cephalexin has been broken and the C2….O1 
bond is formed (1.66 Å and 1.71 Å in penicillin and 
cephalexin respectively). This geometry has been optimized 
in the water as a first transition state (TS1) for both 
substrates. One imaginary frequency (-23.45 cm-1 and          
-26.78 cm-1 for penicillin and cephalexin antibiotic, 
respectively) in frequency calculation confirms the 
transition state. The barrier energy from ES complex to TS1 
is 6.50 kcal mol-1 and 8.60 kcal mol-1 for penicillin and 
cephalexin, respectively, Figs. 6 and 7. When the O1-C2 
bond is completely formed and the C2-Ns bond is fully 
broken, the system arrives at the intermediate (INT1). In 
this geometry, deprotonated nitrogen atom (Ns) interacts 
with Zn2, while the Ns…Zn2 distance is 2.0 Å for both 
penicillin and cephalexin, respectively. Our results are 
confirmed by the experimental observation for the anionic 
intermediate bound to a zinc ion in the catalytic reaction of 
B.fragilis enzyme and its functional mimics [43,53]. The 
geometry of the first transition state, TS1 has been 
confirmed using QST3 procedure between the reactive 
complex and the first intermediate. Some electronic 
structural details of the reactive complex, the first transition 
state and the first intermediate are presented in Table 3.  
      According to the previous studies [43,54], the second 
catalytic reaction step contains proton transfer from the bulk 
solvent. Therefore, in the next step to form the second 
intermediate (INT2), the water molecule was added to the 
first intermediate, while the distances between water 
molecule and Zn1 and Zn2 were equal, and then the 
structure was optimized at the same level of calculation. Our 
results suggest that Zn1 prefers to be hydrated rather than 
Zn2 in both (DZCC/Penicillin) and the (DZCC/Cephalexin) 
intermediate complexes. According to Fig. 5, the EP 
complexes for both of the antibiotics were constructed and 
optimized in the water solvent. The second transition state 
between the second intermediate and the EP complex has 
been found by using QST3 producer for both antibiotics. 
The results of frequency calculation with one imaginary 
frequency (-30.78 cm-1 and -32.56 cm-1 for penicillin and 
cephalexin, respectively) confirm the transition state 
geometry for both antibiotics. The imaginary frequency 
corresponds to the curvature  in  the  transition  state  region  

 
 
along the reaction coordinate. The low barrier corresponds 
to a small curvature along the reaction coordinate in the 
region of TS, and so the imaginary frequency will be likely 
to be small. Conversely, the big barrier corresponds to a 
large reaction coordinate near the TS, and to a large 
imaginary frequency.  
      Considering the solvent effect, variation of the potential 
energy for this reaction path for both antibiotics is presented 
in Figs. 6 and 7. The energy barrier between INT2 and TS2 
is about 4.90 kcal mol-1 and 5.70 kcal mol-1 for penicillin 
and cephalexin, respectively, in solution phase. Some 
selected geometrical parameters for INT2, TS2 and EP for 
both antibiotics are complied in Table 3. The stabilization 
energy between EP complex and optimized reaction 
products for penicillin and cephalexin in the water solvent is 
about 10.36 and 9.23 kcal mol-1, respectively. Also, IRC 
potential energy curves have been reported in Figures S1 to 
S4 in supplementary information. 
 
Calculation of the Thermodynamic Functions 
      For both inhibitors, no experimental data are available 
for the thermodynamic functions, such as standard 
enthalpies of reaction (∆Hºrxn) and the standard Gibbs free 
energies of reaction (∆Gºrxn) . So ∆Uºrxn, ∆Hºrxn, ∆Sºrxn and 
∆Gºrxn were calculated for both antibiotics according to the 
total reaction in Fig. 5.  
      Total enthalpies of the studied species X, H(X), at the 
temperature T are usually estimated from the Eq. (2) [55-
57], 
 
      H(X) = E0 + ZPE + Etrans + Erot + Evib + RT                 (2) 
 
where E0 is the calculated total electronic energy, ZEP 
stands for zero-point energy, Etrans, Erot, Evib are the 
translational, rotational, and vibrational contributions to the 
enthalpy, respectively. Finally, RT represents PV-work term 
and is added to convert the energy to enthalpy.  
      The standard enthalpy change of the reaction (∆Hºrxn) is 
given as: 
 
      ∆Hºrxn= (H°product) - (H°reactant)                                       (3) 
 
which total standard enthalpies of the studied species, at the 
temperature T were estimated from the expression (2). 

717 



 

 

 

Ghiasi et al./Phys. Chem. Res., Vol. 5, No. 4, 709-725, December 2017. 

 718 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

1

2

3

4

5

6

7

8

9

Reaction Coordinate

ES

En
er

gy
 ( 

kc
al/

m
ol

)

ETS1

EI1

 

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

Reaction Coordinate

EI2

ETS2

EP

En
er

gy
 (

 k
ca

l/m
ol

)

 
Fig. 6. Presentation of potential energy profiles for the nucleophilic substitution reaction step (left) and for the  

                proton transfer reaction step (right) of the enzymatic reaction model for penicillin. 
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Fig. 7. Presentation of potential energy profiles for the nucleophilic substitution reaction step (left) and for the  

               proton transfer reaction step (right) of the enzymatic reaction model for cefalexin. 
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            Table 3. Some Structural Details of Different Complexes Through the Reaction Path for  Penicillin  
                           and Cephalexin in Solution Phase 
 

Compound                   Bond              ES          ETS1          EI1            EI2          ETS2           EP 

                                 distance (Å)              

 

 

 

  Zn1-O1 

  Zn2-O1 

Os-Zn1 

 Ns-Zn2 

H1-O3 

H1-O1 

 Oc-Zn2 

   Zn1-Ow 

 H2-O3 

    H3-Ns 

 H3-Ow 

 

 

 

 

Zn1-O1 

Zn2-O1 

Os-Zn1 

Ns-Zn2 

H1-O3 

H1-O1 

Oc-Zn2 

  Zn1-Ow 

   H2-O3 

   H3-Ns 

H3-Ow 

 

 

 

1.95 

2.00 

2.68 

4.91 

1.75 

- 

- 

- 

- 

- 

- 

 

 

 

 

1.94 

1.96 

2.70 

5.20 

1.71 

- 

- 

- 

- 

- 

- 

 

 

 

2.15 

3.10 

2.23 

2.56 

1.62 

- 

- 

- 

- 

- 

- 

 

 

 

 

2.24 

3.23 

2.34 

2.61 

1.65 

- 

- 

- 

- 

- 

- 

 

 

 

2.62 

4.0 

2.12 

2.00 

1.00 

1.60 

2.40 

- 

- 

- 

- 

 

 

 

 

2.22 

4.43 

2.57 

2.00 

1.10 

1.63 

2.32 

- 

- 

- 

- 

 

 

 

2.95 

- 

2.63 

2.01 

1.67 

- 

- 

2.00 

1.60 

2.62 

1.12 

 

 

 

 

3.21 

- 

2.30 

2.10 

1.65 

- 

- 

2.00 

1.62 

2.92 

1.22 

 

 

 

2.31 

- 

2.47 

2.20 

1.82 

- 

- 

1.95 

1.67 

1.97 

1.67 

 

 

 

 

2.41 

- 

2.52 

2.32 

1.73 

- 

- 

1.87 

1.67 

2.00 

1.65 

 

 

 

3.20 

- 

2.78 

2.31 

1.73 

- 

- 

1.91 

2.01 

- 

2.00 

 

 

 

 

3.54 

- 

2.98 

2.24 

1.22 

- 

- 

1.95 

3.39 

- 

1.72 

 

 
 

Penicillin 

Cephalexin 
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        Table 4. Calculated Thermodynamic  Functions (kcal mol-1) of  the  Total Reaction in  the 
                       Solution and in the Gas Phase (in the Parenthesis)
 

Thermodynamic 

functions 

                    Compound 

 

 

 

 

∆U# 
1 

∆H#
1 

∆S#
1 

∆G#
1 

 

∆U#
2 

∆H#
2 

∆S#
2 

∆G#
2 

Penicillin 

 

      6.50(8.25) 

      6.50(8.25) 

-0.02(-0.02) 

12.46(14.21) 

 

4.90(7.34) 

4.90(7.34) 

-0.01(-0.01) 

7.88(10.32) 

 Cephalexin 

 

       8.60(11.23) 

       8.60(11.23) 

-0.02(-0.02) 

14.56(17.19) 

 

5.70(8.45) 

5.70(8.45) 

-0.01(-0.01) 

8.68(11.43) 

 

 
 
      Table 5. Calculated   Thermodynamic  Functions  (kcal  mol-1)  of  the  Different  Complexes  
                     through the Reaction Path in the Solution and in the Gas Phase (in the Parenthesis) 
 

Thermodynamic 

functions 

                    Compound 

 

 

 

 

∆U# 
1 

∆H#
1 

∆S#
1 

∆G#
1 

 

∆U#
2 

∆H#
2 

∆S#
2 

∆G#
2 

Penicillin 

 

      6.50(8.25) 

      6.50(8.25) 

-0.02(-0.02) 

12.46(14.21) 

 

4.90(7.34) 

4.90(7.34) 

-0.01(-0.01) 

7.88(10.32) 

 Cephalexin 

 

       8.60(11.23) 

       8.60(11.23) 

-0.02(-0.02) 

14.56(17.19) 

 

5.70(8.45) 

5.70(8.45) 

-0.01(-0.01) 

8.68(11.43) 
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Similarity, ∆Sºrxn could be obtained by  
 
      ∆Sºrxn = (S°product) - (S°reactant)                                        (4) 
 
According to the thermodynamic equation, ∆G = ∆H - T∆S, 
the ∆Gºrxn was calculated.  
      The calculated thermodynamic properties of the total 
reaction for both antibiotics in gas and solution phase are 
reported in Table 4. 
      The negative values of ∆Hºrxn and ∆Gºrxn for both 
substrates in both gas and solution phases indicate the 
exothermicity and spontaneity of the desired reaction for 
both penicillin and cephalexin molecules. Moreover, the 
most apparent effect of the solvent with more negative value 
of reaction enthalpy is that reactants and products are 
stabilized, however, the products are more stabilized due to 
the stronger solute-solvent interaction than the reactants.  
      According to the results presented in Table 5, the 
calculated activation free energies, ∆G≠, for TS1 and TS2 
are 12.46 (14.21) and 7.88 (10.32) kcal mol-1 for penicillin 
and 14.65 (17.19) and 8.68 (11.43) kcal mol-1 for 
cephalexin, respectively, The values in the parentheses refer 
to the gas phase calculation. Also, activation enthalpy same 
as the activation free energy of the first and second 
transition states in the reaction path in solution phase is 
lower in energy then the gas phase values which is due to 
the more stabilization of the transition states rather than 
intermediates in the water solvent. On the basis of these 
results, it is suggested that the C-N bond cleavage for both 
antibiotics could be the rate-limiting step of the reaction. 
 
CONCLUSIONS 
 
      Metallo-β-lactamases cause bacterial resistance toward a 
different kind of β-lactam antibiotics by catalyzing the 
hydrolytic cleavage of the four-membered ring of β-lactame 
and inactivating the drug. In the present study, the quantum 
mechanical calculations have been applied to study the 
reaction mechanism used by metallo-β-lactamases CcrA 
from B.fragilis in complex with penicillin and cephalexin 
antibiotics. The studied energy profile for two antibiotics 
indicates a two-stepwise mechanism. The details of 
electronic structures and energetic profile of the active site 
model indicate that the two zinc ions, Zn1 and Zn2, have an  

 
 
important role in catalysis. The active site zinc ion (Zn1) 
provides a suitable site to bind the antibiotics amino 
carbonyl oxygen to form the reactive complex. According to 
the calculated potential energy surface, two transition states 
and two intermediates have been found in the catalyzed 
pathway. Overall, passing through the second transition 
state, the reacting system falls into the energy minimum EP 
and the final energy minimum products. In addition, our 
theoretical study is valuable not only to get an insight into 
the reaction, but also to provide the details of molecular 
mechanism, electronic, structural and thermodynamic 
information of the species appearing along the enzymatic 
reaction through synthesis of the new antibiotics.  
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