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MOLECULAR MODELLING EXERCISES 
 
EXERCISE  19.3 
 
INTRODUCTION 
The early penicillins suffer the drawback that they are susceptible to penicillinases or -
lactamase enzymes produced by penicillin-resistant strains of bacteria. At one point, 80% of all 
S. aureus infections in hospitals were due to virulent, penicillin-resistant strains. To counter 
this, penicillins such as methicillin (Fig. 1) were designed with steric shields that blocked these 
analogues accessing the penicillinase or -lactamase active site (textbook section 19.5.1.8). The 
steric shields on methicillin are the two ortho-methoxy groups on the aromatic ring. 
Unfortunately, methicillin is acid sensitive as there is no electron-withdrawing group on the 
side chain, and so it has to be injected. 
 

 
 
Figure 1  Steric shields as a strategy to block penicillin reaching the -lactamase active site. 
 
The incorporation of an isoxazolyl ring into the penicillin side chain led to orally active 
compounds which were stable to the -lactamase enzyme of S. aureus. The isoxazolyl ring acts 
as the steric shield, but it is also electron withdrawing giving the structure acid stability. 
Oxacillin (Fig. 2) is one such example. The electron-withdrawing group influences the 
neighbouring carbonyl group such that the carbonyl oxygen is less nucleophilic and less likely 
to contribute to the ring opening of the  -lactam ring under acidic conditions. 
 

 
 
Figure 2. An example of a penicillin with an electron-withdrawing  isoxazolyl ring. 
 
In this exercise, we will construct the structures of methacillin, oxacillin, and penicillin and 
compare the electron density around the carbonyl oxygen to see whether there is a noticeable 
difference. 
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INSTRUCTIONS 
It is suggested that you attempt to carry out the following instructions yourself before 
following the more detailed Procedures that follow. You may find the file entitled Common 
Operations for ChemBio3D/Chem3D a useful guide on how to carry out various operations. 
Note: This exercise is only possible if your version of Chem3D has an interface with GAMESS 
software. 
Note: ChemDraw files for different structures are available in the ChemDraw folder provided. 
 
PART A 
*Create the energy-minimised 3D structures of methicillin, oxacillin, and penicillin G from 
their ChemDraw structures. 
PART B 
*Create a molecular electrostatic potential map for methicillin using the interface with 
GAMESS software. 
*Find the partial charge for the carbonyl oxygen on the side chain. 
PART C 
*Create a molecular electrostatic potential map for oxacillin using the interface with GAMESS 
software. 
*Find the partial charge for the carbonyl oxygen on the side chain. 
*Compare the results obtained for oxacillin with those obtained for methicillin. 
PART D 
*Create a molecular electrostatic potential map for penicillin G using the interface with 
GAMESS software. 
*Find the partial charge for the carbonyl oxygen on the side chain. 
*Compare the results obtained for penicillin G with those obtained for methicillin and 
oxacillin. 
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PROCEDURES 
There are various approaches that you can use to tackle these molecular modelling exercises. 
The following procedures illustrate how you might tackle this particular exercise, but they are 
not meant to be prescriptive. Note also that the results obtained may vary depending on the 
computer and the version of ChemBio3D or Chem3D used. For example, the specific 
conformations obtained from energy minimisation may differ, as may quantitative results 
such as steric energies. 
 
PART A  Structures of methicillin, oxacillin and penicillin G 
 
1. Create the energy-minimised 3D-structure of methicillin. 
*Open ChemBio3D or Chem3D. 
*From the File menu, choose Open, then select the ChemDraw file for methicillin. Click Open. 

*Energy minimize  the structure (Fig. 3). The steric energy is given in the bottom window 
as 83.2 kcal/mol. 
 

 
Figure 3  Energy-minimised structure of methicillin. 
 
2. Create the energy-minimised structure of oxacillin.  
*Open the ChemDraw file of oxacillin into ChemBio3D or Chem3D as previously described.  

*Energy minimize  the structure. Energy minimization provides a structure with a steric 
energy of 89.88 kcal/mol (Fig. 4). 
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Figure 4 Energy-minimised structure of oxacillin. 
 
3. Create the energy-minimised 3D-structure of penicillin G 
*Open the ChemDraw file of penicillin G into ChemBio3D or Chem3D as previously described.  

*Energy minimization  provides a structure with a steric energy of 46.3  kcal/mol (Fig. 5). 
 

 
 
Figure 5 Energy-minimised structure of penicillin G. 
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PART B  METHICILLIN – molecular electrostatic potential map 
 
 1. Create a molecular electrostatic potential map for methicillin. 
*From the Calculations menu, choose GAMESS interface, then Compute Properties to open 
up a dialogue box.   
*Click All Properties then click Run. A black circular arrow rotates in the top menu bar to 
show calculations are taking place. This will take about 50-60 minutes.  
*When the calculations are finished, a window appears asking if you wish to view the dipole 
moment. Click on No. 
*From the Surfaces menu, select Choose Surface, then Molecular Electrostatic Potential. A 
window comes up to show that a calculation is taking place. Wait until that window 
disappears. This takes about 20 minutes before the electrostatic potential map will appear.  
*To vary the appearance of the electrostatic potential map, go into the Surfaces menu, then 
select Display Mode. Choose Transparent (Fig. 6). 
 

  
Figure 6 Molecular electrostatic map for methicillin from different perspectives. 
 
The map shows three large areas of negativity (coloured blue) around the 3 carbonyl oxygen 
atoms. One of these regions merges with the negative region associated with one of the 
methoxy oxygens. There are also 2 smaller regions for the other 2 oxygen atoms in the 
structure. The biggest blue area is around the carbonyl oxygen of the side chain amide group 
suggesting that it is nucleophilic. 
 
2. Open the Atom Properties Table to identify partial charges 
The table includes partial charges identified as Lowdin Charges and Mulliken Charges (Fig. 
7A). These have been calculated by different methods using the GAMESS program.  
 
3. Identify the serial numbers provided in the table 
*From the View menu, choose Model Display, then Show Serial Numbers. 
The serial numbers corresponding to the table are shown on the structure (Fig. 7B). 
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Figure 7  A) Atom Properties Table and B) serial numbers.  
 
The important atom here is O(20), which has a Lowdin charge of -0.3476 and a Mulliken 
charge of -0.6117. Note that it is possible for the methoxy substituents on the aromatic ring to 
feed electrons into the ring through resonance. Since the carbonyl group is linked to the 
aromatic ring, a resonance mechanism can be drawn that shows how the methoxy groups 
might increase the nucleophilic strength of the carbonyl oxygen (Fig. 8). 
 
Note: Serial numbers may differ on different versions of Chem3D. 
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Figure 8  Mechanism by which the methoxy substituents on the aromatic ring of methicillin 
can increase the nucleophilicity of the amide carbonyl group. 
 
 
PART C  Oxacillin - molecular electrostatic potential map 
 
1. Create the electrostatic potential map for oxacillin 
Carry out the same procedures described in section B. The resulting Atom Properties Table 
is shown in figure 9. 
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Figure 9  Atom Properties Table and identification of serial numbers. 
 
The carbonyl oxygen of the side chain amide group has a Lowdin charge of -0.3243 and a 
Mulliken charge of  -0.6099. The corresponding charges for methicillin are -0.3476 and -
0.6117. Therefore, the partial charge and nucleophilic strength of the carbonyl oxygen has 
decreased in oxacillin. This is also evident in the electrostatic potential map where the blue 
region around the carbonyl oxygen is smaller (Fig. 10) than the corresponding region in 
methicillin (Fig. 11). The smaller area of blue colour about the carbonyl carbon of oxacillin 
indicates a less electron density. Therefore, the carbonyl oxygen in oxacillin is less 
nucleophilic. 
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Figure 10 Molecular electrostatic map for oxacillin. The blue region at the top represents the 
negativity around the carbonyl oxygen of the side chain. 
 

 
   A       B 
 
Figure 11 Comparison of methicillin (A) and oxacillin (B). Note the smaller blue region at the 
top for oxacillin. 
 
PART D  Penicillin G - molecular electrostatic potential map 
 
1. Create the electrostatic potential map for penicillin G. 
The electrostatic potential map was generated as previously described. It is interesting to 
note that the negative region around the carbonyl oxygen of the side chain amide group is 
relatively small (Fig. 12), indicating that the nucleophilicity of the carbonyl oxygen is less than 
for methicillin.  
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Figure 12 Molecular electrostatic map for penicillin G. The blue region at the top represents 
the negativity around the carbonyl oxygen of the side chain. 
 
2. Identify the partial charges of the carbonyl oxygen. 
The partial charges can be accessed from the Atom Properties Table as previously described 
(Fig. 13). For penicillin G, the carbonyl oxygen atom has serial number O(19). The carbonyl 
oxygen has a Lowdin charge of -0.3327 and a Mulliken charge of -0.6328. 
In methicillin, the Lowdin charge was -0.3476 and the Mulliken charge was -0.6117.  
In oxacillin, the Lowdin charge was -0.3243 and the Mulliken charge was  -0.6099. 
Therefore, the charge and nucleophilic strength of the carbonyl oxygen in oxacillin is smaller 
relative to both methicillin and penicillin G.  
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Figure 13  Partial charges for penicillin G and identified serial numbers. 
 
 
 


