CHEMISTRY 156, SPRING, 2004, GRADED EXERCISE 2

This exercise will illustrate a range of modeling techniques used to determine the structure and function of macromolecules.  Small molecules will be used in the exercise to minimize computation time.  In working on this exercise, you may refer to your notes and the materials on reserve in the Seeley G. Mudd Library but may only discuss the problems with the instructor. Your solutions are due in class on Wednesday, 5 May.  No extensions for lateness are possible since this is the last day of classes at Pomona.  You will use Spartan '02 to complete the problems.

An amino acid can be present in two forms: the un-ionized form, H2NCHRCO2H, and the Zwitterion, +H3NCHRCO2-. You will explore the properties and the relative stability of the two forms in the case of the simplest amino acid glycine.  A series of calculations will be performed on each structure.  You will find the following sequence of operations to be useful for each major step of the calculations: save the file using Save As, define the calculation, and perform it using Submit.  This approach will guarantee that you will end up with a Spartan file for each step of the calculations.  In most cases, the optimal structure, i.e. that with the lowest energy, will be determined via an inexpensive method, e.g. molecular mechanics or semi-empirical quantum mechanics.  An ab initio calculation with a good basis set will be used to obtain good energies. 

I) Calculations on glycine in the Zwitterion form, +H3NCH2CO2-.

A) Draw the structure of your amino acid using the Peptide feature of the Build menu.  Use the Terminate feature to properly define the charges at the termini.

B) Minimize the energy of the structure using Molecular Mechanics with the Merck Molecular Force Field.  Comment on the structure of the conformer produced by the minimization.  Why this particular conformer? 

C) Re-minimize the structure obtained in step (B) using a semi-empirical quantum mechanical method with an AM1 Hamiltonian.  

D) Determine the energy of the structure obtained in step (C) using an ab initio (Hartree-Fock) calculation and a 3-21G* basis set.  Do not minimize at this step!  Hence, the Calculate field should be set to Single Point Energy.  Also click the box E. Solvation.  Spartan will use a semi-classical method to estimate the influence of the solvent water on the energy.  Two energies in atomic units will be generated: one in vacuo and the other in aqua.  Report the two energies and discuss the physical significance of the difference.

II) Calculations on glycine in the un-ionized form, H2NCH2CO2H.

A) Draw the structure of your amino acid using the Peptide feature of the Build menu.  Use the Terminate feature to properly define the terminal groups.

B) The unionized species is conformationally more flexible.  Perform a search of low energy conformers.  The Calculate Field of the Setup menu should be set to Conformer Distribution. After completing the calculation, load the spreadsheet created by the process and examine the low-energy conformers.  

Consider the most direct conversion of the Zwitterion to the unionized form.  The hydrogen on the 

–NH3+ that is closest to a carboxylate oxygen is transferred as a proton to that oxygen. Call the resulting species the Minimum Path species.  Examine several low-energy conformers and find the conformer that matches the description of this species.  Is it the conformer with the lowest energy?  Examine the energies of other low-energy conformers and compare and contrast their structures.  Measure the C=O, C-O, C-C, and N-H bond lengths and the HNH, NCC, OCO, and COH bond angles.
C) Minimize the Minimum Path species obtained in step (B) using a semi-empirical quantum mechanical method with an AM1 Hamiltonian.  As above measure the C=O, C-O, C-C, and N-H bond lengths and the HNH, NCC, OCO, and COH bond angles.

D) Determine the energy of the structure obtained in step (C) using an ab initio (Hartree-Fock) calculation and a 3-21G* basis set.  Do not minimize at this step!  Hence, the Calculate field should be set to Single Point Energy.  Also click, the box E. Solvation.  Spartan will use a semi-classical method to estimate the influence of the solvent water on the energy.  Two energies in atomic units will be generated: one in vacuo and the other in aqua.  Report the two energies and discuss the physical significance of the difference.  Also compare the energies with those generated for the Zwitterion in step C above.  Discuss the results.  Which form is more stable in water?  Which form would be present in the interstellar medium and hence detectable by radio astronomy?
E) Analysis of the Structure of the Un-Ionized Form.  You have used two theoretical approaches to determine the structure of one conformation of the un-ionized form of glycine.  Use either SciFinder Scholar or Web of Science to locate papers on the gas-phase, microwave structure of glycine.  A useful keyword is "glycine AND microwave spectrum".  Compare your MMFF and AM1 results with the microwave data.   Are the computational and microwave results consistent?  Is modeling a reliable substitute for experimental methods?  (No structural method is perfect.  The accuracy of bond lengths and bond angles of polyatomic molecules determined via microwave spectroscopy is ca. 0.01 Å and ca. 1(, respectively.)  

III) Formation of the peptide bond.  In this section, you will calculate the standard enthalpy change at 0 K and 298.15 K for the formation of a peptide bond, i.e. the gas-phase reaction between two molecules of glycine to form the dipeptide glycyl glycine and water.

A) Draw the structure of water and perform a full optimization at the Hartree-Fock level.  That is, in the Calculations menu, specify Equilibrium Geometry with Hartree-Fock and 3-21G*.  Also click the boxes for Freq., Thermodynamics, and Vibrational Modes.   When the calculation has completed, check that all the vibrational frequencies are real.  Extract from the output menu E(HF) ,the total electronic energy in atomic units; ZPE, the zero point energy in kcal/mol; total enthalpy in kcal/mole; and the total entropy in cal/K-mole.

These items will be now discussed in detail as their use is identical for each chemical species.  E(HF) is the total energy of the molecule due to electronic terms such as electron-nuclear attractions.  Vibrational, rotational, and translational motion make no contribution to this quantity.  The conventional origin, i.e. the state of zero energy, for this quantity is the molecular state in which all bonds are broken, all atoms are fully ionized, all particles are infinitely separated from one another and are motionless.  Note that this differs from the standard state employed by thermodynamicists in which zero is assigned to the enthalpy of formation of the most stable form of the element.  Since the practitioners of quantum mechanics and thermodynamics use different conventions, one must take care not to mix quantities calculated using different conventions.  However, it is legitimate to compare changes in thermodynamic state functions provided that the same method is used for each component of an overall calculation.
Real molecules have a residual vibrational motion at 0 K and the contribution of this motion must be added to the electronic energy in order to obtain the total energy at 0 K.  That is, for water or any molecule,



E((g, 0 K) = H((g, 0 K) = E(HF) + ZPE     (1)
Note that E and H are equal at 0 K for ideal gases, i.e. pV = RT = 0.  Once the molecule is heated up, nuclear motion makes a contribution to the total energy so that


E((g, T K) = E(HF) + (ZPE + {E((g, T K) - E((g, 0 K)})     (2)

where the term in braces is the energy change involved in heating the compound from 0 K to the final Kelvin temperature T.  The term in parentheses is designated as "total enthalpy" in the Spartan output.  Above absolute zero, E and H are no longer equal but for ideal gases, 



H((g, T K) = E((g, T K) + pV = E((g, T K) + RT     (3).

Enthalpies obtained via equations 1,2, and 3 can be employed in the same manner as standard enthalpies of formation to generate standard enthalpy changes.  The standard entropy at a Kelvin temperature T is given directly by the "total entropy" result in the Spartan output.  

B) Similarly perform at total Hartree-Fock optimization for the neutral form of glycine and record the relevant energy results.

C) Finally, use the Peptide drawing function to draw the structure of the dipeptide glycyl glycine in a beta-strand conformation.  To this end, first click on the boxes marked (-SHEET and Sequence and then click on gly twice.  The sequence gly-gly- will appear in a window.  Next click in the molecular area and the molecule will appear but it is not properly terminated yet.  Next click on the Terminate box, select the proper end groups, and then OK.

As before, perform a total optimization.  The calculation will proceed more quickly if you optimize the structure using molecular mechanics before you perform a full scale Hartree-Fock calculation.  Save the structure obtained via molecular mechanics under a unique name.  You will use it in the last problem of the exercise.  As before, record the relevant information.  Also use the feature of Spartan that animates vibrational modes and determine the frequency of the stretching mode for the amide NH.  Once this has been done, you have all the pieces and can calculate (H((g, 0 K) and (H((g, 298.15 K) for the gas-phase reaction



2 gly(g)  ( gly-gly(g)  +  H2O(g)

Also calculate (S(, (G(, and the equilibrium constant for the dimerization reaction at 298.15 K.

D) Interpret your results of your calculations.  Also compare them with thermodynamic data in condensed phases.  There is a paucity of good thermodynamic data for the formation of peptides.  However, a complete set of data for glycine in water has been assembled by a geochemist (surprise!) and can be found in E. L. Shock, Geochim. Cosmochim. Acta, 56, 3481-9 (1992).  A second useful paper that makes corrections for the charges on the reactants and products is R. V. Ulijn, B. D. Moore, A. E. M. Janssen, and P. J. Halling., J. Chem. Soc., Perkin Trans. 2, 1024-1028 (2002).
IV) Barrier to internal rotation of the amide bond.   One can argue for considerable double bond character in the amide bond using either Valence Bond or Molecular Orbital arguments.  This double bond character was first noted by Pauling and makes an important contribution to the structure of proteins.  The goal of this section of the exercise is two-fold: 1) verify that the anti or s-trans conformer is more stable than the s-cis and 2) determine the barrier to internal rotation. Your task is to calculate the total molecular energy as a function of the torsional angle that defines the amide conformation, i.e.  (O-C’-N-H). You will use Molecular Mechanics with the Merck Molecular Force Field to generate energies in this step. Perform the following steps on the Minimum Path species defined in step II-B above:

A) First orient the terminal amino gauche with respect to the carbonyl group so it does not get in the way.
A) Set the O-C’-N-H torsional angle to 0.  Here C' refers to the carbonyl carbon, O to the carbonyl oxygen, and N to the amide nitrogen.
B) Select the torsional angles to be varied or held constant. Select Constrain Dihedral from the Geometry menu, select the O-C’-N-H angle by clicking on the carbonyl O, ,C’, amide N, and H atoms, and then click on the padlock ikon at the bottom right of the screen. It will change to the locked shape. Step C will also be applied to this angle and will define it as the variable angle. 
C) Bring up the Properties dialog and click on the constraint ikon that appears on the O-C’-N-H torsional angle of your structure. The dialog box will then change. Click on Dynamic (inside the dialog box). Leave the value 0 (0) in the button immediately to the right of "Value" unchanged, but change the value 0 to the right of "to" to 180 (180 ).   Don't simply type the number in the cell but also press the Enter key after you have done so.  A degree sign will appear if you have done this correctly.  Similarly enter 19 into the box to the right of "Steps", and click on X to exit the dialog. You have setup a process to vary the dihedral angle from 0 to 180 in steps of 10 . 

D) In the Calculations menu, select Energy Profile with Molecular Mechanics.

E) Submit and run the process and load the spreadsheet created by the process. Enter the energies into the spreadsheet by clicking on the following in sequence: the head of a column to be filled, Add (at the bottom of the dialog box), rel E (from the menu of items), and OK. To enter the dihedral angles, click at the head of an empty column, the ikon for reading dihedral angles, the atoms defining the dihedral angle, and finally the P ikon at the bottom right of the screen.   Pay careful attention to the values generated.  The spreadsheet function has a bug that sometimes surfaces.  You may have to enter the dihedral angles (0, 10, 20, ...) manually. 
F) Generate a plot by selecting Plots in the Display menu. Select the torsional angles in your spreadsheet as the abscissa from the items in the menu under "X Axis" and similarly the torsional energies for the ordinate. Then click on OK to draw the plot. Print the result and include the graph with your handout. Interpret the results.  Include in your evaluation the following questions.  What is the enthalpy of activation?  Where is the transition state?  Which conformer is stabler?
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