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MOE: Molecular Operating Environment

Introduction

MOE is a molecular modeling program, which is@fically designed to handle large
biological molecules. MOE is designed to use sdubff@rent force fields and semi-empirical
andab initio quantum mechanics calculations.

General Notes:

The following exercises are designed to be dormder. Detailed instructions given in
earlier exercises will not be repeated in later@ses. If you have questions, turn to this tutoria
or use the MOE online tutorials and manuals. TheBMi@anuals have many interesting
examples that extend well beyond the skills talngine. MOE is actually very easy to learn.
Follow these instructions carefully until you geetfeel of the program. Then try new things.
Don't hesitate to explore MOE on your own.

Overview: HIV-Protease and Indinavir

Our first goal is to give you a quick tour of MORdasome of the capabilities for biomolecular
visualization. In this exercise we are going tatstath the global view and then focus on smaller
and smaller portions of the structure. As we detebee atoms, however, we will look in greater
detail at the molecular structure and interactidite structure for this HIV-protease complex is
taken from the Protein Data Bank (1HSG.PDBhese atom positions were determined using
X-ray crystallography. This structure and similaustures were used to design the drug
Indinavir, which is now commonly used for the traanht and prevention of AIDS infections.

The molecule that is docked in the binding sita pfotein is called the ligand, which is

Indinavir in this case.

1. Pull down thd-ile menu and choog@pen.
* On Windowssystems type in “c:\Documents and Settings\Allrggdocuments\moefiles”
and press Enter to switch into the proper subdirgcClick the CWD button to select this
directory as your default.
* On OSXsystems type in “Documents/moefiles” and pressiEiat switch into the proper
subdirectory. Click the CWD button to select thiedtory as your default.

Choose "lhsgcartoon.moe."

2. The HIV-protease should be shown in cartoon favith the ligand rendered in Van der

Waals spheres. The yellow areas show regions girtitein that are in the "beta pleated sheet"
form. This form for the protein backbone produdasédxtended regions. The red regions are in a
more compact helical form. This view shows the dnagtly tucked under two folds of beta
pleated sheet. To see these regions in more usefatular form, continue on.

3. Click on theRibbon button in the bar that runs across the bottonh®fstreen:

—
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Click on the[] button to display the protein backbone. (Try dwat other buttons to see the

effect, but return to the backbone display withsBacture coloring.) The atom positions in the
protein chain backbone will now be shown. The calading will be the same as in the original
cartoon. Rotate the structure to note the helicahgement of the red alpha helical regions. The
action of the mouse buttons and track ball is givelow.

Rotations, Tranglations, and Zooming To change the orientation, size, and positicthe
molecule, you can use either of two methods, (fjguhe mouse or (2) using the track ball (the
soccer ball). To use the mouse, position the cumstire main window and hold down the center
mouse button. Dragging with the center mouse butorients the molecule. If you wish to
rotate the molecule only around the axis perpematida the screen, hold down the middle
mouse button and drag the cursor in the periphiettyeomolecule window.

Middle: Reorient molecule—xyz rotation

Middle and drag in periphery of viewing areaate around z only
Shift-Middle: xyz translation

Ctrl-Middle: zoom in and out or use the roller

Shift-Alt-Middle: Translate selected atoms

Alt-Middle: Rotate selected atoms

Alt-Left: change dihedral angle between two sield atoms

Alternatively, you can use the track ball. Driaggwith the left mouse button on the track ball
rotates the molecule. To translate the molecuiek dn the[R] button in the lower-left hand side
of the track ball box, the button will switch tg®@. Dragging with the left mouse button over the
track ball then translates the molecule. To switabk to rotation, click on tHe] button. In
other words thér] and[T] buttons toggle between the two states. To zoonmilecule drag
with the left mouse button over the thumbwhgel], that is located just below the track ball.
Clicking on[centet at the right of the screen will allow you to stietsh with a centered
molecule.

You can also change the atom rendering. Clickhetoms button in the bar that runs across
the bottom of the screen:

Label: Element [l Charge —

. ; = Click for space filling
x Mame | Residue | Chain -
X oo o= @7 ~ pw) display

Color:
[wc

Element B-Factor Residue Chain

Click on the[o=0] button for ball-stick rendering. Try all six ofalmendering options. Click on
the[co] overlapping spheres button to return the dispagptace filling rendering. Finally, click
on the thing line-rendering button. Click thex] button in the Style group to remove the
backbone trace. Then click on tfe8] and[sc] buttons to show all the non-hydrogen atoms.
Now all the non-hydrogen atoms will be shown. Wiatwant to do now is to reduce the
complexity by focusing on just one particular pafrindinavir and its interaction with the
protein.



4. Make sure the rendering style for all atom#$iésline style. To ensure that all the atoms are
labeled by element, click on tigéoms button and then select tf@menj button in the Color
selection group in the bottom row of the Atoms aggbox. Pull down th&electionmenu and
chooseligand. Pink squares should now highlight just the ligatmins. Click on th&toms
button and choose the light green color. In geneote that:

An action is applied to selected atoms only. lfab@ms are selected, the action is applied to al
atoms.

Pull down theSelectionmenu, slide right oixtend, and choosélear (4.5A) Pull down the
Selectionmenu, slide right oixtend, and choos®esidue.Now all the amino acids near the
ligand should be highlighted. Pull down the Setattnenu and choodevert. Click on the
button at the right-side of the screen. Click d€i® the Delete dialog box that follows.

Now only the amino acids close to the ligand shda@dhown.

5. Click anywhere in the black background to make $10 atoms are selected (no pink boxes).
To see the fit of the ligand in the binding pocikthe enzyme, click on th&toms button and
choose space filling displajgo]. Notice that the ligand and the enzyme are inectamtact, with
little or no empty space remaining. This is becdaheemedicinal chemists who designed
Indinavir built the drug to efficiently pack intbe¢ available space, and also the flaps of the
enzyme are flexible and collapse around the ligand.

6. The ability of the enzyme to bind Indinavir ietcombination of many small specific
interactions. We will focus now on just one of thea hydrogen bond.

»

Figure 0.1. Indinivir and aspartate 26 from HIV {gase.

Click on theAtoms button and choose thin line rendering. Pull dolaa\tVindow menu and
chooseSequence Editor...First click on the first "ASP" in the sequence (@amacid 3). Click
right on this "ASP", click orselect and then click o\toms. A few atoms in the enzyme should
now be selected. Now click on the "MK1" (the lastrg). Once again, click right on this "MK1",
click on Select and then click oAtoms. The ligand should also now be selected along thigh
single ASP. Close th8equence Editorwindow. Pull down th&electionmenu and choose



Invert. Click on thebeletd button on the right- side of the screen. Now dndinivir and one
ASP should be on the screen. Click on the Atom®hwind choosgiement in the Color group.
The screen should appear as shown in Figure 0.1.

7. Notice that there are no hydrogens in eitheregde. This lack is because X-ray
crystallography is not sensitive to hydrogen atovids.must use molecular mechanics to fill
these in. Structures without hydrogens are vergalistic, because most of the important
interactions between molecules are mediated thrtheyhydrogens. However, before we add the
hydrogens we need to fix the position of all therent atoms, since the position of these non-
hydrogen atoms are fairly well known from the X-eperiment. Use the mouse to drag a
selection box around alhe atoms on the screen (all atoms should havelmres). Then select
the Constrain button at the right-side of the sti@ad seledfix. To add the hydrogens, pull
down theEdit menu and chooddydrogensand slide right to choogedd Hydrogens. Click
anywhere in the black background to make sure eimstre selected (no pink boxes). Now
click on theMinimize button to apply molecular mechanics minimizationdll the hydrogens.
Click on theAtoms button and choose ball and stick rendering. TheoDlthe central part of the
ligand should swing around to interact with the CO®the ASP, Figure 0.2. To display the
hydrogen bond, click on the Contacts button orbibttom of the screen:

[m HBond -=- | T
Rec I- BB
Sal [« cH
Lig [ Hepi

Rec Sol Lig

Make sure the black square is visible to the rajltheH Bond label, this button toggles

hydrogen bond display. The number in the scroll §ebects the interaction energy cut-off for
labeling a hydrogen bond. Increase the cut-off kedl/mol. Zoom in to identify the hydrogen
bond between the ligand and the protein. Have y@iructor checkour screen at this point.

T ow e

o

Figure 0.2. Hydrogen bond between Indinivir andaaiste 26 from HIV protease. The
dashed line was added to help guide the eye to #mWwydrogen bond to the COO

8. We now will calculate the dihedral energy plat the —OH in Indinavir to help determine the
degree to which the Indinivir O—H hydrogen is iatging with the ligand. Pull down the



Compute Menu, slide right oi€onformations, and choos®ihedral Energy Plot. Now click

on the four atoms on the ligand that define thediil angle in the order: H-O-C-H. The vertical
axis units are kcal/mol and the red line indicalescurrent dihedral anlge. The interaction with
the COO from aspartate contributes strongly to the contiromal preference for the —OH
group. This dihedral plot is very different frometmore symmetrical three-fold potential of a
simple alcohol, because of the formation of a hgdrobond with the CO®@f the aspartate. The
strength of the interaction between the —OH onnladir and the COTrom aspartate makes an
important contribution to the efficacy of this dritigvhen finished click Close on the Plot
window.

9. Click on theClosebutton on the right-hand side of the moleculeesti® finish.
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Chapter 1. Building and Minimizing.

The following exercise will illustrate a few ofdloptions available for structural input,
minimization and display using MOE. We will begiithvaxial-methyl cyclohexane, Figure 1.1.
We will use the Builder, where structures may laanalr on the screen. The minimum energy
configuration will then be calculated using the M Xx force field.

CH3 CHj
1 H
6
5 2
3
4
methyl cyclohexane chair cyclohexane axial methyl cyclohexane

Figure 1.1. Axial-methylcyclohexane

Builder Click on the “Builder” button on the right ofdlscreen. Drag the Builder tool palette to
the left-side of the screen, so that you can seethin MOE window. Click on cyclohexane ring
button. We now want to add the axial methyl grddlick on an axial hydrogen (you can reorient
the molecule using the middle mouse button to Ise®tientation of the hydrogens). This
position should now be marked with a pink squaneysng that it is selected. Then click on the
“C” button. A methyl group should then be addede BD structure is constructed using
tabulated values of bond lengths and angles.

Building molecules always has the same flow:
Start with a simple skeleton, like a ring, click@mydrogen, and then add the functional group.
Click on another hydrogen and then add the nexdtiomal group, etc.

Make sure no atoms are selected (no pink squares).

To save this molecule, pull down thge menu and choosgave. The file librarian dialog
box will appear.

» On Windowssystems type in “c:\Documents and Settings\Allrggaocuments\moefiles” and
press Enter to switch into the proper subdirectory.

» On OSXsystems type in “Documents/moefiles” and presgiEat switch into the proper
subdirectory.

Then click on SetCWDThis button sets the current directory as thawleflirectory. Any
further access with the file librarian will defatidt this subdirectory for opening or saving files.
Next double-click on the “smallmolecules” directoAfways save your small molecule work in
this directory. Second, type in the name “amecyo@nClick on OK. Click the Close button in
the Builder tools palette. Verify that you have stoacted the axial isomer by reorienting the
molecule on the screen.

MMEE We next need to find the minimum energy conforamaéand the steric energy of that
structure. We must first specify the force fieldttive wish to use. Pull down thiéindow menu



and choos®otential Setup If MMFF94x is not already selected, pull down tlead... menu

and choose MMFF94x. For gas phase calculations sualeethe “Solvation:” option is set to
Gas Phase, as shown below. If your computer haspteuCPUSs, you can select that number of
Threads to help speed up calculations. If the Fidrbigens or Fix Charges button is highlighted,
press that button. Press Apply, if the button isgrayed out.

T

I Forcefield Parametersl Restraints | Wall |

Load... r |HHFF94x |d:fmoeflibfmmff94x.ff

Parameterized for gas phase small organic molecules
in medicinal chemistry. Modified from MMFF34s to force

conjugated nitrogens planar. All-atom, no Lone Pairs.
Compatible with Generalized Born solwation model. Uses
internal bond-charge-increment charge model .

[+] [ »]

Enable: |7 Bonded |7 van der Waals |7 Electrostatics |7 Restraints

Curtoff: |7 Enabile Solvation: Gaz Phaze ¥ | Scale Like: |1
on: Ell Dielectric: |1 Unlike: | 0
Off: | 10 Exteriar: |20 il | 1

Threads: | 2 ¥ Thiz computer has 2 CPUs

Fix Hydrogens |HydrogensLonePairs require adiustment.
Fix Charges |Partial charges reguire calculation.

The molecular system appears parameterized.

OK I Apply I Restore I Close

(The Distance Dependent dielectric option is used @ery approximate method for calculations
in solvent. Unless otherwise stated we always ttutaions in the gas phadhat is with a
constant dielectric of 1.) Click on Close. Next tierges on the atoms need to be calculated
using the force field standard values for each atgra. Pull down the Compute menu, and
choose Partial Charges. Select the Method as Gurceoefield and click OK:

Apply To: I All Atoms Selected Atoms

Method: Current Forcefield ¥ |

Options: |_ Adiust Hydrogens and Lone Pairs a2 Reguired.

To see the charges that have been assigned, licktbms button at the bottom of the screen
and click on th€chargd button. Aliphatic C’'s and H’s are neutral in thé/F force field, so the
charges should be 0.000. If you had O’s, etc., there interesting charges would be assigned.
To clear the charge labels, repeat the procesk ttle Atoms button at the bottom of the screen
and click on thécnargd button, again. The Label buttons toggle. Clickloa background to make
sure no atoms are selected.

To prepare to minimize the structure, pull ddwaGizMOE menu and choodenergy to get
the current energy displayed on the screen aliitie, and then pull down tHeéompute menu
and choos&nergy Minimize ... Use the default settings for the parameters stzlow, if they
are not already shown. Except, for small moleculeshould choose a smaller gradient of 0.001
for the final minimization steps to get a more aatel value of the energy:
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Hamiltonian: Forcefield ¥ |H:|!{FF94x

[~ Selected Atom= Only [ &djust H and LP

Gradient: | a. DDJ.I ¥

Options: |i Calculste Forcefield Pattial Charges
|_ Chiral Constraints:  Currert Geometry ¥ |

[ Tether Atoms:  Heawy r | 100 ¥

Click on OK. The calculation may stop after a défamaximum number of steps, but the energy
won't necessarily be minimized. Repeat the minitiongprocess repeatedly until the Giz-MOE
energy listed in the upper-left of the main windoavlonger changes. A couple runs of Minimize
will suffice. The final result should be 2.0828 Ko#ol (the equatorial isomer is 0.7115
kcal/mol). Make sure no atoms are selected (no gipiarels Pull down theCompute menu and
choosePotential Energy. We often need to find the contribution to thetsteric energy for
each degree of freedom, i.e. bon@®tning, bond arlg bending, stretch-bend interaction (stb),
dihedral_tosions, out-of-plane bending (oop), @l@static interactions, Lennard-Jones--Van der
Waals energies (vdwand_solation energies. The difference between the GizM@&rgy and

the total steric energy listed with the PotentiakEjy function is the solvation energy. For now
we should have no solvation energy, as we seteifoticefield for gas phase calculations.

The Potential Energy results remain on the scfaeea short period. To get a permanent listing,
pull down thewindow menu and choose ti@mmmandsoption. A new dialog box will open.
Make the Commands window a bit wider and then ted®otential Energy. The results will
be listed on the screen and in the Commands window.

Pull down thd=ile menu and choos®ave.. If the current path is not your “/moefiles/
smallmolecules” directory, you can position thesouirin the white file name field over the
symbol and press the right mouse button. This aajmens the Recent Directories popup menu.
Choose the “smallmolecules” directory where youesiayour initial file. Then click on the
amecyc.moe file name. Click OK. You will be instre that the file already exists; click Yes.

After minimizing the molecule, you should alwaymsider other conformations that might
have lower energies. In other words, your firstimigation might not have found the global
energy minimum. One common approach to findingglbéal energy minimum is to change
some dihedral angles in the molecule and then reamee. You can easily change the dihedral
angles around non-ring bonds. The ability to chatigedral angles is also useful for finding the
energy barriers for internal rotations. In otherd# how easy is it for the molecule to change
from one dihedral conformation to another?

For example, in methylcyclohexane, we can fimgharrier to internal rotation for the —g¢H
group. Make sure methylcyclohexane is minimizeccd®e the energy. Click and then shift-click
on the methyl C and the ring C to which the me@ys$ attached. You can change the dihedral
angle using the mouse or the dihedral thumbwheglappears at the bottom of the screen. Hold
down the “Alt” key and drag the mouse using thé hebuse button to change the dihedral angle.
Adjust the dihedral angle to give the eclipsed geioyn Carefully adjust the dihedral while
observing the energy listed in the upper-left hamigher of the screen to find the dihedral angle
that gives the maximum energy. Record this endrgg.difference between this maximum and
the minimized energy is called the “barrier heidiat” rotation around the methyl group C-C
bond.
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Starting from the eclipsed geometry, re-minintize molecule. Did the molecule stay in the
same conformation or did it return to the origioahformation or a different low energy
conformation?

DISPLAY OPTIONS

Ball Sick Rendering Click on theAtoms button in the bar that runs across the bottonhef t
screen. Click on thpp=0] button for ball-stick rendering. You can reoriém molecule using the
mouse by holding down the center mouse buttomeeeta 'hole’ in the middle of the ring? Ball
Stick rendering is useful for creating graphicsgapers for small molecules or for highlighting
regions of large molecules.

Surface Rendering Stick structures of molecules are easy to viseabut they present a very
distorted view of molecular structure. Various teicues for displaying the surface of molecules
are designed to present a more realistic modehat wiolecules "look like" to other molecules.
Make sure no atoms are selected by clickingéniiack background. Click on tiéoms
button and choose space fillingg]. You can reorient the molecule using the mouslediging
down the center mouse button. Is there a 'holamiddle of the ring?
An even more realistic view of the molecule 8@nolly surface model. Pull down the
Compute menu and chooseurfaces and Maps. Choose Surface: Molecular Surface, Color
By: ActivelLP, and the TF(left) and TB(right) trarmspncy sliders at minimum, as shown below.

ol
Rename
[ [»] Delete
Name:“ v
Surface: Molecular Surface v
Atoms: All Atoms v ﬂl_ Visible Only
Near: Ligand Atoms v ﬂ Within: | 4.5 A
Color: ActiveLP v H-Bonding: [ »
Solid | [~ Hydrophobic: v
Mild Polar: [l v
Create | Isolate\ | Save... | Close
~

\ TF: front surface
transparency slider

Figure 1.3 Molecule Surface settings.

Click on Create. Reorient the molecule to obseneesurface. This surface is equivalent to the
Space Filling rendering, but more realistic. To Beeoriginal Van der Waals-spheres rendering,
drag the TF slider to the middle of the range. €bRtrols the transparency of the front surface
and TB the back surface.) To delete the molecuidace, click on Delete in the Surfaces and
Maps Dialog box. The Connolly surface gives a galea of the size of a molecule, however,
how close to the molecule can other molecules st2heir some crevices or other hard to
reach spots on the surface that are inaccessilihe teolvent or other nearby molecules?

One way to answer the accessibility questido isse a spherical probe to find the surface of
closest approach. In effect, a probe sphere wiitked radius is “rolled” over the atoms of the
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molecule, and the surface is drawn from the pasitibthe center of the probe sphere. Water, for
example, can be adequately approximated for thisqse as a sphere with a radius of 1.4 A. In
the Surfaces and Maps dialog box, choose the Surfiateraction (VDW). This molecular
surface option sets the probe radius at 1.4A \te tie water accessible surface. The water
accessible surface shows the distance of clospsbagh for water molecules and shows the
portion of the molecule that is accessible to thileent.

To delete the molecular surface, click on Deletine Surfaces and Maps Dialog box. Click
the Close button in the Surfaces and Maps dialag bo

Problem 1.1: What is the barrier height for rotation arouhd tethyl group C-C bond? This
difference corresponds to a very large energy ahémagn a molecular mechanics perspective.
Could you get the methyl group to stay in the esgghconformation?

Problem 1.2: The relative “size” of the various terms in thece field have no particular
meaning; only differences in energy are importsiou need to do a valid comparison and then
look at energy differences. Record the forcefieluns for axial-methylcyclohexane in the table
below. Click on Close on the button bar at thetrimfithe MOE screen and then click OK. Start
fresh in the Builder. Build 2-methylhexane by ficsitking on the “C” button in the Elements
button group six times. Next click on a H on thes®l C in the chain and add a methyl group by
clicking on the “C” element button. Pull down ther@pute menu, select Partial Charges and
choose Current Forcefield. Minimize this molecwepllling down the Compute menu,
choosing Energy Minimize and setting the Gradiest triterion to 0.001 as you did before.
Check the minimized energy and then click on thaiMize button a time or two more to make
sure the energy doesn’t change on successive nzaiiiom runs. Record the energies in the table
below. Record the various contributions to theistemergy in the table below. Only terms with
significant values are listed for brevity. The tpteowever, should include all force field terms,
as listed by the GizMOE Energy listing. Calculdte tifference in energy for each contribution
in the 4th column. In the 5th column record whicbl@cule is favored by each contribution.
Finally, from the difference column, decide whigntribution dominates the preference. Which
changes most, the ring strain (as measured bytheo$the bond stretch, bond angle, and
dihedral torsion terms) or the through-space Van/daals term?

Contribution Methyl cyclohexane2-methylhexane | difference favored
(kcal/mol) (kcal/mol) (kcal/mol) stucture

bond_strenergy

ande energy

torsional energy

Van cer Waals

electrostatic
total

Use the following Check list as you complete theaing exercises in this manual. You might
want to make an extra copy of the checklist to fagbe front of your lab notebook so that you
can always have it handy for homework and tests.
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Checklist for Molecular Mechanics Calculations

1. Set the force field type. For gas phase calculatioake sure the “Solvation:” option is set to
gas phase. (Window | Potential Setup | MMFF94x\&bion: Gas Phase | Apply [if active])

2. Apply atom charges to All Atoms. (Compute | ParGalarges | Method: Current Forcefield).

3. Display the current steric energy. (GizMOE | Engrgy

4. Start initial minimization. Set the Hamiltonian apt to Forcefield and set the “Calculate
Forcefield Partial Charges” checkbox on. (Comptrdrgy Minimize | RMS Gradient
=0.001) (For proteins and other large systemsheseefault 0.05)

5. Check the energy on successive minimizations tcensake the calculation has converged.
(click the Minimize button several times).

6. Get the total energy and force field terms. (CoragiRotential Energy)

7. Check the results for bad structures:
Look for unusually large force field terms.
Visually inspect the structure for high-energy ayniations and bad contacts, or optionally:

turn on thegciasi option inContacts (Contacts | Clash ) to look for close contacts.

8. Search for the global minimum using various confational search methods (see below).
One good method is to adjust dihedral angles, agli®for the methyl-cyclohexane
example, then re-minimize.

9. Save your file. The first time you use the fileriban, navigate to “C:\Documents and
Settings\All Users\Documents\moefiles” (or “Docurtegmoefiles” on OS-X). Click on
SetCWD if you haven'’t already to establish the difdirectory.

10.When you are finished, pull down the Cancel menthé&upper right-hand corner of the
screen and cancel out any instances of the Giz MOE. Press the Esc key repeatedly until
the white command line is showing just beneatmtleau bar.
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Chapter 2: Conformational Preference of Methylcyclthvexane

Does methylcyclohexane prefer the axial or empigltconformation? Do Problem 1.2 first. If
your axial structure is not on the screen, pull dake_Filemenu and 'Open’ your file
amecyc6.moe. We now need to create the structuteaquatorial isomer (Figure 2.1). Click
on theBuilder button. Click on the C of the methyl group. Clitle[beletd button at the bottom
of the Builder dialog box. Click on the equatothigtdrogen on the same C (Figure 1.1). Now
click on the C button in the “Element” group. Thepuatorial isomer will be produced. Pull down
theWindow menu and choodeotential Setup Click on the MMFF94x button, choose Gas
Phase for the Solvation treatment, and then AgpMMFF94x isn’t the current force field. Pull
down theCompute menu, seledPartial Charges, choose the Method &urrent Forcefield,
and click OK. If the current energy is not displdye the upper left of the MOE window, pull
down theGizMOE menu and choodenergy, and then pull down théompute menu and
chooseEnergy Minimize.... Set the options as listed in Chapter 1. Clieekninimized energy
and then click on the Minimize button a time or tmore to make sure the energy doesn’t
change on successive minimization runs. Pull ddwf-ile menu and choosgave.. Change to
the smallmolecules directory (if the correct dioggtis not listed, position the cursor over the fil
name field [0 in the Save MOE panel and press the right mougerhuln the file name dialog
box, type emecyc6.moe as the new file name.

CH3 7 After you minimize the structure,
pull down theCompute menu and
1 CHs choosePotential Energy. Record the

force field contributions, in the table
below for Problem 2.1, to allow
comparison with the results from
Problem 1.2.

methyl cyclohexane equatorial methyl cyclohexe
Figure 2.1. Equatorial methyl cyclohexane

Problem 2.1 Compare the two conformers of methylcyclohex&erord the various
contributions to the steric energy in the tabletelCalculate the difference in energy for each
contribution in the 4th column. In the 5th coluneeard which conformer is favored by each
contribution. Finally, from the difference colundecide which contribution dominates the
conformational preference. Which changes mostritigestrain (as measured by the sum of the
bond stretch, bond angle, and dihedral torsiondgonthe through-space Van der Waals term?

Contribution equatorial axial difference favored
(kcal/mol) (kcal/mol) (kcal/mol) conformer

bond_strenergy

ande energy

torsional energy

Van cer Waals

electrostatic
total




15

Chapter 3. Geometry (or How Does Molecular Mechaiws Measure Up?)

In this chapter you will learn how to measurgtaices, bond lengths and angles from your
minimized structures. We will make our measurementaxial- and equatorial-
methylcyclohexane, so do Chapter 2 first. Genehanistry texts list the C-H bond length as
1.09 A and the C-C bond length as 1.54 A fé¥ lsybridized systems. The ideal bond angle
around tetrahedral carbon is the tetrahedral adge.5°. How close to these idealized values do
real molecules come?

Make sure your axial-methylcyclohexane is ondtreen. If it isn't, from the main MOE
window, pull down thd=ile menu and choos@epen... If you didn’t set the current working
directory previously, use the pull down menu atrigbt of the file name dialog box to choose
the “c:\Documents and Settings\All Users\Documembgfiles\smallmolecules” directory or the
directory you specified in Chapter 1. Select youalkfile, click on OK. Click on théAtoms
button in the bottom button bar and choose thelthenrendering option.

Bond distances: To find bond distances, first click on theasure button at the right of the
MOE window, slide right, and choo&istances The white command line box below the menu
bar should be replaced with “Measure: distance fiskatom.” Now whenever you click on any
two atoms, the distance between those two atom$evidisplayed. Measure the four unique C-C
bond distances in your compound. Also measure ndealy one of the ring C-H bond lengths.
Record the values on the structure below. Don'tsaneaevery C-C bond length, only measure
the ones that are not related by symmetry (sedgmoB.2 below for the data table format for
your observations). You can also measure the distabetween atoms that are not attached. Find
the shortest distand®tween a methyl hydrogen and a ring hydrogerudiecthis distance on the
structure below.

+

When you are finishedress the ESC key. The command line box shoulapesa below the
topmenu bar. To remove the distance labels slgle on theMeasure button and choose
Remove Distances

Bond Angles: To find bond angles, first slide right on thieasure button and choos&ngles.
The white command line box below the menu bar ghbelreplaced with “Measure: angle.”
Now whenever you click on three atoms in a row,libed angle will be displayed. Make sure
that the central atom in the angle is the secoowh #tat you click on. Measure the three angles
shown in the structure above, at right. Recordatiigdes in the structure above. When you are
finishedpress the ESC key. The white command line boxlgheappear below the menu bar.
To remove the angle labels slide right onMeasure button and choodeemove Angles
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Dihedral Angles: To find dihedral angles, first slide right on tieasure” button and choose
Dihedrals. The white command line box below the menu baukhbe replaced with “Measure:
dihedral.” Now whenever you click on four atomsainow, the dihedral angle will be displayed.
Make sure that you click on the four atoms in th#eo in which they are connected. For
example, to find the ring dihedral angle for adf@d@-H bonds, click on the atoms in the order:
ring-H, the attached ring-C, the adjacent ring+@ anally the attached ring-H. Measure one of
the antiH-C-C-H dihedral angles in your compound, and afighe ring C-C-C-C dihedrals.
Record them in the structure below. Finish up derbeoy pressing the Esc kdyote that you
can leave dihedral monitors on while you do othsks, which include minimization,
conformational searches, and dynamics.

L‘\/

Problem 3.1

Report the shortest distance between a metlayblygn and a ring hydrogen_in equaterial
methylcyclohexane. Include this distance on theatmqial structure below. Do these shortest
distances in the axial and equatorial conformersetate with the change in Van der Waals
energy that you found in Problem 2.1? The MMFF94 War Waals radius for H is 1.485A.

\‘ .

Problem 3.2

Compare the bond distances and angles in axialyhogthohexane to the "normal” values of
the C-H bond length of ~1.096A, the C-C bond leraftk1.527A, and the angles listed in the
Molecular Mechanics Tutorial Section 1 Table 4l iflthe table below, using the values you
have already recorded on the axial-structure, glioveelp you answer this question. Deviations
from the normal values cause bond strain. Which kb@ds differ most from the normal values?
Is it easier to deform the bond length or the bangle; that is, do the bond lengths or bond
angles deviate more from the normal values?
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Bond Lengths Bond Angles

Bond Distance A Expected A | Angle Angle® Expected
C-C (Methyl) 153 C-CC (1)

Cc-C 1.53 C-C-C (2)

C-C 153 C-C-C (3)

C-C 1.53 H-C-C-H

C-H 1.10 C-C-C-C

Atom Charges: (see section 10 of the Molecular Mechanics Tutollifor more information
on charge calculations) The partial charges on atoms and the resultiecirelstatic interactions
are an important factor in the energetics of polatecules. How sensitive are steric energies to
the charges that are assigned to the atoms inecale? The MMFF94 force field doesn’t place
charges on aliphatic carbons and hydrogens in mtar-pnvironments To see the charges that
have been assigned, click the Atoms button andseh@targe. This approximation works well
within the MMFF force field, but is really not réstic. One of the best ways to estimate partial
atomic charges in molecules is called the Gastaigghod, or in MOE these are called PEOE
charge& PEOE stands for Partial Equalization of OrbitEdfronegativity. To calculate PEOE
charges pull down th€eompute menu, seledPartial Charges, and for the Method select
Gasteiger (PEOE). Record the charge on the metByINdw calculate the potential energy with
the PEOE charges by pulling down tBempute menu and choosirigotential Energy”.
Hydrocarbons don't have large charges on the aorthe “eletrostatic” contribution to the
total steric energy is expected to be small. Inpoamds with heteroatoms, however, the
electrostatic contribution can dominate the steniergy. To clear the charge labels, repeat the
steps you took with the Atoms button. In the nexioem we will build a polar molecule, where
the electrostatic interactions play a more impdrtate.

Problem 3.3: MMFF Forcefield Charges

Build ethylene glycol (1,2-dihydroxyethane: &lihie Builder “C” button twice then add the
two OH’s). Choose Current Forcefield for the Pa@iharges. Minimize the molecule, find the
lowest energy conformation, and then display tenatharges. Compare the electrostatic and
Van der Waals terms; does the electrostatic temeexkthe Van der Waals term in this
molecule?

Problem 3.4: MMFF Forcefield Charges

Find the MMFF forcefield charges on the difféarepdrogens for ethylene glycol. Record these
charges. We can use methylcyclohexane as a typrdabcarbon for comparisons. Compare the
MMFF charges for the hydrogens on ethylene glysdhe MMFF charges on the hydrogens for
methylcyclohexane. Consider in particular the chargn the methylene hydrogens for ethylene
glycol, how do they compare? The MMFF forcefielduades are derived from tabular values that
don’t include remote heteroatom influences.

Problem 3.5: PEOE Charges

Calculate the PEOE charges on ethylene glycolvBat percentage difference does the PEOE
charge on the methylene H’s in ethylene glycol edatie PEOE charge on the methyl H's in
methylcyclohexane [100% £g — ducn )/gucn]? This difference shows the remote effect of a
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heteroatom. As you saw in the last problem, the MMFRarges on the methylene H's are zero for
both methylcyclohexane and ethylene glycol.

Problem 3.6: PEOE Charges

Now minimize the energy using PEOE charges,guia following procedure, to see how
much of a difference the details of the chargeuwatmn make on the steric energy. Make sure
PEOE charges have been assigned to the atomsgRr8ub). To use the PEOE charges in
minimization pull down th&€ompute menu and choodenergy Minimize... Clear the
Calculate Forcefield Partial Charges checkbox agvatbelow. (Otherwise the calculation will
revert to the MMFF charges.)

Hamiltonian: Forcefield ¥ |I-!|HFF94x

[ selected stoms Only | Adjust H and LP

Gradient: | 0_001 ¥

Options: I_ Calculate Forcefield Partial Charges

[ Chiral Constraints:  Current Geometry 1|r|
[ Tether &toms:  Heawy ¥| 1o0 ¥

Click on OK. Record the final total energy and Baential Energy terms. Does the partial
charge method make a significant difference inoWerall steric energy? Does minimization with
PEOE charges make significant changes in the iddaliforcefield energy terms? Compare the
changes, are they in the same direction?

Contribution ethylene glycol | ethylene glycol |difference
MMFF charges | PEOE charges | (kcal/mol)
(kcal/mol) (kcal/mol)

bond_strenergy
ande energy
torsional energy
Van cer Waals
electrostatic

total

GizMOE (optional exercise)

It is sometimes useful to have a visual pictfriorces in molecules rather than depending on
changes in bond angles alone. The GizMOE optidowals to do that. Using the File menu,
load your axial-methylcyclohexane structure. Chathgerendering method to ball and stick.
Then pull down th&izMOE menu and choogeolor Force. If there are no strong forces acting
on the molecule, the whole molecule should be edldnue. Record the energy. Now click on
one of the methyl group hydrogens. While holdingiddhe ALT and Shift keys, use the middle
mouse button and drag the H atom away from itseatiposition. (Alternatively, use the track
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ball while holding down the Alt key). The atomstb&é molecule that experience forces will be
colored, with strong forces indicated by red. Ndiwkcthe Minimize button and the molecule
should relax back to an energy minimum positiord Die energy return to the minimized value?

You can also change the dihedral angle arounering bonds and see the change in forces.
Make sure the molecule is minimized. Click and thkifit-click on the methyl C and the ring C
to which the methyl C is attached. Hold down thdt"&ey and drag the mouse using the left
mouse button to change the dihedral angle. Adhestithedral angle to give the eclipsed
geometry. Carefully adjust the dihedral while olbseg the energy listed in the upper-left corner
of the screen to find the dihedral angle that gihesmaximum energy, as you did in Chapter 1.
Notice the colors of the atoms and the bonds. Bedltolors show that the forces are higher than
in the minimized structure and that some ster@istexists in the molecule? Which hydrogens
on the methyl group experience the strongest f@rces

The minimization process can be done continyo®slll down the GizMOE menu and choose
Minimizer. Now try pulling the H atom around. Ty get the methyl group to adopt an eclipsed
position with respect to the C-C bonds in the ridgn you make it stay in an eclipsed
conformation? If the molecule moves too far offtegnyou can click on thigentej button at the
right of the MOE window to reset the view. The GI@E minimizer is useful for generating low
steric energy starting structures for small molesw@nd for ligand docking.

The GizMOE minimizer is not recommendfed final minimization. Make sure to turn the
GizMOE minimizer and force coloring off before conting. Then minimize the molecule using
the menu commands.

To turn off the GizMOE options, pull down ther€al menu in the upper right-hand corner of
the MOE window and choose each of the optionsrim. tMake sure no atoms are selected, click
on theAtoms button, make sure the check box adjacent to @arColor group is not checked,
and choose Element in the Color group. The atongsun molecule should now be colored by
element.

Literature Cited:

1. Halgren, T. A., “Merck Molecular Force Field. MMFF94 van der Waals and electrostatic
parameters for intermolecular interactiod”Comput. Chem., 1996 17, 520-552.

2. J. Gasteiger, M. Marsili, "Iterative Partial Edjaation of Orbital Electronegativity — A Rapid
Access to Atomic ChargesTétrahedron, 1980 3219-88.

3. Halgeri cautions that PEOE charges will tend to underesgrimtermolecular interactions and
in general PEOE charges don't work well for the MM®&rce field.
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Chapter 4: Building More Complex Structures

We will next illustrate how to build up complsiuctures from simple structures, by
converting the axial methyl cyclohexane into 1-mngethans-decalin. Begin by Opening
amecyc6: pull down thEile menu and choogepen... If not already listed, use the pull down
menu at the right of the file name dialog box toae the “c:\Documents and Settings\All
Users\Documents\moefiles\smallmolecules™ directomythe PC or
"Documents/moefiles/smallmolecules” on the MAChE axial-cyclohexane file is not
available, see Chapter 1 if you need instructiornsuild the molecule. Select your axial file,
click on OK. Click on théAtoms button in the bottom button bar and choose thelthe
rendering option. Press tBalilder button. Our final structure will look like Figure2. We will
append the ring from carbon 2 to carbon 3 (seer€igul and 2.1 for atom numbering). Click on
C 2, then hold down the Shift key, and click orbeer 3. Now click on the cyclohexane button.

™,

CH

Figure 4.1. 1-methyl-trans-decalin Figure 4.2: 1-methyl-trans-decalin.

The rings should be fused as shown in Figure 4s&. tde Check List at the end of Chapter 1 to
set up and minimize the molecule. If you don't tyet conformer shown in Figure 4.2, do the
following.

The results of minimization may not give the @ke or global minimum, structure. If you
don’t get the result in Figure 4.2 (both rings iaréhe boat form), rotate the molecule so that it i
“side on,” but the atoms are not overlapped. SefexCH group that you would like to move
using click and shift click on each of the threenas. Then:

Movethe atoms by pressing the ALT key and Shift kelgevdragging the mouse using the
middle mouse button. Next, rotate the H’s so thaytpoint in the required direction by pressing
the ALT key while dragging the mouse using the rieddouse button.

Reminimize and check the new conformation. Closentiblecule.
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Anatoxin

Ring systems are often the most difficult, ameriesting, molecules to build. Anatoxin, Figure
4.3, is also known as Very Fast Death Fdctanatoxin is a potent nicotinic acetylcholine
receptor agonist. It acts as a potent neurotoxim¢twoften causes death by paralysis of the
respiratory muscles. We will study anatoxin andilsgimACE agonists
in a later drug design study. Analogs of anatoxay fime useful in @)
treatments for Alzheimer’s disease.

Press the Builder button. Click on the cyclooetautton. To create
the ring double bond, select two adjacent C’s pkeig and shift-
clicking. Then click on the double bond button. Nex’ll attach the
N atom by clicking on a H atom on the C adjacerihtodouble bond ; ;
and then in the Element group clicking on the Ndout Figure 4.3 Anatoxin
To create the five-membered ring, select the
N atom and then the C atom in the ring as
shown in Fig. 3. Click on the single bond
button to make the new bond. To attach the
side chain, click on the H on the C=C closest
to the new ring. Then click on the -C=0. The
terminal H should already be selected so that
clicking on the C atom button add the methyl
group. The molecule is now complete, except (k-
that the ring is highly strained. You can Close :
the Builder.

Use the Check List at the end of Chapt. 1
to run the minimization using MMFF94. The
lowest energy conformation using MMFF94x
at 20.1737 kcal/mol is shown in Figure 4.4. If s
you don't get this conformation try moving  Figure 4.4. Lowest energy conformation of
some atoms (select the atoms and use Alt- Anatoxin
Shift-drag middle mouse and Alt-drag middle
mouse) and reminimize. Also try changing
the dihedral angle of the side chain (select
two atoms then Alt-left mouse drag).

Problem 4.1 Build the structure for camphor, Figure 4.5. Bute molecule starting with
cyclohexane. Report the final steric energy andvér®us energy contributions. To find if
camphor is highly strained, we need to make acfamparison with an unstrained structure
(consult Molecular Mechanics Tutorial Section 3gci2le which bond is best to break to
generate a comparable unstrained structure, miaithe new molecule, and compare your
results with camphor. Does this comparison conflieexpectation that camphor is a highly
strained molecule? Which term in the force fieldwh the strain best? Make sure to draw your
structure. Then, use a table similar to that irbknm 2.1.
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CH CH
CH

Figure 4.5. (a). Camphor. (b) Structure of camghan molecular mechanics (rotated around
the z-axis by 90from a).

References:

1. Molecule of the Month: Anatoxin, http://www.chm.grc.uk/motm/antx/antx.htm
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Chapter 5. Conformational Preference for Butane

We will determine the conformational prefereacel corresponding equilibrium constant for
butane, which is an important and experimentalli-ateidied system. We will also learn how to

use the Conformational Search application.

First consider ethane. Two possible conformatioinethane are shown in Figure 5.1.

"\‘p/
i/f\ iﬁ>°/£
XN
Eclipsed Staggered
e=0° @=60°

Figure 5.1. Eclipsed and staggered ethane.

The eclipsed conformer is higher in energy
than the staggered form. The increase in
torsional energyof the eclipsed form is
caused by the repulsion of the electrons in the
C-H bonds on different ends of the molecule.
In the staggered form, the bonds are further
apart thus reducing the electron-electron
repulsion between the bonds. A plot of the
dihedral energy of ethane is shown in Figure
5.2. The energy penalty of having eclipsed
rather than staggered bonds is seen to be 2.7
kcal/mol (11.3 kd/mol). The energy curve has
three minima because the three atoms

attached to each end of the molecule are the sEmeeefore, the conformations wigh= 0°,
120°, and 240° are all identical eclipsed conforoms. The conformations with= 60°, 180°,
and 300° are all identical with staggered, low gpeonformations. Locate these energies in

Figure 5.2.

Dihedral Energy (kcal/ mol)

Dihedral Angle

Figure 5.2. Dihedral energy in ethane. In thecstmes all hydrogens are equivalent,
however one particular hydrogen on the front efrtiolecule and one on the back are
shown with a dot so that you can follow the chaingde dihedral angle over a full 360°.
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Figure 5.2 is a plot of the dihedral, or torgibmpotential energy for agthree-fold torsional
barrier. Remember that the full torsional potergiaérgy is given by:

Etor = 1/2 Kor,1 (1 - cosp) +1/2 kor 2 (1 - cos 2p) + 1/2 kor 3( 1 - cos 3p) 1

Butane, Figure 5.3a, will also have a large ternttie one-fold potential. The CHARMmM steric
energy as a function of dihedral angle is showRigure 5.3b.

3
E
g 3
CH3 3
>
H CH3 QE,’
G 27
o
o)
(7] 1 4
H H 0 v T v T v T v T v T v
H 0 60 120 180 240 300 360
Butane Dihedral angle
a b

Fi.gure 5.3. (a.) Butane, in the gauché conformaflonSteric energy for butane.

In butane, the difference in energy betweeratiteand gauche forms is -0.8 kcal/mol. Also
note that the minimum energy dihedral angle is&@%f not the ideal 60°. The equilibrium
constant for the ratio of anti to gauche forms loamstimated from this energy difference. First,
we will assume that there are no significant changeibrations between the two conformers.
The steric energy difference is th&d. RemembeAH = AU + Ang RT, whereAng is the change

in the number of moles of gas. Since we are caiogldghe difference in energy between two
conformers:

butane (gauche) -> butane (anti) 2

Ang = 0. ThereforepAU = AH. Next we need to calculate the change in entfopthe

conformational change. Since there are two equitgauche conformers and only one anti
conformer:

AS (anti-gauche) = R In (1/2) = -1.38 cal/mol K 5576 J/mol K 3
Then AG (anti-gauche) AH - TAS 4
in calories:
AG = -0.8 kcal/mol - (298.2 K)(-1.38x1bkcal/mol K) = -0.39 kcal/mol 5
and in kJ:

AG = -3.35 k/mol - ( 298.2 K)(-5.76xEkJ/mol K ) = -1.63 kd/mol 6
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and the equilibrium constant can be obtained from:

AGP=-RTInK 7
Assuming theAG from molecular mechanics&G® for a 1 bar standard state gives:
__[anti]
K= [gauche] = 1.93 8

In other words, there are two molecules in the-emtiformation for every molecule in the
gauche conformation at 25°C.

The following instructions will show you how tepeat the above calculations for the energy
minimum structures for the anti and gauche formisudéne and also how to generate the energy
plot in Figure 5.3b.

Conformational Preference for Butane

Build butane. Click on the Builder... button. ®&lion the “C” button four times. Close the
Builder. Use the Checklist at the end of Chapterthinimize the molecule using MMFF94x.
Make sure the Solvation option is set to Gas Phésemize with a RMS gradient tolerance of
0.0001 kcal. This conformation should be the aatiformer. Record the force field term
energies and the total steric energy.

To find the energy minimized structure for tlaighe isomer: select the first atom defining the
torsion by clicking on a -CHi carbon. Pick the second atom defining the torbipshift-clicking
on the second -CH carbon atom. Hold down the Alt key and drag tleuse using the left
mouse button. Adjust the molecule to give the gawdnformer. Minimize with a RMS gradient
tolerance of 0.0001 kcal. Remember to click onNlr@mize... button several times to make
sure the structure is completely minimized. Puivddhe Compute menu and choose Potential
Energy. The contributions to the total steric egievdl be listed in the MOE window. Record
these energies and the total steric energy.

Problem 5.1

Record the various contributions to the steric gyer the table below. Calculate the difference
in energy for each contribution in the 4th colunmthe 5th column record which conformer is
favored by each contribution. Finally, from thefeliEnce column, decide which contribution
dominates the conformational preference in buteport the guache dihedral angle.

Contribution anti gauche difference favored
(kcal/mol) (kcal/mol) (kcal/mol) conformer

bond_strenergy

angde energy

torsional energy

Van cer Waals

electrostatic

total
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The Boltzmann Distribution: An Alternative Viewpoin t

The Boltzmann distribution describes the proligdonf occurrence of a structure with energy
Ei:
e-E/RT
probability of occurrence =q
where eEi/RT s called the Boltzmann weighting factor, R is tias constant 8.314 J m#l-1,
T is the temperature in degrees K, and q is theafuitme probabilities over all possible states.
The g term, which is called the partition functigust assures that the probabilities sum to 1.0.
The effect of a temperature increase is to incré@sgrobability of high energy structures. For
example, at a low temperature most molecules wilidund in the lowest energy state, but as the
temperature increases molecules gain energy throolibions and are promoted into higher
energy states, Figure 5.4a. Alternatively, if thmperature is constant, systems with large energy
differences have few molecules in high energy stéigstems with small energy differences
between their levels have many molecules in uppergy states, Figure 5.4b.

9

E E E E
— 0 o——
0| tototo0o— o | —votot— o | tototo0e— (o | —ovooo—
a. b.
low temperature high temperature largergy small energy
difference difference

Figure 5.4 The Boltzmann distribution determires probability of occurrence of a
given energy state of a molecule. a. High tempegatfavor higher energy states. b. Small
energy differences favor higher energy states.

What determines the energy difference between gratates? A good example is the
conformational energy of butane. The differencenergy between the gauche and anti forms is
0.8 kcal/mol. The Boltzmann distribution will tels the relative numbers of molecules in the
anti and in the higher energy gauche states. Anetkeample is the conformational preference of
axial and equatorial methylcyclohexane. The MMHRfistenergy of axial-methylcyclohexane is
1.34 kcal/mol higher than the equatorial isomerg(@ar 2).

If there is more than one structure at a givergy, then we must multiply the probability by
the number of structures at the same energy. Theauof structures at the same energy is
called the degeneracy and is given the symbol gekample, butane has one anti-conformer,
gant=1, and two gauche-conformergagche=2. The Boltzmann distribution with degeneracy is:

g e-Ei/RT

probability of occurrence = q 10

and
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q = Z g e'E|/RT 11
all states

Take butane as an example. The anti-conformerhea®ivest energy, which we can assign as
Eant= 0. Then the gauche-conformer has an eneggydse 0.8 kcal/mol = 3.35 kJ/mol above
the anti-state. Table 5.1 shows how to calculaetiobabilities from Eq. 10 and 11. The
probabilities are in the last column.

Table 5.1. Calculation of the Boltzmann factorsdatuche and anti-conformations of butane at
298.2K.

Conformation| Energy,ikkJ) | Ei/ RT e-E/RT ge -B/RT ge -Ei/RT 4 q
gauche 3.35 1.35 .2589 0.5178 0.3411
anti 0 0 1 1 0.6588
sum=q= 0=1.5178

To calculate g we sum the weighting factors in poilb. Then we use g to calculate the
probabilities in column 6. Notice that if we taketratio of the probabilities of the anti and
gauche states we get the same result as Eq. & ,alubich was calculated from Gibb's Free
Energy:

probability for anti 0.6588 _
probability for gauche = 0.3411 = 1-93 =K 12

The Gibb's Free Energy and Boltzmann approachcquieaent but take slightly different points
of view.

Dihedral Angle Conformation Searches

Pull down the Compute menu, slide right on Medts and choose Dihedral Energy Plot. A
prompt will then appear requesting you to pickfile atom that defines the dihedral. Click on
the fourcarbons in the order they appear in the chainthier words, click on the first GH then
the -CH-, the second -CH, and finally the last Chl A grid scan search will change the
dihedral angle in equal steps. A plot window wppaar. If you want to change the axis ranges or
the grid spacing so that you can zoom in on an@fré@e plot, click on Attributes...and use the
pull down menu to adjust the x and y axes. Thedidleangle in the current structure is marked
with the red line. This type of grid search doesdwa full minimization at each new dihedral
angle, so the other bond lengths and angles akovted to adjust to the new dihedral. Never-
the-less the plot will show you good conformatiomsry with full energy minimization as you
search for the global minimum. If you want to allaviull minimization at each new dihedral
then you should select the four atoms in the déleaitd then type

run '$MOE/sample/dihmplot.svl'
into the white command line at the top of the MOiBdow. For more complex molecules that
have more than one rotatable bond you can usedh@f@nation applications from the Compute
menu.

The Conformations applications work a littlefeiently. They produce a database (group of
files) to hold the lowest energy results from tbaformations search. To do a Systematic Search
with full minimization at each dihedral, pull dowime Compute menu, slide right on
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Conformations and choose Systematic Search. Therie®to find all freely rotatable bonds for
you. In butane there is only one. Double click lo@ line in the text box that reads something like
“1 rot C(5) C(8) 120.” We can now change the Siep:<lick on 20 to set a finer step size.

Remember to set the c:\\Documents and Settingdgdrs\Documents\moefiles directory as
your default directory (or Documents/moefiles on-X)Sotherwise the conformation search file
would be saved in the Program Files directory enGhdrive (PC) or in the Applications folder
(OS-X). In this and all other similar instancesgsie make sure the moefiles directory is the
default directory. Having done so, you can leaweDatabase entry to read “csearch.mdb.”

Click on the check box to “Open Database Viéweéthe end of the run. Also click on Energy
Minimize Resulting Conformations. Set the RMS geadito 0.001 for small molecules like
butane. The other default settings should be ftiek on OK. In short order the database viewer
should appear with the low energy results fromchreformational search. The structures will be
sorted by energy. The lowest energy structurebelloaded into the MOE window. In the MOE
window, press the Minimize button to finish the miezation. The results should be the same as
you got for the trans conformer above.

To see the thumbnail structures better in thialxese viewer, just click in any of the structure
cells and drag the mouse downwards. The middle enbugon can be used to reorient each
structure just as in the main MOE window. The seldomest structure should be a gauche
conformer. Transfer this structure to the main M@Edow by clicking the right mouse button
in the second molecule cell. You should see a pomenu; select Copy to MOE. Next you see a
new dialog box; select the Clear Molecule Dataaptnd then OK. The new molecule should
appear in the MOE main window. Click on Minimizernt@ke sure the molecule is completely
minimized. You should get the same result as yadagydhe gauche conformer, above.

Click the go-away box in the Database viewernwiau are finished.

Please note that for adjusting dihedral angles thighmouse, you select only two atoms. In other
parts of MOE, for example in measuring dihedrallem@nd for Conformational Searches, ygu
need to specify all four atoms of the dihedral.

Problem 5.2

Calculate the equilibrium constant for the antjauche conformers for dichloroethane from
AG. Find the dihedral angla the gauche conformer. Why is this angle diffiefeom butane?
Also, use the Conformational Search applicationgrgtilot.svl, to plot the steric energy as a
function of dihedral angle. A rough sketch will fiw your report or see Chapter 8 for printing.

Contribution anti gauche difference favored
(kcal/mol) (kcal/mol) (kcal/mol) conformer

bond_strenergy

ande energy

torsional energy

Van cer Waals

electrostatic

total

Problem 5.3
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Using the energy difference from Problem 5.%udate the probabilities of occurrence of the
gauche and anti forms for dichloroethane and théibgqum constant

Conformation| Energy,ikkJ) | Ei/ RT e -Ei/RT ge -E/RT ge -Ei/RT q
gauche

anti 0 0 1 1

sum=q= q=

K=

Problem 5.4

The dimer of methylvinylketone is shown in Figurd.5-or this problem we will study just the
axial conformer for the -CO-C4bide chain. An interesting question is which fatthe
carbonyl is more susceptible to nucleophilic atfaskicleophilic attack will be perpendicular to
the trigonal plane of the 3pybridized carbon, Figure 5.4b. According to Craruls, the less
hindered side is likely to be most susceptible. &alre that you build the axi@nformer. To
begin this study we need to know the low energy@momers about the side-chain C-C bond to
the ring. Do a conformational search around thisdbdVhat are the low energy conformers?
Draw these low energy conformers and note thelegtered side. Space filling models will be
helpful in looking at steric influences.

/
CHsj O\d)
HsC 0 — —
© 0
b.

a.

Figure 5.4 (a). Methylvinylketone dimer. The bamith free rotation is marked. (b) Newman
projection. Which side of the carbonyl is attackgdchucleophiles? The favored direction of
attack will change with conformation angle. Onlyegrossible conformation is shown here.
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Chapter 6: MM3

Energy minimization using MOE-MMFF and MM3 are veiynilar. The force fields are a little
different, but the calculations do the same thidige reason for using MM3 is to calculate
enthalpies of formation, which most other molecuf@chanics programs can't do. MM3 also
treats conjugated pi-electron systems better th@ENIMFF. You can't, on the other hand, use
MM3 for large molecules. In this chapter you willculate the enthalpy of formation of
camphor, so do Problem 4.1 first. Please readntineduction Section 2: Enthalpy of Formation.

MM3 Minimization
The easiest way to access MM3 is to use the “MiMBcular Mechanics” applet. This applet
uses the Marvin 3D-Molecular Editor for structuneut. You will find the link for this Web
applet on the PChem home page or:
http://schupflab.labs.keyes.colby.edu/pchemistepmm3/MarvinMM3d.html
The Marvin Editor uses a very simplified molecutechanics method for building 3-D
structures, based on the Dreiding force field, akenapproximate starting structures.

BU|Id|ng Camphor: File Edit View Insert Tools Help
To build camphor, start by clicking on the H C N O F Resct Select frose Paste
cyclohexane ring button and then clickinthe . - + P s a = &% =9 %

molecule window. Next select the single bonC | —a more ™ J LI & I
button,[-]. Drag the single bond for the methy-, : |

group and the ketone, as shown at right. -
Clicking on a bond will change it to a double
bond. Finish by putting in the oxygen. Next
pull down the bond menu and choose the “up
wedge bond,—=. Complete the structure as
shown. Don’t add H’s at this point. Use the R
Help menu for more information.

For complicated structures, it is often begninimize first without hydrogens and then add
H’s and then reminimize. Molecular mechanics miaiation is called “cleaning” in this applet.
Accordingly, pull down the Edit menu and choosea@le 3D > Clean in 3D (using Dreiding
optimization). Inspect the structure for close eatd or unphysical bond angles. You can redraw
the molecule if necessary to get a reasonabletsteiclhen pull down the Edit menu and choose
..H atoms > Add, and then reminimize using Cle&@D>> Clean in 3D. To see the starting 3D-
structure, pull down the View menu and choose (Big+Viewer. Check the structure and then
click the “go-away” box. Set the MM3 input file ophs:

Generate the MM3 input file from the structure editor:
Using Delocalized-pi caleulation: I Using Automatic Type Assignments in MM3: [

Generate Input from Structure Editor | Reset |

There are no delocalized pi-systems in this moteddbrmally we would leave the “Using
Automatic Type Assignments” check box selected fouthis assignment we want to see the
type assignments (they will be reassigned in the3ivbgram in any case). Then click on
Generate Structure from Structure Editor button.

Notice the MM3 input file that was generatedisTihput file highlights the information that is
necessary for a molecular mechanics calculatiost,Fapproximate coordinates are required. If
the input coordinates are too unrealistic, the rapids algorithm will not be able to converge on
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a final low energy structure. The coordinates mted as the decimal numbers in three columns,
X, 'y, and z. The atom symbol is then listed, fokoly the MM3 type. MM3 types are the same
as MM2 types through type 57, see Table 1 in théebMdar Mechanics Tutorial for a listing.
Type assignments are necessary to determine tbe fietd constants. If the type assignment is
incorrect, the calculation will be incorrect. Fool@cular orbital calculations, on the other hand,
only the starting coordinates and the atomic nuraberequired.

To run the MM3 calculation, click on the subimittton. A new window will be opened with
the output from the MM3 run. An example printout égclohexane is shown below.

FI NAL STERI C ENERGY | S 8. 0440 KCAL/ MOL.
COVPRESSI ON 0. 2688 bond stretching
BENDI NG 0.1172 bond bending
BEND- BEND -0.0130 bend-bend interaction
STRETCH BEND 0. 0375 stretch-bend interaction
VANDERWAAL S
1,4 ENERGY 6.1713 {add these two for the
OTHER -0.3178 total Van der Waals
H BONDI NG 0. 0000
Pl - COVPLX 0. 0000
TORSI ONAL 1.7864
TORSI ON- STRETCH - 0. 0063
DI POLE- DI POLE 0. 0000 add these three for the
CHARGE- DI POLE 0. 0000 { total electrostatic
CHARGE- CHARGE 0. 0000 energy

HEAT OF FORMATI ON AND STRAI N ENERGY CALCULATI ONS
(UNI'T = KCAL/ MOLE)

NOVAL (BE) AND STRAI NLESS (SBE) ENTHALPY OF | NCREMENTS
( CONSTANTS AND SUMS OF | NCREMENTS)

BOND OR STRUCTURE NO ----NORMAL- - - - - - STRAI NLESS- -

C- C SP3-SP3 6 2. 4470 14. 6820 3.5060 21. 0360

C-H ALI PHATI C 12 -4.5900 -55. 0800 -4.5900 -55. 0800
BE = -40. 3980 SBE = - 34. 0440

PARTI TI ON FUNCTI ON CONTRI BUTI ON ( PFC)
CONFORMATI ONAL  POPULATI ON | NCREMENT (POP) 0. 00

TORSI ONAL CONTRI BUTI ON ( TOR) 0. 00
TRANSLATI ON/ ROTATI ON TERM ( T/ R) 2. 40
PFC = 2.40
HEAT OF FORMATI ON (HF0) = E + BE + PFC -29.95
STRAI NLESS HEAT OF FORMATI ON FOR SI GVA SYSTEM ( HFS)
HFS = SBE + T/R + ESCF - ECPI -31.64
I NHERENT SI GVA STRAIN (SI) = E + BE - SBE 1.69
SI GVA STRAIN ENERGY (S) = POP + TOR + S 1.69

The different contributions for the energy fofigd are listed. The enthalpy of formation is
listed on the line labeled HEAT OF FORMATION (HFQhe line labeled SIGMA STRAIN
ENERGY is a very useful measure of the total stiraithe molecule.

You can print this information by pulling dowmet File menu and choosing Print. You will
also see your minimized structure in a MarvinViemdaow. You can use all of the normal
display options by clicking right at the lower-righand side of the MarvinView window. The
normal mode frequencies are listed below the epyhail formation calculation section. The
careful statistical thermodynamic analysis of tbhetdbution of the normal modes to the
enthalpy and entropy is included. At the bottonthaf page, the minimized structure is printed in
the form of a new MM3 input file. Check the prograssigned atom types in this file listing.
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Problem 6.1: The Enthalpy of Formation of Camphor

Camphor is an interesting molecule becausesah#any uses and because it is a highly strained
molecule. Because of the rings in the moleculegthee no torsional increments other than for
methyl groups. There is also only one low energyf@anation. As a very rough starting
approximation for the bond enthalpy, calculateghthalpy of formation from bond energies
(Table I in the Introduction to Molecular Mechanarsfrom your General Chemistry or Physical
Chemistry text). Contrast your calculation with tiend enthalpy from your MM3 calculation.
Report your bond energy calculation, using Taldedata from your text, MM3 bond enthalpy,
MM3 steric energy, the strain energy, and the épyhaf formation of camphor.

Compare the calculated result for the enthafggronation with the literature by completing
the following calculations. The enthalpy of comlaistof camphor is -1411.0 kcal/mol. But we
must also add the enthalpy of sublimation sinceMdMi3 calculation is for the gas phase. The
enthalpy of sublimation of camphor is 12.8 kcal/ntsbm the enthalpy of combustion and the
enthalpy of sublimation calculate the enthalpyashfation of gaseous camphor and compare
with the MM3 value. How close are the MM3 and ghage literature value?

Problem 6.2: Comparisons with Literature Values ( or How Good isMM37?)

How well do MM3 enthalpies of formation matctetature values? The monoterpenes are an
important group of natural products, Figure 1. Deiae the enthalpy of formation for each. The
literature values are from Lange's Handbook oiGR€. Remember, you must add in the
enthalpy of vaporization for liquids or the enthafg sublimation for solids, since molecular
mechanics energies are for the gas phase. Thd@ntifavaporization or sublimation values in
kJ/mol are: camphene, 43@®pinene, 45.2B-pinene, 46.4; limonene, 43.@;terpineol, 52.3;
menthol, 56.5 kJ/mol. Even though you’ve been gitenphase transition enthalpies, it is still a
good idea to learn how to find them for yourself.

Enthalpies of Vaporization or Sublimation: The Clausius-Clapeyron equation describes the
change in vapor or sublimation pressure with teicpee:

P, AH (1 1 . AyH
|n31:_ tla (T—Z—T—J or equivalently InP = ]-\tsr-l- + cst (1)

where R, and B are the vapor pressures at temperatufemd T, respectively, andH is the
enthalpy of vaporization or sublimation. Companmith Eqg. 1, if you use the CRC for

enthalpies of vaporization from the vapor pressarses temperature tables, the listed "a"
parameters are equal to the enthalpy of vaporizati&kJ/mol. Remember to change to kcal/mol
(1cal =4.184 J). If you use the sublimation presserses temperature table from the CRC then
the enthalpy of sublimation = 2.303 R B, as ligtethe table caption. If you use R in J/mol K

the result will be in J. If you use R=1.987 cal/iaihe results will be in cal. If the enthalpy of
vaporization isn't available from tables directy. 6.1 shows that a plot of the In (vapor
pressure) versus 1/T gives a straight line witpesld\,H/R. The CRC has tables of vapor
pressure versus temperature for many organic congsou
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CHs

. CH3
a-pinene

CHs

X

H3C CHs

T
Ol

a-terpineol

Figure 1 Some monoterpine natural products.

Report your results in the following table. Therature values are listed in kcal/mol. You can

share data with other students, bug make sure & st twaf the molecules yourself. Label
the two that you didThe Error =A:H (g) —AH MM3. Are there any low frequency vibrations?

Literature (kcal/mol) Calculatgatal/mol)

compouni | AH(l or s) | AHsupjim. AfHo(g) MM3 MM3 AfH° Error
from or steric |bond  \MM3 | (kcall
tables | vaporiz energy |enthalpy mol)

Camphen |-18.22 10.49

a-pinene |-4.04 10.80

B-pinene |-1.84 11.09

limonene |-23.51 10.49

a-terpineol| -85.84 12.50

mentho  |-114.86 | 13.50

Problem 6.3 Torsional Increments to the Enthalpy ofFormation

If there are unconstrained or free bond rotatiore molecule, the MMA:H° should be low. In
this problem we wish to determine if the additidriavsional increments (see Introduction
Section 2) improve the agreement of the calculatddes with literature values. Remember the
torsional increment is estimated as 0.36 kcal/mdl.61 kJ mot for each internal rotation. For
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example, butane, G3-CH,-CH>-CHg3 , has one additional internal rotation other ttr@nmethyl
group rotations; so the torsional increment fombetwould be 0.36 kcal/mol. Complete the
following table (the data is from the CRC"™Bd.):

compoun

Literature

AH'(g)
kcal/mol

Calculate!
AH MM3

A
kcali
mol

torsiona

increment

# free
rotations

total
increment
kcal/mol

Calculate!

AH MM3
+ total
increment

new

kcal/
mol

%
improv-
ment

n-pentan

-35.0(

1-penten

-5.0C

Cis-2-
penten

-6.71

trans-2-
pentene

2-methy-1-
butent

Hints: Try several starting geometries to ensua¢ you have found the lowest energy
conformation.

Conjugated Pi-Electron Systems

o-Terpinene is an important mono-terpene (see Pmobl&). However,
the pi-electrons in the two double bonds are catgdy MM3 in its
simplest form does not do a good job on calculatiminconjugated pi-
electron systems. The MM8H"(g) as calculated in the same fashion
as above is 27.7 kcal/mol whereas the experimgataé is -4.89
kcal/mol. We must account for the extra stabilityree conjugated pi-
system and also the extra barrier to rotation atfembond between the
two double bonds. This extra barrier to rotatioalg caused by
conjugation. MM3 accounts for these factors by damolecular
orbital calculation on the conjugated pi-systemisTholecular orbital
calculation is called a self-consistent-field cédtion, which is
abbreviated SCF. The SCF calculation only covexpttelectrons.

1,3-Butadiene, Figure 3, is a simple conjugaiedem that will serve
as a good first example. The printout from the walion on butadiene
is shown in Figure 3.

The MO orbital diagrams and the energy diagreemat normally part of the printout, but they
are included to help you learn how to interpretrti@ecular orbital portion of the results.
The MO diagrams are only shown for the lowest twimtals,
since only these two are filled with electrons. Tin@ecular
orbital coefficients are listed in columns. At thaettom of eacl
column is the energy of the MO, in kcal/mol. Foaewle, the
coefficients for the lowest energy orbital arepaikitive;
therefore all the p atomic orbitals have their pesilobes in
the same direction. The energy diagram, at rigidws that th
two filled orbitals have significantly lower enertfyan the
empty orbitals. The bond order portion of the muttshows

HsC CHs

o-terpinene
Figure 2.

Figure 3. 1,3-butadiene. (The
atom numbers correspond to
the printout in Figure 4.)
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that the end double bonds have a pi-bond order9@62, which is less than a full double bond.
However, the single bond between the two doublelbdakes on some double bond character,
with a pi-bond order of 0.2576. The bond energghepi-electron system is -118.06 kcal/mol
and the total bond energy, sigma and pi, is -358cal/mol. The final\H° with the pi-
calculation included is calculated to be 25.09 koal. The experimentdiH’ is 26.75 kcal/mol.

Problem 6.4: MM3 Calculations with SCF Pi Calculatons

Calculate the MM3 enthalpy of formation mfterpinene. The MM2H°(g) as calculated
without the SCF molecular orbital calculation is2Kcal/mol; the experimental value is -4.89
kcal/mol (from the CRC).

But adi ene M2 cal cul ation with SCF cal cul ati on E

MLECULAR CRBI TALS 0.0523
0. 4308 0. 5607 07  0.4308 0 0. 0256
0. 5607 0. 4308 08  -0.5607 :
0. 5607 0.4308 08  0.5607
0. 4308 £0. 5607 07  -0.4308 0.
El GENVALUES
-0. 4634 -0. 3854 -0.0256  0.0523 o4 —A-¥--0. 3854

—A—¥—-0. 4634

BOND CRDERS (P) AND RESCNANCE | NTEGRALS (B) FCOR PI - BONDS

- -- NO\PLANAR GEQMETRY- - - ----PLANAR GEOMETRY-----
BOD AW B(W  PB(W P(0) B(0) P<B(0)
1- 2 0.9662 0.9868 0.9534 0.9662 0.9868 0.9534
2- 5 0.2576 0.8032 0.2069 0.2576 0.8032  0.2069
5- 7 0.9662 0.9868 0.9535 0.9662 0.9868 0.9535
BCND ENERGY FROM SCF CALCULATI ON
SI GVA-BOND - 238. 65 Pl-BOND -118. 06 TOTAL ENERGY -356. 71
FINAL STER C ENERGY | S -2.4960 KCAL.
COWPRESSI ON 0. 0466
BENDI NG 0.1723
STRETCH BEND 0. 0113
VANDERWAAL S
1,4 ENERGY 1.5450
OTHER -0.0312
TORSI ONAL -4. 2400

CHARCGE- Dl PQLE 0. 0000

HEAT OF FCRVATI CN AND STRAI N ENERGY CALCULATI ONS ( KCAL/ MOLE)
BOND ENTHALPY (BE) AND STRAI NLESS BOND ENTHALPY (SBE) CONSTANTS AND SUMB

# BOND CR STRUCTURE --- NORVAL --- - - STRAI NLESS- -
6 GCHOGEFINC -3.205 -19.23 -3.125 -18.75
3 GCC DELOCALI ZED 152.750 458. 25 152.850 458.55
2 SECG DELCCALI ZED -28.540 -57.08 -29.167 -58.33

BE = 381.94 SBE = 381.47

PARTI TI ON FUNCTI ON GONTRI BUTI ON ( PFC)
TRANSLATI QV ROTATI ON TERM ( T/ R) PFC = 2.40

STER C ENERGY (B) -2.50
S| GQVA- STRETCH NG ( ECPI ) 0.04
CORRECTED STER C ENERGY (EC) = E- ECPI -2.54
ENERGY FROM PLANAR SCF CALCULATI CN  ( ESCF) -356. 71
HEAT CF FORMATI ON = EC + BE + PFC + ESCF 25. 09
STRAI NLESS HEAT OF FCRVATI ON FCR S| GMA SYSTEM ( HFS)

HFS = SBE + T/R + ESCF - ECPI 27.11
I NHERENT SI GQVA STRAIN (SI) = E + BE - SBE -2.02
SI GQVA STRAIN ENERGY (S) = PCP + TCR + SI -2.02

Figure 4: The MMS printout for 1,3-butadiene. Tlacalation is done with the SCF pi-
molecular orbital calculation.
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Chapter 7: Comparing Structures

Changes in a molecule's structure not only atfezlocal environment, but also can have
affects on the structure many bonds away. In #tsien you will compare the structures of
axial- and equatorial- methylcyclohexane from Chepll and 2. The "Interactive Superpose”
application is used to produce an overlaid viewheftwo structures. Pull down the Fiteenu
and choose "Open..." If you did not previouslytbetcurrent working directory, use the pull
down menu at the right of the file name dialog bmxhoose the “c:\Documents and Settings\All
Users\Documents\moefiles” directory (or Documentsfites/ on OS-X). Click on
amecyc6.moe, and then click on "Open MOE file."l Balvn Render and choose Ball and Stick.
Now repeat the Open file process with emecyc6.rRotate the two molecules so that the
hexane ring is in the plane of the screen. We needrio move one of the molecules to the right
so they are no longer overlapped. Click on an aforselect the rest of the atoms in the same
molecule, pull down the Selection menu, slide rightExtend, and choose Molecule. All the
atoms in one of the molecules should now be sale@While holding down the Alt and Shift
keys drag the mouse using the middle mouse buttsepgarate the two molecules. Move the
molecule far enough that the C atoms in the twaoecudes don't overlap. To make the two
molecules easier to tell apart, pull down the Remngenu, slide right on Color, slide right on
Basic, and choose the color of your choice. Pulrdthe Edit menu and choose Interactive
Superpose. The command line will be replaced vighSuperposition prompt. To rotate the
selected molecule, hold down the ALT key and dheggnhouse using the middle mouse button.
We must now choose atom pairs that we wish to smpese in the two isomers. Click on
carbon 1 (Figure 1.1 and 2.1) in each isomer. Glickhe Set “2” button in the Superpose button
group as shown below:

Superpose Molecules: Set: | 1 | 2 3 | 4 | 5 | & | 7 | g | 9 |1III| Superpuselli @it on Superpose

Now click on carbon 2 in each structure (carbas the secondary ring carbon adjacent to the
tertiary carbon). You can reorient the moleculeamtime using the center mouse button as
before. Click on the Set “3” button in the Supemgpbstton group. Click on carbon 6 in each
structure (carbon 6 is the other secondary carb@cant to the tertiary carbon). You should
now have three sets of equivalent atoms. The Saoperputton should now be active; click it.

The application will do a rigid body fit. No ditiral angles are changed, the algorithm simply
does a least squares fit by adjusting the posdfdhe center of mass and orientation of the
molecules.

Notice first that the C-C bond to the methylesiot align with the C-H bond from the other
isomer on the same tertiary carbon. The methylgg@re bent away from their respective ring to
minimize repulsions. These bond angle changesaet differences. Also notice that the
secondary carbon on the opposite side of the ciadpon 4, and its attached hydrogen don't align.
In other words, local changes can have an effeayrhands away. This may be caused by ring
strain or through-space Van der Waals interactidiso notice that in the axial conformer that
the H’s on the methyl face of the ring are pushedyefrom the methyl group by Van der Waals
repulsions.

Problem 7: tert-butylcyclohexane
Compare axial and equatorial tert-butylcyclolmexaNhich conformer is more stable this time?
Is the ring more or less distorted than in the yleyiclohexane case?
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Chapter 8: Printing Structures and Graphics

In the PC and OS-X versions of MOE you can’bpdirectly from MOE, however it is still
easy to print structures. You can print anythireg ik on the current screen, text and
graphics.

Structures on PC Systems:

1.

From the MOE window, pull down the File menu andate Save Image... Change to the
“c:\Documents and Settings\All Users\Documents\nhe&f directory if it is not the current
working directory (position the cursor over thelPeld in the Save MOE panel and press
the right mouse button). In the file name dialog,ltype “moe.bmp” or whatever file name
you like with a .bmp extension. Press OK.

Start up the Paint program (click on the Start mé&ragrams, Accessories, and then Paint).
In the Paint application open your .bmp file. Yancut and paste this image into Word or
PowerPoint. You can also print this image immedjateowever, to save ink you might try:
To save ink on color printers it is best to prim structure with a white background. To do
this first select any text on the screen (suchnasgy listings) using the rectangle selection
tool. Pull down the Image menu and choose InvelbiGoThe text should now be black with
a white background.

In the lower left-hand corner change the foregrocmidr to white by clicking on the top
color square (which starts out set to black) ama ttlicking on the white square in the color
palette. Then select the fill tool, and click oe thackground in the image.

You can move things around and add annotations, etc

Change the Image Background Color in MOE:

Pull down the Render menu and choose Set Up...

The Color: pull down menu should read Backgrouwge tin 255 for each of the R, G, and B
entries. Click Apply

Pull down the Color: menu and choose text. Typ@ fior each of the R, G, and B entries.
Click Apply.

Click Close.

Please do not change the defaults. Many peopléhase systems, so we need to show
courtesy to our fellow chemists and leave the systim a reliable state.

Printing Plots from MOE on a PC

Use the Start menu to run the Paint program. Magevindow that you want to print the active
window. Press Alt-Print Screen. Switch to the Panaigram, pull down the Edit menu and
choose Paste. For scatter plots, the backgroumdbevblack. To switch to a white background,
pull down the Image menu ancd choose Invert Cofenisit the graphics from the Paint program
as you would normally.
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Chapter 9: Conformational Preference of Small Pepties

The purpose of this lab is to determine the lowestrgy conformation of alanylalanine and to
compare this to the value found in the alpha heligroteins. In particular, we wish to ask if the
alpha-helix is the lowest energy conformation & blackbone, or is it a higher energy
conformation that must be stabilized by hydrogendomteractions in large systems? The
backbone angles are defined in the Figure §.1s defined by the N-C-C-N dihedral apds
defined by the carbonyl carbons in the dihedral-C{N)-C. The normal values in the alpha
helix in a protein ar@ =-47°and@=-57°. The structure of alanylalanine with thebcaayl
terminus converted to a methylamide is shown iufe@.1. The N-terminus is shown in its non-
ionized form. At neutral pH the N-terminus woulddeNHz*. However, in our current work the
attraction of the charged end-group for the carborygens would dominate the conformation.
Since we want to study the conformational prefezasfche backbone, we will build the non-
ionized form to avoid the charged end-group atimactwhich does not play an important role in
large proteins.

We also wish to include Born solvation so thataan generate the conformational preference
in the aqueous, rather than gas, phase. Usingtangam solvation treatment won't greatly
increase the calculation times. Using a solvatieattnent will also decrease the importance of
hydrogen-bonding between the terminal -Nifd the carbonyl oxygens. This hydrogen-bonding
pattern is not important in the bulk of a proteirusture.

7R

Figure 9.1. The backbone dihedrl':tl angles]n aléanyiae. The peptide is shown in the @lns
conformation.

Procedure

First we need to set the force field type. ollvn the Window menu and choose Potential
Setup. Pull down the Load... menu and choose AMBERT®%: AMBER force field was
specifically designed for proteins. Peter Kollmagrsup in the Department of Biochemistry and
Molecular Biology at UCSFdeveloped the force field, which is why the fofiedd file is named
koll94.ff. Make sure that the Born solvation optisrchosen as shown below:
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| Forcefield Parameters| Restraints | ‘Wall |

Loadl... ¥ |AHBER94 |d:fmoeflihfk01194_ff

Parsmeterized for proteins and nucleic acids; not
suitakle for small molecules. Partial charges are
dictionary based; non-dictionary charges are set
to Gasteiger charges. Compatible with BESP and
AM1-BCC charges. Polar hydrogens hawve zero radii.

[4] [v]

Enable: |7 Bonded F van der Wazls |7 Electrostatics |7 Restraints

Ctrtnff:FEnahle Solvation: Born ¥| ScaleLike: 1
on: Eil Diglectric: | 1 Unlike: | o
Off: | 10 Exteriar: |20 Wil | 1

Next we need to build the dipeptide. Pull dowa Editmenu, slide right on Build, and choose
"Protein". Make sure the “extended” button is stldcso that our structure will be built in the
all trans conformation. Click on "ALA" twice and Amidate @+m. Then click on Close. The
peptide is built in the default "zwitter-ion" forrhich we must now change. Click on the
Builder... button. Select the NfHterminal N atom. In the upper right of the Builgiamnel click
on the “0” charge button. An H atom should be reetbfrom the N-terminus of your dipeptide.
Close the Builder... Assign the atom charges by pgldown the Compute menu and choosing
Partial Charges... The default “Current Forcefhdrges” setting should be used. Click on OK.
Check the charges that have been assigned toaims &ty clicking on the Atoms button at the
bottom- right of the MOE window and choosing Lal@&harge. The N-terminus N atom should
have a small positive charge. Note the other clsatge. Remove the labels by clicking on the
Atoms button again and choosing Label: Charge. Mewvill check to see if the minimized
structure changes much from this idealized 2180B( initial structure.

Use the Check list at the end of Chapt. 1 tammize the molecule, using the Amber force field
with solvation. Make sure to save your structuse the moefiles/smallmolecules directory.
What energy did you get? Use the following instiares to find the backbone dihedral angles.

To find the dihedral angles, first click on th\deasure™ button at the right of the MOE
window. Pull down the Measure menu in the uppérdeti choose Dihedrals. Now whenever
you click on four atoms in a row, the dihedral @&gill be displayed. Make sure that you click
on the four atoms in the order in which they anengted. To select thigdihedral, start from
the N-terminus and click on the backbone atomsC-B-N in turn. To select thgdihedral, start
with the carbonyl-carbon on the N-terminus end, teth select the backbone atoms: NrES(
C(carboxyl) in turn. Compare these values to tdeal" alpha helix values. Leave these dihedral
monitors on. To quit the dihedral measurement nprdss the “Esc” key repeatedly until the
white command line reappears.

What hydrogen bonding exists for this conforima® Pull down the Render menu, slide right
on Draw, and choose "Hydrogen bondsydti find any hydrogen bonds, how do these hydrogen
bonds stabilize the conformation? Are the hydragemds that form similar to those in an alpha
helix? (A file is available with 10 alanines inight-handed helix, AAAAAAAAAA.mMoe, SO
you can compare to a regular helix. Alternately gan build a short alanine polypeptide in the
Protein builder to see what the normal hydrogerdbanpattern looks like. Just make sure the
peptide is at least ten ALA's long, and choosé'lttedix" secondary conformation option.)
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Problem 9.1
Adjust the torsional angles in your dipeptidgiee g =-60° andg=-6C°. To accomplish this

do the following. Pick the first atom defining tlpetorsion by clicking on the @(- carbon at the
N-terminus end. Pick the second atom defining dingi@n by Shift-clicking on the adjacent
carbonyl-carbon atom. Hold down the “Alt” or “Comnt key and drag the mouse using the
left mouse button to change the dihedral anglet Kepeat the above procedure for ghengle,
which should be set to -60Then click on Minimize button until the energymsnimized.

(a) Measure the new dihedral angles and recordribegy.

(b) Which conformation is lowest in energy, the mmized structure starting from the all-

trans conformation or this new one minimized startingnfinp = -60° andg = -60°?

(c) Compare your results to the Ramachandran plifte textbook Figure 8.7.11 or Atkins,

section 22.3What regions of the Ramachandran plot correspoyduotwo structures?

(d) Are either of the structures stabilized by log#m bonds (they wouldn’t be in an alpha

helix)?

(e) Based on your results, is the alpha-helix $tacture the lowest energy conformation of

the backbone, or is it a higher energy conformatian must be stabilized by hydrogen bond

interactions in large systems?

Please note that for adjusting dihedral angles thighmouse, you select only twjo
atoms. In other parts of MOE, for example in measudihedral angles and for
Conformational Searches, you need to specify all &loms of the dihedral.

References:
1. www.amber.ucsf.edu/amber/amber.html

2. P.W. Atkins, J. de Paula, "Physical ChemistfyEd.," W. H. Freeman, New York, NY, 2002.
Section 22.3.
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Chapter 10: Dynamics in Small Peptides.

Purpose: The purpose of the chapter is to use moleculaamhyes to find low energy
conformations for the alanylalanine dipeptide. Tdhapter is a continuation of Chapter 9.

Introduction

Molecular dynamics is useful for visualizing thetions of macromolecules. Motional
flexibility of enzymes plays a role in binding inéetions and in catalytic events. In this Chapter
we will study the alanylalanine dipeptide, whichuytauilt in Chapter 9. We choose such a small
system so that the calculations will run quicklywever, the same procedures are used routinely
for large enzymes and oligonucleotides. Molecuiaragnics is also a good way to find low
energy conformations. Often, energy minimizatiormal catches the molecule in conformations
that are not the lowest energy conformation. Mdicdynamics helps the molecule explore
other conformations that may be lower in energye ke home message from dynamics
simulations is that there is more motion than weeex from viewing static textbook models.
The motion of molecules is exceedingly importand@termining the energetics and the course
of chemical reactions.

Molecular mechanics minimization correspondghtstructure the molecule would have at
zero degrees K. Careful dynamics calculations inBVi@e done in three steps. We first do a
"heating" segment to warm the molecule to the amésmperature. Then an " equilibration”
period is used to equilibrate the molecule at th@sen temperature to ensure that all the degrees
of freedom are at the same temperature. Next, wae"donulation” segment that generates the
trajectory of the molecule at the chosen tempeegafline "equilibrium” run is used to answer
guestions about the motion of the molecule. Finall{cooling" segment is run to return the
molecule to a low temperature. The cooling segrigensed for "simulated annealing.” If the
final temperature in the "cooling” segment is ~Qh&n the final structure after the dynamics run
will be comparable to a straight molecular mecha&niinimization, however, hopefully in a very
different conformation than the starting conforroati

In this exercise we will first do a “quick andtgl” dynamics run to familiarize you with the
MOE interface for quick dynamics based conformatiearches. Then we will do a careful
dynamics based simulated annealing study with &rfigaquilibration, simulation, and cooling
period.

Procedure:

To begin, complete Chapter 9. We will see if @wolar dynamics is successful in finding the
lowest energy conformation of the dipeptide. Miramthe structure from Chapter 9. Make sure
that hydrogen bonds are showing (Pull down the Rentenu, slide right on Draw, and make
sure Hydrogen Bonds is checked). Remove any dihedgée monitors, if present. If the
Commands window is not showing, pull down the Windoenu and choose Commands.

Quick and Dirty Conformation Search Using Molecular Dynamics

Pull down the Compute menu, slide right on Satiahs, and choose Dynamics. Set the time
step to 0.0005 psec, which is 0.5x88ec or 0.5 femtosecond!

In this and all other similar instances pleasd&ensure the current working directory is the
“moefiles” directory on your system. The outputatsse will then be stored in the proper
directory. The NVT button should be selected givendynamics run at constantiidber of
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molecules, constantdfume, and constantemperature. Change the Duration to 20 ps. Make
sure the Open Database Viewer checkbox is selected.

Database: | dynamics.mdb Browse...
Resume Simulation |m Open Database Viewer

Save: Position Velocity Acceleration Every: 0.5 T ps
Ensemble: NVE | NVT NPT | NPH Algorithm: | NPA NHA | BER

T0: | 300 v T: | 300 P: | 101
Heat (ps): 0 v Run: | 20 Y Cool: | 0 v

Constrain: LightBonds v| Water: Rigid v Tol: |1e-12 A
Time Step: 0.0005 v QT: (0.2 v QP: |5

Setting the Constrain: Light Bonds allows a lary@e step to be used than would be used
normally (for large molecules the time step coutdsbt at 0.001 or 0.002 psec). Using these
constraints the program holds the bond lengths &barhs fixed. This option is called the
"Shake" option in other programs. The "Shake" aptibould only be used in conformational
studies and not for simulations that are desigonegie thermodynamic parameters. At least a
100 psec duration is necessary to explore a sigmifiportion of the "conformational space” of
the molecule. In other words, trajectories reqaitet of time to sample a wide range of
conformational angles. However, for our purposeasiim exercise 20 ps will be sufficient. Click
on “OK.” The structures are displayed as they amegated. During the run the Data Base
Viewer will be opened.

The last structure in the trajectory is autooaly loaded into the MOE window. Minimize
this structure to see if you get a lower energy ty@u have obtained before. You can also sort
the structures by energy: click on the “U” headmghe database table and then click right.
Choose Sort Ascending. The structures are theadsbst energy. You can then load a few of the
low energy structures into the MOE window and mizirto look for other low energy
conformers. Close the Database Viewer window.

In general there is no reason to restrict thrukation to 300K. Often in dynamics studies
temperatures as high as 900 K are common. Iténafecessary to use temperatures in the 500-
900K range to find new interesting conformers foia molecules.

Careful Conformational Study.

For the careful dynamics study, we will runaectory with a heating period of 50 ps to a
temperature of 500 K, a 100 ps combined equilibrasind simulation section at 500K, followed
by a 20 ps cooling period. The cooling period wilbvide the “simulated annealing” result as the
last structure in the trajectory. Again, pull dotlve Compute menu, slide right on Simulations,
and choose Dynamics. Enter the parameters as dheiow.

Database: | dynamics.mdb Browse...
Resume Simulation /® Open Database Viewer

Save: | Pasition | Velocity | Acceleration Every: |0.5 Y ps
Ensemble: | NVE | NWT NPT | NPH Algorithm: | NPA NHA BER

TO: |0 v T: | 500 P:|101
Heat (ps): | 50 ¥ Run: | 100 ¥  Cool: |20 v

Constrain: Light Bonds v Water: Rigid v Tol: | le-12 v
Time Step: |0.0005 ¥ Qm: 0.2 v QP: |5
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Run the trajectory as before. Overwrite the presitdynamics.mdb” file. (If you get an error
message about the time step being too large @ttheture too strained, see Note 1 at the end of
this section.)

When the dynamics run is complete a structuliebeiloaded into the MOE window. This
structure is the result of the simulated anneaegment. Minimize this structure. Record the
energy and the dihedrals. Is this structure simddahe results from Chapter 9?

To follow the temperature during the run, in Detabase Viewer, pull down the Display menu
and choose Plot. A new plot panel will appearhiplot window pull down the Plot Field menu
and choose T. A plot of the temperature will nowegr. Note the heating and cooling segments.
Click on (or drag the mouse around) one of the gyatbols about one-third of the way through
the 500K constant temperature segment. This ptabsywill be circled and the corresponding
row in the database will be selected. Scroll thhiulge database to note the entry number for
your selected point (Which should be around 140-d:8§b). We will assign this data point as the
end of the equilibration segment.

We now need to remove the structures from tladinge and equilibration segments from the
database. Click on the first row ID number at dueléft of the database display. Then scroll
down to your datapoint that corresponds to thedartle equilibration segment and shift click.
The first though about 140 to 180 rows should nevhighlighted. Pull down the Edit menu,
slide right on Delete, and choose Selected Entviesfy that you want to delete the first 170 (or
so ) entries. Now do the same deletion steps ctioling period, that is for temperatures
significantly less than 500K -- the last 15 psesarClear the molecule in the main MOE
window by clicking on Close at the right-side o ttMOE window.

Now we want to see the simulation trajectonieshe Database Viewer, pull down the File
menu in the Database Viewer and choose “BrowselidriBrowser” tool, drag the Animation
dial to the right. The trajectory will cycle thraugll the time steps and then repeat. If needed
click on the View button in the main MOE windowdenter the molecule on the screen. To
increase the speed of the animation, drag thdudidler to the right. Click on “Close.” Send the
first molecule in the database to the MOE windowrtepare for the next step: right click on the
first molecule in the Database Viewer and choosel$e MOE. Select Clear System before
loading data.

Next we want to get thg—@ plot for the trajectory. The purpose of this pito determine the
range of dihedral angles that were sampled inrdjedtory. If a wide range was sampled, we can
have some confidence that we have a good charfoelofg the global minimum. If the range of
sampled dihedral angles is small, we should reddr#djectory for a longer time or at a higher
temperature. To generate theg plot, in the Database Viewer, pull down the Corepuenu,
slide right on Molecule, and choose Conformatiomi@etry. In the main MOE window, trace
out atoms in the dihedral as you did before. The atom labels N-GAF€hould be entered for
you in the Dihedral Field in the Conformation Gedmnes dialog box. Click on Measure. The
program will enter the value for this dihedral &ach molecule in the Database in a new column.
Now trace out the atoms in tpadihedral. The atom labels C-N-CA-C should be esttdor you
in the Dihedral Field. Click on Measure to entexsh dihedral measurements in the Database.
Close the Conformation Geometry Dialog box. Now golvn the Compute menu, slide right on
Analysis and choose Correlation Plot. Click onKa€A-C-N column heading in the database to
specify the x-axis variable, and the C-N-CA-C coluheading to specify the y-axis variable.

The - correlation plot will appear. Click on AttributesRull down the top menu and choose
Series Attributes. Choose Solid for the Line St@kck Close. From the plot decide if the
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trajectory has sampled conformations that are Bogmtly different from the conformations
studied in Chapter 9. Close the Correlation plot.

Check for low energy structures during the dyiearmun by right clicking in the U column
heading. In the pop-up menu choose Sort Ascendimg structures should then be sorted by
energy. Transfer the lowest energy structure torthin MOE window by clicking the right
mouse button in the first molecule cell. You shosg@ a pop-up menu; select Send to MOE.
Next you see a new dialog box; select the Cleatre8ydefore loading data option and then OK.
The new molecule should appear in the MOE main aindClick on Minimize several times to
make sure the molecule is completely minimized.drRéthel andg angles and the final energy.

Problem 10.1

Does the dynamics trajectory find any new camfations that are significantly different from
those you have already found in Chapter 9? Do gdyolgen bonds form to stabilize the
structure? In the alpha-helix there would not bgsarch hydrogen-bonds, since the hydrogen
bonds in the alpha-helix are between amino acidsr&sidues apart along the backbone. If there
are any hydrogen-bonds, are these hydrogen bofidsedt than in Chapter 9 (if any)? Is there
more or less motion than you expected? Comparerteggy of the minimized structure from the
end of the dynamics simulation and the minimizesddst-energy structure with the structures
that you obtained by minimizing starting from tinéial ¢ ~ -6C°, ¢~ -60° and ~180, ~180
structures from Chapter 9.

Note:

1. To help set up the careful dynamics study, weuse a macro-function, an “svl”, to set the
parameters for us. Pull down the File menu, ch@ysen... and click on the “md_heatcool.svl”
entry in the file list. Then click on Run SVL buttoThe svl macro will run a trajectory with a
heating period of 50 ps to a temperature of 500Hén a 100 ps combined equilibration and
simulation section at 500 K, followed by a 20 pslow period.
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Chapter 11: Solvation andB-Cyclodextrin

Forsmall gas-phase molecules, advanced moleculaabthéory is more accurate and more
useful than molecular mechanics. However, moleculdseven as few as 20 atoms require
large amounts of computer time for molecular otlugdculations. For large molecules or small
molecules in a solvent, molecular mechanics ikte#l only practical computational technique.
The real power of molecular mechanics calculatienis the ability to handle explicit solvent
molecules. The conformation of a molecule can désdrongly on the presence of solvent. In
addition, studies of molecular recognition and bigdequire careful consideration of solvent
effects. In this chapter we study the interactibwater with the cyclic saccharide hot,
cyclodextrin, CD.

Cyclodextrins are often used as active siteagysafor enzymeés Cyclodextrins are used to aid
the absorption of drugs in the body. Other usesyolodextrins include the petroleum industry
for separating aromatic hydrocarbons and in agtceito reduce volatility of insecticides.
Cyclodextrins are natural products produced bydsactrom starch. CD is made from seven
D(+)-glucopyranose units linked through(1->4) glycosidic bonds Figurel.

OH

OH
OH
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HO

Q

HO HO
OH
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Figure 1.3-cyclodextrin (cycloheptaamylose).

When dissolved in water, water molecules will fiile cavity of the host. Then when a guest
interacts with the cavity of the host, water molesware displaced. The binding affinity depends
on the interactions of guest with the host anddifference in the interactions of bound water
and water with the bulk solvent. The cavity of og#xtrin holds around 11 water molecules.
Most or all of these are excluded from the cavpgm binding with a guest. This process is
called desolvation:

host11 H,O - host(g) + 11 KO (bulk)
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In addition, the guest interacts with water befotends to the host, and these waters also must
be released to the bulk of the waters in solufidre number of interacting waters is difficult to
predict, so lets call the number y:

guesty H,O - guest(g) +y HO (bulk)

The change in Gibbs Free energy in this procesies unfavorable and is called the
"desolvation" penalty. The net process is then:

host11 HO + guesty H,O — hostguest + 11 KO (bulk) + y HO (bulk)

In summary, solvation plays a very important rolenolecular binding. In this chapter we will
minimize 3-cyclodextrin in aqueous solution and in vacuurdetermine the number of waters
in the cavity and any changes that occur upon sohaesolvation.

When using explicit solvation it is best to g&ziodic boundary conditions. In this way we
don't have to worry about what happens at the sitidee box of waters. Mirror images of the
box will be stacked next to each other in all di@ts so that there are no surfaces to the
solution. Periodic boundary conditions eliminaty aanrface tension effects.

Procedure:

Solvate-Cyclodextrin: The[-cyclodextrin file is in the “c:\Documents and Sags\All
Users\Documents\moefiles\Gh” directory on the P@ ‘@ocuments/moefiles/Gh" directory on
OS-X and is called beta-cyclodextrin.moe. Openfitesusing the "File" menu and "Open."
Please rename this structure so that the origieakfnot changed by pulling down the "File"
menu and choosing "Save...," switch to the “moefdeslimolecules” directory, and give a new
name in the file name dialog.

To add solvent, pull down the Edit menu and sledduild and slide right on Water Soak.
Make sure the Soak Atoms Solute:All setting isel@. Click on the Box button to generate a
cubic box of waters around your molecule. Changebthx sizes to 17 A on each side. To size
the box to get complete layers of water click om Adjust Box Size button. The box sides will
be changed to 18.7 A. Click on the Update PeriBaix checkbox to transfer the box sizes to the
Crystal Parameters Dialog (which you will open peglick OK. Pull down the Window menu
and choose Crystal Parameters... The box dimensiangdsbe entered for you as set in the
Water Soak dialog. Check the Enable Periodic Systeeckbox to enable periodic boundary
conditions in the energy minimization. Click on Okhe aquated structure now needs to be
minimized. Use the Check List at the end of Chapttr set up the forcefield. Since we are using
explicit solvent molecules, use MMFF94x with the\&tion option selected as Gas Phase as
usual. Minimize the molecule using the default Geatlof 0.05 and Hamiltonian option set to
Forcefield. Pull down the File menu and Save ydianges to the same file name. (Alternately,
instead of doing a minimization, if time is shooty instructor may allow you to open a pre-
minimized structure: bcyclodexag.moe and you cam tekthe next paragraph).

How Many Waters Are In the Cavity?

Count the number of waters in the cavity. Thimiost easily done by adjusting the clipping
plane, or using Atom Selector tools to select vgitethe cavity as described below. These steps
can be done while the minimization is finishing.
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Clipping . First make sure the system is centered in th&M@dow by clicking on the View
button. Then Zoom the window until the cyclodex@imost fills the full window (Use the Zoom
dial or Ctrl-middle mouse button). To help you s@ags better, try reducing the clipping plane
to avoid displaying water molecules that are infdreground and background. To reduce the
clipping plane first click on the ZClip button &gt very bottom-right. The Front setting
determines where the clipping planes begins, irZtdeection. Pull the Z-Clip: Front slider into
the middle of the range. Then pull the Width slidenost all the way to the bottom until as few
as possible water molecules are displayed withoybathe cyclodextrin atoms disappearing.
You may need to reorient the cyclodextrin if thegris tilted away from the plane of the window.
To get an idea of the dense nature of solutionglamdlose interactions of the solvent with the
solute make sure no atoms are selected, thenarithe Atoms button and choose the space
filling display, [a0]. To reset the clipping planes to their defaultatises, just return the Front

slider all the way to the bottom and the Width etidll the way to the top. Use the Atom button
to return to Line rendering mode.

Atom Selector Tools: Rotate the cyclodextrin to locate a water moletiie is in the center of
the cavity. Click on that water molecule. Pull dotlie Selection menu and choose Atom
Selector... Type in 5.5 for the Radius, which istéelilarger than half the diameter of the ring.
The units are A. Click Proximity. To make sure tiviible molecules are selected click on the
Molecule button in the Extend button group. Sevesatiers should now be colored pink,
showing that they are selected along with the deltrin. These waters should fill the
cyclodextrin cavity. If things didn’t go well, yatan always click on the black background, and
try again. When you have waters in the cavity setégull down the Render menu and slide
right on Hide and choose All. Now pull down the Benmenu, slide right on Show and choose
Selected. Only the selected molecules should nogidpgayed on the screen. Click on the black
background to remove the current selections. Qlesé\tom Selection window. Now only the
waters in the cyclodextrin cavity should be visilfl®unt the displayed water molecules. Rotate
the cyclodextrin and check to see if all the digpthwaters are actually in the cavity; if they are
not in the cavity don’t include them in the sum.uY@an repeat the Proximity selection process
again if the displayed waters are not well centématie cavity. To get an idea of the dense
nature of solutions and the close interactionfiefsolvent with the solute make sure no atoms
are selected, then click on the Atoms button amibsé the space filling displayo]. To finish,

click on the Atoms button and choose the Line rendanode. Then pull down the Render
menu, slide right on Show and choose All.

Isthe Diameter the Same in Solution and in the Gas Phase?
To make the distance measurements easier wstaiitlby deleting the water molecules.

Delete the Solvent MoleculesTo remove the solvent from the actively displagsalecule on
the screen, click on one of the water molecule8.ddwn the Selection menu, slide right on
Extend, and choose Chain. Click on the Delete hudtdhe right of the MOE window. In the
Delete Atoms dialog box both options should bedeteand then click OK.

Measure the diameter of the top of the cyclogexavity, using the Measure button with the
"Distances..." mode. Make sure to select H atomspbat in towards the cavity. See Chapter 3
for instructions. Choose three H to H atom distarared average your values. Now Minimize the
molecule without solvent. Record the same diametedsaverage your values. To exit the
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measurement mode, press the Esc key until the whitenand prompt box returns (just below
the menu bar).

Problem 11.1:Report the number of water molecules in the cailgport the change in the
average diameter of the cyclodextrin cavity. Alspart the change in average diameter as a
percentage, i.e. give a statement like “the caliyneter enlarged by ~X% with waters present”
or “the cavity diameter decreased by ~X% with wamesent.”

Literature Cited

(1) Furuki, T.; Hosokawa, F.; Sakurai, M.; Inole, and ChQjo, RJ. Am. Chem. Soc. 1993
115, 2903-2911.
(2) Diaz, D.; Vargas-Baca, |.; and Garcia-Mora,JJJChem. Ed. , 1994 71, 708.
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Chapter 12: Docking: B-Cyclodextrin and 3-Naphthol

In Chapter 11 we discussed some of the influentésecsolvent on guest-host binding. In this
chapter we will focus on the interactions of thegftand host. We want to find the conformation
and energies of the interaction of the guest astl ReCyclodextrin and3-naphthol form a
guest-host complex.

B-Cyclodextrin has a hydrophobic binding pocket atH
groups at both rims of the binding pock&tNaphthol, Figure
1, is expected to bind to CD because it has a ipydroic group
that fits into the cyclodextrin cavity, while theHyroup
participates in hydrogen bonds with the sugar Qdtigs. The .
reaction stoichiometry is 1:1. Figure 1.8-Naphthol

We will use the docking features of MOE to potdne conformation of the complex. Docking
monitors the Van der Waals and hydrogen bondirgyaations of the guest and host as you

change the position and orientation of the gueitencavity of the host. We will then do a full
molecular mechanics minimization to estimate tmelinig energy for the guest-host interaction.

OH

Procedure:

1. B-Cyclodextrin: The-cyclodextrin(aq) file is in the “c:\\Documents agdttings\All
Users\Documents\moefiles\Gh” directory on the P@ ‘@ocuments/moefiles/Gh" directory on
OS-X and is called “beta-cyclodextrin.moe.” Opeis file using the "File" menu and "Open."

2. B-Naphthol: The-Naphthol file is also in the “c:\Documents andtibgs\All
Users\Documents\Gh” directory on the PC and "Doausimoefiles/Gh" directory on OS-X and
is called b-naphthol.moe. Open this file using'fhiée" menu and "Open." Please rename this
resulting combination structure so that the origfib@is not changed by pulling down the "File"
menu and choosing "Save...," switch to the smallmadé=cdirectory, and give a new name in
the file name dialog.

3. Pull down the Window menu and select Potentaili and change the Solvation option to
Born. The Born option uses a continuum solvatiomehdo approximate solute solvent
interactions. The Born approach is much faster tlsmg explicit solvation. Make sure that the
GizMOE energy is being displayed on the screerck@in an atom if3-naphthol. Pull down the
Selection menu, slide right on Extend, and choostedlile. Move the guest around in the host
cavity by holding down the Alt and Shift keys whdeagging with the middle mouse button. The
mouse keys are then:

PC Mouse Middle: Reorient molecule—xyz rotation
Middle and drag in periphery of viewing areaate around z only
Shift-Middle: xyz translation
Ctrl-Middle: zoom in and out
Shift-Alt-Middle: Translate selected atoms
Alt-Middle: Rotate selected atoms
Alt-Left: change dihedral angle between two sield atoms

Turn the guest around so that the OH group is dloslee OH's that are directly attached to the
rings at the wide end of the cavity. Center thesgurethe cavity. You can switch between
moving the guest only and moving both the hostgurest together by either holding down the
Alt key or not. Use the GizMOE energy to find loneegy positions for the guest.
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4. Docking: To turn on manual docking, pull down the Rendenmselide right on Draw, and
choose Hydrogen Bonds. Note that as you move tastguwound possible hydrogen bonds will
be shown. Now pull down the Render menu, slidetraghDraw, and choose VDW contacts.
Now the yellow dashed lines will show you when t@toms are too close together. Position the
guest to get as low an energy as possible. Pag altsntion to the possibility of hydrogen-
bonding between the guest and the host. Use thekQli& at the end of Chapter 1 to Minimize
and record the total steric energy. Also pull ddive Compute menu and choose Potential
Energy and record the energy contributions lisvedi can use the Commands window to list the
potential energy terms, if you like. You can get @ommands window by pulling down the
Window menu and choosing Commands.

Now pull down the GizMOE menu and choose MinieniZNow slowly move the guest around
to see if you can lower the energy even furtheyolf can, record the total and various force field
terms. When you are finished pull down the Cancahumin the upper right-hand corner of the
screen and cancel out any instances of the Minimaird Giz MOE tools.

5. Load in jus3-cyclodextrin and minimize and record the totafistenergy. Also pull down
the Compute menu, select Potential Energy, andddbe energy contributions. Then load in
just 3-naphthol by itself, and repeat the minimizatiod anergy recording stegBLEASE:
Don't "Save Changés$o avoid changing the original files.

Problem 12.1:Describe the conformation of the guest in thetgasfi cyclodextrin. Find the
binding energy for the complex by taking differenae the total steric energy of the reactants
and product. Also, find the differences in eaclhefcontributions to the steric energy. Which
contributions to the steric energy dominate thelinig interaction (eg. Bond stretch, bond
bending, Van der Waals, electrostatic, etc.).

Auto-Docking

The ability to predict the conformation of adigl in a protein or nucleic acid binding site is of
central importance in pharmaceutical design. Dedaiinowledge of the molecular recognition
forces is necessary for designing new ligands. Knguhe binding site conformation helps to
show the important interactions that stabilizedbmplex. As you have seen, determining the
lowest energy conformation for even such a simydéesn as cyclodextrin can be difficult.
Automated procedures are very helpful in exploangide variety of binding modes in complex
systems. The advent of rapid parallel binding as#aypugh combinatorial chemistry and high
throughput screening also motivates a similar feedfficient, rapid computational screening
procedures. The ability to computationally pregicssible tight-binding ligands lowers the time
and energy necessary to plan a major combinatsitidl.

One approach to auto-docking is to use molecurhanics technigues to minimize the
energy of a ligand in a binding pocket startingrira series of random positions and orientations
within the binding site. Finding the low energy diimg conformations will then help to highlight
the interactions that are responsible for tightiyig. For example, the hydrogen bonds in the
low energy complexes can be displayed. Electrassatifaces of the binding pocket and the
ligand can also be displayed to observe how theilalision of charge in the ligand and binding
pocket complement each other. Several methodslieamre developed to efficiently sample
possible binding conformations.
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Tabu Search: A Tabu search is a random searching algorithmrtiantains a list of previously
visited conformations’. These conformations are forbiddéab() to future moves. This
procedure insures that a wide range of startinocorations is tested. Many small changes in
the internal conformation of the ligand and theitp@s and orientation of the ligand relative to
the binding pocket are then chosen. The lowesiggramformations are saved to a list.
Smulated Annealing: Simulated Annealing searches also start witmdom set of
conformationd Many small changes in the internal conformatibthe ligand and the
conformation of the ligand relative to the bindjmacket are then chosen. These small changes
are chosen at random using the Monte Carlo teckhifuthe Monte Carlo technique low
energy conformations have a higher probability thigh energy conformations, but because of
the randomness both low and high energy conformatigll be chosen. The low energy states
are just chosen more often. The Monte Carlo teclengiarts by calculating the starting energy,
E,, and the energy of the proposed conformation fiteersmall change,;EThe change in
energy for the proposed conformation is tAén= E- E,. The Boltzmann weighting factor then
gives the probability that the change will occuveg the set temperature:

probability of occurrences e®F/RT 1

A random number is then generated in the rangetoflO If this random number is greater than
the Boltzmann probability the move is rejectedhd& random number is less the move is
accepted. The higher the temperature you set the aften high energy conformations will be
chosen. The units for the temperature are degreksnKThis process is complementary to and
in some ways similar to molecular dynamics. Theppsae is to efficiently sample many good
starting geometries without the long run times thatld be required in a dynamics steidy
However, as a final result we seek the minimumgneonfiguration. Finding the minimium
enery conformation is where simulated annealinged.

The Monte Carlo technique is used to generaigaim changes in the structure. To find the
energy minimum, as the calculation proceeds ovedteds of changes in conformation, the
temperature is gradually lowered. The Boltzmanrgiveng factor thus becomes more selective
for low energy conformations. As the temperatuigdr the structure drops into a minimum
energy state. The gradual lowering of the tempegatucalled simulated annealing. Annealing is
the process in metallurgy and glass blowing ofihgaind then gradually cooling a sample to
relieve internal stress. Simulated annealing caagpéied to Monte Carlo simulations and
molecular dynamics (with a Cool period after thaiblgration phase).

The steps in docking are outlined below. The glete step-by-step instructions follow:

Docking Summary:
1. Select the ligand.
2. Build the Docking box to delineate the region ia thinding pocket to place the ligand.
3. The program then does the calculations in two steps
Step 1: Generate random starting orientations.
Step 2: Use random small moves to find a low eneoagformation.
4. Extract the lowest energy conformer (or a few lowergy conformers).
5. Minimize the resulting models using normal molecueechanics.

Procedure

1. Pull down the File menu, choose Open. If you haseset “c:\Documents and Settings\All
Users\Documents\” on the PC or "Documents/moefilésf OS-X as the current working
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directory please do so now. Switch to the \Gh s@lotiory. Click on the “bnapbcycdex.moe”
file and click on the Open MOE File button. Now edhiis file under a different nane
avoid changes in the original file.

2. Use the Check List at the end of Chapter 1 to mizerthe energy of the complex. You can
use a Gradient of 0.01. Record the total stericggn®ull down the Render menu, slide right
on Draw, and choose Hydrogen Bonds. Note the hyirdgnd interaction between the guest
and host. Which type of oxygen atom is involved?

3. Type

run '$MOE/sample/obsolete/dock.svlI'
into the white command line at the top of the MOiadow.

4. Click on the Docking Box button. Drag the DockingxBand MOE-Dock dialog boxes to the
side of the screen so that you can see the motecule

5. In the Docking Box dialog, rotate and translatedbeking box so that the box ends are
parallel to the rims of the cyclodextrin cavity. Ywill need to rotate the ring to look at the
molecule and box orientation from the x, y, andreaions. Use the Extent: x, y and z
sliders to decrease the box size to just includétidrogens that line the cyclodextrin cavity.
(~24, ~24, ~24 works well, but different studeritewdd try different values). Click Apply
and then Close.

6. In the Docking dialog box, click on Open Databasevxér and Change the Total Runs to 5
to help save time. The Random Start checkbox shmeikklected. You can choose to do a
simulated annealing or a Tabu search.

7. If you choose to do &mulated Annealing search: make sure the Simulated Annealing button
is depressed. Set the following options:

6 Cycles perrun 500 lteration Limit 1000 tili Temperature (K)
If you choose to do &abu search: make sure the Tabu button is depressed. Seblibgving
options:

500 Steps Per Run 5 Attempts Per Step 5 Tablength
These options are chosen to make the calculationguickly (Tabu is shorter). A careful
study would use the default settings or more.

8. Click on an atom in the beta-naphthol, pull dowa 8election menu, slide right on Extend
and choose molecule. The guest should now be glgkli. Click on OK.

9. In a few minutes the Database viewer will displag low energy conformations. To view the
molecules better, click in any of the molecule ®aad drag the mouse down to enlarge the
boxes.

10.In the main MOE window, thB-naphthol should still be highlighted. Click on thelete
button on the right side of the MOE window to reradlie guest. Click OK with both Delete
Options selected. You can also remove the yellogkithg box by pulling down the Window
menu, choosing Graphic Objects, clicking on thectdiog box” line, and then clicking on
Delete, and finally clicking on Close.

11.Find the lowest energy conformation in the Datahéeer, which is the smallest U_total.
Double click in the molecule box for this conforimoat In the Copy Database Molecule to
MOE window make sure that neither of the optioressalected (we want to make sure that
the cyclodextrin remains on the screen). Click @Ke docked conformation should now
appear in the MOE window.

12.Minimize the complex (use the Check List for instians). Record the energy.

Note the hydrogen bond interaction between thetqreshost. Which type of oxygen atom
is involved?

13.Pull down the Database Viewer File menu and sb@uit.
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Problem 12.2

Which conformation, the original or the MOE-Dockéds the lowest energy? Compare your
results with others in the class. If some studas&xl Simulated Annealing and some Tabu
searches, which search strategy gave lower en@rgiesthe hydrogen bonding partners similar
in the two structures?
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Chapter 13. Henry's Law Constants and Gibb's Fre&nergy of Solvation

Introduction

The fate of organic molecules in the environmegitetermined in part by their solubility in
water. For example, an oil spill or leaking undergrd gasoline tanks introduce organics into
surface and ground water. The long term damage totiee environment is determined by the
solubility of the organic contaminants in the wa#rSoluble organics can travel long distances
and allow the spread of the contamination over wid@s. Less soluble organics quickly
evaporate and cause less of a problem. Henry'sgoaerns the solubility of compounds in
dilute solutiort:

Ps = X8 ku 1

where R is the partial pressure of dilute solute B abowedblution xg is the mole fraction, and
ky is the Henry's Law constant for B. Compilationgkgf/alues are limited; many thousands of
compounds are of concern in the environment atldartaboratory. The purpose of this Chapter
is to calculatéy values from continuum solvation studies. If theskeulations are successful,
considerable time, effort, and money can be savadreening compounds for their
environmental hazards.

We wish first to establish the connection @& Henry's Law constant to the Gibbs Free Energy
of solvation. The equilibrium described by Eq. b && written as:

B(aq) - B(9) 2
The equilibrium constant for reaction 2 is:
P
Keq =X_: 3

if we measure the concentration of B in mole fi@ttiComparing Egs. 1 and 3 shows that the
equilibrium constant Kqis the same ds,, the Henry's Law constant. The Gibb's Free Energy

change for Eq. 2 is the Gibb's Free energy of daioh,AqesoGs. Therefore, sincl, is the
equilibrium constant for Eq. 2:

AgesoGe = — RT Inky 4

Therefore, calculations &yesGg can be directly used to find Henry's Law constants

The units oK as defined above are in atm. We will call thisstantKpx to help us remember
the units. Environmental chemists often preferaaldvith unitless Henry's law constarks,,
where the gas phase pressure is replaced by thghgas concentration and the solution mole
fraction is replaced by the concentration:

_ Kox
kee=kRT 5

where k is the conversion factor from mole fractiortoncentration in mol-L. Here, k= 1000
mL dy.0/9H20, Where @0 IS the density of water artit,o is the molar mass of water. At 25°C,

k = 55.35 mol k1. The unitless.. corresponds to 1 M ideal gas and 1 M aqueousisplut
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standard states. Also common in the literatureesHenry's Law constant with pressure for the
gas phase and concentration for the aqueous phase:

c:l_(%( 6

Table 1 lists values for the varioldgs and thé\4esoG values derived from them using Eqg. 4. The
proper parameters for comparison with solvatioguations arde. andAgesoGec.

Table 1. Henry's Law constants and Gibbs Enerdidssolvation. The number in parenthesis is
the source for that substance and following valigs.G = — RT Inky. The units are indicated
as subscripts: p=pressure, x=mole fraction, amdatarity.

substance Ki,px Kee Koc AdesolGpx  AdesolGec AdesolGpce
(atm) (unitless)  atm L/mo(kJ/mol)  (kJ/mol) (kJ/mol)

Benzene(1 294 0.21¢€ 5.32 -14.0¢ 3.8C -4.14
toluene 35¢ 0.26: 6.47 -14.5¢ 3.31 -4.63
ethylbenzen 432 0.31¢ 7.8 -15.0¢ 2.84 -5.1C
m, -xylene 40¢€ 0.29¢ 7.34 -14.8¢ 3.00 -4.94
o-xylene 27¢ 0.20¢ 5.0z -13.9¢ 3.94 -4.0C
1,1,2-trichloroethan 97¢ 0.71¢ 17.7 -17.07% 0.82 -7.1z2
trichloroethylen 572 0.4z 10.2 -15.7¢ 2.1F -5.7¢
tetrachloroethyler 95( 0.691 17.2 -17.0C 0.8¢ -7.0E
methylt-butyl ether 29.4 0.021¢ 0.53: -8.38 9.51 1.57
Tetrachloroetylene(; 98t 0.72: 17.8C -17.1 0.8C -7.14
trichloroethylen 534 0.39:2 9.6t -15.€ 2.32 -5.62
1,1-dichloroethylen 1457 1.06¢ 26.3:2 -18.1 -0.17 -8.11
cis-1,2-dichlororethylene 22¢ 0.167 411 -13.t 4.44 -3.5C
trans-1,2-dichloroethylene 52: 0.38¢ 9.4~ -15.5 2.37 -5.57
vinylchloride 154¢ 1.13 27.9¢ -18.2 -0.32 -8.2¢€
1,1,2-trichloroethan 95¢ 0.70: 17.31 -17.C 0.87 -7.07
1,1-dichloroethan 31z 0.2¢ 5.6€ -14.2 3.64 -4.3C
chloroethan 621 0.45¢ 11.2: -15.¢ 1.9¢ -5.9¢
carbon tetachloride 169¢ 1.24¢ 30.6: -18.4 -0.54 -8.4¢
chloroforrr 204 0.1t 3.6¢ -13.2 4.7C -3.24
dichloromethan 122 0.089¢ 2.2C -11.¢€ 5.9¢ -1.9¢€
chloromethan 49z 0.361 8.8¢ -15.4 2.5 -5.4z2
Methane(3 413 0.30: 7.4¢€ -14.¢ 2.9¢ -4.9¢
O, 4.34x10" 31.84¢ 784 -26.5 -8.5¢ -16.5Z

A. Continuum Solvation GB/SA Calculation of Kcc

Read Section 8, Continuum Solvation, of the Intatidun to Molecular Mechanics

The purpose of this section is to calculate K valintem the Gibbs Free Energy of Solvation
calculated using continuum solvation methods. Trength of continuum solvation techniques
is the speed of the calculation.
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Procedure

Use the Checklist at the end of Chapterl to builithimize, and record the solvation energy for
the four remaining molecules in Table 2. Use the MA94x forcefield with the Born solvation
treatmeritas setup below:

I Forcefield Parameters| Restraints | Wall |

Load... T |m{FF94x

Parameterizmed for gas phase small organic molecules

in medicinal chemistry. Modified from MMFF34s to force
conjugated nitrogens planar. All-atom, no Lone Pairs.
Compatible with Generalized Born solwvation model. Uses
internal bond-charge-increment charge model.

|d:fmoeflihfmmff94x_ff

[] [ =]
Enable: F Banded F van der Waals |7 Electrostatics |7 Restraints
Cutoff: |7 Enakile Solvation: Born ¥ | Scale Like: |1

on: | & Diglectric: | 1 Unlike: | 0
Qff: | 10 Exterior: | 20 il | L

Threads: |z ¥ Thiz computer has 1 CPU.

Fix Hydrogens |Hydrogens/LonePairs reguire adustment.
Fix Charges |Parial charges require calculation.

The solvation energy is found by pulling down then@pute menu and choosing Potential Energy
and is listed as the “sol” contribution.

The molecules in the table below were choseaulsxthe solvation energies are well known
and they have roughly the same surface area. The 8évation energies do nimiclude the
surface tension term; the MOE results are justtg6eeo Use 7.0 cal/Aand the solvent
accessible surface area, ASA, to calculat&yqgw +AsoGeayv: The ASA is calculated in the
database portion of MOE as a QSAR descriptor; thiakees are listed belofv.

Table 2. Gibbs Free Energies of Solvation. The Emergies of desolvation from Table 1 have
been reversed to match the sign convention usstORE.

MOleCU|e AsoIG‘VdW + AsoIG‘elec A50|G
NsoG (€XPp) ASA (AD)|  AsoGeay  [kCAIMOI  (GB/SA)
kcal/mol kcal/mol kcal/mol
Butane 2.3 245.2 1.7164 1.1444 2.8608
1,1,1-trichloroethane -0.208 254.9
1,1-dichloroethane -0.87 234.9
benzene -0.908 246.7 1.7269 -2.793 -1.0681
methyltert-butylether -2.273 278.7
acetone -3.8 218.27 1.52789 -6.459 -4.93111
2-propanol -4.8 224.90 1.57432 -5.0142 -3.43988
acetic acid -6.7 201.09 1.40763 -7.762 -6.35437
acetamide 9.7 239.25 1.67475 -9.0761 -7.40135
N-methylpyrrolidinone -9.39 273.3

* Solvent accessible surface area
+. Assuming the surface tension term is 7.0 cal/A
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N-methylpyrrolidinone was included because the wdkeis the subject of one of the lab
experiments for this semesteMethyl+tert-butylether, MTBE, is included because of the autrre
interest in phasing out MTBE as a gasoline addd#iveé the persistence of MTBE in
groundwater.

O

N/CH3

N-methylpyrrolidinone

Problem 13.1
Make a plot of the GB/SA solvation energy verbesexperimental solvation energy. Does the
Generalized Born approach do a good job of repriodutbe experimental trends? Does the

GB/SA order reproduce the experimental order?d€\thGvaw+AsoGeavity term a significant
fraction (in magnitude) of the totAL,G for these molecules? Calculate the Henry’s Law
constant for methylert-butylether and compare with the experimental \v@alue
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Chapter 14 Distance Geometry
Please read Section 6 “Distance Geometry” in th@diuction

The rings in progesterone can take many confiioma Building a model of progesterone with
the proper ring conformations can be difficult. Appg constraints based on NMR data can
greatly ease the construction of the proper cordétion of the molecule. Distance geometry is an
ideal technique for constructing molecules sulfj@ctonstraints. The purpose of this exercise is
to compare distance geometry with template basesteation methods. We will use the
EMBED program for distance geometry and the CORMdAgram for the template based
approach, with access from the Web for both apjdina. The structure of progesterone with the
conventional atom numbering is shown in Figurelie K-ray structure from the Cambridge
Structure Database, CSD, is shown in Figure Ziydaate the proper ring conformations.

O
Figure 1. Progesterone

Figure 2. X-ray structure for progesterone from@&D.

The 19-methyl of progesterone is reported to h&weetgange nOe couplings with four
hydrogens on one face of the molecubéss, Hep, Hi1p, and H. These nOe constraints are shown
as input using the JME applet for EMBED, Figure 8auccessful EMBED structure is shown

in Figure 3b. Of course distance geometry is mssful when you don’t have an X-ray structure.
But for this beginning exercise comparison with Xagay structure is very instructive.



59

Het
H3

H1 2 H4
H1

H3

H2

a. b.
Figure 3: Progesterone with short nOe distancetainsgs. (a) Distance constraints as input
using the JME applet. The distance ranges werdfigubas 2.5-3.5A. (b) EMBED results. The
Smiles notation is CC(=0)C3CCC4C2CCC1=CC(=0)CCCcgn)CC34C.

Instructions

Distance Geometry: The distance geometry structure will be builhgsihe “Distance

Geometry” applet. This applet uses the Java Maodedtdiitor for structure input. You will find

the link for this Web applet on the PChem home pdgstructions for adding constraints are

given below the JME editor window.

Building Progesterone: . o I T
To build progesterone, start by clicking on _ — =~AO0c0o0

the cyclohexane ring button and then clicking S |

in the molecule window to add the three fusec ¢
cyclohexane rings. With the ring buttons, o
clicking on an existing ring bond adds a fusec
ring and clicking on a ring atom adds a spiro _©_.
ring. If you make a mistake click on the UDO
(undo) button. Click the cyclopentane ring an(T
add it to the right-most cyclohexane. Next
select the single bond buttang . Drag the el
single bonds as shown at right. Clicking on a & |
bond will change it to a double bond. Finish b
putting in the oxygens.

Click the Help button for more information oringsthe Java Molecular Editor. You would be
finished at this point if you didn’t have any exipeental information. We now need to add the
nOe based distance constraints. Use the single linatihoh,— to add bonds for the seven
hydrogens as shown in Figure 3a. Use[®héool to set in the element names and constraint
numbers. For example for H1, click on {ix¢ button, enter H1, and then click on the end of the
bond at the H1 position. (For Macitosh systems nsake to highlight the entire dialog box
when you change the label in the X tool, otheryiag of the old label may remain.)

When you have added all the atom labels, sdolin to the Distance Constraints section and
click on the “Short” button for constraints 1-4.éltypical distance range for a strong nOe will
be entered automatically for you, as in Figure 5.

o

?éigure 4. Progesterone in JME.

1_|2.5 _|3_5 Shl:lrtl Medl Ll:ungl x-H..H |
Figure 5. Select Short nOe distance constraintalfdour distances. '
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Scroll down until you see the options button. ThielAydrogens button should be selected. The
“SCF pi calculation” option won’t make any diffei@nsince progesterone has no conjugated
double bonds. The “Set-up Gaussian 98” input butarsed when the applet is run to prepare
the input files for molecular orbital calculationghich we will ignore for now. Click Submit to
start the calculation.

Write down the FINAL STERIC ENERGY and compaaaiyresults with Figure 2 and 3b.
You will probably need to repeat the calculationesal times to get the proper ring
conformations. Just use the browser Back arrowctiokl on Submit again. Keep track of the
FINAL STERIC ENERGY for each run. You should get tiroper ring conformation for the
rings around your distance constraints within tloeéve calculations. Getting the other ring
conformations correctly requires a few more calooites. If you don't get all the ring
conformations after you have tried 15 times, josp svith any reasonable conformation and
believe us that sooner-or-later you would haveegodil| the rings correctly.

In preparation for your CORINA calculations,uet to the JME page. Click on the Delete
button and remove the hydrogens from your structtioair structure should now look again like
Figure 4. Press the yellow “smiley face” buttondialog box will appear with the Smiles string
that corresponds to progesterone. Highlight ang toig Smiles string to the clipboard.

Template Based Builders:  The CORINA program is available on-line throughl University of
Erlangen-NUrnberg at J. Gasteiger's Group Web Aitenk to this Web site is on the PChem
Home Page. On this page scroll down to the JMEesapPhste your Smiles string into the Smiles
string dialog box and click on the Generate 3D &tree button. (Alternatively you can draw in
the structure using the JME editor.) Compare th&DA generated structure to Figure 2. How
many centers are inverted from the X-ray struct@eferating the structure a second time isn’t
useful, since template based builders producedimesesult every time. To get all the rings
correctly requires the stereochemistry to be inetLith the Smiles strint(Don't bother to do the
calculation with the stereochemistry specified.)

MOE can also interpret Smiles strings. If yowd&ime try inputting the progesterone Smiles
string into the Builder Smiles dialog box.

Summary

The ring conformations of progesterone highlidiet advantage of distance geometry.
Template based model builders like CORINA giveghme result every time. Distance geometry
allows the various ring conformations of progesterto be studied because each calculation has
the potential to give a different result. Whiclthe better approach? CORINA has been highly
optimized to give structures that are very closg-@y structures. So if you can, using CORINA
is a better approach. However, distance geometheidest choice if you don’t know the proper
conformation and need to generate several optargsdistance geometry is especially useful if
distance constraints are available from experiment.

Problem 14.1

a. How may calculations were required to get thg donformations for progesterone correctly
around the nOe constraints?

b. How many more calculations were necessary talg#te ring conformations correctly?
(Remember you can stop at 15 tries.)

c. Was the X-ray conformation (Figure 2) the lonastrgy conformation?
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d. How many centers are inverted in the CORINAdte from the X-ray structure?

e. Without looking at the structure of progesterarse the Smiles string from the caption of
Figure 3 to draw the structure of progesteroneeGour best effort, but don’'t cheat and compare
to the Figures.

Problem 14.2 Build B-lonone, Figure 8, without using constraints andrgoMM?2 calculation.
Make sure the SCF pi calculation is setected. What conformation and steric energyalo y

get? Now use your nOe constraints from your NOEf&tsa. However, make sure_to wlat the
MM2 or MMP2 calculation (both those check boxeswtimot be checked). Some of these
possible nOe constraints are shown as input usegME applet, Figure 8hin Figure 8b, the
constraints are shown to the carbon atoms since@eedistances are average distances and the
average position of a methyl group hydrogen is tisarcorresponding carbon atom. You can

also give distance constraints to explicit hydragas we did above. You can also use constraints
to the methyl groups attached to the top of thg.ido several repeat calculations and compare
the side chain conformations.

C C(|+J
Cio). H2
©1,2

H1|,3 0]
B+ JJ\
ﬁ+j e

a. b. C.
Figure 8:B-lonone with short nOe distance constraints. (@mbumbering, (b) Distance

constraints as input using the JME applet.
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Chapter 15. Protein Structure and Gramicidin-S

One of the most active and interesting are&saphysical chemistry is the study of protein
structure. The problem is simply this: given theaumtable number of possible conformations
for a protein, how can we determine the lowest@nstructure? In this exercise we tackle a
relatively simple problem, which retains the flawdithe more complicated problems under
current study. We will model the structure of tidilgiotic gramicidin-S.

Gramicidin-S is a cyclic decapeptide, Figure 1,

_~ val ~_ produced by the soil fungiacillus Brevis. The
ro orn protein is unusual for several reasons. Firstdiuides
/) D-phenylalanine, rather than the normal L-isomer.
D-phe leu Secondly, the unusual amino acid ornithine is used.
| | Thirdly, the protein is hydrophobic. Most proteins
leu D-phe have a hydrophilic exterior, to enhance interaction
N orn with water, and a hydrophobic interior. Gramici®n-
D pro has just the opposite. Its hydrophobic exterior
val suggests that the mode of action is through agtron
Figure 1 Gramicidin-S membrane interactidnThe linear gramicidins form

ion channels in cell membranes.

Even a small peptide like gramicidin-S has ta@nynpossible conformations for each
conformation to be exhaustively studied. To find ¢hobal minimum structure, we must rely on
experimental information and some intuition. The Rigpectrum shows that gramicidin-S is
symmetrical; the like-amino acid pairs have theesatremical shifts. Therefore, we really only
need to worry about five amino acids, the othes five related by symmetry. In our modeling we
must make sure that this symmetry is maintainethtdryou will be determining NMR
constraints on the dihedral angles for some ohthao acids. The spin-spin J coupling between
thea -CH and the backbone NH proton is about 4 Hz lighahelix type structures and 9Hz for
beta-pleated sheet structiteEhe presence of alpha-helical or beta-pleatedtdipe-regions
will help to constrain our modeling. Of course jafew monomers with the proper dihedral
angles aren't sufficient to establish a "real" alpklix or beta-pleated sheet, but the NMR
dihedral constraints can be used to point us imigie direction for molecular modeling.

We can also use some intuition. Prolines hasygchc structure that is formed by the side chain
and the backbone N, Figure 2a. Prolines often oatturns, because of the kink caused by the
cyclic structure, and proline can't assume the bac& dihedral angles necessary for alpha helix
or beta-pleated sheet structifes

Ha
C
PN
H,C C|ZH2 ﬁ
N C C—N
H H
Figure 2 a. Proline in a protein b. Proline inralipe-I structure based ans-

peptide linkages. (H's not shown.)
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MOE has two types of proline based secondary strest which can be used to establish proline
turns. The proline-1 secondary structure is basethe unusual formation afs- peptide bonds,
Figure 2b. In MOE you choose “poly pro” for the gedary structure and highlight the “cis”
conformation button. On the other hand, prolink#hs are represented in MOE by “poly pro”
dihedrals and the normal trans peptide conformafiberefore, you first must decide whether to
use “cis “ proline or “trans” type turns. Since qalete turns require two amino acids, only three
residues remain in the "body" of the protein fotasvorry about.

The average backbone angles for some regular sagostuctures are shown in Table 1.

Table 1. Dihedral Angles for Regular Secondary &noStructure®

Bond Angle (degree

q g «
Antiparallel3—-shee  -13¢ +13E -17¢
Right-handeca-helix -57 -47 18C
Polyproline -83 +15¢ 0
Polyproline | -78 +14¢ 18C

Applying Constraints

Experimental constraints are necessary to relpuow down the number of possible
conformations for proteins. Constraints may be i@dpbn dihedral angles or on distances. For
example, an alpha-hel@dihedral should be about -60° and a beta-pleateetgitinedral
should be about -140°. As mentioned above, we czasare these dihedral angles using spin-
spin J coupling constants and then use these neghgalues as constraints.

Distance constraints can be determined fromm@asurements. The normal value for nOe
based constraints is 3.0A. Distance constraintsatsmbe inferred from secondary structure
assignments. Examples for such inferences incluée-XD=C hydrogen bond distances. For
alpha-helices, strong hydrogen bonds form betwesidue i and residue i+4. For beta-pleated
sheets, N-H--O=C distances between strands can be constrairyedoden bond lengths are in
the range from 1.8-3.0A, with 2A being normal ftrosg hydrogen bondsThe hydrogen bond
distance between residues i and i+4 in the alplia-dseabout 1.864&, and about 1.96A between
beta-pleated sheet strands. Comparing dihedratliistehce constraints, distance constraints
limit the conformational flexibility of the molecellmore, and are preferable if known.

Instructions

Using the Protein Builder to set the Sequence and Secondary Structure

In this section, you will find out how to specityet sequence for your protein. You will also find
out how to change L-amino acids to D- amino acius$lgow to make cyclic proteins. You will
also specify secondary structures like alpha-hleticaeta-pleated sheet regions and specify
turns. This exercise uses the program MOE. In MOE:

1. Pull down the Edimenu, and choose "Protein Builder."

2. In the Protein Builder, you select the secondémycture for the next amino acid and then click
on the amino acids in your structure in the ortiat they appear in the protein. The builder
doesn’t have ornithine, so we will use lysine iasteAt the end of the exercise use can use the
Builder dialog to remove a GHrom each lysine if you like. Choose either hé¢lypha helix) or
anti-strand (beta-pleated sheet) secondary steycisryou have determined using your NMR
spectra and then click on LYS. Continue arounditinge until you come to PRO, Figure 1.
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Beforeclicking on PRO, select the “poly pro” secondarysture, click on PRO, and then switch
back to helix or anti-strand as you used befofg/ofll want proline-I turns also click the “cis”
check box before adding the proline residue.) @uomtiaround the ring until you get to PRO
again, switch back to poly pro for PRO and thersfirup in helix or anti-strand. Click on VIEW
and then CLOSE.

3. Next we need to convert phenylalanine to theddes isomer. Click on the Builder button on
the right-hand side of the screen. Click on tleec@rbon of phenylalanine. At the right-hand side
of the Builder dialog you will see the Chiralitycsi®en with the S button in blue, indicating the
stereochemistry of the selected atom. Click onrinigeswitch to the opposite chirality. You
should see that the benzyl group switches positatisthe Gi-H. Repeat this process for the
other phenylalanine.

4. We next need to form the ring peptide bond. t®tae carboxyl terminus and the sigly
bonded O. Click on this atom and then click on et the bottom of the Builder window. Now
click on the carbonyl carbon (it shoul turn pinkext shift-click on the N atom in the terminal
ammonium group at the other end of the chain. Bo¢hN and the C should be highlighted. Now
click on the Bond button at the bottom of the Beilevindow. A very long bond should now
appear on the screen.

5. We now need to change the charge state on thehé new peptide bond. You should note
that this N atom still has two H atoms attachedtk3dn the black background of the MOE
window to clear all selections. Now click on theaddm in the new peptide bond. This N atom
should now be pink. In the upper-right corner & Builder window is the atom charge section.
The +1 button should be blue, indicating the charg¢he selected atom is +1. Click on the
adjacent “0” button. The N atom should now onlydawe H attached.

6. Use the checklist at the end of Chapter 2 taigeind run a minimization; however, use the
CHARMmM2.2 force field for this and all subsequenhimizations. The CHARMm force field
was specifically (at least originally) designed pooteins, and works well for this exercise.

7. Observe the minimized structure. It should lidyfaymmetrical. For example, the lysine side
chains should both be on the same side of the mlelethe leucine side chains should both be
on the opposite face from the lysine side chainso Aheck all the peptide bonds. They should
all be trans. Some may have switched because dfréistic conformational changes necessary to
minimize the ring structure. If the molecule do¢$r@ve both lysines on the same side of the
ring, you should try building your molecule fronratch again. On a second try, use different
stretches of extended backbone or helix or ardinstisecondary structures. Another way to get a
good starting structure is to build the linear nsale as you did before, but adjust some of the
dihedral angles in the backbone using the moused&irming the ring bond. To change
dihedral angles using the mouse, shift and thetraitk on two atoms in the bond you want to
rotate and then press Alt and drag with the lefuseobutton.

Setting Dihedral Constraints

8. Pull down the Edimenu, slide right on Potential, and choose "Restrd’ A new dialog bar

will appear at the top of the MOE model window. Wise pull down menu to select “dihedral”
instead of distance. Click on the four consecugiteens that define the dihedral you wish to
constrain. You don’t need to shift click in this d& You need to set the allowable Target ranges
for your dihedral. For the peptide bonds, if someefaund to be cis instead of trans, use a narrow
range of 178-182 degrees. The range for@os constraints should be fairly broatll&°) for

this exercise, since we expect some strain initigeto distort the angles from their ideal values.
After you have entered the Target range, click cga to enter the new constraint. Remember
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to set the same constraints for both amino acidsdrpair, since the structure should be
symmetrical.

9. Repeat step 8 for each dihedral you wish totcaims

10. Press the ESC key until the Restraints diatogeb disappear and the white command line
dialog box is displayed.

Setting Distance Constraints

11. Pull down the Ediinenu, slide right on Potential, and choose "RestraUse the pull down
menu to select “distance” if it is not already désged. Click on the two atoms that define the
distance you wish to constrain. You don’t needhift slick in this mode. You need to set the
allowable Target ranges for your distance. For bgen bonds try a range of 1.8A to 2.5A. After
you have entered the Target range, click on Cteatater the new constraint. Remember to set
the same constraints for both amino acids in the giace the structure should be symmetrical.
12. Repeat step 11 for each distance you wishnsteain.

13. Press the ESC key until the Restraints diatogbé disappear and the white command line
dialog box is displayed.

Maintaining the Proper Chirality
14. If during minimization, the chirality of youmano acids shifts, you can constrain the chirality
during minimization when you pull down the Compatenu and choose Energy Minimize...

3/ Energy Mini =100 x|
Hamiltonian: Forcefield ¥ |}ﬂIFFS4x

[ Selected &toms Only | &djust H and LP

Gradient: | 0_0001 ¥

Options: F Calculate Forcefield Partial Charges
F Chiral Constraints:  Current Geometry 'r|

[ Tether Atoms; Heseey ¥ 100 ¥

0K I Forcefielil... I Cancel

Minimization with Constraints

15. Any active constraints will be used during miraation or dynamics runs. To see the active
constraints, pull down the Window menu and chodsaténtial Setup.” Click on the Restraints
tab in the new window to see your restraints. Yan edit the target values from this window
also. If the restraints that you set aren’'t adhéoegiou may need to increase the Weight of the
constraint. Increased weights are often neceseadijtiedrals. This window is also used to
delete restraints; just click on the line for tlestraint you wish to delete so that it is highleght
and then click Delete.

If minimization doesn’t change your structureuyneed to move some atoms using the mouse
to move away from an energy minimum structure et reminimize. To change dihedrals
select two atoms and press Alt- and drag with éffterhouse button. To translate a group of
atoms, highlight the atoms you wish to move (shifdl shift click) and then press the Shift and
Alt- keys and drag with the middle mouse buttorydér structure looks very strained, you might
try a dynamics run to try to find a lower energynimium. For dynamics use a high temperature,
600-900, and at least 12000 heating and equilibrationsstefmherwise you won’'t sample other
possible conformations sufficiently (you don’t néeduse a Cool period).
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15. Check to see that your final structure is sytniced. If it is not, apply additional constraints,

or adjust some of the dihedrals using the mouseekample, you might need to use the mouse
to rotate some side chains so they are symmetReshinimize.

16. The constraints that you have applied are @#fice term in the potential energy function.

For yourfinal minimization you should remove all constrains (see step 14). Reminimize.
Repeat minimization until the energy is minimiz&tdis minimization may take 6000 steps or
more. If the ring pops open, then you need to gk @ using constraints.

17. Remember to save your data file and report goorputer and data file name in your report.
18. Plot out several views of your structure. Measome of the backbone dihedrals to see if the
@angles are close to the NMR determined values.
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