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Introduction

Mercury is the visualisation and analysis software of the Cambridge Structural
Database (CSD). Mercury has numerous features for structure comparison,
including tools for geometrical analysis as well as for assessment of
intermolecular interactions. In this workshop we will explore one of the tools for
direct structure comparison: Molecule Overlay. Molecule Overlay performs least
squares superposition of a pair of molecules, which may be from the same or
different structures. The tool can compare both chemically identical and non-
identical molecules (provided they share a common substructure). In addition to
the direct overlay, the calculation also applies inversion and rotation of flexible
torsions before overlay to generate different solutions.

In this workshop, we will see how to apply Molecule Overlay in Mercury and how
to interpret the output.

Learning Outcomes

After completing this workshop, you will be able to:
e Overlay molecules in Mercury from within the same structure
e Overlay molecules from different structures in Mercury

This workshop will take approximately 25 minutes to be completed. The words in
Blue Italic in the text are reported in the Glossary at the end of this handout.

Pre-required Skills
Basic familiarity with Mercury is required. You can find a brief summary guide at
the end of the handout.

Materials
No additional materials are required.

Options

Select two molecules (by selecting at least one atom in each) then
press Owverlay. The maolecules must have at least three atoms in a
common substructure, After overlay is complete you must select
Reset before repeating the overlay or selecting different molecules.

Reset

Results

Flexibility Inversion  Partial RMSD Mazx. D Display

X 12383 40012 ©

X X 1.2383 a0m2  C
" X 02589  0.5605
X X X 02589  0.5605

Original  Geometry ----

Close
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Example 1. Overlaying Stereocisomers in Mercury

In this example, we will attempt to overlay stereoisomers of menthol using the
Molecule Overlay tool in Mercury to see the effect of inversion and flexibility on
the overlay.

CSD entry ZEGDIA, racemic menthol with -
two stereoisomers superimposed.

1. Begin by opening Mercury from the Start menu or by clicking on the desktop
icon.

2. We need to select an appropriate structure. In the Structure Navigator, type
refcode “ZEGDIA”. This is racemic menthol.

3. There are three molecules in the asymmetric unit of ZEGDIA, two of which
are (-)-menthol ((1R,2S,5R)-2-isopropyl-5-methylcyclohexanol) and third is
the enantiomer (+)-menthol ((1S,2R,5S5)-2-isopropyl-5-methylcyclohexanol).
To see which is which, tick the Show Labels for box in the top toolbar and
from the drop-down menus pick Stereocentres for the first and
Stereochemistry for the second.

4. There is disorder of the alcohol hydrogen atoms in this structure. It will not
affect the analysis, but you can remove it from the display by clicking the two
black dots next to Disorder in the top toolbar.

5. Study the structures to identify the two stereoisomers. To make them easier
to identify, you might wish to colour them differently. We will colour (-)-
menthol blue and (+)-menthol yellow for clarity. To select a complete
molecule, hold down the Shift key and left-click on the molecule of interest.
Then right-click in the visualiser area and from the drop-down menu, select
your preferred colour. You can now turn off the stereochemistry labels if you
wish.

z+

Measure »
Clear Measurements

Packing >

Selection L4

abels

Mon CH

Carbon atoms
x-90 x+90 |Hydrogen atoms
MNen-hydrogen atoms

Metal atoms
MNon-metal atoms
Contact atoms
Stereocentres

Custom Carbon...

Colour By Element

Show/Hide L4 Colour By Symmetry Equivalence
Contacts > Colour By Atemnic Displacement
Picking Mode b Colour By Symmetry Operation
View » Element colours...
Rotation Centre 4 Symmetry Equivalence colours...
Disorder L4 e
New b Light Grey
«  Draw Backdrop W Grey
Display Options... Dark Grey
B Black
Pink
5 H  Red
Orange
Yellow
Light Green
B Green
Light.Bl
B Blue
Bl Purple

- 4
“ = & »|: Disorder: Ase

2 Structure Mavigator g X
ZEGDIA Find
Crystal Structures Spacegroup
|ZEGDIA P-1
ZEGDIADZ P-1
3 B Show Labels for | Stereocentres ~ (with Sterecchemistry ~
d Stick | { g All atoms Select by SMARTS: [c]
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6. From the Calculate menu, click Molecule Overlay... to launch the Automatic 6 Calculate  CSD-Community @ Automatic Molecule Overla
Molecule Overlay dialogue. There is some useful information in the Options Centroids... I out
. . ptions
section of the dialogue: Planes...
T I I b | d Select two molecules (by selecting at least one atom in each) then
° wo molecules must be selecte Packing/Slicing |, press Overlay. The molecules must have at least three atoms in a

e The molecules must have at least three atoms in a common substructure common substructure. After overlay is complete you must select
. . . - Contacts... Reset before repeating the overlay or selecting different molecules,
e You need to press Reset before analysing different pairs of molecules | over |
verlay

Molecular Shell...

. . 7
Note: you do not need to select equivalent atoms in the two molecules. Graph Sets
Results
; H )\ H ; Powder Pattern...
7. Click on an atom in each of the (-)-menthol structures (blue in the image Flexibiity Inversion  Partil  RMSD  Mac.D  Display
below, following step 5) and click Overlay. Pore Analyser.. ] ] . o
X - @)
Structurs Ouerlay
X - - O
Meolecule Overlay...
X X - O
W Original  Geometry ---- ---- O
G
- /_*{'
j &= - Close
/ -
G e d
B - 8
e "2
7
N e P g (b=
/// - 0—1... 1atic Molecule Ove
-
e -
Options
Select two molecules (by selecting at least one atomn in each) then
. . . press Overlay. The molecules must have at least three atomns in a
8. The molecules will be overlaid. Since the (—)—menthol molecules are common substructure, After overlay is complete you must select
conformationally almost identical, the initial overlay looks very good. Reset before repeating the overlay or selecting different molecules.
Reset
Results
wt Flexibility Inversion  Partial RMSD Max. D Display
= . . . 01017 01840 O
@7 - X - 01017 080 O
- T ~
/' - X ; ; 00385 00778 (O
el - X X . 00385 00778 O
// —
W Original ~ Geometry ---- - O
//" -
/ -
//
-
- -

Close
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9. Examine the information in the Results section of the Automatic Molecule
Overlay dialogue.

The Flexibility and Inversion columns indicate whether the respective
operation have been applied by an “X” if they have or “-” if not. If
inversion does not improve the overlay of the two molecules, it is not
applied and the RMSD reported is of the non-inverted overlay. This is the
case for the current pair of molecules (we already know they have the
same stereochemistry; therefore, inversion would make the overlay
worse and is not applied).

The Partial column is applicable if the molecules are not chemically
identical and successful overlay of a common substructure is indicated by
an “X” in this column.

The RMSD and Max. D columns indicate the root mean squared deviation
of the least squares fit and the maximum distance found between pairs
of equivalent atoms, respectively. Lower numbers here generally indicate
a better overlay; however, it is possible to have a low RMSD and high
Max. D if the molecules have very similar structure except for in one small
region.

The Display column allows you to visualise the superposition
corresponding to the different overlay calculation result by clicking the
radio button for the desired row in the Results table. The final row of the
table allows you to switch to the non-overlaid view without resetting the
calculation.

In the current results, you can see that the initial overlay (9a) is very good and
is further improved by rotating flexible torsions (9b).

10. Click Reset in the Automatic Molecule Overlay dialogue.

0 Automatic Molecule Overlay

Options

Select two molecules (by selecting at least one atom in each) then
press Owverlay. The molecules must have at least three atoms in a
common substructure, After overlay is complete you must select
Reset before repeating the overlay or selecting different molecules.

Results

Reset

Flexibility Inversion

X
X X

Partial RMSD
0.1017
0.1017
0.0385
0.0385

Original  Geometry ----

Max. D Displa

0.1840
0.1840
0.0778
0.0778

(]

Options

Close

Select two molecules (by selecting at least one atom in each) then
press Overlay. The molecules must have at least three atoms in a
common substructure. After overlay is complete you must select

Reset before repeating tl
10 Reset

Results

ng different molecules,

Flexibility Inversion

X
X X

Partial RMSD
0.1017
0.1017
0.0385
0.0385

Original  Geometry ----

Max. D Display
0.1840
0.1840 _
00778 O
0.0778 ®

Close
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11. Repeat the overlay procedure for different enantiomers of menthol by

picking an atom from one of the blue molecules and an atom from the yellow ® 11a
one (assuming you have used the suggested colour scheme) and clicking REEs
Overlay. The results you get will be slightly different depending on which of e o s e S
the two possible pairs you choose. In this case, the direct overlay (11a) has a Rt b el i ooy ey et oo
poor fit. This is expected — enantiomers of this kind can never be Reset
superimposed. With inversion, the fit is greatly improved and rotation on top Resuts
of inversion gives an incremental improvement (11b). Floxbiliy Inversion  Partial  RMSD  MacD  Display
Conclusion e e o
In this example we have primarily seen how the inversion feature of the molecule i ) : EZ; Eizj
overlay works. In so doing, we have established that the conformations of the Original  Geometry -
two enantiomers of menthol in CSD entry ZEGDIA are virtually identical once
stereochemistry is accounted for.
Close

L]

Options

11b

Select two molecules (by selecting at least one atom in each) then

press Overlay. The molecules must have at least three atoms in a

common substructure. After overlay is complete you must select

Reset before repeating the overlay or selecting different molecules, ‘

Reset f o
Results

Flexibility Inversion  Partial RMSD Mazx. D Display
04866  0.6979

X - 0.0716 0.1516
K - - 0.5777 0.8585 O
X X - 0.0542 0084 O

Original  Geometry ----

Close
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Example 2. Overlaying Non-Identical Molecules

In this example, we will look at two related but non-identical molecules in
different structures, cannabidiol and cannabidiolic acid. Cannabidiolic acid has
disorder in its crystal structure, and we shall see how selection of disorder
components can be achieved via the Multiple Structures tool.

The superposition of CSD entries
CANDOM14 and IHODES.

1. If Mercury is not already open from Example 1, open it from the Start menu
or by clicking on the desktop icon.

2. In the Structure Navigator, type “CANDOM14” to load a structure of
cannabidiol (there are two polymorphs, we only use one of these).

3. Tick Multiple Structures underneath the Structure Navigator.

4. Type “IHODES” in the Structure Navigator to load in the second structure,
which is cannibidiolic acid.

5. Click Structures to open the Multiple Structures dialogue.

6. Inthe Multiple Structures dialogue, tick the box next to Move the structure
that is nearest the mouse cursor and click the Local rotation centres radio
button. You should now be able to reposition the structures in the visualiser
area more easily, using the regular mouse/keyboard operations.

B Tree View /

ﬂ Multiple Structures

Structures...

O Multiple Structures

Actions, e.g. packing, will be applied to Active structure(s) only
Rotation is around

) Global rotation centre

© Local rotation centres

Structure Navigator & x
CANDOM14 Find
Crystal Structures Spacegroup
CANDOMI4  P212121
CANDOMI5 P21
CANDOMIE  P212121 0
4 Structure Mavigator ]
IHODES Find
Crystal Structures Spacegroup
IHODES Pa1212
IHODIS P-1
X

Delete Al @ A @ A 8 A

Structure Visible Active Movable Colour Disorder
1 Delete CANDOM14 -] -] -] by Element ~ Mone
2 Delete IHODES a a a by Element v A Al

B Move the structure that is nearest the mouse cursor
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9.

You will notice similarities and differences between the two molecules.
Chemically, they differ only in the replacement of a hydrogen ortho to the
pentyl group by a carboxylic acid group. On the other hand, the conformation
of the pentyl group in cannabidiol (CANDOM14) is clearly quite different to
that in cannabidiolic acid (IHODES), and in any case, the pentyl group is
disordered in IHODES. In the Disorder column of the Multiple Structures
dialogue, click the two black dots next to A once. This will select the major
disorder group. You can subsequently click it to switch back and forth from
major to minor disorder group. The larger dot indicates the major occupancy
group. If a disorder group is activated, the indicator for that disorder group is
filled in black, otherwise it is empty. If you want to view both disorder groups
together again, click the All button.

For ease of visualisation, we recommend colouring the two molecules
differently. This can be achieved by clicking the drop-down menu in the
Colour column of the Multiple Structures dialogue. In this case, we shall
choose yellow for CANDOM14 and blue for IHODES.

From the Calculate menu in the top menus, click Molecule Overlay to open
the Automatic Molecule Overlay dialogue. See step 9 of Example 1 for an
explanation of the interface.

© Local rotation centres

Colour Disorder
by Element
by Element Disorder
Mene
Click once
Al | Al
O Multiple Structures
Actions, e.g. packing, will be applied to Active structure(s) only
Rotation is around
) Global rotation centre © Local rotation centres
Delete All @ Al @ Al @ Al
Structure Visible Active Movable Colour Disorder
| caDomi4 @ (] (] by Element None
2 Delete HODES [ ] (] (] by Element Ao Al
by Symmetry
by Atomic Displacement
White 8
Light Grey
M Grey
B Move the structure that is nearest the mouse cursor Dark Grey
W Black
Pink
B Red
Calculate  CSD-Community
c ” 7 Yellow
entroids... b Light Green
9
Planes...
Packing/Slicing... z
Contacts...

Molecular Shell...
Graph Sets...

Powder Pattern...
Pore Analyser..,

Structure Cwverlay...

Melecule Overlay...




MER-008 9

10. Click one atom of each molecule, then click Overlay to overlay the molecules. 10 @ Automatic Mole
Caution: the results of a molecule overlay with flexibility can be affected
slightly by which molecule is selected first. We have selected IHODES first.

Optiens

Select two molecules (by selecting at least one atom in each) then
press Overlay. The molecules must have at least three atoms in a
commeon substructure, After overlay is complete you must select

11. When the overlay is Complete, inspect the results reported in the dialogue. Reset before repeating the overlay or selecting different molecules.
Switch between different solutions using the radio button in the Display Overlay
column. Notice that in the Partial column, there is an “X” for each overlay

solution because the molecules differ by a carboxylate group and therefore a

Results

Flexibility  Inversion Partial RMSD Max, D Display
common substructure is being used for the overlay. The initial overlay is poor ] ) -
(RMSD = 1.1320, see 11a). Inversion will not improve the overlay because ; X [EJ
both molecules have the same stereochemistry at the equivalent chiral atoms X - O
in the pair of molecules. Therefore, inversion is not applied in the calculation X X o
and the metrics reported are as for the first solution (no inversion, no Original | Geometry [--—- |- ©
flexibility). On the other hand, the result with rotation of flexible torsion is a
greatly improved overlay (RMSD = 0.1087, see 11b), which we can see is
largely due to achieving the same conformation of the pentyl group by Close
rotation around the C—C bonds. Tip: if you want to rotate the view of the
molecules, untick Move the structure that is nearest the mouse cursor in the 2 Delete IHODES (] (] (]
Multiple Structures dialogue. TIP: |33 Move the strlcture that is nearest the mouse cursor

12. Click Reset in the Automatic Molecule Overlay dialogue.
12 @ Automatic Molecule Overla,
11b P Options
@ Select two molecules (by selecting at least one atom in each) then
e press Overlay. The molecules must have at least three atoms in a
- common substructure. After overlay is complete you must select

Reset before repeating the overlay or selecting different molecules,

& JJ Reset

Results

Flexibility Inwversion  Partial RMSD Max. D Display

- X 11320 3.7307 )
- X X 11320 3.7307 @]
X X 0.1087 0.2049 (o]
X X X 0.1087 0.2049 ()]

Original  Geemetry ---- - (@]

Close
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13. In the Multiple Structures dialogue, in the Disorder column, click the two dots
next to “A” to activate the minor occupancy disorder group. The colour of the
affected carbon atoms may revert to grey. This does not affect the overlay.
You can change the colour of these atoms to your preferred colour again, as
in step 8, if you wish.

14. Repeat steps 10-11. You should find that the metrics are worse for the
overlays involving the minor occupancy disorder group, though rotation of
torsions still markedly improves the results.

Mone

AT

All

Conclusions

In this example we have seen that good overlays can be achieved even in non-
identical molecules and that molecules with flexible groups such as alkyl chains,
which can easily adopt different conformations, can be overlaid well when the
conformation is allowed to change via rotation of flexible torsions.

Dizorder

13

O Automatic Molecule Overlay

Options

Reset

Results

Select two molecules (by selecting at least one atom in each) then
press Owverlay. The melecules must have at least three atoms in a
common substructure, After overlay is complete you must select
Reset before repeating the overlay or selecting different molecules.

Flexibility Inversion  Partial RMSD Max. D Display
X 1.2383 40012 O
X 1.2383 40012 O
X X 0.3254 07347 O
X X X 0.3254 07347 O
Original  Geometry ---- - )
Close
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Summary

In this workshop, we have seen how to use the Molecule Overlay functionality in
Mercury to perform a least-squares superposition of molecules. You should now:

e Be able to superimpose molecules using the Automatic Molecule Overlay
tool in Mercury

e Be comfortable overlaying molecules from the same structures and from
different structures by making use of the Multiple Structures tool

e Understand the results of a molecule overlay calculation

For your reference, you can consult the Mercury user guide.
Next Steps

If you are interested in overlaying structures, you might like to explore the
example in In-Depth Comparison of Polymorphic Structures Using Mercury. You
can find self-guided workshops on other tools in Mercury in the CSD-Core and
CSD-Materials self-guided workshop pages.

Feedback

We hope this workshop improved your understanding of Molecule Overlay and
you found it useful for your work. As we aim to continuously improve our training
materials, we would love to hear your feedback. Follow the link on the workshop
homepage and insert the workshop code, which for this self-guided workshop is
MER-008. It will only take 5 minutes and your feedback is anonymous. Thank you!



https://www.ccdc.cam.ac.uk/support-and-resources/documentation-and-resources/?category=All%20Categories&product=Mercury&type=User%20Guide
https://www.ccdc.cam.ac.uk/media/HG-comparing_polymorphs.pdf
https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/csd-core-workshops/
https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/csd-materials-workshops/
https://www.surveymonkey.co.uk/r/CCDC-Online-Workshop
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Glossary

Conformation

The spatial arrangement of the atoms affording distinction between
stereoisomers which can be interconverted by rotations about formally single
bonds. Some authorities extend the term to include inversion at trigonal
pyramidal centres and other polytopal rearrangements. Sources: PAC, 1994, 66,
1077. (Glossary of terms used in physical organic chemistry (IUPAC
Recommendations 1994)) on page 1099.

Disorder

A disordered structure lacks long range order, but it may show local order, which
can be modelled by the crystallographer during a structure refinement. Disorder
in the CSD is described with disorder assemblies and groups. A disorder assembly
is a cluster of atoms that show long-range positional disorder but are locally
ordered. Within each assembly a disorder group is used to identify sites that are
simultaneously occupied (i.e. the atoms in the group all have the same
occupancy).

Flexibility

Molecules with rotatable single bonds are typically flexible — they can easily adopt
different conformations. Some single bonds can show limited rotation due to
steric hindrance.

Inversion
Inversion maps coordinates (x, y, z) to (-x, -y, —z). This has the effect of
swapping R and S configuration at stereocentres of a molecule.

Refcode
A refcode is a CSD entry identifier comprising six letters e.g. ABACOF. Two digits
identifying additional structure determinations e.g. ABACOFO03.

Root Mean Square Deviation (RMSD)

The root mean square deviation (RMSD) is a commonly used measure of the
difference between two sets of values. In the case of molecule overlay, this
difference is the distances between equivalent pairs of atoms in two molecules.

Two conformations of succinic acid molecules, shown on
refcodes SUCACBO2 (left) and SUCACB19 (right).

A disordered butyl group with occupancies of the carbon atoms show.
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The formula for the RMSD of two sets of coordinates after optimal superposition
is:

N
1
RMSD(X, Xref) = n}%'ltn NZ”(R . Xi(t) + t) _ X{efllz
i=1

Where x; and xf are the atomic coordinates of the pairs of atoms to be overlaid,
t and R are the optimised translational vector and rotation matrix.

Substructure

A substructure of a structure is a specific smaller part of a structure. It does not
need to be a complete molecule. For example, the C¢ ring of benzene is a
substructure of both benzene and phenol but is not a complete molecule.
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S
Basics of Mercury Visualization

Mercury is the CCDC’s visualization software to view 3D structures of small
molecules, generate images, and animations of molecules.

4 stoms,
style: [Ball and sock ~ Colour: by Elament

) samee.. | oetautvew: b

In the following we will see some of the basics of navigation and visualization in
Mercury that you will find helpful to support your analysis.

In the Mercury interface we find:

e At the top: list of menus from which we can access visualization and
analysis options, and other CSD components such as CSD-Materials.

e On the right-hand side: the Structure Navigator, with the database
loaded (depending on your licence). The Structure Navigator allows you
to select a refcode to visualize in the main Mercury window.

e Beneath the main display window: Display options toolbar. You can
quickly view a packing diagram, display Hydrogen bonding and detailed
information about the molecule using the More Info option. DL

File Edit Selection Display Calculate CSD-Community

CSD-Care

enents[ 5] O T | O shomtabeis

Structure Navigator

CSD-Materials  CSO-Theory

¢ CSD Pylhon APL Help
ASBHTZ

CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help

Crystal Structures
AABHTZ
AACANITO
AACANITT
AACFAZ
AACFAZ10
AACMAL
AACMHX10
AACRHA
AACRHC
AACRUB
AACRUBO1
AADAMC
AADMPY
AADMPY10
AADRIB
AAGAGG10
AAGGAG10

T ozr X9 X p90 P 70 20 & S 4 T momm meme

<<

Display Options
Using the mouse to enhance visualization: L] Packing [] Short Contact < (sum of vdW radii) Contacts... Shous hydrogens
[] Asymmetric Unit D H-Bond Default definition Fe—— [] show cell axes
Al ] e Left mouse button and move — rotate molecules. (] Auto centre [] Label atoms
Powder...

Reset

@Im ° Middle Mouse wheel — move molecules up and down.

. e Right mouse button and move up and down — zoom in

a ‘ and out of molecules.
a

e Shift + Left mouse button and move - rotate in the plane

Measure

Packing

Selection

Styles

Spacegroup
P-1
P21/c
P21/c
Pben
Pben
P21/c
Pbca
Pncm
P-1

Cc

C2jc
P21/c
P-1

P-1

P21
p212121
P21

[] pepth cue
[] z-clipping

K| |
shift &S - molecules.

— ] Ctrl + Left mouse button and move - translate molecules.

cul [ -

Right click:
a) Near a molecule and
b) Away from a molecule

Selection
Styles
Colours
Labels
Show/Hide

Contacts

Colours
Labels
Show/Hide

Contacts
Picking Mode
View

Rotation Centre

Delete this Molecule

New

Rotation Centre

IsoStar Interactions Check...

Draw Backdrop

Display Options...



