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1. Introduction to PyMol

To know the structure of the protein means to better understand protein function and,
potentially, to be able to intervene with its abnormal activities in diseases. On the website of
the Protein Data Bank (PDB) the 3D protein structures are stored as pdb(protein data
bank)/cif (crystallographic information file) files that contain the coordinates of the atoms
in the protein of interest. Programs such as PyMol, VMD, ChimeraX etc. enable us to explore
these 3D structures and allow for some manipulation.

Before the workshop, please make sure to install PyMol ahead of time, to speed up the
process on Thursday. For that, please go to PyMOL | pymol.org to download the latest
version of PyMol for your Operating System.

After the installation process is completed, when you open PyMol, you may be prompted to
upload a license file — you do not need a license file to use PyMol — so you can ignore this
prompt!

For this exercise session, we will start first by getting our hands on PyMol, and understanding
how to navigate it — then we will study actual protein structures: RanGTPase, the F-actin
binding domain, SARS-CoV-2 spike protein and the RNA Pol Il Transcription-elongation
complex. These parts will have questions for you to answer.

1.1 Navigating PyMol

For any tasks required during this week’s and next exercise sessions, feel free to consult
PyMol’s wiki: Help:Contents - MediaWiki or ask a TA.

So that you don’t lose any information/selections etc you have generated | strongly suggest
you save your session at regular intervals. To do this, go to File -> Save Session. This is also
useful if you want to save a particular analysis of your protein structure through using Save
Session As... to generate a new filename. To start the session up at any time in the future,
you can go to File -> Open and chose the file with the .pse extension.

You can undo in PyMol by pressing Ctrl (or Command for Macs) Z, or clicking the undo button
on the top left of the screen.


https://www.rcsb.org/
https://www.pymol.org/
https://www.mediawiki.org/wiki/Help:Contents
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Download and open the file 1HEW.cif from Moodle. This file contains a structure of
an enzyme in complex with an inhibitor molecule. We will use this file simply to get
used to navigating PyMol

To view the amino acid sequence click on SEQ (A) in the bottom right hand corner.
You can also click on Display on the top main menu then Sequence. This will open up
the sequence panel (B) where you can see the amino acid sequence of the protein.

The text written above the sequence: l H EI'I- H-"H l refers to the pdb 4
character entry name that corresponds to this protein (1HEW).

We can select a number of things on PyMol. If you click on “Residues” in the top left
hand corner (C), you can change between selecting individual protein residues, or
atoms or entire protein chains.

The object panel on the top right (D) allows you to perform basic activities with the
molecules

a. Action n: perform viewing and computation activities

b. Shown: add the representation of molecules e.g. display carbon-alpha
backbone, show surface, amino acid side chains etc.

c. Hide n: hide the representation of molecules

L
d. Label .: set label on selected molecules e.g. display the name and number
of a particular amino acid

e. CoIourE : change colour appearance of the molecule



It is important to know to which molecules to apply changes. You can do it either to
only one of the depicted molecules (e.g. 1HEW) or a particular selection (sele) or all
molecules (All)

Let’s play around with a few representations:

On the 1HEW tab, click on Show -> sticks (All the atoms (except hydrogens) will now
appear)

On the 1HEW tab, click on Hide -> sticks (only the cartoon representation should
remain)

On the sequence panel, click on any random residue (make sure that the selection on

¥ Residues

the top left: is set to Residues) and show it as a stick: Click on the
residue, then on the (sele) panel Show -> sticks

5. PyMol is a really powerful software as users can also interact with its command line
(E) to carry out functions. PyMol has its own command language — For more
information consult the wiki: Category:Commands - PyMOLWiki

Let’s try a few simple commands. Type the following commands in the command line
of PyMol, press enter after every command and observe what happens

select phenylalanines, resn PHE
show sticks, phenylalanines
color magenta, phenylalanines

6. On the lower right (F) You can see how the mouse buttons will function with
combinations of keyboard keys. Clicking on the arrow next to 3-Button Viewing will
allow you to change mouse settings.

By default, these are the ways to navigate with a mouse:

Rotate: press and hold left mouse button and move mouse

Zoom in and out: press right and hold mouse button and move mouse

Mouse wheel: scroll to see the “slab” view of the molecule change. The “slab” view
allows you to look inside a protein molecule.

Portions of this tutorial were adapted from: Jones, Dafydd, A Simple Tutorial for PyMOL:
Visualising Proteins Using Molecular Graphics


https://pymolwiki.org/index.php/Category:Commands

1.2 Atom Colours in PyMol

Amide bond

— Glutamic acid side-chain

N-terminal C-terminal

Cysteine side-chain

When you look at a molecule in PyMOL, each atom is given a standard color so you can
immediately tell what type of atom it is. For example, in the sticks representation of a Cys—
Glu dipeptide (as shown above) you will see:

e Nitrogen (N) - blue
e Oxygen (0) - red
e Sulfur (S) - yellow

These colors follow common conventions in structural biology and help you quickly recognise
functional groups (acidic groups, amines, thiols, etc.). The carbon skeleton here is shown in
light brown. Hydrogen atoms are not shown in most PDB structures, and PyMOL does not
display hydrogens by default.

If you have an object visualised as sticks, and would like to see the colours of each atom type
as described above, in the object panel: Colour -> by element -> Click the first colour set:

Color:

by element

by rep

This is usually the default way of visualising each atom type, however will change after
changing the colours of each object.



2. Ran GTPases — 15t Exercise

Now that we’re more familiar with PyMol’s interface, we can get started with an exercise. In
the file uploaded on Moodle, you should find a pymol session called Ran.pse in which you
will find two pdb files: 1rrp and 1byu.

Ran is a small GTP-binding protein (a member of the Ras superfamily) that acts as a
molecular switch in the cell.
It cycles between two states:

e Ran-GTP - “active” form
e Ran—-GDP - “inactive” form
Ran is essential for:
e Nuclear transport (import/export through the nuclear pore)
¢ Mitotic spindle assembly
¢ Nuclear envelope formation

Like all GTPases, Ran switches states through GTP binding, hydrolysis, and exchange, and its
structure changes depending on which nucleotide is bound.

You will explore two structures of Ran which were solved in its two states: 1rrp — Ran bound
to GNP (a non-hydrolysable analogue of GTP) and 1byu — Ran bound to GDP.

1. These two structures were taken from the Protein Data Bank. Go to RCSB PDB -
1RRP: STRUCTURE OF THE RAN-GPPNHP-RANBD1 COMPLEX and RCSB PDB - 1BYU:
CANINE GDP-RAN.

a. Which structural biology method was used to solve the structure of these
proteins? Describe the method briefly.

Answer: Both 1RRP and 1BYU were solved using X-ray crystallography.

This method works by growing the protein into an ordered crystal, shining an X-ray beam
through it, and measuring the diffraction pattern produced; from these diffraction
patterns, an electron-density map is calculated and an atomic model of the protein is
built.

b. Take a look at the resolutions of the deposited structures, in your opinion are
they high? The websites also give information about the quality of the
deposited structures. Which values should we look for to discern the quality
of the two structures? For 1rrp and 1byu, can you evaluate these values?

Answer: Both structures have moderate/high resolutions, at 2.96 and 2.15 angstroms for
1RRP and 1BYU respectively. At this resolution, both the shape and the positioning of the
backbone can be resolved well. Side chain information can perhaps be inferred, more so
for 1BYU compared to 1RRP. To judge the quality of the structural model proposed, one
can analyse the R-values/factors: R-free and R-work. However, R-values/factors were not
covered in the lecture so this part of the question does not need to be considered.



https://www.rcsb.org/structure/1RRP
https://www.rcsb.org/structure/1RRP
https://www.rcsb.org/structure/1BYU
https://www.rcsb.org/structure/1BYU

2. Open Ran.pse. First thing we can do is align the two structures to see the main
differences between the two states. In PyMol’s command line type in:

align 1rrp, 1byu

The align tool in PyMol allows you to superimpose two structures, while minimising
the root mean squared deviation (RMSD) between the two structures.

a. What is the RMSD value given in PyMol’s output console (directly above the
command line)? In your opinion, is it large?

Answer: For 1088 atoms aligned, the RMSD value is 0.993 (any value around 0.9 is
accepted). For two sets of proteins of this size, this RMSD value is quite small, suggesting
that the two proteins are highly similar in structure.

b. What major conformational differences do you observe on the structure of
these two Ran isoforms? Take a screenshot and add arrows pointing to the
major differences. Speculate or consult literature on whether it can have
biological relevance.

Answer: The c-terminal helix undergoes a major conformational change during the
transition from the GDP (cyan) to GTP (green) states. This c-terminal helix is a binding
domain for Ran Binding Proteins (RanBPs), and allows Ran to associate with other members
in a complex. This is key for its function as a nuclear import/export protein. More
information can be found in the article: Czigleczki, Janka, et al. ‘Small GTPase Ran: Depicting
the Nucleotide-Specific Conformational Landscape of the Functionally Important C-
Terminus’. Frontiers in Molecular Biosciences, vol. 10, 2023. Frontiers

3. Now we will analyse some interactions between the ligand and Ran. For this, we will
only need 1byu, so unclick 1rrp. Make sure that you are selecting residues (check
that the selection in the top left is set to residues and not chains). Open the
sequence panel and click on K23 and GDP (scroll to the right to find GDP).



a. Show them both as sticks, and colour them in magenta. Then to again view
the colours of each atom type, go to Colour -> by element -> click on the first
option. The phosphorus (P) atom here is coloured orange.

b. Then, to identify interactions between K23 and GDP, For (sele) click on
Action (A) -> find -> polar contacts -> within selection

c. Take a screenshot of the 3 interactions that are found between the
phosphates in GDP and K23. Recalling from the first Lecture, name each type
of interaction. Are they all attractive interactions?

il Edit Build Movie Display Setting Scenes Mouse Wizard Plugin Help

Zoom v Orient Rock  Presets...

Answer: Lysine 23 forms two stabilising interactions with the f§ phosphate on GDP. There
is an ionic interaction (salt bridge) between its positively charged NHs* group and the
dianionic phosphate group. There is also a hydrogen bond between its backbone amide
proton and the same f} phosphate. One has to visualise the proton here as it is not
explicitly shown by PyMol. Between the a and B phosphates, there is a destabilising ionic
interaction between the two negatively charged oxygen atoms.

d. In both 1byu and 1rrp there is a large sphere sitting in the ligand binding
pocket of Ran. What is this sphere? Why do you think this protein needs it?

The large sphere is a magnesium ion (Mg?*), which is essential for stabilising the
nucleotide—whether GDP or GTP/GNP—inside the binding pocket.

Mg?* coordinates the phosphate groups of the nucleotide, neutralising their negative
charges and helping the protein bind the nucleotide in the correct geometry; without
magnesium, Ran (like most GTPases) cannot bind or hydrolyse GTP efficiently.

e. Histidine is a very interesting residue because it has a pKa (6.0-6.5, for an
isolated amino acid in aqueous solvent) which allows it to sample between
protonated (positively charged) and deprotonated (neutral) states at pHs near
physiological pH (7.4). It also has a “flexible” pKa, which means that its
tendency to be protonated or not depends largely on its local environment. In



the GDP bound state (1byu), find H30. Based on its surrounding hydrogen
bond environment, can you determine the protonation state of this Histidine
at physiological pH? (Hint: show the entire structure as sticks, and on the 1byu
object, find polar contacts “within selection”).

Answer: H30 is deprotonated at physiological pH as it acts as both a hydrogen bond donor
and acceptor with two nearby residues:

H30 forms a hydrogen bond with the carbonyl oxygen of V51 and therefore acts as a
hydrogen bond donor : N-epsilon of the histidine side chain is protonated.

H30 forms another hydrogen bond with the amide proton of G33 and therefore acts as a
hydrogen bond acceptor: N-delta of the histidine side chain is therefore deprotonated.

As one of the nitrogen atoms of the histidine remains deprotonated, H30 here is in its
neutral state.



3. F-actin Binding Domain — 2" Exercise

Next, we’re going to take a look at the structure of the F-actin binding domain of a kinase. In
the files from Moodle, download the file called 1ZZP.cif. 1ZZP contains the F-actin binding
domain of the ABL kinase, a small helical bundle responsible for anchoring ABL to the actin
cytoskeleton. This domain helps regulate ABL's localisation and function by mediating direct
interactions with actin filaments, which is important for cell movement and signalling.
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1. Open the file. On the bottom right ( 1/10 > O » »

through the “states” of 1zzp.
a. Click play — what do you observe?

), you can play

Answer: Clicking play flips through different solution state structures of the protein. The
different states can highlight the dynamics and motion of different parts of the protein in
solution, which may yield further insights into the proteins function. What we see here is
that the loops connecting the helices are very flexible and dynamic in solution, while the
helices themselves are very fixed, highlighting their stability.

b. Given this observation, can you reason as to which structural biology method
was used to solve this structure? Describe the method briefly, what are the
advantages of this method over others?

The structure of 1ZZP was solved using NMR spectroscopy. This can also be found by going
on the Protein Data Bank and typing in 1zzp. But also, because one can visualise the
conformational dynamics of this protein in solution, this structure must be solved by NMR
spectroscopy. NMR determines protein structures in solution by measuring distance and
angle constraints between atomic nuclei, producing an ensemble of models that represent
the range of conformations the protein can adopt. Unlike X-ray crystallography, NMR does
not require crystallisation, captures molecular flexibility, and reflects the protein’s
behaviour in a native-like solution environment. Compared to cryo-EM, NMR offers higher
resolution for small proteins and directly captures their dynamics in solution, something
cryo-EM cannot do. However, NMR is limited to proteins of small molecular weight (<50
kDa) which is its big limitation compared to cryo-EM and X-ray crystallography.

2. Below are a sequence of commands for you to enter in the PyMol command line, one
by one. Press enter after each command:
color gray
select hydrophobes,(resn ala+gly+val+ile+leu+phe+met+trp+tyr+pro)
show sticks, hydrophobes
color orange, hydrophobes
disable hydrophobes

a. Now, have a look at the distribution of hydrophobic residues. Where are most
of them located? Take a screenshot.



Answer: Most of the hydrophobic residues are pointing towards the core of the helical
bundle.

3. Now we will analyse the distribution of polar contacts across the helical bundle. Hide
the sticks. Then, for the 1ZZP object, go to Show (S) -> main chain -> sticks. Now you
see only the backbone atoms as sticks. Then, again for 1ZZP, go to Action (A) -> find
-> polar contacts -> within selection.

a. Take a screenshot of what you see. Analyse the distribution of interactions.
Where do you find most of the hydrogen bonds?

Answer: Most of the hydrogen bonds within the structure are within a helix — and are
important for stabilising the helix fold during protein folding. These helix hydrogen bonds
usually form a 13-sided “macrocycle” :
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b. Given your answer to question 2a and 3a, and your knowledge about protein
folding can you explain two major thermodynamic properties that lead to the
stabilisation of this structure?

Answer: The first stabilising force is the hydrophobic effect: the hydrophobic side chains
pack tightly in the core of the helical bundle, which increases the entropy of water and
strongly drives folding.

The second is enthalpic stabilisation from the network of backbone—backbone hydrogen
bonds within the a-helices, which provide directional, energetically favourable
interactions that hold the helical structure together.

c. We saw in Lecture 5 that alpha helices are very ordered structures with well-

defined helical parameters. Can you recall what the length of one helix-turn
is?

Answer: The general length of one helix-turn is 5.4 Angstroms.

Amino terminus

@ carbon

(O Hydrogen
@ Oxygen
@ Nitrogen
@Rgroup

Carboxyl terminus

d. Since the F-actin binding domain is a very well-defined helical bundle, we can
also check ourselves! For this, you can use the Measurement tool. Go to:
Wizard (top of your screen) -> Measurement. Here you can click on two atoms,
and the Wizard outputs a distance in Angstroms. In the way you think is best,
measure the distance of one turn of a helix in 1ZZP.



Answer: There are number of ways to approach this by measuring distances between
various atoms in the peptide backbone (carbon alpha, amide nitrogen, amide proton,
carbonyl carbon, and carbonyl oxygen), which yields distances between 5 and 6 angstroms.
The idea here is to get comfortable with measuring distances with the Measurement tool
and to appreciate the structure of alpha helices.




4. SARS-CoV-2 spike Glycoprotein — 3™ Exercise

Now, for the next exercise, we will briefly look at a very large protein complex, solved by Cryo-
EM. Cryo-EM images “snapshots” of particles frozen in vitreous ice. By averaging across many
of these snapshots, cryo-EM can produce density maps for which a model can be fitted.
Based on how well represented certain regions of the biomolecule is across these snapshots,
the resolution may vary. 6vxx is the structure of the SARS-CoV-2 spike glycoprotein, solved
by Cryo-EM.

Open 6VXX.cif from Moodle. Enter the following commands into the PyMol command line:
color red, chain A
color blue, chain B
color yellow, chain C
1. How can you tell that the SARS-CoV-2 spike protein is a homotrimer?

Answer: There are a number of ways we can tell that the spike protein is a homotrimer.
One can take a look on the PDB website of 6VXX, where it states that the global
stoichiometry is a Homo-3-mer. Also by simply observing the structure on PyMol, it is clear
that it possesses a 3 fold symmetry. After a quick scan of the sequence on PyMol, we can
also see that each chain possesses the same sequence.

2. Based on your knowledge of SARS-CoV-2, can you tell which part of the protein is
most important for recognizing host cells (take a screenshot of the domains)? Consult
literature if necessary.



Answer: SARS-CoV-2 uses its receptor binding domains (RBDs) in order to recognise and
bind to a receptor called the angiotensin-converting enzyme 2 (ACE2) which are present on
our host cell surfaces. The RBDs of the SARS-CoV-2 spike protein are shown below:




5. RNA Pol II Transcription-elongation Complex — 4th
Exercise

The last structure we will analyse is one we all know very well!l RNA Polymerase Il in the
process of transcription elongation. Open 70L0.pse from Moodle.

1. Which structural biology method was used to solve this structure, and why is it
suitable for such a large complex?

Answer: This structure was solved by cryo-electron microscopy (cryo-EM), which is ideal
for very large and flexible complexes like RNA polymerase Il bound to DNA and RNA. Cryo-
EM does not require crystallisation, can image enormous assemblies in multiple
conformations, and can capture nucleic acid—protein complexes that are often too
heterogeneous or dynamic for NMR or at times X-Ray crystallography.

2. Looking at the nucleic acids, can you identify the DNA-RNA hybrid region in the active
site? Which strand is DNA and which is RNA? (Take screenshots)

Answer: The DNA-RNA hybrid sits in the active site where the newly synthesised RNA
remains base-paired to the template DNA strand. In the structure, the DNA is the longer
double-stranded molecule (in green and cyan), while the RNA strand (in magenta) appears
as a short single strand that emerges from the active site. The RNA strand is paired only
with the template DNA (green), forming a short ~8-10 bp hybrid helix, while the non-
template DNA strand (cyan) is peeled away and does not base-pair with the RNA. One can
also scroll through the sequence, and find that the RNA strand has Uracil (U) which would
not exist in DNA.




