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Project Setup for Day 2

2. Set to where Maestro should put 
results of calculations and other output
My recommendation: inside project folder

3. Fetch BACE-1 structure from the PDB

0. In case you’re using a trackpad or are used to PyMOL:

1. Choose where project data 
should be saved
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What do I need to check before using a protein structure?

protein 
crystal

diffraction 
pattern

electron density 
map

atomic model

crystallization 
cocktail

purified 
protein

expressed 
sequence

native 
protein

What question am I 
trying to answer?

What calculations 
will I be running?

(X-Ray) structure quality checks

Sequence-related checks

Function-related checks
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❏ Is the protein a monomer or a multimer?

The multimeric structure is often only available 
through crystallographic symmetry. You can access 
it by downloading the biological unit from the PDB.

❏ If the protein is a multimer, is it a homomer or a heteromer?
You can find this information in UniProt in the 
Interaction section. 

TNFα
UniProt ID: P01375

Regular entry vs the 
biological unit of TNFα 
trimer (PDB ID: 4TSV).

Again, UniProt’s Interaction section is the place to check.

Note: If the subunits of the multimer are encoded by different 
genes, then each subunit will have its own UniProt entry.

Hemoglobin subunit α
UniProt ID: P69905

Adult hemoglobin A with 
bound oxygene (PDB ID: 
1GZX).



How to get to the biological unit?
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There are two options to download and view biological units within Maestro from the PDB:

● File -> Get PDB
● Tasks -> Browse -> Protein Preparation and Refinement -> Protein Preparation Workflow

(should also be in your Favourites toolbar under Protein Preparation )



How to get to the biological unit?
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If you’re working with an internal structure, you can still 
generate the biological unit using our command line 
tools.

REMARK 350 BIOMOLECULE: 1                                                       
REMARK 350 AUTHOR DETERMINED BIOLOGICAL UNIT: TRIMERIC                          
REMARK 350 SOFTWARE DETERMINED QUATERNARY STRUCTURE: TRIMERIC                   
REMARK 350 SOFTWARE USED: PISA,PQS                                              
REMARK 350 TOTAL BURIED SURFACE AREA: 5860 ANGSTROM**2                          
REMARK 350 SURFACE AREA OF THE COMPLEX: 18080 ANGSTROM**2                       
REMARK 350 CHANGE IN SOLVENT FREE ENERGY: -36.0 KCAL/MOL                        
REMARK 350 APPLY THE FOLLOWING TO CHAINS: A                                     
REMARK 350   BIOMT1   1  1.000000  0.000000  0.000000        0.00000            
REMARK 350   BIOMT2   1  0.000000  1.000000  0.000000        0.00000            
REMARK 350   BIOMT3   1  0.000000  0.000000  1.000000        0.00000            
REMARK 350   BIOMT1   2 -0.500000 -0.866025  0.000000      233.52000            
REMARK 350   BIOMT2   2  0.866025 -0.500000  0.000000      -57.78121            
REMARK 350   BIOMT3   2  0.000000  0.000000  1.000000        0.00000            
REMARK 350   BIOMT1   3 -0.500000  0.866025  0.000000      166.80000            
REMARK 350   BIOMT2   3 -0.866025 -0.500000  0.000000      173.34364            
REMARK 350   BIOMT3   3  0.000000  0.000000  1.000000        0.00000    

However, your PDB file has to have the REMARK350 
fields containing the BIOMT symmetry operators.

> $SCHRODINGER/run generate_biounit.py 4tsv.pdb 4tsv_biounits.mae

The script* below takes a PDB file as input and creates a 
.mae file of the input PDB with the complete biological unit.

*Ask your local Application Scientist for the script.
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❏ Is the protein known for multiple conformational states?

p38α kinase in DFG-in and 
DFG-out conformations.

Kinases are rather notorious for the amount of 
conformational states they explore.

Some enzymes can adopt multiple conformational 
states that can significantly differ from one to another in 
terms of RMSD.

Working with the wrong conformation of your target can 
be a huge waste of time and/or computational resources.

Unfortunately, UniProt has no sections that can help in 
this case.

Your best options are to:

● Check the literature to see if any such states have 
been identified - structural papers are especially 
valuable.

● Compare all available PDB structures and make sure 
that the site of interest is more or less the same (i.e., 
w/o any large conformational changes).

For example,  DFG-in (PDB ID: 3S3I) and DFG-out 
(PDB ID: 1KV1) are conformations in which the 
phenylalanine of the DFG motif in the activation loop 
undergoes a large shift within the ATP binding site.

Kinase inhibitors are developed to specifically target 
one of these two states.



How to align protein structures?
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There are two options to align protein structures within Maestro:

● Tasks -> Browse -> Protein Preparation and Refinement -> Protein Structure Alignment

● Tasks -> Browse -> Protein Preparation and Refinement -> Binding Site Alignment

Protein structures can be difficult to align due to:
● low structural similarity
● low (or no) sequence identity
● a different number of residues
● different sequence numbering



How to align protein structures?
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Protein Structure Alignment uses secondary 
structure elements for the alignment to the 
reference structure (the one with the lowest 
entry number).

You can use ASL to define which residues are 
used for the alignment. Make sure they contain 
at least one secondary structure element to 
obtain a meaningful alignment.

aligns selected residues even 
w/o sufficient similarity

alignment scores above 0.7-0.8 
indicate insufficient similarity



How to align protein structures?
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The binding site alignment algorithm first 
runs a global structural alignment and 
then automatically generates the list of 
C⍺ atoms to use in a pairwise alignment 
from the selected residues.

either detect the residues automatically 
based on the distance from the ligand 
or pick them yourself

skips the global alignment

skips the global alignment 
and calculates C𝛼 RMSD

determines which atoms are 
used for the pairwise alignment

Aligned binding sites of two PDB structures of p38α kinase (white - 
PDB ID: 1KV1; blue - PDB ID: 3S3I). C⍺ atoms used for the pairwise 
alignment are shown as white and blue spheres. 
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❏ What about atypical chemical forms?

Asp-dyad in HIV-1 protease 
(PDB ID: 3HVP).

The protonation state of Asp-dyads in aspartic proteases (where 
one Asp is protonated and the other deprotonated) is crucial for their 
mechanism of action and has been driving the inhibitor design.

When preparing enzymes, you should also 
consider whether any of the residues assume an 
uncommon protonation/tautomerization state 
as a part of the mechanism of action.

While empirical methods are certainly getting 
better at predicting pKa values, they can still make 
mistakes, so always double check whether the 
desired protonation state has been assigned to 
relevant residues.

It’s always best to check relevant literature to 
make sure that you are working with the correct 
form of the protein for the scientific problem you’re 
trying to solve. (No helpful UniProt section).

Hyland LJ, et al. (1999) Biochemistry 30:8441-53.
Hyland LJ, et al. (1999) Biochemistry 30:8454-63.

McGee, et al. (2014) J Phys Chem B 118: 12577-85.
Soares RO, et al. (2016) J Struct Biol 195(2):216-26.
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❏ Maybe there are some PTMs?

Thomas Splettstößer @ scistyle.com

While phosphorylation is without a doubt the most common 
PTM, the recent COVID pandemic has shone a light on 
glycosylation as N-glycans linked to the spike protein help the 
SARS-CoV2 virus stay hidden from the host immune system.

Post-translational modifications are covalent modifications 
of proteins that involve either a proteolytic cleavage or the 
addition of a modifying group to an amino acid.

More than 200 PTMs have been characterized up to date.

PTMs can modulate protein’s activity state, localization, 
turnover, and interactions with other proteins. It’s therefore 
imperative to know if PTMs are involved in your scientific 
question.

Tumor protein p73
UniProt ID: O15350



How to add PTMs?
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Right-clicking on either a single-atom or a multi-atom selection 
will open a menu with ‘Mutate Residue’ option which allows you 
to phosphorylate Ser, Thr, or Tyr.



How to add PTMs?
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● 3D builder allows you can create any kind of custom residue.
● It’s advisable to minimize the custom residue and its neighbors 

afterward.

minimization button

● Another option is to use the Nonstandard Residues 
panel from Biologics which allows you to build your own 
database of nonstandard residues and use it in Residue 
Scanning Calculations to introduce mutations.
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❏ Are any metals involved? ❏ Does the protein bind any other cofactors?

Thomas Splettstößer @ scistyle.com

Zinc finger motif where Zn ion 
is coordinated by 2 Cys and 2 
His residues (PDB ID: 1A1L).

Metalloproteins require metal ions for their function.

In order to properly model such proteins, it is important 
to consider the oxidation state of the metal ion.

Low-resolution X-ray or cryo-EM structures can contain 
metal ions whose coordination by surrounding residues 
hasn’t been modelled properly.

Such issues might require some manual building during 
protein preparation.

K-Ras has a pM affinity towards GTP/GDP (PDB 
ID: 4EPV) and there are almost no apo PDB 
structures of K-Ras.

Cofactors are any non-protein compounds required 
for protein’s activity.

UniProt doesn’t list cofactors that are part of the catalytic 
reaction (e.g., NAD, FAD, ATP), so it’s important to 
consult the literature to ensure you’re modelling correct 
protein cofactors.
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Function-related checks
❏ What’s the subcellular location of the protein?
❏ Is the protein a monomer or a multimer?

If a multimer, is it a homomer or a heteromer?
❏ Is the protein known for multiple 

conformational states?
❏ What about atypical chemical forms?
❏ Maybe there are some PTMs?
❏ Are any metals involved?
❏ Does the protein bind any other cofactors?

Sequence-related checks
❏ Is the whole protein there? Any 

missing (sub)domains?
❏ Are you working with the correct 

sequence?
❏ Are there any “extras”, e.g. signalling 

peptides or expression tags?
❏ Are there any homologues?

X-ray related checks
❏ Is the resolution high enough?
❏ Are the R and Rfree factors low?
❏ What are the B-factors like?
❏ What about the RSCC values?
❏ Are there any geometric outliers or 

clashes?
❏ What were the experimental 

conditions like?
❏ Are there any parts of the structure 

that don’t fit the electron density well?
❏ Any alternate conformations of protein 

residues or ligands?
❏ Were some parts of the protein 

modelled in (0-occupancy atoms)?
❏ What about the missing 

atoms/residues?
❏ Could the crystal contacts have 

caused some artifacts?

Preparation-related checks
❏ Are the bond orders assigned to 

HET groups correct?
❏ Are the protonation/tautomer states 

of HET groups reasonable?
❏ Any titratable residues of interest?
❏ Does the hydrogen bond network 

(incl waters) make sense?
❏ Have residues/loops been rebuilt 

correctly?
❏ Have non-standard residues or 

PTMs been treated correctly?
❏ Is the resulting structure stable?



Sequence-related 
checks
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❏ Is the whole protein there? Any missing (sub)domains?

David Goodsell

Extracellular 
domain composed 
of 4 subdomains

Transmembrane 
domain

Kinase 
domain

Juxtamembrane 
domain

EGFR

It’s always a good idea to check UniProt and relevant 
literature to make sure you have the correct parts of the 
protein in your structure.

Proteins very often get chopped up into smaller functionally 
relevant segments that are easier to crystallise than the 
full protein.

EGFR (UniProt ID: P00533)

Whether you need the complete protein will certainly depend on 
the problem you want to study:

● If you are only interested in running a structure-based virtual 
screen to find kinase domain inhibitors, then that domain is 
sufficient.

● If you want to study the effects of somatic mutations in the 
extracellular domain on the kinase activity, then you will need 
the full protein. 
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❏ Are you working with the correct sequence?

Khan Academy

Your protein structure could contain mutations that 
have been introduced:

● For functional reasons, e.g. to solve the structure 
of an (in)activating mutation.

● To facilitate protein crystallisation.

It’s always recommended to compare the sequence of 
your structure with the canonical one (obtained from 
UniProt’s Sequence section) using sequence alignment.

Proteins can have multiple splice variants which could be of 
therapeutic interest. For example, JNK kinases comprise 3 
isoforms encoded by 3 distinct genes which can be spliced 
into 10 variants.
Sequences of splice variants are also available in UniProt’s 
Sequence section.
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❏ Are there any homologues?

❏ Are there any “extras”, e.g. signalling peptides or 
expression tags?

In p38α, a 20-aa-long His-tag found its 
way to the kinase interaction motif docking 
site and caused a large conformational 
change (PDB ID: 3PY3).

Rat and mouse proteins tend to have a very high degree 
of similarity to human proteins.
It makes sense to calculate the sequence alignment across 
a few species as this could easily expand the starting pool of 
structures.

Sequence alignments to the canonical sequence 
will also reveal whether additional amino acids are 
present.

Proteins can contain a signalling peptide that 
determines their subcellular location and/or a 
propeptide part that is cleaved in the mature 
form of the protein.

NGF (UniProt ID: P01138)

Most often, short expression tags are added to the N- 
or C-terminus for protein purification. While in most 
cases expression tags are considered to be of no 
consequence for the protein structure, they can at 
times cause artifacts.
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Step 1. Get the sequence of your structure from the 
PDB and the canonical one from UniProt.

Step 3. Result!Step 2. Use a multiple sequence alignment tool like 
Clustal Omega.



● MSV will automatically load the 
sequences of included entries 
(in this case, the EGFR kinase 
domain).

How to compare sequences?
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Tasks -> Browse -> Protein Preparation and Refinement -> Multiple Sequence Viewer/Editor

● The residues are coloured based 
on the side-chain properties, with 
the missing residues shown in 
darker shades.

recolouring button
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Tasks -> Browse -> Protein Preparation and Refinement -> Multiple Sequence Viewer/Editor

choose whether you want to download 
the sequence from the UniProt (always 
canonical!) or sequence/structure from 
the PDB

fetch the sequence using UniProt or PDB IB

● You can fetch more sequences 
using UniProt/PDB ID.



How to compare sequences?

25

● Downloaded sequences need to 
be aligned.
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● Downloaded sequences need to 
be aligned.
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● It’s still hard to see where the 
differences are.
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colour by residue similarity

the same colour scheme can also be 
applied to linked structures



How to compare sequences?

29

● Now it’s obvious the sequence 
differences come from a point 
mutation and the addition of an 
expression tag at the 
N-terminus.

● Note that the missing residues 
are shown by darker colour 
shades.
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settings

● We will use the sequence from 
the PDB structure as the 
reference because it contains 
just the kinase domain, while 
the UniProt sequence contains 
the whole protein.

● If the PDB structure contains 
multiple copies of the same 
molecule, you can also fetch 
their structures.



How to find and compare homologues?
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● We can now select the entries we’re 
interested in based on sequence 
identity and the provided description.

● We can also at the same time 
download their structures.

● You can always access the BLAST 
search results through:
Other Tasks -> Homologs 
Search Results...



How to find and compare homologues?
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human homologues of EGFR



How to find and compare homologues?

35

● We can also align the associated 
structures after the alignment based 
on the sequence alignment.

● We once again have to align the 
downloaded sequences.
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● The sequence gaps in other 
structures indicate missing 
residues.



How to find and compare homologues?
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Workspace before and after the sequence-based 
structural alignment.

Note: These entries are individual 
chains taken from the original PDB 
models, i.e. out of the deposited 
crystal context, so certain X-ray 
quality checks cannot be performed 
on them.
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only for structures with a single ligand unless 
binding site residues are manually selected and 
the detection is switched off in the settings

uses Prime Protein Structure Alignment 
based on the secondary structure
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Function-related checks
❏ What’s the subcellular location of the protein?
❏ Is the protein a monomer or a multimer?

If a multimer, is it a homomer or a heteromer?
❏ Is the protein known for multiple 

conformational states?
❏ What about atypical chemical forms?
❏ Maybe there are some PTMs?
❏ Are any metals involved?
❏ Does the protein bind any other cofactors?

Sequence-related checks
❏ Is the whole protein there? Any 

missing (sub)domains?
❏ Are you working with the correct 

sequence?
❏ Are there any “extras”, e.g. signalling 

peptides or expression tags?
❏ Are there any homologues?

X-ray related checks
❏ Is the resolution high enough?
❏ Are the R and Rfree factors low?
❏ What are the B-factors like?
❏ What about the RSCC values?
❏ Are there any geometric outliers or 

clashes?
❏ What were the experimental 

conditions like?
❏ Are there any parts of the structure 

that don’t fit the electron density well?
❏ Any alternate conformations of protein 

residues or ligands?
❏ Were some parts of the protein 

modelled in (0-occupancy atoms)?
❏ What about the missing 

atoms/residues?
❏ Could the crystal contacts have 

caused some artifacts?

Preparation-related checks
❏ Are the bond orders assigned to 

HET groups correct?
❏ Are the protonation/tautomer states 

of HET groups reasonable?
❏ Any titratable residues of interest?
❏ Does the hydrogen bond network 

(incl waters) make sense?
❏ Have residues/loops been rebuilt 

correctly?
❏ Have non-standard residues or 

PTMs been treated correctly?
❏ Is the resulting structure stable?



X-ray quality checks
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❏ Is the resolution high enough?

Video created by James Holton @ Berkley Lab showing how 
the electron density changes in the 0.5-5 Å resolution range. 
It’s not entirely realistic as it’s created w/o hydrogens and 
directly from the atomic model (so no errors, noise, etc.), but 
it’s still highly illustrative.

Quick resolution guide from Proteopedia:
● 1.2 Å Excellent -- backbone and most side chains very clear. 

Some hydrogens may be resolved.
● 2.5 Å Good -- backbone and many side chains clear.
● 3.5 Å OK -- backbone and bulky side chains mostly clear.
● 5.0 Å Poor -- backbone mostly clear; side chains not clear.

Resolution - the distance at which you can tell objects apart.

Lower the number, higher the quality.

cut off

proteopedia.org

desperation
GLOBAL METRIC

https://docs.google.com/file/d/1mShup_bDYzhMua-0Pau8urJVjfkkb10f/preview
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❏ Are the R and Rfree factors reasonably low?

Rules of thumb:
● R factors < 0.2 are considered reliable.
● Random models give R factors in the 

0.4-0.6 range.
● Lower the resolution, higher the R factors 

(i.e. higher the model errors).
● R factors shouldn’t be > resolution/10.
● Rfree - R < 0.07

Lower the numbers, smaller the error and better 
the fit to experimental data.

R factor is the measure of error between the 
observed intensities used in the refinement 
process and the ones calculated from the 
structural model.

Rfree factor is calculated in the same manner, 
but on a subset of intensities that haven’t been 
used in the refinement (5-10% of the data). 
Thus, it is used to estimate model bias on the 
refinement process.

GLOBAL METRIC
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❏ What are the B-factors like?

Rules of thumb and caveats:
● B-factors < 30 Å2 indicate reliable positions.
● B-factors > 60 Å2 signify disorder.
● Crystal contacts can lower B-factors of otherwise mobile 

regions.
● High B-factors can also arise from model errors.
● Comparison of B-factors across different PDB structures 

is meaningless (unless they were obtained under 
identical experimental conditions and refinement process 
- highly unlikely!).

phenix-online.orgisotropic B-factors anisotropic B-factors

Representation of calmodulin in 
which the higher B-factor values are 
shown using warm colours and 
thicker tube (PDB ID: 1EXR).

Higher the number, higher the mobility/disorder of the atom.

Uncertainty of the modelled atomic coordinates 
increases with the disorder present in the crystal.

There are two types of disorder - static (parts of the 
protein are stable, but present in different 
conformations) and dynamic (some parts of every 
protein copy are subject to thermal motion).

B-factors (temperature factors) reflect that disorder 
and are proportional to the mean square displacement 
of the atom.

B-factors can be modelled as isotropic or anisotropic, based 
on whether the displacement is considered to be identical in all 
directions or not.

LOCAL METRIC
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colour the selected 
atoms based on their 
B-factors

add ribbons coloured by 
the Cα atoms

Representation of calmodulin in which the higher B-factor values 
are shown using warmer colours (PDB ID: 1EXR).
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❏ What about the RSCC values?

LOCAL METRIC

Real space correlation coefficient (RSCC) is a 
measure of similarity between an electron density map 
calculated from the experimental data and the one 
calculated directly from a structural model.

RSCC corresponds to the sample Pearson correlation 
coefficient, so the values range from -1 (perfect 
anti-correlation) to 1 (perfect correlation), where 0 
indicates no correlation. In practice, the expected 
values range from 0 to 1 and typically everything below 
0.8 is considered to indicate a poor density fit.

RSCC is calculated per residue and it’s often plotted 
together with the B-factors to identify problematic 
regions.

The RSCC (in black) and B-factor (in blue) plot for the BotLCB protease in complex 
with synaptobrevin-II (PDB ID: 1F83). The left part of the plot corresponding to the 
protease indicates a good density fit, with the exception of three loops. However, 
the synaptobrevin-II peptide on the right has low RSCC values and excessive 
B-factors indicating a very problematic region that should be carefully examined. 
Example taken from https://www.ruppweb.org/Xray/tutorial/rscc.htm.
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❏ Are there any geometric outliers or clashes?

Protein geometry checks
● bond lengths
● bond angles
● chirality
● planarity (side chains, peptide 

bond, main chain)
● close contacts / clashes
● torsion angles

○ backbone (Ramachandran plot)
○ side chains

Ligand geometry checks
● bond lengths
● bond angles
● chirality
● rings
● close contacts / clashes
● torsion angles

During the refinement process, the structural model 
is adjusted to produce a better fit to the experimental 
data, while typically keeping the geometry of the 
molecules as close to ideal values as possible.

However, outliers still occur and should be checked to 
make sure they’re not affecting relevant protein sites.

Two types of validation checks are done during the 
deposition of structures to the PDB:

● Comparison of selected metrics to all the other PDB 
structures, both in the same resolution range and 
across all resolutions.

● Comparison of protein and ligand geometry to the 
ideal values.

Comparison to other 
PDB structures

Full validation report

Outliers indicate possible model errors!

LOCAL METRIC
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● Once you run the job, you can evaluate the quality 
of your structure across different categories based 
on the color and size of individual bubbles:
Larger and redder the bubble, more issues are 
associated with that property.

pick which part of the structure you want to analyze
use diffraction data if 
available (needs to be 
pre-downloaded)

save the report as a 
.txt file or an image

you need to run the 
job to get the report

● You can access Protein Reliability Report via:
Tasks -> Browse -> Structure 
Analysis -> Protein Reliability 
Report
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1
2

2

2

3

3

3

4

4

PDB Resolution < 2.5 Å
PDB Rfree - R < 0.06
Unusual B-factors - number of residues 
whose average B-factor is > 100 Å2.

4 – Structure statistics

Ligand and Binding Site RSCC > 0.9
Packing - checks how different the 
environment of each fragment is 
compared to average environment in a 
curated dataset (calculated per residue 
as Z-score).
Binding and Non-Binding Site Packing 
report the number of consecutive 
residues with Z-score < -4 
(possibly incorrectly built regions).

1 – Structure Quality in Binding Site

Steric Clashes
Missing Loops/Atoms - lists loops 
missing from the structure and residues 
with missing heavy atoms in the analysed 
region.
Protein Packing reports whether the 
average protein Z-score falls below -1.2 
which indicates a poorly built structure.

2 – Overall Structure Quality

Isolated Water Clusters - number of 
water clusters that are not 
hydrogen-bonded to anything else. 
Electron density possibly misidentified 
as water.
Number of Buried unsatisfied HB 
donors and acceptors or Waters with 
no HB partners can be indicative of 
modelling errors.
The same applies to a host of geometry 
checks: Bond Length and Angle 
Deviations, Backbone and Sidechain 
Dihedrals, Peptide and Sidechain 
Planarity, and Improper Torsions.

3 – Minor Structural Issues
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❏ What were the experimental conditions like?

Experimental conditions used to grow protein 
crystals can affect the protein conformation and 
even cause artifacts.

Pay close attention to:
● pH
● Salts and compounds used to facilitate 

crystallisation
● The method used for protein-ligand crystals 

(co-crystallisation vs soaking)

pH of the crystallisation buffer can cause residues 
to adopt atypical protonation states which could 
be functionally important.

Dependence of distance between DFG-Asp 
and ATP-coordinating Lys on the pH of the 
crystallisation buffer in apo Abl kinase 
structures. From Shan et al. PNAS 106 (1) 
139-144 (2009).

Short distance between Asp and the 
backbone carbonyl oxygen indicates that 
Asp is protonated in the DFG-out 
conformation of Abl kinase (PDB ID: 1OPK).
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Experimental conditions used to grow protein 
crystals can affect the protein conformation and 
even cause artifacts.

Pay close attention to:
● pH
● Salts and compounds used to facilitate 

crystallisation
● The method used for protein-ligand crystals 

(co-crystallisation vs soaking)

Crystallising agents can at times bind to proteins 
and alter their conformations. Such binding events 
can also reveal additional protein functionality.

❏ What were the experimental conditions like?

N-octyl-beta-glucopyranoside is a detergent that has accidentally contributed to the discovery 
of lipid binding capability of p38α kinase, as well as its alternative mechanism of activation, 
when it was found bound to the MAPK insert (left, PDB ID: 2NPQ). However, in some 
structures, the tail of the same detergent can displace DFG-Phe, irrespective of the presence 
of an inhibitor, and lead to a conformation between DFG-in and DFG-out states (right, PDB ID: 
3QUE).
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Experimental conditions used to grow protein 
crystals can affect the protein conformation and 
even cause artifacts.

Pay close attention to:
● pH
● Salts and compounds used to facilitate 

crystallisation
● The method used for protein-ligand crystals 

(co-crystallisation vs soaking)

Crystals of protein-ligand complexes can be obtained 
either by directly growing crystals from a solution in which 
both protein and ligand are present (co-crystallisation) 
or by first creating protein crystals and then soaking 
them in a ligand solution.

❏ What were the experimental conditions like?

While soaking requires less time and resources, it can lead to 
misleading binding poses as the ligand is added after the 
crystal lattice has been formed and the binding site might not 
be fully available.

PDE10A protein typically has two chains in the asymmetric unit. When such crystals 
are soaked, the ligand can usually bind only in one of the chains due to crystal 
contacts that block the other site (left, PDB ID: 3SNL). Occasionally, a ligand can 
access the other site too, but it assumes a different binding mode (right, PDB ID: 
2WEY). The enlarged ligand binding sites are aligned for easier comparison.
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❏ Are there any parts of the structure that don’t fit 
the electron density well?

Even in high-resolution structures, there could still be parts of 
the model that don’t necessarily describe the experimental 
data well and their fit to the electron density is poor.

The density fit is important to visualise for sites of interest, 
especially if they contain a ligand, as any errors in such 
sites can lead the project in the wrong direction.

Most of the entries in the PDB contain the diffraction data 
that can be used together with the deposited model to create 
and view the electron densities.

If you observe any incorrect rotamers or poor density fits, you 
can either consult a crystallographer, try to re-refine the 
electron density map yourself (only if really desperate and/or 
confident in your skills), or check whether it has already been 
re-refined by the PDB-REDO project.

Electron density maps of the leukotriene A4 hydrolase binding 
site with a bound inhibitor (PDB ID: 3FTY). 2Fo-Fc map is shown 
in grey (contoured at 1 σ), while the Fo-Fc difference map 
(contoured at 3 σ) is shown in magenta (for density added by the 
model, but unsupported by diffraction data) and green (for density 
unaccounted for by the structural model).
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Once you select a residue, the view shows its electron density, as 
well as the density of residues within a 5-Å range. You can also 
control the σ level for each of the maps.
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Tasks -> Browse -> Other Applications -> PrimeX

You need to point PrimeX to your structural model and its 
sequence, as well as the reflection data (if using a PDB 
model, the reflections can be pre-downloaded through Get 
PDB File or Protein Preparation Wizard).

Make sure both the 2Fo-Fc and the Fo-Fc 
coefficients are selected to create the 
corresponding maps.
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Tasks -> Browse -> Other Applications -> PrimeX

If map results do not automatically appear in the 
workspace, you can import them manually

path/to/working_directory
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change the contouring level 
(higher the value, stronger 
the density still shown)

change how much density is 
shown on the screen (less is 
more or your computer might 
slow down dramatically)

change the colour, style, and 
transparency of the map

Shortcut: click your mouse wheel on 
the area of interest to center
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Style changes made to the electron density maps:

● Coloured the 2Fo-Fc map grey, set the style as 
solid, and the transparency of front/back 
surfaces to 75.

● Coloured the negative Fo-Fc map magenta, set 
the style as solid, and the transparency of 
front/back surfaces to 50.
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❏ Any alternate conformations of protein residues or ligands? ❏ Were some parts of the protein modelled in 
(0-occupancy atoms)?

At times, residues within the crystal can be observed in two or 
more distinct conformations. Such cases are recorded in the 
occupancy field of the PDB file.

Alternate locations of Glu109 in 
myoglobin (PDB ID: 1A6M).

Occupancy reports the fraction of molecules which contain 
that specific conformation. For residues with a single 
conformation, the occupancy is 1.

In some cases, crystallographers model in parts of the 
protein (usually loops) that are not seen clearly in the 
electron density. Such atoms have an occupancy of 0.

Make sure none of the relevant parts of your target have 
0-occupancy atoms as their positions are not reliable.

Several side chains in bacterial 
SpollAA protein have been 
modelled in with the occupancy of 
0 (PDB ID: 1H4X).
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❏ What about the missing atoms/residues?

If parts of the protein are flexible and have space to move 
within the crystal lattice, it is usually not possible to reliably 
model them due to very weak electron density.

To avoid possible misinterpretations, crystallographers deposit 
structures to the PDB without these parts included. In the 
majority of cases, these are N- and C-terminal tails or loops.

You can easily find what’s missing from the model in the 
header of PDB files under REMARK 465 (missing residues) 
and REMARK 470 (residues with missing heavy atoms).

REMARK 465 MISSING RESIDUES                                                     
REMARK 465 THE FOLLOWING RESIDUES WERE NOT LOCATED IN THE                       
REMARK 465 EXPERIMENT. (M=MODEL NUMBER; RES=RESIDUE NAME; C=CHAIN               
REMARK 465 IDENTIFIER; SSSEQ=SEQUENCE NUMBER; I=INSERTION CODE.)                
REMARK 465                                                                      
REMARK 465   M RES C SSSEQI                                                     
REMARK 465     LEU A    73                                                      
REMARK 465     ARG A    74                                                      

REMARK 470 MISSING ATOM                                                         
REMARK 470 THE FOLLOWING RESIDUES HAVE MISSING ATOMS (M=MODEL NUMBER;           
REMARK 470 RES=RESIDUE NAME; C=CHAIN IDENTIFIER; SSEQ=SEQUENCE NUMBER;          
REMARK 470 I=INSERTION CODE):                                                   
REMARK 470   M RES CSSEQI  ATOMS                                                
REMARK 470     PRO A   1    CG   CD                                             
REMARK 470     ILE A  14    CG1  CG2  CD1                                               

To model or not to model missing parts?

Unfortunately, there are no clear-cut rules and it’s up to 
the modeller to estimate whether the addition of the 
missing parts will cause more harm than good on the 
project.

Some tips:

● Adding missing loops around binding sites when 
running docking experiments with a rigid receptor is 
likely to cause artifacts.

● Any calculations based on MD simulations cannot 
run if there are any of the heavy atoms missing.

● If you decide not to add the missing loops back in, 
it’s always a good idea to cap the terminal residues 
to avoid placing charges incorrectly.
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colour residues based on the 
PDB Conversion Status 
colour scheme

■ Non-standard residues connected by 
geometry and/or CONECT records.

■ Standard residue, but with missing 
atoms.

■ Adjacent residue is missing.
■ Standard residue with unrecognized 

atom names connected by geometry.
■ Residue with an alternate location 

indicator.
■ Standard residues connected by 

standard templates.
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● Multiple sequence viewer 
allows you to easily compare 
the sequence of your structure 
to the canonical sequence from 
UniProt.

● Note that the missing residues 
are shown by darker colour 
shades.

● Such visualisations help you to 
quickly gauge which missing 
regions could be difficult to 
model back in.
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❏ Could the crystal contacts have caused some artifacts?

Proteins in the crystal lattice are much more tightly packed 
than in solution. Such packing can stabilise conformational 
states that wouldn’t necessarily be adopted in solution.

It is highly recommended to generate crystal symmetry 
mates that can be found at 5 Å of the asymmetric unit cell 
and check whether any pertinent parts of the protein or 
ligand can be found at the protein-protein interfaces.

The majority of modern visualisation softwares can easily 
generate crystal symmetry mates at any desired distance 
range or even create whole unit cells or supercells.

Note: Crystal symmetry mates are generated based 
on the input coordinates and the symmetry operators. 
If you at any point alter the original coordinates (e.g. 
by aligning the model to a reference structure), the 
created symmetry mates will be incorrect.For example, in the crystal structure of the HDAC8 protein 

complexed with SAHA (PDB ID: 1T69), the ligand directly 
interacts with both the protein and the ligand of a crystal mate 
which brings the validity of its binding pose into question.



choose whether you want to add a 
layer of residues within a certain 
distance radius or whole molecules

How to check the crystal contacts?
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save them as new entries (default) or 
include them in the existing one

The structure must contain the CRYST1 section with the space 
group information so that the appropriate symmetry operations 
can be applied to create crystal mates.

CRYST1   45.280   84.960  123.510  90.00  90.00  90.00 P 21 21 21    4             

The asymmetric unit (ASU) is coloured purple (with ligand in orange), 
while its crystal mates are coloured grey (with ligands in green) (PDB 
ID: 3S3I).

lengths of unit cell edges (Å) unit cell angles (°) space group # of ASUs
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Function-related checks
❏ What’s the subcellular location of the protein?
❏ Is the protein a monomer or a multimer?

If a multimer, is it a homomer or a heteromer?
❏ Is the protein known for multiple 

conformational states?
❏ What about atypical chemical forms?
❏ Maybe there are some PTMs?
❏ Are any metals involved?
❏ Does the protein bind any other cofactors?

Sequence-related checks
❏ Is the whole protein there? Any 

missing (sub)domains?
❏ Are you working with the correct 

sequence?
❏ Are there any “extras”, e.g. signalling 

peptides or expression tags?
❏ Are there any homologues?

X-ray related checks
❏ Is the resolution high enough?
❏ Are the R and Rfree factors low?
❏ What are the B-factors like?
❏ What about the RSCC values?
❏ Are there any geometric outliers or 

clashes?
❏ What were the experimental 

conditions like?
❏ Are there any parts of the structure 

that don’t fit the electron density well?
❏ Any alternate conformations of protein 

residues or ligands?
❏ Were some parts of the protein 

modelled in (0-occupancy atoms)?
❏ What about the missing 

atoms/residues?
❏ Could the crystal contacts have 

caused some artifacts?

Preparation-related checks
❏ Are the bond orders assigned to 

HET groups correct?
❏ Are the protonation/tautomer states 

of HET groups reasonable?
❏ Any titratable residues of interest?
❏ Does the hydrogen bond network 

(incl waters) make sense?
❏ Have residues/loops been rebuilt 

correctly?
❏ Have non-standard residues or 

PTMs been treated correctly?
❏ Is the resulting structure stable?



Recommended reading

66

● There are also quite a few slide decks online from Gerard J. Kleywegt 
aimed at non-crystallographers with lots of illustrative examples.



Protein Preparation 
Workflow
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Tasks -> Browse -> Protein Preparation and Refinement -> Protein Preparation Workflow
(can also be found in the Favourites toolbar under Protein Preparation)

You can use the PDB Conversion Status 
colour scheme to highlight possible issues:
■ Non-standard residues connected by geometry 

and/or CONECT records.
■ Standard residue, but with missing atoms.
■ Adjacent residue is missing.
■ Standard residue with unrecognized atom names 

connected by geometry.
■ Residue with an alternate location indicator.
■ Standard residues connected by standard 

templates.
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Check here before and after preprocessing to see:
● Unknown atom types.
● Missing side-chain atoms 
● Overlapping atoms (typically hydrogens which 

will be corrected in the H-bond optimisation 
stage).

● Alternate positions (where you can choose 
which one you’d like to proceed with).

Protein Reports allows you to check and 
export all the possible geometric outliers, steric 
clashes, missing atoms, and unusually large 
B-factors, while the Ramachandran Plot allows 
for a quick visual of backbone dihedrals.
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The PPW protocol is composed of 3 steps:
● Preprocess
● Optimize H-Bond Assignments
● Minimize

Assigns bond orders to all bonds in the structure based on a 
range of factors, including connectivity, bond length, bond 
angles and dihedral angles. For HET groups, it first checks 
Chemical Components Dictionary using SMARTS patterns.
Always check the HET group assignments.

Hydrogens are typically missing in X-ray structures 
and must be added for any further calculation. It’s 
usually a good idea to remove the original hydrogens 
as they’re often added incorrectly and might cause 
compatibility issues with other suite applications.

Force fields treat metal compounds as ionic 
rather than covalent, so it’s necessary to replace the 
existing bonds to metals with zero-order bonds (to 
keep the molecule intact) and correct the formal 
charge on the metal and the neighboring atoms to 
treat the bonds as ionic.

Forms a bond between sulphur atoms that are within 3.2 
Å of each other. Renames the CYS residues to CYX if 
the bond is added. Always check which bonds have 
been formed and whether they are biologically relevant.

It’s critical to carefully check where the missing atoms 
and residues are and whether modelling them in 
incorrectly can have jeopardise further calculations.

Typically, missing side chains tend to be on the protein 
surface, so adding them back won’t create issues. If 
they’re in the ligand binding site, then you need to make 
sure they’re correctly rebuilt.

If you’ve decided to rebuild loops, it’s probably better to 
use more sophisticated tools to get a suitable 
conformation, such as Prime Homology Modelling, Prime 
Refine Loops, or even Molecular Dynamics.

If you’ve decided to leave the gaps in, make sure you cap 
the termini, so that no charges are introduced at wrong 
locations.

Water molecules are better left untouched during the 
preparation process as their presence is usually 
beneficial for advanced calculations, such as FEP+ and 
MD simulations. They can be easily removed at a later 
stage.

Runs Epik to generate probable ionization and 
tautomeric states in the specified pH range for all HET 
groups, as well as states prepared for binding to metals 
if the HET group is coordinated to a metal. Think 
carefully of the pH range you’d like to work with and 
always check if the results make sense. If still in 
doubt, you can always use Jaguar for more precise 
calculations.
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Substructures tab allows you to easily 
select and visualise individual chains, 
water molecules, and HET groups and 
decide whether you want to keep them 
in the system.

For each of the HET groups, you can (and 
should) review all the Epik-generated states 
and decide which one you’d like to proceed with. 
The one with the lowest state penalty is 
automatically selected.

When you select a HET state, its Epik 
state penalty is shown together with 
the hbond count and total charge. chain tablewater table

HET table
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The PPW protocol is composed of 3 steps:
● Preprocess
● Optimize H-Bond Assignments
● Minimize

Protonation states of protein residues are 
determined with PROPKA by default.

This empirical method typically works well, but it fails 
to correctly determine the pKa in certain situations:

● Missing/erroneous solvation can results in a 
rather different environment for the residue which 
can be then assigned a rare protonation state 
(e.g. uncharged Lys).

● Small geometrical inaccuracies can also lead 
to different assessments of the area.

● Catalytic residues can adopt atypical 
protonation/tautomeric states as part of their 
mechanism of action which PROPKA might not 
assign correctly.

Always check PROPKA’s results to make sure the 
results are as expected. If in doubt, try to prepare 
several structures and compare the results.

performs H-Bond 
assignment automatically 
and creates a new entry

You can (and should) use the Interactive 
Optimizer to manually review and adjust the 
residues. 

performs the restrained 
minimization and creates 
a new entry
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Depending on the envisioned modelling task, you might want to 
consider running additional analyses:

● Comparing multiple prepared structures - If you’re having 
doubts about the “correctness” of your prepared structure, 
preparing several others could help you identify potential 
problems.

● Metal coordination - Make sure to check whether the metal 
cofactors have complete coordination shells around them. If 
any of the coordination sites are vacant, stability issues might 
arise in subsequent calculations and you should consider 
whether a water molecule or other complexing group should be 
bonded to the metal using zero-order bonds.

● Additional hydration - Positions of water molecules in crystal 
structures are often unreliable which is why it’s advisable to 
re-evaluate them, especially those in the ligand binding sites. 
Schrödinger’s WaterMap application can be used to highlight 
regions of questionable solvation and, occasionally, areas where 
solvation is clearly missing from the original structure.

● Manual loop rebuilding - It’s always worth the effort to try to 
rebuild any missing loops using Schrödinger’s Prime application, 
as you will get a better idea of what possible effects such 
modelled features could have on your system.

● Stability assessment - Running a molecular dynamics 
simulation can often help estimate the overall stability of the 
system.

○ For example, if you’ve decided not to rebuild loops and just 
cap the termini, you can check if the regions around the 
chain breaks are stable throughout the simulation. 

○ You can also check whether a ligand changes its binding 
pose in a protein-ligand complex which could indicate the 
original pose was stable due to the crystal environment.

○ In general, MD simulation should allow the protein to relax 
parts involved in crystal contacts. However, large 
conformational changes could also hint at issues with the 
original structure or even the force field. 



HIS/N+1

Molecular Dynamics helps identify stable states
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HIS/N 
● Increasing C𝛼 RMSD
● Ligand changes 

binding mode
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Function-related checks
❏ What’s the subcellular location of the protein?
❏ Is the protein a monomer or a multimer?

If a multimer, is it a homomer or a heteromer?
❏ Is the protein known for multiple 

conformational states?
❏ What about atypical chemical forms?
❏ Maybe there are some PTMs?
❏ Are any metals involved?
❏ Does the protein bind any other cofactors?

Sequence-related checks
❏ Is the whole protein there? Any 

missing (sub)domains?
❏ Are you working with the correct 

sequence?
❏ Are there any “extras”, e.g. signalling 

peptides or expression tags?
❏ Are there any homologues?

X-ray related checks
❏ Is the resolution high enough?
❏ Are the R and Rfree factors low?
❏ What are the B-factors like?
❏ What about the RSCC values?
❏ Are there any geometric outliers or 

clashes?
❏ What were the experimental 

conditions like?
❏ Are there any parts of the structure 

that don’t fit the electron density well?
❏ Any alternate conformations of protein 

residues or ligands?
❏ Were some parts of the protein 

modelled in (0-occupancy atoms)?
❏ What about the missing 

atoms/residues?
❏ Could the crystal contacts have 

caused some artifacts?

Preparation-related checks
❏ Are the bond orders assigned to 

HET groups correct?
❏ Are the protonation/tautomer states 

of HET groups reasonable?
❏ Any titratable residues of interest?
❏ Does the hydrogen bond network 

(incl waters) make sense?
❏ Have residues/loops been rebuilt 

correctly?
❏ Have non-standard residues or 

PTMs been treated correctly?
❏ Is the resulting structure stable?



See you after 
lunch!


