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REFINEMENT AND VALIDATION OF PROTEIN- GLYCAN
COMPLEXES

In the previous practical lesson, by using Molecular Replacement (MR), you have
obtained the first electron density maps of human galectin-3 CRD, revealing the contour

of the atoms in the crystal.

The electron density maps were calculated from Eq. 1:
Eq. 1

p(x,y,z) = (1/V)Z|Fhkl| - @Mkt . g[=2mi(hx+ky+1z)]
ikl

ank is the phase angle of reflection hkl,

|Frki| is the structure factor amplitude,

(x,y,z) are the fractional atomic coordinates in the unit cell,
V is the volume of the unit cell

In the two different maps you obtained from PhaserMR, the values of |Fn| are calculated

from two distinct Fourier differences:

2|Fobs|'|FcaIc|
and
| Fobs | 'I Fcalcl

where the |Fobs| values correspond to the intensities (~ \/E) measured in the X-ray
diffraction experiment;

on the other hand, the |Fcaic| values were calculated after structure solution by MR from
the atomic coordinates (x,y,z) of a similar model available from the Protein Data Bank
(PDB) (or, very common nowadays, produced by artificial intelligence methods using
AlphaFold). This model was placed in the unit cell of your crystal using the rotation and

translation functions implemented in program PhaserMR.

In this lesson, you will start from this preliminary model and correct it, in a series of iterative
steps, to bring it closer to the X-ray diffraction information. This requires calculation and

inspection of 2Fops-Fcaic and Fons-Fcaic difference electron density maps, model building,
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refinement of the corrected model and calculation of new (hopefully, more informative)
electron density maps.

Validation tools will be used to produce a final model that best explains the measured X-
ray diffraction data. One of the validation parameters is known as the R factor and is
calculated from Eq. 2. The R factor compares calculated structure factors |F_;.|, from the

model, with observed structure factors |F,,;|, measured in the diffraction experiment:

Eq. 2

R = Z(lFobsl - |Fcalcl)
2| Fops|

By itself, this parameter is not sufficient to detect over-fitting, because any random set of
atoms added to the model will approximate |F,,;.| to |F,,s| and lower the R factor. This is
overcome by associating a cross-validation parameter, calculated in the same way, but
using as |F,;,s| only 5 to 10% of the unique reflections that are arbitrarily chosen and set

apart from the normal refinement process. This is adequately known as the Ry, factor

and should not differ from the R factor by more than 5-6%. Agreement with the limits of
stereochemical restraints is also a validation criterion that accompanies model building
and refinement cycles and is given in the form of root mean standard deviations (rmsd)

for bond lengths and bond angles.

Once refinement is taken to the best possible convergence, global validation takes place,
evaluating several aspects, such as the distribution of amino acid residues in the
energetically allowed regions of the Ramachandran plot, distribution of temperature
factors, correctness of side-chain torsion angles, analysis of close contacts, water
network contacts and other analysis, almost all implemented in software packages for
validation. This global validation will help correcting and finalizing the best structural

model.

Like in previous lessons, we remind you the primary structure (amino acid sequence)

of human galectin-3 CRD:

>human_galectin-3_CRD
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Dedicated software you will need: PHENIX (https://phenix-online.org/download/nightly builds.cqgi),
CCP4 (https.://www.ccp4.ac.uk/download/#os=windows) and Coot/WinCoot
(http.//bernhardcl.qithub.io/coot/wincoot-download. html)

VERY IMPORTANT: to access your results from any computer in the DQ-FCT-NOVA network, you
must use the working directory H:\\cdgeral for creating projects and storing files.

A. Electron density map inspection and model building

e Use the Coot program to open the .pdb and .mtz files obtained after solving the
structure by MR. To do this, in the File menu, choose the Open Coordinates
option, followed by the .pdb or Auto Open mtz file, followed by the .mtz file.

Check that the model is within the contours of the electron density map.
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%| Coot 0.9.5 EL (ccpd)

Edit Calculate Draw Measures Validate About Ligand

= Open Coordinates...

[ [} Auto Open MTZ...

[=} Open MTZ, mmCIF, fcf or phs...
[~ Open Map...

=F Import CIF dictionary...

Refine/Regularize Control...

Select Map...

© Real Space Refine Zone
23 Regularize Zone \
T Fixed Atoms...

¥ Get Monomer... 7} Rigid Body Fit Zone

| Search Monomer Library...

ZA Fetch PDB using Accession Code... s Rotate Translate
%¥ Fetch PDB & Map using EDS... ’

Fetch PDB & Map using PDB-REDO... b | Auto Fit Rotamer
Save Coordinates... oA Rotamers...
@ Save Symmetry Coordinates... I Edit Chi Angles
|| save State... _ )

B Recover Session... No, Torsion General
& Flip Peptide

Export Map...
Export Map Fragment...

i
H

Sidechain 180° Flip

#£ Delete Molecules and Maps... < Edit Backbone Torsions

Curlew

[ &l Exit

Get to know the program by trying out some shortcut key combinations:
Left-mouse Drag: Rotate view
Ctrl Left-Mouse Drag: Translate view
Shift Left-Mouse: Label Atom
Right-Mouse Drag: Zoom in and out
Ctrl Shift Right-Mouse Drag: Rotate View around Screen Z axis
Middle-mouse: Centre on atom
Scroll-wheel Forward: Increase map contour level
Scroll-wheel Backward: Decrease map contour level
Space: Next Residue

Shift Space: Previous Residue

e Go to the N-terminus (Draw -> Go To Atom) and follow the polypeptide chain to
perform any model adjustments that may be suggested by the 2Fobs-Fcac and

Fobs-Fcalc €lectron density maps.
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To adjust the model, you will need several tools from Model/Fit/Refine options in menu
Calculate. Afom positions should be adjusted in the electron density using option Real

Space Refine Zone.

¢ In menu File, use option Save Coordinates to save your work.

B. Model refinement

e Use program phenix.refine to refine the model adjusted in Coot and calculate

new electron density maps.

PHENIX home

© A ?

o F

Quit Preferences Help Citations Coot PyMOL KiNG Other tools Ask for help
Actions  Job history
]
’ projects ‘ Xtriage
Show group:  All groups Manage... Analysis of data quality and crystal defects
- . s Reflection file editor

<« Select @ Delete ‘ l.;, New piuject ‘ €9 Settings “  Utility for merging and converting reflections

D Last modified #ofjobs  R-free & PDB Tools
Bc16100¢ Aug 31 2023 02:26... 82 0.2071 # Utility for simple modifications of models

<7 hGal-3_with_La... Sep 052023 10:13... 1 =22 ji': PDB file editor
BE2023_aulaTP4 May 25 2023 01:13... 4 0.3200 &) Simple hierarchy-based editing of PDB files
BE2023 May 15 2023 11:21... 3 0.3318 phenix.refine
PhiLs_Lysozyme  Nov 02 2022 03:04... 19 0.2208 Automated refinement using diffraction data (X-ray, neutron, ...)
Bc03580 Oct 24 2022 11:51 ... 70 0.3703 AlphaFold dicted del
BE-2022 Jun 02 2022 01:01... 6 0.2837 PR s et )
NgCCP May 05 2022 02:01... 35 0.2159 Crystals: Data analysis and manipulation
CtCBM50. Jan 27 2022 03:37 ... 19 0.1983 Xtriage
TBI-Carolina Oct 29 2021 04:56... 5 0.2066 Analysis of data quality and crystal defects
BE-2021 Jun 1562021 11:21 ... 32 0.2233 Reflection file edit
Bt3015 May 07 2021 01:50... 13 0.1748 Rz ,e4 S 5 ool N 3
#  Utility for merging and converting reflections

SusD_BACOVAZ2... Apr 08 2021 04:34 ... 63 0.1836
Bt0996C Jan 16 2021 10:50 ... 74 0.2991 Validation and map-based comparisons
C13D19 Jan 07 2021 07:20 ... 3 0.3398 Experimental phasing
Bt0866 Jan 012021 09:33 ... 29 0.3807 Mol . .
RNaseA Nov 02 2020 02:43... 3 - o ecuanrepacement
CT28 Aug 30 2020 02:50... 48 0.4254 X Phaser-MR (simple one-component interface)
Bt3013 Jul 14 2020 12:28 ... 4 0.2413 | ;’4‘ Automated molecular replacement with Phaser - use only for structures
CBM11_hexa  Oct03201902:34... 1 e b s

Current directory:  /Users/AnaLuisa/Documents/TWINNING_GlycoNET/SummerSchoc  Browse... {

PHENIX version 1.20-4459-000

Project: hGal-3_with_LacdiNAc
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(] @® phenix.refine (Project: hGal-3_with_LacdiNAc)

A? O BE.% @ ©

Preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help

Configure Refine_2

Input data Refinement settings Output  Amber
Job title: Refine hGal-3 model corrected with coot, after MR

Input files

Format Data type
erSchool_Set2023/Hands-on_lessons_X-rayCryst/ep_Gal3-CPS2037_x11_w1_data.mtz ccpé4_mtz X-ray data, X-ray R-f
erSchool_Set2023/Hands-on_lessons_X-rayCryst/hGal3_sequence.fasta Sequence Sequences
erSchool_Set2023 /Hands-on_lessons_X-rayCryst/phenix/coot/hGal-3-LacdiNAc_coot-0.cif mmCIF Input model

Add file Remove file  Modify file data type... = Use symmetry from selected file
Space group: P212121 ° Unitcell: 36.039 58.048 62.286 90 90 90
X-ray data and experimental phases
Data labels : F_NATIVE,SIGF_NATI... [  R-free label : FreeR_flag B Test flag value : 0
High resolution : (1.250) Low resolution : (31.194) Phase labels : - e
Wavelength : Options...

Neutron data

Data labels : - e R-free label : - e Test flag value :

High resolution : Low resolution : Options...

© 1job(s) running Project: hGal-3_with_LacdiNAc

¢ In Refinement settings, choose to refine XYZ coordinates and individual B-

factors. Choose to Optimize X-ray/stereochemistry weight and Update
waters.
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[ ] [ ] phenix.refine (Project: hGal-3_with_LacdiNAc)

A?2 QO B E . B ©

Preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help

Configure Refine_2

{ b X
Input data | Refinement settings ' Output Amber q4 b
Strategy
XYZ (reciprocal-space) XYZ (real-space) Rigid body Individual B-factors
Refinement strategy : ?
Group B-factors TLS parameters Occupancies Anomalous groups
Number of cycles: 3 <

v

Select Atoms Note: selections can only be made for enabled options (e.g. NCS groups are available if "Use NCS" box is checked)

Targets and weighting

Target function: Automatic Optimize X-ray/stereochemistry weight Optimize X-ray/ADP weight

Use NCS NCS type : Automatic linking options

Reference model restraints Use secondary structure restraints & Use experimental phase restraints

Refinement target weights... Model interpretation... ?

Other options

Automatically add hydrogens to model Update waters Place elemental ions :

Simulated annealing (Cartesian)

Simulated annealing (Torsion angles) Scattering table: n_gaussian e
Automatically correct N/Q/H errors Twin law : Number of processors: 3 < ?
Global refinement parameters... Modify start model... All parameters... ?

 1job(s) running Project: hGal-3_with_LacdiNAc

After refinement, confirm the improvement of refinement parameters like R
factors and rms deviations for bonds and angles.

¢ Inspect the new electron density maps in Coot.

C. Analysis of the carbohydrate recognition site and
ligand interactions

In Coot’s Validate menu, use the Difference Map Peak Analysis option to

investigate positive and negative peaks of Fobs — Fcalc €lectron density
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Difference Map Peak Analysis

Select Difference Map
® 2 /Users/Analuisa/Documents/dq/2020-2021/BE/phenix/phaser_2/BE-2021_phaser.1.mtz DELFWT PHDELWT

Select Model
1| /® 0 /Users/Analuisa/Documents/dq/2020-2021/BE/coot/BE-2021_phaser.1-coot-0.pdb

|| rr.m.s.d. level
1 Find Peaks above |5.00 r.m.s.d.

Which Peaks?
Find Positive Peaks?
Find Negative Peaks Also?

i | Find Peaks | & cancel

e Check if there is electron density that can correspond to the ligand with which the
protein was crystallized.

e In Coot’s File Menu, search the Coot database for the structure of the ligand used
(to facilitate ligand construction, the tutors will provide the coordinates for
LacdiNAc).

./ Coot 0.9.8.91EL (ccp4)

' @ X| Search Monomer Library | Ligand

8 : :
E S (e (e e L) Refine/Regularize Control...
|— Select Map...

Text: Igalactosamine Search

- Real Space Refine Zone
[ Include Monomers with Minimal Descriptions © p

(&) Regularize Zone

MGC : ALPHA-METHYL-N-ACETYL-D-GALACTOSAI | T Fixed Atoms...
¥ Rigid Body Fit Zone

[J Use SBase Monomers

NG1 : N-ACETYL-ALPHA-D-GALACTOSAMINE 1-PI

4 Rotate Translate
NG6 : N-ACETYL-D-GALACTOSAMINE 6-SULFATE »
NGA : N-ACETYL-D-GALACTOSAMINE 3 Auto Fit Rotamer
UD2 : URIDINE-DIPHOSPHATE-N-ACETYLGALACI 2 Rotamers...
UDN : Uridine-Diphosphate-Methylene-N-acetyl-g & Edit Chi Angles

Torsion General
% Flip Peptide

&  Sidechain 180° Flip
Ay

4y Edit Backbone Torsions
% close |
Mutate & Auto Fit...

Simple Mutate...

Foge .

* Add Terminal Residue...

X Add Alt Conf...
+  Place Atom At Pointer
&  Clear Pending Picks
F Delete...

Undo

»

ICentred on residue C 2 NGA in molecule #3.
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e Position it in the density using the commands in the Rotate / Translate and the

Real Space Refine Zone options.

| X! Coot 0.9.8.91EL (ccp4)
(] @ [x| Accept Refinement? LQraw Measures Validate About Ligand

Refine/Regularize Control...

Display Manager - §.

Accept Refinement? Select Map...

Success

€© Real Space Refine Zone
(&) Regularize Zone

P! Fixed Atoms...

7! Rigid Body Fit Zone

== Bonds: 0.242

-Angles: 0.283

= Planes: 0.115 Rotate Translate

Chirals: 0.215 L

d  Auto Fit Rotamer
= Non-bonded: 0.000

A Rotamers...
Edit Chi Angles

Atom Pull Restraint

Auto-clear
Torsion General

?

k4 Flip Peptide

&  Sidechain 180° Flip
Ay

% Edit Backbone Torsions

{Clear Atom Pull Restraint |

Active Refinement
Flip This Peptide

Flip Next Peptide

Mutate & Auto Fit...

0

Simple Mutate...
Side-chain Flip 180°

+

. Add Terminal Residue...

|
|
Backrub Rotamer Fit |
|
| Add Alt Conf...

Crankshaft Peptide Optimise

Place Atom At Pointer

<7 Accept | X Reject |

Clear Pending Picks

@ M= + &

Delete...
Undo

3

| [ 4 "NGA_from_dict"] C5 /1/A/1 NGA occ: 1.00 bf: 20.00 ele: C pos: (21.89,11.62,1.43)

¢ In Coot’s Edit Menu, merge N-acetylgalactosamine into the protein model, using
“Merge Molecules” Tool.

e At this stage, you can refine this preliminary model, and see how the refinement
statistics improve, or add the N-acetylglucosamine moiety, completing the ligand’s
model. Refine in phenix.refine and calculate new electron density maps.

e Check what type of interactions the ligand makes with the protein and which

residues are involved.

D. Model validation

e In the Validate menu you can find several validation tools that you should use to
correct possible errors in the model.
¢ Using the Real Space Refine Zone option you can adjust the model to the electron

density, obeying to the validation criteria.
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Follow the various validation steps suggested until you get a final model, that best

represents the X-ray diffraction and conforms with the stereochemical restraints.

¢ Inthe end, don'’t forget to save your work.

E. Validation of the LacdiNAc structure

Use program Privateer, implemented in CCP4i2 interface, to check the correctness of

your LacdiNAc model.

(] [ ) CCP4-8.0.015 Project Viewer: hGal-3

b e R
e i
» j Mot B
Task menu  Export project Run Clone Help Bibliography  Export MTZ  Show log file St New project
Job list j i
RS ClERy Filter: Only show tasks containing text typed here

Filter: Only show jobs containing text typed here v
‘ X-ray data reduction and analysis

& AlphaFold and RoseTTAFold Utilities
+ Experimental phasing
kﬂ Bioinformatics including model preparation for Molecular Replacement
‘ Molecular Replacement
% Density modification
é,"' Model building and Graphics
;‘{ Refinement
v Ligands
:xé Validation and analysis

| ic model y validati
Calculates mean B-factors, Ramachandran plots, rotamer outliers, clashes... (clipper_python

Molprobity)

Analyse ag b model and density - EDSTATS
Calculates real-space metrics for evaluating the agreement between model and c@'ty (Eds

|
cfft)
ey
X ) idation of carbohy str -
=% idation, r fii and graphic lysis of carbohydrate structures

i

X Interface and quaternary structure analysis - PISA
F‘. "ty Interface and assembly analysis (qtpisa)
Cad

Export and Deposition

New job
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CCP4-8.0.015 Project Viewer: hGal-3

o
o = i ==
= [ | £ ® S T e ®
roject Show log file  Show i2run command

Clone Help Bibliography New project

of - Privateer The job is Finished

input | Results Comment ts

ciagiann °

45

Theta

90
135

180
360 330 300 270 240 210 180 150 120 90 60 30 0

Phi

V Detailed monosaccharide validation data

Validation results for pyranose sugars:

Chain Name Q! Phi Theta Anomer p/L2 Conformation rscc3 <Bfactor> Diagnostic

C NDG 0.556 256.39 3.89368 alpha D 4cy 0.85 30.2228 Ok

G NGA 0.561 321.113 6.94636 beta D “en 0.90 19.3744 Ok

coot REFMACS
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