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Load Structure Data

The Structure Validation Module helps you validate a structure against experimental NMR data.

The structure to be assessed can be generated from experimental data or via predictive tools such as

AlphaFold.

The module aims to give fast visual summaries, residue-level views, and interactive plots that help you

spot

patterns or problems.

This module requires PDB or mmCIF structure file. Optionally NOESY information is needed if you want

to inspect distance restraints.

£k Structure Validation ]
i Overview | &f CSindexing ! SPARTA+ [ RPF/NOESY Restraint Analysis _~ ANSURR

Load And Validate Structure Data

— 1. Structure file

&5 Browse + Load 4} Protonate @© Clear
Protonation pH | 7.0000 Renumber on load  Target chain > Select < v Renumber
Model view | All models A

No residue renumbering applied.

Active source: none

— 2. Readiness

Validation is file-first. Load a structure and check protonation/model scope.

item value

Status Load a PDB/mmCIF file to begin validation.

item value
Structure loaded No
Model view All models
Hydrogens present No

Observed ChemicalShiftList
Selected through-space PeakLists 0

RPF ready No

<4 3. Residue-number mapping preview

'I A Load the structure into a module

Go to Main Menu > Structure > Validation Module

+ Click on Browse button, file browser opens in the project.ccpn/data.

Double click on file 2K3 A.cif, this will load data into a module.

* Alternatively, copy the path to the file, paste it into file path and click ‘Load’

Loading time will depend on the size of the protein and number of models.



Optional: Protonate the structure

This section is provided for information; it is not needed for the example used in this tutorial.

Some analyses need hydrogen atoms in the structure. You may, however, have generated a

structure, for example with AlphaFold, which does not have protons attached.

The module uses OpenMM to add hydrogens at the selected pH. It saves a protonated structure

file for later validation steps in project’s folder.

Note: Protonated structures may also be generated via the SPARTA+ webserver, but it requires

PDB format for upload.

Structure Validation
=i CSiIndexing [-! SPARTA+ | RPF/NOESY Restraint Analysis =~ ANSURR
Load And Validate Structure Data

— 1. Structure file

I 'ata.ccpn/data/AnalysisStructure/ValidationModule/protonated/fold_2026_02_25_9lo1_model_1_protonated_pH7.00_2026-07-31-041520.pdb I

&% Browse v Load | 4} Protonate | @® Clear

Protonation pH | 7.0000 Renumber on load  Target chain > Select < ~ | | # Renumber

Model view | All models A
No residue renumbering applied.
Active source: fold_2026_02_25_9lo1_model_1_protonated_pH7
— 2. Readiness

Structure looks ready for SPARTA comparison. RPF depends on hydrogens and selected NOESY PeakLists.

item value
; Structure source fold_2026_02_25_9lo1_model_1_protonated_pH7
! Mardale in fila 1

'] B Load the structure into a module

* Load a structure into the module.

* Enter the experimental pH, then Select Protonate

* Once the calculation is complete the protonated structure will be automatically
selected for the further analysis. Alternatively select Browse and Load the
Protonated structure.

* Insome cases you may need to re-set numbering in the structure file in accordance
with the sequence in your project. You can do this by ticking ‘Renumber on load’

and selecting nmrChain from pull down menu:

Renumber on load  Target chain |> Select < v Renumber



2 Validation with Chemical Shift

CheSPI style analysis uses experimental chemical shift assignments to predict local protein
structure. Generates numerical and graphical outputs to visualize local structural properties. This

can be compared with the structure generated by Alpha Fold.

Based on:
CheSPI: chemical shift secondary structure population inference.

Jakob Toudahl Nielsen and Frans Mulder. Biomol. NMR, 75, 273-291 (2021).

a2 Structure Validation Q

# Overview | & CSlindexing | ! SPARTA+ RPF/NOESY Restraint Analysis / ANSURR
CheSPI-Style Shift Analysis

— 1. Inputs
Observed ChemicalShiftList | > Select < ~
NMRChain ||> Select < M

CheSPI has not been run for the current inputs.
[> Run CheSPI Q Open Consensus PyMOL
— 2. Output plots

Populations | Structure Compare =~ Z Colors = DSSP8

@ PyMOL

PyMOL>color chespi_consensus_loop, resi 154 and chain A Reset Zoom Orient Draw/Ray
Executive: Colored 19 atoms.

PyMOL>color chespi_consensus_loop, resi 155 and chain A
Executive: Colored 14 atoms. [< < Stop Play > >| MClear
PyMOL>color chespi_consensus_loop, resi 156 and chain A Builder  Properties  Rebuild
PyMOL>color chespi_consensus_loop, resi 157 and chain A

PyMOL>color chespi_consensus_loop, resi 158 and chain A

Unpick Deselect Rock Get View

PyMOL>

[T
chespi_structure [IE [0

PUMOL>_

2 A Run CS Indexing analysis
* Go to CS Indexing top tab in Structure Validation module
» Select ‘Observed ChemicaShiftList’ from the pull-down menu
+ Select 'NMRChain’ from pull-down menu
* Click Run CheSPI



Validation with Chemical Shift

— 2. Output plots

Populations | Structure Compare  Z Colors = DSSP8
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= 2. Output plots

Populations | Structure Compare | Z Colors | DSSP8

CheSPI consensus vs structure content: agreement 50.3% over 168 residues
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2 g Review CS indexing plots

* Populations - shows the predicted secondary-structure population for each residue. Bars
are splitinto helix, turn, sheet, and coil/loop-like contributions

* Structure Compare - compares the chemical-shift-derived consensus secondary structure
with the secondary structure assigned from the loaded coordinate model. Those can be
useful for spotting regions where shifts and structure agree or disagree.



Validation with Chemical Shift

Z Colors

N _-
-6
-8

Bar colour - CheSPI PC1/PC2 colour classification for residue.
red: helix-like

blue: sheet-like

green: turn-like

white/light: coil/loop-like

intermediate colours: mixed/uncertain position
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H alpha helix: red

G 3-10 helix: magenta/red

| pi helix: white with grey outline

E beta strand: blue

B beta bridge: cyan

T turn: green

S bend: black

- coil/other: white with grey outline

Review CS indexing plots continue

* ZColors - plot combines how strong/unusual the chemical-shift signal is for each residue
(Z-score height), and what secondary-structure character CheSPI assigns

* DSSP8 - shows probabilities across the eight DSSP secondary-structure classes. .



3 Chemical Shift vs Structure

SPARTA+ predicts chemical shifts from the 3D structure, so large differences can flag residues where

the model, assignment, or local environment may need checking.

SPARTA+: a modest improvement in empirical NMR chemical shift prediction by means of an

artificial neural network. Yang Shen and Ad Bax. J. Biomol. NMR, 48, 13-22 (2010).

From the Bax Group at the National Institutes of Health ...

SPARTA+ Server:

Improved Prediction of Protein Backbone
Chemical Shifts from Structure

As described in the paper:

SPARTA+: a modest improvement in empirical NMR chemical shift prediction by means of
an artificial neural network.

Yang Shen and Ad Bax. J. Biomol. NMR, 48, 13-22 (2010).

SPARTA Software | | "ppg 1oyt
https://spin.niddk.nih.¢
Choose File | No file chosen Input PDB file of the protein structure (Note:
Contacts: —— hydrogen atoms should be present, a
prediction with 'non-protonated' PDB
coordinate input will yield significantly
degraded accuracy!). Atom naming
convention is HN for amide hydrogen, and
HA2/HA3 for GLY H-alpha hydrogen. If the
PDB structure contains more than one chain
or structure, only the first one will be used.
Example: ubig.pdb
Select this option to add hydrogen atoms to
U Addlreplace hydrogen atoms the PDB input (see here for details), note
that the original hydrogen atoms, if present,
will be replaced.

(&x] 2 Structure Validation (%]
w Overview  &f CSIndexing | .<i SPARTA+ RPF/NOESY Restraint Analysis | _/~ ANSURR
SPARTA+ Validation -

Yang Shen  shenY:
Ad Bax bax@r

— 1. Predicted shift sources

Prediction file & Browse

NMRChain 'NC:A - £+ Import

No prediction file imported this session. Existing predicted ChemicalShiftLists can still be selected below. NMRChain auto-detected: NC:A.
Observed ChemicalShiftList | CL:bmrb36728 ¥
Predicted ChemicalShiftList |> Select < ~
— 2. Comparison settings
Comparator  tolerance M

Atom scope | CA/CB ~ | Custom atoms CA,CB,C

We provide a simple import tool to import SPARTA+ predictions into your Project Chemical Shift Lists

3A Generate and import a SPARTA + prediction tab file
» Generate a SPARTA+ .tab prediction file using the SPARTA+ webserver or a local
SPARTA+ installation.
https://spin.niddk.nih.gov/bax- nmrserver r
OR
 Click Browse, you can use ensemble_refine_pred.tab in:
/validation_and_analysis.ccpn/data/

* Click Import

ValidationModule
o Imported prediction rows: 940

OK


https://spin.niddk.nih.gov/bax-apps/nmrserver/sparta/
https://spin.niddk.nih.gov/bax-apps/nmrserver/sparta/
https://spin.niddk.nih.gov/bax-apps/nmrserver/sparta/
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Import SPARTA+ Predictions

Structure Validation

4 Overview | & CSlindexing | ! SPARTA+ | [ RPF/NOESY . Restraint Analysis _/~ ANSURR
SPARTA+ Validation
— 1. Predicted shift sources
Prediction file |Modules/ccpn_projects/validation_and_analysis.ccpn/data/ensemble_refine_pred.tab & Browse
NMRChain |NC:A - 4 Import

Imported: ensemble_refine_pred NMRChain selected manually: NC:A.
Observed ChemicalShiftList |CL:manual_shift_list v
Predicted ChemicalShiftList |CL:SPARTA_ensemble_refine_pred ~

— 2. Comparison settings

Comparator | tolerance -

Atom scope |CA/CB ~ | Custom atoms CA,CB,C
Htol | 0.1000 Ctol | 0.4000
Ntol |1.0000 Sigmax | 1.0000

[> Run Validation

Ready to run SPARTA+ validation.

— 3. Interactive plots

Scatter = Residue = Histogram  Atom Type

0.9

0.8

0.7

0.6

ValidationModule

SPARTA+ validation complete.
Matched observed/predicted rows in current scope (CA/CB): 290

ok ]

Define the Comparison settings:

+ Select CL:manual_shift_list in Observed ChemicalShiftList pulldown.

* New CL:SPARTA_ensemble_refine_pred chemical shift list should be automatically
loaded into the Predicted ChemicalShiftList.

« Comparator either Chemical Shift Tolerance (default) or SPARTA+ uncertainty
measurement Sigma

 Tolerance (H/N/C) and Sigma x are set with default values

« Atom Scope (default CA/CB) defines the chemical shifts for comparison

+ Select Run Validation to compare the observed and predicted shifts.




Review the SPARTA+ regression plot

ValidationModule

H SPARTA validation complete for 1 predicted shift list(s).
Matched observed/predicted rows in current scope (CA/CB): 290

o —

— 3. Interactive plots

Scatter | Residue = Histogram = Atom Type

N |

n Observed

3 c Review the SPARTA+ regression plot
Once the calculation is complete open the Interactive Plots panel
The first tab is the Scatter plot.
Use this plot to check how well the observed chemical shifts match the SPARTA+
predictions.

Each point is one chemical shift. Points close to the diagonal line show good

agreement between experiment and prediction.

* Inspect the graph and values
A high R? value means the observed and predicted shifts correlate well.
A slope close to 1 means the prediction follows the observed values closely.

Points far from the line may mark residues or assignments that need checking.



Review shift differences by residue

— 3. Interactive plots

Scatter | Residue | Histogram = Atom Type

Mean delta (p

2 (h 20 29 38 49 58 67 76 85 24 103 M2 121 130 139 148 157

Residue

|- Save Image

3 p Review shift differences by residue
+ Select Interactive Plots > Residue tab
This plot shows the average difference between observed and predicted chemical
shifts for each residue.
Bars close to zero show good agreement. Large positive or negative bars may mark

residues where the structure, assignment, or local environment needs checking.
 Look for residues with the largest bars.

» Check whether nearby residues show the same pattern.

» Compare these residues with the structure and chemical shift assignments.

10



Review the delta shift histogram

- 3. Interactive plots
Scatter = Residue | Histogram | Atom Type

Delta chemical-shift distribution
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[ |- Save Image ‘
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6

This plot shows the spread of differences between observed and predicted chemical shifts. Use this

plot as an overview and the Residue tab to find where the largest differences occur.

3 g Review the delta shift histogram
Select Interactive Plots > Histogram tab

This plot shows the spread of differences between observed and predicted chemical
shifts.

Most values should be close to zero. A narrow peak around zero suggests good overall

agreement.

Check
» Look at how wide the distribution is.
» Check whether many values are far from zero.

* Large positive or negative values may need residue-level inspection.

Final note

Use this plot as an overview. Use the Residue tab to find where the largest differences

OcCcur.

11



RPF/NOESY validation

RPF/NOESY validation checks how well the structure explains the experimental NOESY peak list.
The module compares observed NOESY peaks with peaks expected from the structure. This

helps identify peaks, residues, or regions where the data and model agree well, or where closer

inspection is needed.

Inspired by:

J Am Chem Soc 2005 127(6):1665-74

Protein NMR recall, precision, and F-measure scores (RPF scores): structure quality assessment
measures based on information retrieval statistics

Yuanpeng J Huang, Robert Powers, Gaetano T Montelione

.OL ? Structure Validation

4 Overview  &f CSlindexing ! SPARTA+ | < RPF/NOESY ) Restraint Analysis ~_/~ ANSURR
RPF style Noesy Analysis =

Inspired by: Huang et al., JACS 2005, 127, 1665-1674

— 1. Input data

RPF requires a protonated structure, one observed CSL, and selected through-space PeakLists.

IObserved ChemicalShiftList > Select < 'I

Select the NOESY PeakLists that should feed RPF scoring.

Available through-space Selected

PL:C13NOESY_@ALI.1 None
PL:C13NOESY_@ARO.1
PL:N15NOESY.1

— 2. Scoring settings

Distance ‘ 5.0000 Htol | 0.0500
Ctol | 0.3000 Ntol |0.3000
Diagonal | 0.3000 Prochiral | 0.0400
V| Create synthetic matched/missing PeakLists Calculate per-model outputs
Find distant matches Upto |8.0000
‘ [> Run RPF
— 3. Results

Summary = PeakLists = Residues
— Overall RPF statistics

Status
No rows available for the current analysis.

4, Configure your RPF analysis
* Go to RPF/NOESY top tab

* Inthe Input data panel select chemical shift list in the pull-down menu observed

chemical shift list
* Move the NOESY peak lists you want to use for RPF validation into the Selected
panel. To limit the computation time we suggest to use only N15NOESY peak list.

12



RPF/NOESY validation

(]2 Structure Validation (%]
@ Overview & CSindexing <! SPARTA+ @[] RPF/NOESY Restraint Analysis ~_/~ ANSURR
RPF style Noesy Analysis =

Inspired by: Huang et al., JACS 2005, 127, 1665-1674
— 1. Input data

RPF requires a protonated structure, one observed CSL, and selected through-space PeakLists.

Observed ChemicalShiftList

> Select <

Select the NOESY PeakLists that should feed RPF scoring.

Available through-space Selected

PL:C13NOESY_@ALI.1 PL:N15NOESY.1

PL:C13NOESY_@ARO.1

— 2. Scoring settings

Distance  5.0000 Htol |0.0500
Ctol | 0.3000 Ntol | 0.3000

Diagonal | 0.3000 Prochiral | 0.0400

v Create synthetic matched/missing PeakLists Calculate per-model outputs

v Find distant matches Upto | 8.0000

[> Run RPF
— 3. Results
Summary | PeaklLists = Residues

—  Overall RPF statistics

Status

No rows available for the current analysis.

Configure your RPF analysis (continue)

4

Adjust values in the Scoring Settings panel:

 Distance (Default: 5A) threshold for comparing structure distances.

* H/C/N Chemical shift tolerances for peak matching in spectra.

+ Diagonal and Prochiral tolerances for filtering.

* Write detailed Stage 2 diagnostics — for checking peak assignments.

» Calculate per model outputs — rather than looking just at the ensemble it looks at
each model individually. Note: this substantially increases compute time.

* Create synthetic matched/missing peak lists — generates new Peak lists allowing
visually inspection on the spectra.

* Find distant matches (Default 8A) — Analyses for peaks explained by contacts
between the distance threshold (5A) and the Up to .

* When ready click Run RPF — calculations may take a few minutes

13



Review the RPF summary scores

— 3. Results

Summary | PeakLists = Residues
— Overall RPF statistics

metric value =
true_pos (1439, 88, 647]
false_neg [753, 0, 1286]

true_pos_noe [1.8813217076865023, 0.2717174014422401, 0.19746094853440394]
false_pos_noe [2.7132196245087052, 0.75602486691008629, 0.24513372738881778]
recall 0.656

precision 0.409

= Stage 2 candidate summary

peakListPid resonanceCount uniguePairCount unigueScorePairCount directionalResonancelinks directionalScorelLinks unexplainedPeaks

PL:N1SNOESY.1 747 21199 20657 41506 38768 93

—  Synthetic PeakLists created

peakListPid matchedPeakListPid matchedPeakCount missingPeakListPid missingPeakCount
PL:NTSNOESY.1 PL:N15NOESY.2 1439 PLINTSNOESY.3 3127

After RPF has run, check the summary statistics. These give a first overview of how well the structure
agrees with the NOESY data. Use these scores as a starting point. The detailed tabs help show which

peaks, residues, or regions are causing poor agreement.

4 g RPF summary scores
A pop-up appears at the end of the run but the values are also listed in the Results
panel

Select the Results panel and Summary tab

Key scores

 Recall: the fraction of observed NOESY peaks that are explained by the structure.

* Precision: the fraction of structure-predicted contacts that are supported by the
observed NOESY peaks.

* F-measure: a combined score that balances recall and precision.

» DP score: an overall discrimination score. Higher values suggest stronger agreement

between the structure and the NOESY data.

14



Review the RPF summary scores

— 3. Results

| Summary | Peaklists | Residues

By Residue | Residue Pairs

Missing expected contacts by residue
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— 3.Results

| Summary  PeakLists | Residues |

| ByResidue | Residue Pairs }

Missing expected residue-pair map: larger/warmer = more missing contacts
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4C RPF summary plots

You can identify the regions of protein that have missing contacts

15



Inspect synthetic peak lists

([ » T ©
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4D Open the target spectra in the viewer and display the synthetic peak lists
The module can create synthetic peak lists to show how the structure matches the

NOESY data. These are divided into three new peak lists.

Default colours
Green: observed peaks explained by structure contacts within 5 A.
Yellow: observed peaks explained only by longer contacts, between 5 and 8 A.

Red: contacts predicted from the structure but not observed in the NOESY peak list.



Restraint Analysis

The restraint Analysis window allows you to check for distance restraint Violations against an input

structure
g3k 0 stwwevaigaton [
% Overview &f CSindexing I SPARTA+ [ RPF/NOESY | /. RestraintAnalysis =~ ANSURR
Restraint Analysis 2

— 1. Violation inputs

Distance restraint table  RestraintTable |> Select < -

> Select <
Select a distance restraint table, then calculate. RT:runX.distance

[> Calculate Violations

— 2. Violation summary

item value

Status Select a distance restraint table and calculate violations.

Violation Histogram | Per-Residue Counts = Restraint Density ~ Violation Pairs

5 A Restraint analysis

In the Restraints Tab select Violation Inputs
Select the Restraint Table to be assessed in the drop-down menu

Run Calculate Violations when ready

Calculations may take a moment to run depending on the size of the protein and the

selected restraint list.

17



Restraint Violation Summary

Once the Violation analysis calculation completes the User is provided with a data summary table and

some visualisations.

— 2. Violation summary

item value -
Structure file 2K3A cif
Models 20
Rows 41120
Violated rows 9185
Max violation 70.718
Mean violation 2.277

Violation Histogram | Per-Residue Counts  Restraint Density = Violation Pairs

8000

6000

Count

4000

Violation (A)

5 B Restraint Violation summary Table
The Violation Summary table list overal summary statistics such as The number of
Violated Rows, the mean violations number of violations exceeding certain threshold

values.
The first figure generated is the Violation Histogram which is a binned histogram of
the violations and their distances. From the example you can see that most violations

are only a few Angstroms however the maximium violation in this same is 86A.

This is a useful overview of the quality of the data.

18



Restraint Violation Per Residue

The pre-residue count visualisation and Violation details table allows us to identify regions which may

be problematic due to mis-assignments or structural completeness.

Violation Histogram | Per-Residue Counts | Restraint Density = Violation Pairs

V| Bars v Mean line W | H
Bars: unique violated restraints (0.5 A), line: mean violation
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4 Per-residue violation data

5C Per residue violation counts
The bar chart of per-residue violation counts shows:
Orange bars — violations less than 0.5 Angstoms
Red Bars — count of violations greater than 0.5 Angstoms

The optional overlaid Blue Line shows the mean violation distance.
Mousing over a position gives details of the Residue and its violations.

Clicking on a residue filters the Violation details table to show the restraints

contributing to the violations for that residue

model_id | restraint_id chainCodel sequenceCodel residueNamel atomNamel chainPid1  residuePid1 atomPid1 |+
1 4 A 61 VAL HG% MC:A MREALBTVAL  MRIABTVALHG!
1 5 A 61 VAL HG% MC:A  MRAGIVAL  MR:A.B1VAL.HG!
1 7 A 61 VAL HG% MC:A  MRABIVAL  MR:ABIVALHG!
1 8 A 61 VAL HG% MC:A  MRAGIVAL  MR:A.B1VALHG!
1 9 A 61 VAL HG% MC:A  MRIABIVAL  MR:ABIVALHG!
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5p

AEL":\ON Restraint Violation Per Residue
\ER

Violation Histogram  Per-Residue Counts = Restraint Density { Violation Pairs

Restraint density: local / medium [ long / inter-chain
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 Violation Histogram  Per-Residue Counts ~ Restraint Density | Violation Pairs

Violation pair map: larger = more models, warmer/less transparent = stronger mean violation
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More graph
* Restraint density — gives an indication which regions lack restraints

* Violation pairs — overview of violations hotspots.
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