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ARCIMBOLDO: ab initio phasing approach

ARCIMBOLDOQO combines:

e Fragment location with Phaser’
e Density modification and autotracing with SHELXE 2

Main idea:

* Compose minimal hypotheses from fragments.
e Extend partial structures into full structures with density modification and model
building.

e Correct solutions are identified when the minimal starting hypothesis reveals previously
unknown structural features, while incorrect ones do not progress into meaningful
solutions.

1. AJ. McCoy, R. W. Grosse-Kunstleve, P. D. Adams, et al. “Phaser crystallographic software” (2007) J.Appl.Cryst, 40, 658-674
2. 1. Usén and G.M. Sheldrick. “Modes and model building in SHELXE". (2024) Acta Cryst. D80, 4-15



Effect of density modification from a small, accurate fraction of ASU

Phases
calculated Density
from a partial modification
solution

Autotracing of
new polyalanine
residues

lterate: perform
several cycles




ARCIMBOLDO programs & modes

LITE wuane

Single models such as ideal
polyalanine a-helices

- coiled_coil mode

LITE

Sequential search for single
models

Signal to noise will be better
upon each placement

Fa
SHREDDER * Kq;égé

Fragment library from
homologs or predicted models

~

- coiled_coil mode

- predicted_model mode

\

- )
BORGES -

Fragment I|brary
representing a fold

J

SHREDDER & BORGES

Simultaneous search for multiple models of same size

Results are considered jointly




predicted model mode in
ARCIMBOLDO SREDDER




/ Input: predicted model from \

AlphaFold or RoseTTAFold

/ Model preparation \

T

Phasing with

ARCIMBOLDO
SHREDDER
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If solution is
very partial

If solution is
straightforward
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Coiled-coil verification

— Yes —»[ The solution is verified ]

Multicopy

Medina, A., Jiménez, E., Caballero, I., et al. “Verification: model-free phasing with enhanced predicted models in
ARCIMBOLDO_SHREDDER" (2022). Acta Cryst. D 78(11), 1283-1293



Model preparation of predicted models

[ Predicted model } [ Pre-processing } [Annotation & Decomposition ]

e B-factors are set to a common ) )
value of 25A for the main chain * Unstructured areas predicted with

and 50A for the side chains. low confidence are removed.

ARCIMBOLDO_SHREDDER
performs an automatic
preparation of the input

template e Hydrogen atoms are removed.

e Domains are differentiated through

e Side chains from predicted : : at
hierarchical decomposition.

models are preserved.

* The model is shred into equal-sized
spheres based on eLLG.



If solution is very partial

If solution

is straightforward

If coiled coil
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If solution is straightforward Model-free verification
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coiled coill mode in
ARCIMBOLDO LITE &
ARCIMBOLDO SREDDER




Coiled coils difficulties for phasing

e Coiled coil structures typically present intrinsic difficulties
for phasing:
o Tendency to aggregate into fibers complicating the formation of
well diffracting crystals
o Large dimensions of their asymmetric units
o Anisotropic diffraction

o Highly modulated diffraction patterns

e Phasing of coiled-coil with fragments has been
implemented in the AMPLE" and CCsolve? pipelines.

1. Thomas, J. M. H., Keegan, R. M., Bibby, J., Winn, M. D., Mayans, O. & Rigden, D. J. (2015). IUCrJ, 2, 198-206.
2. Ramisch, S., Lizatovi¢, R. & André, |. (2015). Acta Cryst. D71, 606-614.




coiled_coil mode
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ARCIMBOLDO at low resolution: Verification
for coiled coils and globular proteins
Caballero |, Castellvi A, Trivifio J, et al.

. Acta Cryst. 2018; D74, 194-204 Protein Sci 2024: 33(9):e5136. .
Up to 3A Up to 4A ||...
PROBLEMS SOLUTIONS

Difficulties to differentiate genuine intermolecular ~ Disable the placement of pairs of tNCS related
tNCS from Patterson artefacts. helices.

ARCIMBOLDO on coiled coils
Caballero, I., Sammito, M., Millan, C., et al.

Activate the Phaser packing filter during the
translation search.

SHELXE with helical sliding that anchors ahead of
the trace, improving the phases.

Overlapping solutions with high FOMs.

The geometry of helical trace can degrade.

Placement of helices in the correct position butin ~ Generate and test reversed helices in the same
reversed direction. positions (only in LITE).

Wrong solutions can have high figures of merit. Final verification step.



Resolution limits

Resolution in ARCIMBOLDO is auto-limited in order to prevent false positives

Atomic resolution 2.0A 2.5A 3.0A 4.0A
\‘\.\ Improved
General mode of ARCIMBOLDO coiled_coil \. coiled_coil mode .,
mode " Available in CCP41

4
et e s s s = s o = s = s s = s o= 4

At resolutions lower than 2 A, L . . :
partially incorrect solutions Mandatory verification step in the coiled_coil mode

may have high FOMs



To verify the most promising solution, its original substructure will be perturbed by a
random translation and by reversing the direction of the helices

Best solution

/
T Toorse
— — ol

Group of substructures with reversed helices <«— Onlyin LITE

Randomly translated solution

InLTE& —> _— -
SHREDDER L




Verification in ARCIMBOLDO _LITE

The extensions are compared for evidence of discrimination between the
randomly translated solution or groups of consistent solutions
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wMPD

Verification in ARCIMBOLDO SHREDDER

The extensions are compared for evidence of discrimination between the

best solution and the randomly translated solution
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WMPE (2)
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Choices for phasing coiled coils

-

ARCIMBOLDQO _LITE in coiled_coil mode
Choice for searching single helices

It performs a sequential search for helices of a given
Qength with specific features to avoid coiled-coil pitfalls.j

~

-

It

ARCIMBOLDO_SHREDDER
in coiled_coil mode & predicted_model mode

Choice for searching multimeric predictions

extracts compact fragments from the starting model

and gives them degrees of freedom to improve the

&nodels.

~
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L ow resolution verification for
globular proteins

J




Structure approximation by a Fourier series

Structure determination by crystallographic diffraction can be
expressed through the Fourier series.

This animation uses a line drawing of a hummingbird to define a
periodic path, where the coordinates in the complex plane are a
function of time. The path can be approximated by a Fourier
series equation:

F(t) = Zcoefn'exp(i-27r~n~t)

The Fourier series approximation is only exact with infinite terms.

With fewer terms (low resolution), we not only lose detail but may
also introduce artifacts that do not exist in the original structure.

http://chango.ibmb.csic.es/colibri

Imaginary

Real

61 terms

Imaginary

Real

9 terms



http://chango.ibmb.csic.es/colibri

LLG-based fragment verification from density moditied maps

1. Constrained map interpretation: Use SHELXE density-modified maps from
partial, reliable solutions to build hypotheses consistent with prior knowledge.

1. Comparative scoring of alternative hypotheses: Evaluate fragments from
remote homologs or secondary structure predictions:

o Fragments were rigid-body refined, allowing internal degrees of freedom using Gimble
in Phaser.

o Fragments were scored by their LLG ., yibution t0 the overall value, estimated from LLG
change upon fragment omission.

o Relative differences in the LLG_,ntibution ©f €ach fragment will guide the choice between
different possibilities: size, orientation, secondary structure or side-chain inclusion.



N ! Central domain ™ EGF W EGF W EGF m C
< AN 7

Y Y Y
164 residues 209 residues 158 residues

The complex state of the PA domain
4txj rendered a partial solution of
VSR1 by MR with Phaser.

-

\
No models were available for the Central domain,
but has two remote homologs with 15% identity.

Both structures share a roughly parallel four-helix
bundle orientation.

N ~ Staphylococcus aureus DsbA (PDBid 3bci)

" Aspergillus fumigatus (PDBid 4k90)
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Density-modified
map calculated
using the
coordinates of
the PA domain

The four-helix bundle was placed in the Central Optimization of the blue helix orientation
domain region and scored on LLGontribution increases its LLGcontribution




/ Hypothesis of four \
helices of the VSR1
superimposed to
DsbA (15% identity),
the green helix in the
central domain

corresponds to a

k strand of DsbA. /
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LLG contribution
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Number of residues

The green helix was replaced by a strand and
its LLGontribution INCreases.

We included
the central
domain §, @ -
fragments in i
the map g o
|CU|atiOn Number of atoms
“ With side chains

Without side chains

The green strand was expanded to a sheet of 3 strands, and
adding side chains improved their LLGcontribution-

Density-modified map at the region generated solely
with the PA domain vs. using also fragments from the
Central domain. Emergence of new features in unmodeled
map regions confirmed partial model correctness.




Tutorial




CCP4i

>

Molecular Replacement _ﬂ

Phaser MR
Run Molrep - auto MR

Job title [[No title given]

Run ARCIMBOLDO_SHREDDER on machine

CCP4 online

(Ville Uski

New ARCIMBOLDO Run

CCP4 Cloud

CoFE-Browser Edit Navigation Development Windows

[0008] arcimboldo-shredder (new)

y Prn %

gl
job descrption: [arcimboldo-shredder

output i [arcimboldo-shredder

A

ARCMABOL
Aorbetter (4 Afor colec cod mode).

Arcimboldo Lite
Arcimboldo Borges

Arcimboldo Shredder

Phaser Single Atom MR

=

Run MrBUMP. =[ sigmas

Run Balbes I Start from known partial structure.

Run AMPLE

Run MoRDA contains’ components of molecular weight Daltons
Run SIMBAD

PDBin  4pna  —
Similarity of PDB to the target structure: rms difference is[12 A
_I Convert to polyalanine. off
1 Make all B-factors equal off
Shredder Mode _spherical
I Maintain coil in the model

off =

= B R L]
ey =

CCP4i2

CCP4-9.0.004 Project Viewer: arci o

E I 'Y
Showizrun command | New project

Aol | meut | Results | Comments

Inputdats | Advanceddata | Developer options

P \

job [No ~ | asinput below..
- -

Run ARGMBOLDO | SHREDDER. ~ | on | this machine ~ |
Runincol coled mode

Runin predicted model mode.
tnput data
[ Feecions |3t daases imported byiob 2
' P o
Shredder models
B} Atomicmodel | Atomic modelimported from 3kyeB.pdb by job 2 ~ =

Siniarityof DB tothe taret strcture: s iferenceis 1.2

Convert to polyalanine |On ~ |

Make al 8 factors equal [On ~ |

Sveddermode [spherial |

Job 2: Ab initio phasing and chain tracing - ARCIM The job is Pending

ARCIMBOLDO, LITE uses singe modet, yiclly plyaanne elces:
ARGIMBOLDO_BORGES uses precomputed rarie o ol o
ARCaBoLDO.
Data description

un ARCIMBOLDO: SHREDDER v

20b it (opiona:

Input data (me): [Coommsrie] o e chosen

Torget Sequence:

Number of components: 1
ARCIMBOLDO SHREDDER
Modet [Ehocsa ] o e chosen
Convert 1 plyalanine optiona; v
Make il B-actos equl (opional): v
Aphatod o RoseTTaFold modst. | | e v
Shwedder made: el
Fragment sz opsonah
Matan col i the model opona
[P ——
[ ——
Pero LG i pruring oponal
Comtineprases i s opsona)
Advanced options
Ao

[ I o |

v

o8

Q
Q

Correct Bfactors

o not correct ~

Run in coil colled mode.

Run in predicted model mode

Assume [12 ] (&) rmsd. fom target
Convrt o plyalanine: Ao -

Make il B-factors equal: Ao -

Stredder mode: sphercal -

Mulicopy search: Awo -

Maintin colinthe model:  Auto ~

Perform gyt refnement Ao -
Perfom gimble efinement.  Auto ~

Perform LLG-quided prunina:  Auto +

XDSGUI (Kay Diederichs

Henu Help
projects frame T tods
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Programs

Note: You must have a CCP4 licence to run these programs.

An automated Molecular Replacement (MR) pipeline - Balbes integrates into one system all the components

Balbes necessary for solving a crystal structure by Molecular Replacement
An automated Molecular Replacement (MR) pipeline - Given a target sequence and experimental structure
factors, it will search for homologous structures, create a set of suitable search models from the template
MrBUMP structures, do molecular replacement, and test the solutions with some rounds of restrained refinement.
New: MrBUMP now searches the EBI-AFDB AlphaFold database for potential search models in addition to the
PDB. This increases the pool of potential search models by 350000 with more to come in the near future.
Zanuda Space group and crystallographic origin validation
AMPLE Automated ab initio search model generation for molecular replacement.
Automated SHELXC/D/E structure solution pipeline for fast routine experimental phasing. Accepts data in XDS,
SHELX Scalepack, SHELX hkl or mtz formats and outputs phases and a poly-Ala trace. If a protein sequence is provided,
BUCCANEER and REFMAC complete the structure.
CRANK2 Automated structure solution pipeline for experimental phasing using maximum likelihood methods.
MoRDa MoRDa is a pipeline for molecular replacement protein structure solution based on its own domain database.
Models relevant to the target sequence are further adjusted before molecular replacement search.
Sequence-independent molecular replacement, good for identifying if your crystal contains a contaminant protein.
SIMBAD SIMBAD can also do full search of homologous structures in difficult-to-solve novel target cases, but this
functionality is not yet available through CCP4-Online.
ARCIMBOLDO | Crystallographic Ab Initio protein solution below atomic resolution |/

ARCIMBOLDO

L ACLICK HERE TO START A NEW ARCIMBOLDO RUN I

id Job Title

Delete/Stop Date Status

The table below shows your current ARCIMBOLDO runs - the results will be stored on the server for at least 30 days

View Results




New ARCIMBOLDO Run

ARCIMBOLDO combines fragment search with PHASER and density modification and autotracing with SHELXE, at resolutions of 2.5

A or better (4 A for coiled-coil mode).

ARCIMBOLDO_LITE uses single models, typically polyalanine helices;

ARCIMBOLDO_BORGES uses precomputed libraries of local folds;

ARCIMBOLDO_SHREDDER uses fragments from a distant homolog or predicted models.

Data description

run ARCIMBOLDO:

SHREDDER

Job title (optional): 8b8d

Input data (.mtz):

Input type: amplitudes v

ARCIMBOLDO SHREDDER selection

Browse...| sodmizjg=== |Jpload mtz

Column labels: SIGF | Fp

v F sicrp vie=——— Salect labels

Target Sequence:

A

Asymmetric unit description: I Molecular weight: 51680

(please give either this or the target sequence)

Number of components: 1

number_of_component = 1 /

K\\ Molecular_weight
= 51680 Da

ARCIMBOLDO SHREDDER

Model:
Convert to polyalanine (optional):
Make all B-factors equal (optional):
Alphafold or RoseTTaFold model:

Shredder mode:

Advanced options

Add keyword-value

IBrowse... 8b8d_model_0‘pdb| rmsd.: 08 A
w
v Upload AF model

Activate
[ J—
predicted_model
mode

Fragment size (optional):

spherical v

Maintain coil in the model (optional): v
Perform gyre refinement (optional): v
Perform gimble refinement (optional): v
Perform LLG-quided pruning (optional): v
Combine phases with alixe (optional): v

Activate

/ coiled coil mode

Keyword | coiled_coil

Value | True

Click Validate

Then click submit



The table below shows your current ARCIMBOLDO runs - the results will be stored on the server for at least 30 days

id

1552843156

ARCIMBOLDO

Job Title Delete/Stop Date Status

View Results

8b8d delete 12 Nov 2024 [11:14] process ended

results

PROCESS 1552843156 HAS ENDED

ARCIMBOLDO-SHREDDER

Summary

NAME: 8b8d

SPACEGROUP: P 2121 2

CELL DIMENSIONS: 81.82, 82.50, 89.06, 90.00, 90.00, 90.00
RESOLUTION: 2.40

| Click here to follow the progress with the ARCIMBOLDO_BORGES | €

It seems you have a good solution!
Here you can find the best solution and map for further refinement.

Instruction file

Input file at /ccpdonlineg/ARCIMBOLDO iracaballero/1552843156/input/instructions.bor. Click here to download it

[CONNECTION]

istribute computing = multiprocessing
remote_frontend passkey = ~/.ssh/id rsa
setup_bor path =




Running the job: HTML results

ARCIMBOLDO-BORGES 4
Search and expansion PD B entry 8 B8D

Summary - - : -
#Cluster and Model Packing Reso | Uthﬂ 2 4A
X ¢Rots,| TOP [Mean| Top |Mean |, | Top |Mean| Top |Mean -
{Pﬁf’ﬁt""‘r’;q S| LLG | LLG [zscore Zscore "S:| LLG | LLG |Zscore Zscore " =

4 helices of 115 residues

Search

Backtracking

Instruction .
file Backtracking
Log file The current best solution is: frag41_0_0.pdb with FINALCC: 54.48 and n. residues traced 367
file is: /ccp4online/ARCIMBOLDO/iracaballero/1552843156/ARCIMBOLDO_BORGES/./11_EXP_alixe/1/5/0/frag41_0_0_rbr_1_ref.pdb
Citations + REFINEMENT ROTATION AND MODEL
* EXPANSION
Support

Cy
fFinal CC: 54.48% N. Residues Traced: 367.00 I

Verification
Verification has determined that the structure is solved.
The best ion is clearly d d from a random one.  [[r——) SO |Ved !

Verification step

=)
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SUMMARY - ARCIMBOLDO

o ARCIMBOLDO_SHREDDER has a predicted_model mode:
o No need to preprocess models.
o If solution is straightforward, it will systematically eliminate model bias.
o This feature can be run as standalone from a MR solution.

e The coiled_coil mode is available in ARCIMBOLDO _LITE and
ARCIMBOLDO_SHREDDER:

o Works at resolution up to 4A.

o Use ARCIMBOLDO LITE with ideal helices and
ARCIMBOLDO_SHREDDER with multimeric predictions.

o ltincludes a verification step, key when going to lower resolutions.



SUMMARY - VERIFICATION

The core idea of ARCIMBOLDO is that correct solutions are identified when the
minimal starting hypothesis reveals previously unknown structural features,
while incorrect ones do not progress into meaningful solutions.

e Predicted models: the starting hypothesis leaves little to infer as fragments
are now more accurate but this also introduce model bias — model-free
verification that will systematically eliminate model bias.

e Coiled coils: figures of merit become unreliable — dedicated verification
step to disprove the final solution against competing alternatives.

e Low resolution in globular proteins: the emergence of new features in
unmodeled map regions confirmed partial model correctness.
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