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Protein Model Building
with ARP/wWARP



Electron density map interpretation

December 12, 2018 Grzegorz Chojnowski




Electron density map interpretation
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Methods for automated model building

Most current methods search for different patterns that are then used to build and
extend a main chain:
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Buccaneer ARP/wARP 45MBL§§§i§5§§§ phenix.autobuild

Ca (Di-) Peptides Fragments
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ARP/WARP workflow
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Model building at low resolution

@ A\ Coot 0.8.7 EL (ccpd)
file Edit Calculate Draw Measures Validate HID About Extensions Ligand —
o r R/RC
{1 Reset View [ Display Manager -~ £. I
Map

&==® Sequence coverage

®&=® Fragmentation

(] -] \ Coot 0.8.2 EL {ccpd)
MOdel CompleteneSS File Edit Calkulate Draw Measures Yalidate HID About Extenswons Ligand
€3 Reset View £ Display Manager < £.

Resolution

Eu(cesslully read coordinates file ssa_amearpNtroce,pdbA Molecule number 0 created.
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DipCheck: main-chain geometry validation
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Two kinds of distances ° O °

- ‘fixed distances’; include coordinate error
- ‘flexible distances’: describe conformation

Pereira, J., & Lamzin, 2017
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NCS Detection and Extension

Non-Crystallographic Symmetry occurs if there are multiple subunits
in the asymmetric unit of a crystal and some of them adopt almost the

same tertiary structure.
We can use this information to extended fragmented models!

Wieggels, T. et al. 2015
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New loop building algorithm

ARP/wARP model
Deposited coordinates

The algorithm merges close fragments
and can correct reversed ones
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New side-chain building algorithm

- Tryptophan
60 - \aline 1

Volume [A*]

10 \
0 1 2 3 4
Density threshold [a.u.]

Side-chain electron-density volume changes correlate with residue type.
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How do the new
algorithms perform?




Updated ARP/WARP performance

400 ARP/WARP model building simulations starting from
maps at 2-3 A resolution with 40 deg phase error
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Updated ARP/WARP performance

EEm ARP/WARP 7.6

1207 > 250 £z ARP/WARP 8.0
7 / [ ARP/WARP 8.0 with freeloops
g 100 g é ? 9 200+
8 80 g ? g éj
g / / / g 1501
-§ 60 g 2 é g 100 -
= 40 / / % 4
721717 I
‘allllll “Lhh
0 1717 12120 7
0 0.2 0.4 0.6 0.8 1

20 02 04 06 08 10 O
Correct residues fraction Docked residues fraction

.0

400 ARP/WARP model building simulations starting from
maps at 2-3 A resolution with 40 deg phase error
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Updated ARP/WARP performance .. case: ribonuclease

ARP/WARP 7.6

784/1300 residues built
444 docked to the sequence
R 0.34

December 12, 2018

at 2.5A resolution
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Updated ARP/WARP performance .. case: ribonuclease

at 2.5A resolution

0.330

0.320

1,310
)

1.300 -
1.290 m
0.280

0.270
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
ARP/WARP x Refmac Iterations

800

750

700

ARP/WARP 7.6

600

550

No of residues

500

784/1300 residues built
444 docked to the sequence B S T T TR TR VR TR TRTRTRTE
R 0.34 ARP/wWARP cycle
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Updated ARP/WARP performance .. case: ribonuclease

at 2.5A resolution

0.300 K\

5 10 15 20 25 30 35 40 45 50
ARP/WARP x Refmac Iterations

950

ARP/WARP 8.0

900

No of residues
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1044/1300 built
1024 docked sool—

R/Ry,, 0.28/0.33 ARP/WARP cycle

S 6 7 8 9 10
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ARP/WARP
tips and tricks



ARP/WARRP tips and tricks
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ARP/WARRP tips and tricks
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ARP/WARRP tips and tricks

December 12, 2018

| @0 e \ Coot 0.8.2 §L (ecpd)

File Edrt Cokulate Draw Measures \Validate HID About Extensions Ligand
£l Display Manager ~ .

1 Reset View

I
E;Ecessmw read coordinates file sad_arp warpNtrace.pdd. Molecule number O Created.
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ARP/WARRP tips and tricks

Resolution
best results above 2.6A,
but phases can be poor

Data completeness
as high as possible.

Space group
double check if model
building fails

Data quality (outliers, ice rings)
always check Wilson plot

December 12, 2018
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ARP/WARP tips and tricks =
W expected
26 @ observed
Resolution /\\
best results above 2.6A, Cush N
but phases can be poor : \ / \\;\.\\
g 110 W \
Data completeness V\Mﬂf%\,\\
as high as possible. 0
Space group BT 4.9 3.6 3fmumis 2.4 2.2 2.0
double check if model
building fails 135
88 expected
13.0 & observed
Data quality (outliers, ice rings) \
always check Wilson plot :
-
10.5 _
12.0 5.9 4.5 3.7 I3 2.9 2.7 2.5

Resolution A
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ARP/WARRP tips and tricks

Resolution
best results above 2.6A,
but phases can be poor

Data completeness
as high as possible.

Space group
double check if model
building fails

Data quality (outliers, ice rings)
always check Wilson plot
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ARP/WARRP tips and tricks

CCP4
Resolution on-line
best results above 2.6A,
but phases can be poor ‘
Data completeness ﬁ AMOEO
as h|gh as pOSSible. Molecula'r Rtle.placement
pipeline
Space group ‘
double check if model o
T . 8.0 iterative
building fails odel
building

Data quality (outliers, ice rings)
always check Wilson plot

Use secondary structure modeling
auto_albe.sh or quickfold in CCP4i

Try different strategies

Byung Hak Ha and Titus J. Boggon JBC 2017
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Electron density map interpretation
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RNA/DNA Model Building
v with ARP/WARP



‘ ]_ ’ Backbone phosphates detection
& Machine learning algorithm

‘ 2 ’ Phosphate-ribose-phosphate units placement
& Updated geometry restrains

& Iterative chain tracing (like for proteins)
‘ 3 ’ Bases building
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Building ligands
with ARP/wARP



Ligand fitting with ARP/WARP

* electron density map (good
resolution)

* protein model (refined)

* difference density map
* shows excess density not
explained by the protein model
* to fit the appropriate ligand into

December 12, 2018
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Ligand fitting with ARP/WARP

* electron density map (good
resolution)

* protein model (refined)

* difference density map
* shows excess density not
explained by the protein model
* to fit the appropriate ligand into
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Ligand fitting with ARP/WARP

* electron density map (good
resolution)

* protein model (refined)

* difference density map
* shows excess density not
explained by the protein model
* to fit the appropriate ligand into
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Ligand fitting with ARP/WARP

Challenges:

* different resolutions and data
quality
* different ligand complexity /

topology
* partial disorder of a ligand

December 12, 2018
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The protocol of a modelling task

What we know at the beginning will determine the protocol:

Binding site

Known Unknown

1 ligand density 1 ligand

Ligand identity

Unknown Known

December 12, 2018 Grzegorz Chojnowski




Ligand fitting with ARP/WARP

Organised as a pipeline of core modules for specific sub-tasks following an
intuitive approach

Prepare * Prepare Sparse density map

® Generate ligand topology

* fit sparse density

* Refine ligand coordinates
* Choose best model

w‘\}@‘ ‘ M
e * Construct ensemble of ligand models

Refine
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Real space refinement

* Uses the full density and topology information
* Employs a gradient method to optimise fit to density and ligand
geometry simultaneously
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The protocol of a modelling task

What we know at the beginning will determine the protocol:

Binding site

Known Unknown
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Automatic binding site identification

* The difference density map from low to high contour threshold

December 12, 2018 Grzegorz Chojnowski




Shape features to measure similarity

An electron density map calculated from the ligand to be fit is compared to
each potential density cluster:

Find the matching cluster for this ligand!

123456
7
EEET ‘ IIII_II : Surface to volume ratio
- 722400 Bounding box limits

Moments of inertia
Rotation match score

Eigenvalues
Distance histogram

P

Geodesic distance histogram

123456

Decision is based on feature vectors
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The protocol of a modelling task

What we know at the beginning will determine the protocol:
N ligand candidates

\
Binding site ¢\
9 L/

|\

Known Unknown 1 ligand density L\

Ligand identity

Unknown Known
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High throughput ligand identification

Projection/
normalisation

Density map (or otherwise surface

of protein pocket) Calculation of shape

descriptors

\ 4

F
* Ta T Fi Fo e

Z

Ranking Comparison
/4 foo Fo F,
“Illl

Ligand
0 u 84 of the most
ryourown PI99 common ligands

cocktail...

C. Carolan & V. Lamzin,

Database in crystallography Acta D (July 2014)

December 12, 2018 Grzegorz Chojnowski




Which ligands can ARP/wWARP identify?

C. Carolan & V. Lamzin,

* 84 of the most common ligands in crystallography acta b uuy 2014

Ligand three-letter code Ligand common name

Ligand three-letter code Ligand common name

Ligand three-letter code Ligand common name

7 ; F35 Fe 8, cluster
017 Drarunavir T R ) PLM Palmitic acid
1PE Pcntart?],rlcnc glycal FAD"‘ Flaxljn-adcnlnc dmu._cll:utldl: PLP Pyridoxal-5'-phosphate
0GP Guanosine 2-monophosphate FMN Flavin mononucleotide POP F}'mphmplutcz
IPE Nonacthylene glveol F1PP F‘arncsg'l diphosphate R Pyruvic acid
S(3pe (juanosine S-monophosphate GOL Glycerol RET Eonting]
AT Adenosine 3 5-diphosphate GSH Glutathione et tin=a L
ACO* Acetyl coenzyme A H4B 5,6.7 8-Tetrahydrobiopterin SAM S-Adenosylmethionine
ADE Adenine HC4 para-{Coumaric acid 5F4 Iron-sulfur cluster
ADN Adenosine HEA* Haem A 51A O -Sialic acid
ADP Adenosine 5'-diphosphate HED 2-Hydrowyethyl disulfide 5004 Sulfate iom
ARG 2-Oxoglutaric acid HEM Hacm SPO Spheroidene
AMP Adenosine monophosphate MDD Imidpzole STU* Staurosparine
ATP* Adenosine 5'-riphosphate IPH Phenol . . TAM Tris(hydroxyethyl Jaminomethane:
B3P 2-[3-(2-Hydrooy-1,1-dibvdroxymethyl-cthylamino)- LDA Lauryl dimethylamine-N-oxide THP Thymidine 3,5 -diphosphate
. propf}']amim:]-'Z-h}'drcxx_\-mthy]-pmpanc-1,3-1:[1'0[ ::Elb ﬁ&;ﬂmzihnﬂcmam‘l“@m acid TLA t-{+} Tartaric acid
ACL. Bacterinchloraphyll A . TFP Thiamine diphosphate
BTB Bis-tris buffer MLT p-Malate TRS Tris buffer
BTN Biotin MPD [45}-2-Methyl-2 4-pentanediol - .
C2E* Cyelic diguanosine monophosphate MTE Phesphonic acid mono-(2-amino-5.6-dimercapto-4- Eﬂ? Eh}muim-c = 'l?;phm']hatc
CAM Camphor ox0-3,7 84 2.10,10A-hexahydra-4H-8-oxa-1 3.9, ) ‘oenzyme )
CoL Cardiolipin 10-tetraaza-anthracen-7-yimethyl jester LPG Uridine 5 -diphosphate-pglicose
- i ; MYR Myristic acid
CHD Cholic acid ¥
CIT Citric acid NAD* Nicotinamide adenine dinuwcleotide
CLA Chlorophyll A NAP* Nicotinamide adenine dinucleotide phosphate ri‘[n ,“{. 6 6 _ [
CMP Adenosine 3 5-cyelic monophosphate NCO Cobalt hexamming(I11) U me 5 tf 0-‘? ﬂfe g Heose o)
COA Coenryme A NHE 2-[¥-Cyclohexylaminojethanesulfonic acid
CXs 3-Cyclohexyl-1-propylsulfonic acid QLA Oleic acid HO
CYC Phycocyanobilin EJREJ Orotic acid HO 0O HN |
DI 1,4-Dicthylene dioxide Pa Hexaethylene glycol %\
DTT 1,4-Dithiothreitol PEG Difhydroxyethyljether HO o
EPE HEPES PEP Phosphocnolpyruvate ¢ S HO
Pl Tetracthylene glvool y$ O\ /o\ ,O
PGA 2-Phosphoglveolic acid ,e\ /P\\ 0
PGO 5-12-Propanedinl Fe—S NaO ONaO (@]
\ /7 PHC) Benzyl chlorocarbonate
s /N \
HEPES K\N/\/ OH s S—Fe—SCys HO OH OH
W on \ /
HO™ H Fe—S HO

Ho._A_oH

Biofin

NH

j.l\
N NH
[ [ ; : c,,ss/ F3-Sq cluster HO 2- bu
Glycero ? . gu,,,,/\/\COOH Tris buffer
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Ligand guessing in APR/WARP

A. B,
Vbr;;rfd= WVDW E(FTI; - r_g) + thond EE(I)
) iy

L \i ij

2
20°

C. D, q.
rTg_r_lg)-'-VVelec;j(g(qéjq)J )+vvsol < (S,‘/] +Sj‘/i)eXp

r

ij i i

K134A

1157A 4(0106/*

F158A

G81A
Ligand guessing without (yellow skeleton) and with (blue skeleton) D. Beshnova. J. Pereira
the use of the estimated energy as an additional parameter. V. Lamzin, Acta D (2017)
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Building models into
electron microscopy
maps



The Resolution Revolution

GroEL @ 18 A resolution (EMD-5143) B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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The Resolution Revolution

GroEL @ 18A resolution (EMD-5143) B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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The Resolution Revolution

GroEL @ 18A resolution (EMD-5143) B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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The Resolution Revolution

40000 T T T T T T T T 1600 T T T

B cryo-EM
3 X-ray

35000 1400
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5 20000 800
Yo
(@]

@ 15000 600
o]
€

= 10000 400

5000 200

0 0
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Resolution [A] Resolution [A]

Data taken from https://www.ebi.ac.uk/pdbe/emdb/
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The Resolution Revolution

Number of deposited cryo-EM maps by year

1200

1000

800

600

400

200

Maps below 4.0A resolution

Data taken from https://www.ebi.ac.uk/pdbe/emdb/
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ARP/WARP for cryo-EM

« EM and X-ray map features differ
 EM maps local resolution vary

« EM models may be very large

&==® Sequence coverage

 EM maps can be over-sharpened
(unrealistic B-factors)

&® Fragmentation

&=® Model completeness

Resolution

December 12, 2018 Grzegorz Chojnowski




70

Map preprocessing = o]

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)

%31 70 5a a5 40 36 33 31 29 28 26 25 24 23 22
Resolution [A)

original map processed map
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM
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B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM
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B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
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ARP/WARP for cryo-EM

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
ARP/WARP model
deposited coordinates
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ARP/WARP for cryo-EM

- B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
ARP/WARP model
deposited coordinates
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ARP/WARP for cryo-EM

ARP/WARP model (30h of CPU time, first model after 6h)
~ 98% (4006 out of 4088) of the residues traced and docked

B-galactosidase @ 2.2 A resolution (EMD-2984, 5a1a)
ARP/WARP model
deposited coordinates
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ARP/WARP for cryo-EM

Full model of a viral capsid ready in 48h CPU time
75% of 41,000 residues traced

December 12, 2018 Grzegorz Chojnowski




26S proteasome at 4.0 A resolution

After ARP/WARP (48 hours of CPU time,
first model after 6h)

61% residues correct

(3619/5963 CA zqp-CAppg < 2A)
27% reversed

(1671/5963 CA gp-CAppg < 2A)

ARP/wWARP model / deposited coordinates
26S proteasome @ 4.0 A resolution (5l4g/EMD-4002)

December 12, 2018 Grzegorz Chojnowski




26S proteasome at 4.0 A resolution

fft,f% Ty ARP/WARP secondary structure modelling
3Ty 5 minutes on a single CPU

42% residues correct
(2506/5963 CA pp-CAppg < 2A)
15% reversed
(991/5963 CAqp-CAppg < 2A)

The initial model can be further processed with
ARP/WARP tools:

- automated loop building

- sequence docking

- hybrid real/reciprocal space refinement
(uses Refmac with ProSMART)

ARP/wWARP model / deposited coordinates
26S proteasome @ 4.0 A resolution (5l4g/EMD-4002)
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How to use ARP/wARP?



How do | use ARP/WARP?

o=
ArpNavigator CCP4 Suite

Model building job
saved in your project
directory

Intuitive interaction
with automated model
building

Extra options for
automated model
building

Real time visualisation
of model building

Displays the

intermediate steps Job submission to

Hamburg cluster

December 12, 2018

Terminal

Good for expert users

Complete control of
the parameters to use

Check user guide for
the commands

Grzegorz Chojnowski

Web Service

Complete ARP/
WARRP interface

Convenient for
parallel
computing




Where can | find ARP/wWARP?

Joint release - one installer, no worries!
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Running ARP/WARP 8.0 on-line
https://arpwarp.embl-hamburg.de/

ARP/wWARP Web Service

ARP/wARP Asps | | ARP/wARP |

ARP/WARP for X-ray crystallography Welcome to the ARP/wWARP webservice for Crystallographic Macromolecular Model Building. Builds
proteins, RNA/DNA, secondary structure, side chains, loops, solvent and ligands.

P - P o Please note that the use of this service requires you to consent to the conditions and license
agreements as well as in the disclaimer. Also, please do not forget to cite the publications as (/3

given in the log files of each job.

L,g V Currently running
dc ARP/wARP 8.0
rev 3710

from: 16 Nov 2018

ARP/wWARP - ARPEM for cryo electron
microscopy I

My RecenT JoBs

m 11/19/2018 11/19/2018 @ 11/17/2018

External resources

L.|[AR [MR

@ 11/16/2018 @ 11/16/2018

HBC_full_r37... 6HBU_31A_r3710 HBC_full_r3710

Dissemination Level: Software Developers$ 0

All my jobs ...
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Running ARP/WARP 8.0 on-line
https://arpwarp.embl-hamburg.de/

ARP/WARP Web Service

5ala_r3710
Automatic mode . 0 0.399 4026 980/0
Job-ID: 15916_d6a07f
started: 16. Nov2018 1112733 h Done Nucleotides R-Factor Amino Acids Completeness
but Mcdel
[ R-Factor vs. IteraTions |

I Fiuar Reainr

or EM model R-factor values may be significantly higher than for crystal structures

3D view =]

Grzegorz Chojnowski
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Running ARP/WARP 8.0 on-line

.’.‘..‘..

Ko B, %,

- . . :
i 5 MoRDa
: i . Molecular Replacement
. E. £ pipeline

L d

. o

.

Auto-Rickshaw \
X-ray structure determination
server

Vici

DipCheck

Model geometry validation server

December 12, 2018 Grzegorz Chojnowski

In-silico ligand-based drug design

mrBUMP

Molecular Replacement

B?\,SU

BALBES

Molecular Replacement
pipeline

PDB_REDO

X-ray model optimisation server

Developed within

WaEst-Life

EMBL




ARP/WARP team @ EMBL-Hamburg

Collaborators
MRC Laboratory, Cambridge :

Garib Murshudov’s group
Rutherford Appleton Laboratory:
The core CCP4 group

EMBL HH, HD, EMBL EBI:
Thomas Schneider, Carsten
Sachse, John Briggs, Gerard

Kleywegt, Sameer Velankar,

Janet Thornton

Group members Former ARP/WARP developers Funding:

Victor Lamzin Philipp Heuser, Daria Beshnova, Ciaran Carolan, Serge o

Umut Oezugurel Cohen, Zbyszek Dauter, Helene Doerksen, Guillaume PR | eeministerium

Sravya Kantamneni Evrard, Francisco Fernandez, Johan Hattne, Saul und Forschung

Egor Sobolev Hazledine, Marouane Jelloul, Krista Joosten, Matheos

Koushik Choudhury Kakaris, Olga Kirillova, Gerrit Langer, Wijnand Mooij, z
Richard Morris, Venkat Parthasarathy, Joana Pereira, WC St-Llfe

Anastassis Perrakis, Tilo Strutz, loan Vancea, Tim
Wiegel, Keith Wilson, Peter Zwart
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