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“Is my map buildable??”
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An atomic model is a compact interpretation of the density map in
light of prior knowledge (both specific and general).

 Aim is to build a model that is consistent with both the density map and everything we
independently know about the structure & composition of the macromolecule of interest,
both specifically and in terms of our general knowledge of protein structure and chemistry.

« At medium resolution (3-5 A), this still requires manual building (yes, even if you start from
an AlphaFold prediction...©”). Even the best autobuilt model still requires manual
inspection and correction in most cases. (generates many fragments which need
inspection, correction, merging)

* Tradeoff between available prior knowledge and required resolution for atomic modelling —
at the extremes, if a complete crystal structure is already available, 10A data may be
sufficient, while if no sequence/composition data is available even 3A may not suffice.



Prior knowledge

Density map

Protein sequence and derived info (secondary .
structure predictions, covariation/conservation,

patterns of large/aromatic residues), disorder & .
contact prediction .
Crystal structures (+ homology & ML-derived .
models)

Knowledge of protein structure, folding, chemistry,

geometry.

Atomic model

Building & refinement
(Chimera, COOT, ISOLDE, etc...)

Resolution (+ local resolution, + map
modification/sharpening)

Patterns of large/small/absent sidechains
Sharpening and density modification
Conformational/compositional heterogeneity

* |If possible, uniqgue model that agrees with both density map and priors
* Otherwise (and per region), specify ambiguity (w/UNK residues and

numbering or Ca only model)

* Validation not just (or even mostly) about overfitting.

* |dentify, analyse, fix errors.
* Direction and register of sequence fit.
* Ligand identification/assignment.

* No modelis or ever will be perfect. That’s okay.



One extreme — at atomic resolution, the position of many atoms can be inferred
without prior knowledge of the sequence

Trp93

Yip, K.M., Fischer, N., Paknia, E. et al. Atomic-resolution protein
structure determination by cryo-EM. Nature 587, 157-161 (2020)



At 20 A (here using cryoET), an informative model can be generated by taking
advantage of external information — crystal structures, connectivity from crosslinking

& MS, even when de novo building is not possible.
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Usually, we are somewhere in between the two — combining prior knowledge
with inferences made from analyzing the density map.



To build a better/more reliable model, we can either get additional/better priors,
or improve our density map (or part of it).



Before you start — make sure your maps are appropriately sharpened and low pass filtered! (and consider whether building
is justified or whether further improvement of the reconstruction is required first)

o Often it is helpful to build using multiple maps. Assuming 3-3.5A global res, | would
suggest using a map filtered to the global resolution, one filtered to the best local
resolution, and one filtered to ~4-4.5 A (to better visualize connectivity and mobile
ligands/lipids).

* Try both simple B-factor sharpening and the approach used by
phenix.resolve cryo em, which incorporates anisotropy removal and statistical
density modification. In cases of severe anisotropy, deepEMhancer can be useful to assist
map interpretation (approach with caution).

« Also, if your map doesn’t “look like” 4 A, trust your eyes! If it is nominally 4A and there are
no sidechains visible, or your helices look “stretched”, assess orientation bias (3D-FSC
server: https://3dfsc.salk.edu), local resolution variation, and double check sharpening and
masking parameters (are you *sure®* you’re looking at the sharpened map? Is the mask
used for FSC calculation sensible?)



https://3dfsc.salk.edu/

Example of map anisotropy mitigated by masked refinement

* Map anisotropy hinders interpretation, even when
resolution in “good” direction is high

* Can derive from either preferred orientation, or
interdomain mobility (or combination).

* |n latter case, masked refinement can improve local
map quality to aid model building and map
interpretation. Always better to improve the map
than build in marginal density

* |f anisotropy derives from preferred orientation, it is
best to address this by improving the sample or data
collection (tilt). If all else fails, ML-based map
improvement using deepEMhancer can improve map
interpretability.




Example of map anisotropy mitigated by masked refinement

* Map anisotropy hinders interpretation, even when
resolution in “good” direction is high

* Can derive from either preferred orientation, or
interdomain mobility (or combination).

* In latter case, masked refinement can improve local
map quality to aid model building and map
interpretation. Always better to improve the map
than build in marginal density

* |f anisotropy derives from preferred orientation, it is
best to address this by improving the sample or data
collection (tilt). If all else fails, ML-based map
improvement using deepEMhancer can improve
map interpretability.

DeepEMhancer

(Sanchez-Garcia R., 2021 Comm. Biol.)



Prep for model building - what can we learn from the sequence alone?
Your protein sequence contains a lot of useful information which you can use to aid model

building:

» Start by identifying boundaries of conserved domains (NCBI CDD:
https://www.nchi.nlm.nih.gov/Structure/cdd/; DELTA-BLAST also performs CD-search by default)

* Then identify and/or generate suitable structural templates for building known domains: FUGUE, PHYRE?2,
MUSTER. trROSETTA useful in cases where sequence homology is limited (and Alphafold/ROSETTAfold!).

* Secondary structure, TM & disorder prediction (XtalPRED for overall summary; specific tools such as SPOT-
DISORDER, SPIDER3 for best accuracy).

* Contact prediction from evolutionary couplings: EVFOLD & GREMLIN.

* Conservation analysis: Use favorite MSA algorithm (MUSCLE & CLUSTAL-OMEGA work well; TM-COFFEE,
PRALINE-TM useful for membrane proteins) to create a sequence alignment of your protein with a few
orthologs; gaps & insertions most commonly occur in loops/disordered regions. Useful as a guide during
building.


https://www.ncbi.nlm.nih.gov/Structure/cdd/
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CDD provides a guide to domain level architecture, including sequence alignments & representative structures.
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M RYDRITPR  pfam01365 RIH domain; The RIH (RyR and IP3R Homology) domain is an extracellular domain from two types. 2159-2369  6.02e-82
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[+ MIR smart00472  Domain in ryanodine and inositol trisphosphate receptors and protein O-mannosyltransferases; 97-152 9.66e-06



CDD provides a guide to domain level architecture, including sequence alignments & representative structures.
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CDD provides a guide to domain level architecture, including sequence alignments & representative structures.

Once an initial trace is obtained
for these regions, use DALI or
PDBeFold to identify structural
homologs that could not be
identified by sequence alone.



Prep for model building - what can we learn from the sequence alone?
Your protein sequence contains a lot of useful information which you can use to aid model

building:

» Start by identifying boundaries of conserved domains (NCBI CDD:
https://www.nchi.nlm.nih.gov/Structure/cdd/; DELTA-BLAST also performs CD-search by default)

* Then identify and/or generate suitable structural templates for building known domains: FUGUE, PHYRE?2,
MUSTER. trROSETTA useful in cases where sequence homology is limited (and Alphafold/ROSETTAfold!).

* Secondary structure, TM & disorder prediction (XtalPRED for overall summary; specific tools such as SPOT-
DISORDER, SPIDERS3 for best accuracy).

* Contact prediction from evolutionary couplings: EVFOLD & GREMLIN.

* Conservation analysis: Use favorite MSA algorithm (MUSCLE & CLUSTAL-OMEGA work well; TM-COFFEE,
PRALINE-TM useful for membrane proteins) to create a sequence alignment of your protein with a few
orthologs; gaps & insertions most commonly occur in loops/disordered regions. Useful as a guide during
building.


https://www.ncbi.nlm.nih.gov/Structure/cdd/

XtalPRED is a great tool for summarizing predicted sequence properties.
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1504 ke =eL760 sn keI 00ue s

780....%..790...

.800

[¢ disorder residues

SR e%s0105. 4 1= 020204 4/0e Nk I0SN L= BA00 Ly eHe 0504 L o2 LU D0 Lunta070 84 ek e BE04IcH 60409081 4900
¢ coil residues [ S
[ helix residues [&7 980....%..990....%.1000
¢ strand residues [iT
[Predicted surface features +00.*.1010....%.1020. . ..%.1030. ... *.1040. .. .*.1050. ... #.1060. ... *.1070....*.1080. ... #.1090. ... *.1100
[Furface entropy Fi.16 2 SQv]
[surface hydrophobicity 138 cer*.1100... %1120, .. #,1130. ... #1140, .. . *. 1150, ... #.1160. ... *.1170. .. .#.1180. ... . 1190. .. . *.1200
[Furface rugedness .31
[other <e..*.1210....%.1220. ... #.1230. ... *.1240. . . #.1250. ... #.1260. ... *.1270. .. .#.1280. ... #.1200. ... *.1300
[Number of Cys residues P8 s o1
usberlotiistiresidues Lo cee*.1310....%.1320....%.1330. ... *.1340. .. .*.1350. ... #.1360. ... *.1370.. . .*.1380. ... #.1390. ... *.1400
[Number of Trp residues &
prberlociovEEreatdes L \o.*.1610....%.1420....%.1430. ... *.1440. .. .*.1450. ... %.1460. ... *.1470. .. .*.1480. ... *.1490. ... *.1500
[Nomber of Phe residues 204
[Epsilon 280 553610 —

<o..*.1500....%.1520....4.1530. ... *.1540. .. .#.1550. ... #.1560. ... *.1570. .. .*.1580. ... #.1590. ... *.1600
Tnsertions score o.12
[Xtalcobe construct scoring

#.1660....%.1670. .. .%.1680. ...%.1690. ... *.1700
D1 L

5 el %.1610.....1620. ... %.1630. . *.1640. . ..*. 1650
[Construct START scoring table [E

[construct END scoring table

eee%.1710....%.1720....%.1730. .. .%.1740. . .. *.1750. ... *.1760....*.1770. .. .*.1780. . ..*.1790. . . .*. 1800

...%.1810....%.1820....%.1830....%.1840....%.1850. .. .*.1860....*.1870....%.1880....*.1890. .. .*.1900
AT IFGDEDVKQILKMI]

...%.1910....%.1920....%.1930....%.1940....%.1950. .. .*.1960....*.1970....%.1980....*.1990. .. .*.2000

ee.%.2010....%.2020....%.2030. .. .%.2040. . ..*.2050. .. .*.2060....*.2070. . ..*.2080. . ..%.2090. .. .*.2100
= QELVSH

©ere%.2110....%.2120....%.2130. .. .%.2140. ... *.2150. ... *.2160....*.2170. .. .*.2180. . ..*.2190. . . .*. 2200

eri%.2210....%.2220....%.2230. .. .*#.2240. ... *.2250. .. .*.2260....*.2270. .. .*.2280.
T

.#.2290....%.2300

e0.%.2310....%.2320....%.2330. .. .#.2340. ... #.2350. ... *.2360....*.2370. .. .#.2380....#.2390. . . . *. 2400

#.2470....%.2480.

e..%.2610....%.2420....%.2430....%.2440. ... *.2450. .. .*.2460. L..%.2490....%.2500
= 2oas

Highlights predicted secondary structure, disorder, low complexity regions on sequence in an easily digestible format. Useful
to print and consult while building. Also provides list of structural homologs. (http://ffas.burnham.org/XtalPred-cgi/xtal.pl)

(Also consider using some of the newer single purpose neural-network based classifiers; e.g. SPIDER-3 & SPOT-DISORDER-
SINGLE from Yaoqi Zhou lab: http://sparks-lab.org/index.php/Main/Services )



http://ffas.burnham.org/XtalPred-cgi/xtal.pl
http://sparks-lab.org/index.php/Main/Services

Secondary structure prediction is a very useful guide when building.

0e%.3210000e%.32200.0.%.3230000.%.3240....%.32500.0.%.3260.0..%.3270....%.3280....%.3290....%.3300
MPVAFLEPQLNEYNACSVYTTKSPRERAILGLPNSVEEMCPDIPVLDRLMADIGGLAESGARY TEMPHVIEITLPMLCSYLPRWWERGPEAPPPALPAGA

ee¥.3310000:%.33200.2.%.3330000.%.3340....%.33500.0.%.3360.0..%.3370....%.3380....%.3390....%.3400
PPPCTAVTSDHLNSLLGNILRIIVNNLGIDEATWMKRLAVFAQPIVSRARPELLHSHFIPTIGRLRKRAGKVVAEEEQLRLEAKAEAEEGELLVRDEFSV

ee*.3410....%.3420....%.3430....%.3440....%.3450....%.3460....%.3470....%.3480....%.3490....*%.3500
LCRDLYALYPLLIRYVDNNRAHWLTEPNANAEELFRMVGEIFIYWSKSHNFKREEQNFVVONEINNMSFLTADSKSKMAKAGDAQSGGSDQERTKKKRRG

ee*.3510000:%.35200.2.%.3530.00.%.3540.0..%.3550..0.%.3560.0..%.3570....%.3580....%.3590....%.3600
DRYSVQTSLIVATLKKMLPIGLNMCAPTDODLIMLAKTRYALKDTDEEVREFLONNLHLQGKVEGSPSLRWOMALYRGLPGREEDADDPEXIVRRVQEVS

ee*.3610.c00:%.36200.0.%.3630.00.%.3640....%.3650..0.%.3660.0..%.3670c...%.3680....%.3690....%.3700
AVLYHLEQTEHPYKSKKAVWHKLLSKQRRRAVVACFRMTPLYNLPTHRACNMFLESYKAAWILTEDHSFEDRMIDDLSKAGEQEEEEEEVEEKKPDPLHQ

ee®.3710000e*.3720000e*.373000ea*.3740000.%.3750000.%.3760000:%.377000..%.3780....%.3790....%.3800
LVLHFSRTALTEKSKLDEDYLYMAYADIMAKSCHLEEGGENGEAEEEEVEVSFEEKEMEKQRLLYQQOSRLHTRGAAEMVLOMISACKGETGAMVSSTLKL

..*.3810....*.3820....%.3830....*.3840....%.3850....*.3860....%*.3870....*%.3880....*%.3890....*%.3900
GISILNGGNAEVQOXMLDYLKDKKEVGFFQSIQALMOTCSVLDLNAFERQNKAEGLGMVNEDGTVINRONGEKVMADDEF TQDLFRFLOLLCEGHNNDFQ

«+*.3910....%.3920....%.3930....%.3940....%.3950....*.3960....%.3970....%.3980....%.3990....*%.4000
NYLRTQTGNTTTINIIICTVDYLLRLOQESISDFYWYYSGKDVIEEQGKRNFSKAMSVAKQVFNSLTEY IQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMM

..*.4010....%.4020....%.4030....*.4040....%.4050....*.4060....%*.4070....%.4080....%.4090....*%.4100
MKLAQDSSQIELLKELLDLOKDMVVMLLSLLEGNVVNGMIARQMVDMLVESSSNVEMILKFFDMFLKLKDIVGSEAFQDYVTDPRGLISKKDFQKAMDSQ

«e*.4110....%.4120....%.4130....*%.4140....%.4150....%*.4160....%.4170....%.4180....%.4190....%.4200
KQFTGPEIQFLLSCSEADENEMINFEEFANRFQEPARDIGFNVAVLLTNLSEHVPHDPRLRNFLELAESILEYFRPYLGRIEIMGASRRIERIYFEISET

ee*.4210....%.4220....%.4230....%.4240....%.4250....%.4260....%.4270....%.4280....%.4290....%.4300
NRAQWEMPQVKESKRQFIFDVVNEGGEAEKMELFVSFCEDTIFEMQIAAQIS EPEGEPEADEDEGMGEAAAEGAEEGAAGAEGAAGTVAAGATARLAAAA

«+*.4310....%.4320....%.4330....%.4340....%.4350....%.4360....%.4370....%.4380....%.4390....%.4400
ARALRGLSYRSLRRRVRRLRRLTAREAATALAALLWAVVARAGAAGAGAAAGALRLLWGSLFGGGLVEGAKKVTVTELLAGMPDPTSDEVHGEQPAGPGG

..*.4410....%.4420....%.4430....%.4440....%.4450....%.4460....%.4470....%.4480....%.4490....*%.4500
DADGAGEGEGEGDAAEGDGDEEVAGHEAGPGGAEGVVAVADGGPFRPEGAGGLGDMGDTTPAEPPTPEGSPILKRKLGVDGEEEELVPEPEPEPEPEPEK

«+*.4510....%.4520....%.4530....*%.4540....%.4550....%*.4560....%*.4570....%.4580....%.4590....*%.4600
ADEENGEKEEVPEAPPEPPKKAPPSPPAKKEEAGGAGMEFWGELEVQRVKFLNYLSRNEYTLRFLALFLAFAINFILLFYKVSDSPPGEDDMEGSAAGDL

Where is this motif in the sequence?



Secondary structure prediction is a very useful guide when building.

0e%.3210000e%.32200.0.%.3230000.%.3240....%.32500.0.%.3260.0..%.3270....%.3280....%.3290....%.3300
MPVAFLEPQLNEYNACSVYTTKSPRERAILGLPNSVEEMCPDIPVLDRLMADIGGLAESGARY TEMPHVIEITLPMLCSYLPRWWERGPEAPPPALPAGA

ee¥.3310000:%.33200.2.%.3330000.%.3340....%.33500.0.%.3360.0..%.3370....%.3380....%.3390....%.3400
PPPCTAVTSDHLNSLLGNILRIIVNNLGIDEATWMKRLAVFAQPIVSRARPELLHSHFIPTIGRLRKRAGKVVAEEEQLRLEAKAEAEEGELLVRDEFSV

ee*.3410....%.3420....%.3430....%.3440....%.3450....%.3460....%.3470....%.3480....%.3490....*%.3500
LCRDLYALYPLLIRYVDNNRAHWLTEPNANAEELFRMVGEIFIYWSKSHNFKREEQNFVVONEINNMSFLTADSKSKMAKAGDAQSGGSDQERTKKKRRG

ee*.3510000:%.35200.2.%.3530.00.%.3540.0..%.3550..0.%.3560.0..%.3570....%.3580....%.3590....%.3600
DRYSVQTSLIVATLKKMLPIGLNMCAPTDODLIMLAKTRYALKDTDEEVREFLONNLHLQGKVEGSPSLRWOMALYRGLPGREEDADDPEXIVRRVQEVS

ee*.3610.c00:%.36200.0.%.3630.00.%.3640....%.3650..0.%.3660.0..%.3670c...%.3680....%.3690....%.3700
AVLYHLEQTEHPYKSKKAVWHKLLSKQRRRAVVACFRMTPLYNLPTHRACNMFLESYKAAWILTEDHSFEDRMIDDLSKAGEQEEEEEEVEEKKPDPLHQ

ee®.3710000e*.3720000e*.373000ea*.3740000.%.3750000.%.3760000:%.377000..%.3780....%.3790....%.3800
LVLHFSRTALTEKSKLDEDYLYMAYADIMAKSCHLEEGGENGEAEEEEVEVSFEEKEMEKQRLLYQQOSRLHTRGAAEMVLOMISACKGETGAMVSSTLKL

..*.3810....*.3820....%.3830....*.3840....%.3850....*.3860....%*.3870....*%.3880....*%.3890....*%.3900
GISILNGGNAEVQOXMLDYLKDKKEVGFFQSIQALMOTCSVLDLNAFERQNKAEGLGMVNEDGTVINRONGEKVMADDEF TQDLFRFLOLLCEGHNNDFQ

«+*.3910....%.3920....%.3930....%.3940....%.3950....*.3960....%.3970....%.3980....%.3990....*%.4000
NYLRTQTGNTTTINIIICTVDYLLRLOQESISDFYWYYSGKDVIEEQGKRNFSKAMSVAKQVFNSLTEY IQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMM

..*.4010....%.4020....%.4030....*.4040....%.4050....*.4060....%*.4070....%.4080....%.4090....*%.4100
MKLAQDSSQIELLKELLDLOKDMVVMLLSLLEGNVVNGMIARQMVDMLVESSSNVEMILKFFDMFLKLKDIVGSEAFQDYVTDPRGLISKKDFQKAMDSQ

«e*.4110....%.4120....%.4130....%.4140....%.4150....%*.4160....F.4170....%.4180....%.4190....%.4200
KQFTGPEIQFLLSCSEADENEMINFEEFANRFQEPARDIGFNVAVLLTNLSEHVPHDPRLRNFIELAESILEYFRPYLGRIEIMGASRRIERIYFEISET

ee*.4210....%.4220....%.4230....%.4240....%.4250....%.4260....%.4270....%.4280....%.4290....%.4300
NRAQWEMPQVKESKRQFIFDVVNEGGEAEKMELFVSFCEDTIFEMQIAAQIS EPEGEPEADEDEGMGEAAAEGAEEGAAGAEGAAGTVAAGATARLAAAA

«+*.4310....%.4320....%.4330....%.4340....%.4350....%.4360....%.4370....%.4380....%.4390....%.4400
ARALRGLSYRSLRRRVRRLRRLTAREAATALAALLWAVVARAGAAGAGAAAGALRLLWGSLFGGGLVEGAKKVTVTELLAGMPDPTSDEVHGEQPAGPGG

..*.4410....%.4420....%.4430....%.4440....%.4450....%.4460....%.4470....%.4480....%.4490....*%.4500
DADGAGEGEGEGDAAEGDGDEEVAGHEAGPGGAEGVVAVADGGPFRPEGAGGLGDMGDTTPAEPPTPEGSPILKRKLGVDGEEEELVPEPEPEPEPEPEK

«+*.4510....%.4520....%.4530....*%.4540....%.4550....%*.4560....%*.4570....%.4580....%.4590....*%.4600
ADEENGEKEEVPEAPPEPPKKAPPSPPAKKEEAGGAGMEFWGELEVQRVKFLNYLSRNEYTLRFLALFLAFAINFILLFYKVSDSPPGEDDMEGSAAGDL

Secondary structure prediction is “80% accurate. So if your model consistently
disagrees with predicted secondary structure, look at it very closely!



What can we learn from the map alone?




What can we learn from the map alone?

Left handed! Obvious here — can be less clear at lower res, so be careful.



OK, that’s better! What can we learn from the map alone?




Which direction does the helix point?




Which direction does the helix point?




Helices — alpha and 3,,

A

\ﬁ\\

<
4

f\

Alpha

e ~90%

* 3.6 residues per turn
* Fat

¥l Fe (el

/‘<L>

~10%. More common in TM? (e.g. S4 of VSD)
3 residues per turn. Triangular cross section.
Skinny

Can be tricky to identify at low resolution,
can lead to register errors.



Can we identify any probable sidechains from the density?




Can we identify any probable sidechains from the density?




Can we identify any probable sidechains from the density?




Can we identify any probable sidechains from the density?




Test the initial hypothesis by extending sequence assignment along the chain.

...VENSLTEYIQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMMMKLAQDSSQIELLKELLDLQ...



Test the initial hypothesis by extending sequence assignment along the chain.

...VENSLTEYIQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMMMKLAQDSSQIELLKELLDLQ...



Test the initial hypothesis by extending sequence assignment along the chain.

Notice that the absence
of large sidechain
densities at small
residue positions is just
as valuable in validating
the fit as the fit of large
sidechains to the
density.

...VENSLTEYIQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMMMKLAQDSSQIELLKELLDLQ...



Test the initial hypothesis by extending sequence assignment along the chain.

Also, note that the
information content of
local regions varies.
Consider
“VTVVAASSTVV” vs
“FGAAYWVTRA” — which
is more likely to be
uniquely identifiable
from the map?

...VENSLTEYIQGPCTGNQQSLAHSRLWDAVVGFLHVFAHMMMKLAQDSSQIELLKELLDLQ...



CryolD can help when you don’t even know the sequence!

e Similar approach codified and automated in the
“cryolD” program — but in this case, starting from
the density, with no sequence input!

e Split map into fragments

e Use reduced complexity pseudo-sequence to

. . . ¥ Simplify
convert map fragments into motifs which can be
GLLPGYKLGWLLLGY
used to search sequence database. YLLPGLGGKKGGLGLWY
KLYLGLGLLGWLYLGGG
 |dentify most likely candidate sequence, combine v Search
. ID S
fragments and rebuild. 2o Bl
2 LYKGLL... —>
3 WLGGL...

» Useful when purifying from endogenous sources,
where composition may not be known.

(Ho et al., Nature Methods, 2020)



How to deal with uncertainty in sequence assignment and sidechain placement

* You will likely encounter situations where you cannot be certain of the local sequence
register — what to do?

* No clear consensus, but | suggest assigning residue code as “UNK” and numbering to “best
guess” value. A more granular way to quantify/convey uncertainty would be helpful!

* Sidechain placement — two main camps — trim sidechains to density vs place them all (+/-
zero occ.). The former may sound more conservative, but it can hide errors during
validation (during analysis of clashes). Either is acceptable, just be consistent, and
preferably outline the approach taken when writing up the structure.



Prior knowledge can come in many forms — use any and all available info to guide model building.

RYR1 5mM EGTA

a
s415 micrographs
230,000 parices
4BA
Class 1 Class 2 Classs Class 4 Cass 5 Classs Class 7 Classs Class s Class 10
s O R 2 B ] ; 4
B ¥ B B B K
Ty L v Fosr P
SN - 44} ] L]
o3 7% so 2% 2700 500
sssss patces | 16751 patices 12068 parices 28166 paricles | 62154 prices e
8A 50A
G o) Gz o) i o W it O N B 4w
5 . ) W | g8
S el B
P17t P s fio
) %= 4 et i
100% 203 2% so% oo .
esopaices 12647 5 01 paiies 10004 paicios 5227 priclos | 2941 parcs 2063 parices
b RYR1-CIP 5mM EGTA
6194 Mirographs
225000 paries
o Clsss2 Clsss 3 Class 4 Clsss 5 Classs Class 7 Class8
’ ’

Here, serendipitous identification of a conformational class of RyR1 lacking density for one subunit aided

identification of protomer boundaries. In other cases, cross-linking data or NS data on subcomplexes or Fab-
(Zalk et al, Nature 2015)

complexes may be helpful.



In a similar manner, we can use IocaIIy allgned difference maps between holo and apo
structures to locate ligands.




The three ligands are clustered around the C-terminal domain.




The three ligands are clustered around the C-terminal domain.

.

A G )
(ATP/Caffeine) minus (EGTA only)



EM-specific considerations

* No unambiguous sequence markers at low resolution (no equivalent
of SeMet).

* No feedback from phase improvement, but also no model bias —
WYSIWIG.

* Often substantial variation in local resolution — different strategies
and levels of detail required for different regions. Map sharpening
essential.

I
1
I
« ”"Medium” resolution (4-6A) much more common than for :
crystallography. I

|

I

I

1

e Often have more than one map, with different composition or
conformation (may be convenient to combine focused refinements in L
Chimera by taking max value at each voxel after alignment, e.g.: vop a
maximum #1,2 ongrid #1 ) Resolution (A)




Building an initial model - where to start?

* |f you have a crystal structure, of a fragment or a
homology model of a domain, place it, and extend into
density. (Now, Alphafold & Rosettafold mean this is

almost always the case)

* Otherwise, identify structurally distinctive motifs in the
sequence — for example, a strongly predicted helix with
three aromatic residues near the N-term end — and
identify candidate locations in the density map. Extend
and see if hypothesis still holds.



Using UCSF Chimera to fit solved domains

[ oK J UCSF Chimera

File Select Actions Presets Volume Tools Favorites Aliases Help

Command:||

|l

Displayed models: @O0 @1 ()2 (3 (4[5 ()6 ()7 ()89 Al
Activemodels: (JO @1 ()2 ()3 [Ja()s5 ()6 )7 )8 (]9 Al

l

Start with map and model.




Using UCSF Chimera to fit solved domains

[ oK J UCSF Chimera
File Select Actions Presets Volume Tools Favorites Aliases Help

e [

gn
=
a8

=
=
=

I

Command:|e| |v|
Displayed models: @O0 @1 ()2 ()3 (4[5 ()6 ()7 ()89 Al
Activemodels: (JO @1 (2 ()3 [Ja( )5 ()6 )7 )8 (]9 Al

WEEIE]

Move model to approximate position (if known, to save computation)



Using UCSF Chimera to fit solved domains

[ oK J UCSF Chimera
File Select Actions Presets Volume Tools Favorites Aliases Help

e [

gn
=
a8

=
=
=

I

Command:lfitmap #0 #1 search 100 radius 5| |l|
Displayed models: @O0 @1 ()2 (3 (4[5 ()6 ()7 ()8 )9 Al
Activemodels: @O0 @1 ()2 ()3 (Ja()s5 ()6 J7 )8 (]9 AN

WEEIE]

Run fitmap with ‘search’ (here 100 orientations) and ’radius’ (here 5 A)



Using UCSF Chimera to fit solved domains

e e UCSF Chimera |
A pr—— e - - - o
Fle Sl @ @ Fit List fielp !
corr Ave Inside Molecule Map Hits
1.483 0.753 2xo0a best tetramer map feb8 Tesa| '
0.761 0.369 2xoa best_tetramer map feb8 resa
0.759 0.365 2xoa best_tetramer_ map_feb8_resa
0.755 0.353 2xoa best_tetramer map feb8_ resa
0.734 0.344 2xoa best_tetramer_map_feb8_resa
0.722 0.344 2xoa best_tetramer_ map_feb8_resa
0.719 0.335 2xoa best_tetramer map feb8_ resa
& 0.713 0.324 2xo0a best_tetramer_map_ feb8_resa
0.713 0.337 2xoa best_tetramer_ map_feb8_resa
0.711 0.340 2xoa best_tetramer map feb8_ resa b,
T ——

[ Place Copy ][ Save PDB ][ Options ][ Delete ][ Clear List ][ Close ][ Help ]

P

Command:lfitmap #1 #0 search 100 radius 5 Ll
Displayed models: @0 @1 ()2 (J3(J4a()s5 ()6 ()7 ()89 OAlI
Active models: MO W1 (2 ()3 (Ja(J5 ()67 ()89 Al

| EEES
Chimera will return a list of candidate orientations, ranked by agreement with the map.
Hopefully there will be a clear separation between the correct and incorrect solutions.




Using UCSF Chimera to fit solved domains

o0 e UCSF Chimera

File Select Actions Presets Volume Tools Favorites Aliases
S

Displayed models: @O0 @1 ()2 ()3 (4 ()5 ()6 [J7 )8 ()9 Al
Active models: @O0 @1 (2 (3 (J4()s5 ()6 (J7 ()8 )9 OAl

\ |@¢
=

Chimera will return a list of candidate orientations, ranked by agreement with the map.
Hopefully there will be a clear separation between the correct and incorrect solutions.



Using UCSF Chimera for voxel size calibration (of your map

and others) 086
. . . . . 0.85
* Voxel size generally requires calibration against g -
a crystal structure. <10
c | 083
2
o | 082
) o
* Once calibrated, generally stable between £ | 081
samples/datasets at same magnification. o| 08
©
S | 079
. . . . . 0.78
* Can calibrate by fitting in Chimera at range of 13 132 134 136 138 14 142 144

nominal voxel sizes and measuring correlation.

Nominal voxel size (A)

* Incorrect voxel sizes are common in deposited & g RS N p e iy
maps - be aware of this when comparing ' C e TR ‘
structures. E.g. here there is a 3% difference —
affects structural alignment, reported
resolution (3.8 vs 3.9A).

1.34 A (original)
1.38 A (corrected)



COOT - Crystallographic Object Oriented Toolkit

* Simple, intuitive interface for
building and manipulating
atomic models in density maps.

* Low computational
requirements

* Extensive APl — easy to script or
modify (using simple Python
code)

* On-the-fly sharpening and low
pass filtering (for MTZ).

[ ] [ ] %, Coot 0.8.9-pre EL (revision count 6699)
File Edit Calculate Draw Measures Validate HID About Ligand Extensions Custom Restraints

Refine/Regularize Control...

Display Manager = f. Ligand Builder € Sphere Refine + [} Measure distance Sym? Sequence context Accept RSR

Select Map...
- o - d - d Real Space Refine Zone
it

)] Regularize Zone

T Fixed Atoms...

7’ Rigid Body Fit Zone

Rotate Translate

»

] Auto Fit Rotamer

2 Rotamers...
Edit Chi Angles

Torsion General

o

Flip Peptide
o Sidechain 180° Flip

2y Edit Backbone Torsions

Mutate & Auto Fit...

o

!

% Simple Mutate...

+ a4

Add Terminal Residue...

Add Alt Conf...

+
/

+ Place Atom At Pointer

Clear Pending Picks

= Delete...
Undo
Redo

- Run Refmac...

refined.pdb...

[Successfully read coordinates file /Users/olibclarke/Dropbox/ryr_models_paperZ/canyreprocess/best_tet_resampled_aprl2_rs2_real space
"

(Try the latest nightly with new features for EM, improved RSR: http://www.ccpem.ac.uk/download.php)

(Emsley P. 2004, Acta Cryst. D; Casanal A. et al. 2020, Protein Science)




COOT - Crystallographic Object Oriented Toolkit

o0 0 / O olibclarke/coot-trimmings: Py \+

€ ) ® @ GitHub, Inc. (US) | https://github.com/olibclarke/coot-trimmings & ®search wBE 9O 4 A d O ¥ =
° SI m p I e’ |ntu |tlve Inte rfa Ce fo r (3] Most Visited ~ @ Rea<.1 Later @ Getting Stane'd @6 NEBcutter - ORFS.. @ LabBook @ %% cryoSPARC  ## cryoSPARC (home)
. . . . [ olibclarke / coot-trimmings @ Unwatch~ 1 *Star 0  YFork 0
building and manipulating
. . . <> Code Issues 0 Pull requests 0 Projects 0 Wiki Pulse Graphs Settings
atomic models in density maps.
Python customizations for the macromolecular model building software Coot. Edit
Add topics
* Low computational , .
D 8 commits ¥ 1branch © Oreleases 22 1 contributor

requirements

Branch: master v New pull request

Create new file =~ Upload files = Find file Clone or download ~

g olibclarke Fixed a bug in find_sequence. - Latest commit dcee68b 12 days ago

* Extensive API — easy to script or
modify (using simple Python

[E) README.md Update README.md 2 months ago

[ oli_custom.py Fixed a bug in find_sequence. 12 days ago

code)

* On-the-fly sharpening and low
pass filtering (for MT2Z).

README.md

coot-trimmings

Python customizations for the macromolecular model building software Coot.
Copy to ~/.coot-preferences (hidden dir, copy on command line) and restart coot.

You should see a new menu ("Custom") and a bunch of new key bindings, as well as a couple of new toolbar buttons
(e.g. "sequence context").



COOT - Crystallographic Object Oriented Toolkit

-

o0 e ) olibclarke/coot-trimmings: Py \+

€ ) ® @ GitHub, Inc. (US) | https://github.com/olibclarke/coot-trimmings & ®search wBE 9 34 A d O o

(5] Most Visited ~ @ Read Later @ Getting Started  [3¢ NEBcutter - ORFS.. @ LabBook @ #% cryoSPARC  # cryoSPARC (home)

* Simple, intuitive interface for

. . . . [J olibclarke / coot-trimmings @ Unwatch~ 1 *Star 0  YFork 0
building and manipulating
. . . <> Code Issues 0 Pull requests 0 Projects 0 Wiki Pulse Graphs Settings

atomic models in density maps.
Python customizations for the macromolecular model building software Coot. Edit
Add topics

. .
LOW com pUtatIonaI D 8 commits ¥ 1branch © Oreleases 22 1 contributor

requirements

Branch: master v New pull request

Create new file =~ Upload files = Find file Clone or download ~

g olibclarke Fixed a bug in find_sequence. - Latest commit dcee68b 12 days ago

* Extensive API — easy to script or
modify (using simple Python

[E) README.md Update README.md 2 months ago

[ oli_custom.py Fixed a bug in find_sequence. 12 days ago

code)

* On-the-fly sharpening and low
pass filtering (for MTZ).

README.md

coot-trimmings

Python customizations for the macromolecular model building software Coot.

| Copy to ~/.coot-preferences (hidden dir, copy on command line) and restart coot.

You should see a new menu ("Custom") and a bunch of new key bindings, as well as a couple of new toolbar buttons
(e.g. "sequence context").

v

Any Python (or Scheme) file you put in ~/.coot-preferences will be
executed when starting Coot. Can use this for extra key bindings,
scripts, custom functions.
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: : H H def mutate_by_entered_code():
* Simple, intuitive interface for e e B
building and manipulating B O e

mol_id=active_residue() [0]
H H H ch_id=active_residue() [1]
atomic models in density maps. S
ins_code=active_residue() [3]
resname=residue_name(mol_id, ch_id, resno, ins_code)

. map_id=imol_refinement_map()
* Low computational aa_dic={'A':'ALA', 'R':"ARG','N':'ASN','D"': 'ASP',"'C':'CYS',"E':'GLU', 'Q": "GLN", 'G': 'GLY", "H": '"HIS', 'I': 'ILE','L': 'LEU’, 'K"': 'LY|
. nt_list=['A','C','T','G",'U']
reqUIrementS if (resname in aa_dic.values()) and (aa_dic.get(entry,0)!=0):

mutate(mol_id,ch_id, resno, ins_code,aa_dic.get(entry,0))
elif (resname in nt_list) and (entry in nt_list):

. . mutate_base(mol_id,ch_id, resno, ins_code,entry)
* Extensive API — easy to script or
. . . info_dialog("Invalid target residue! Must be protein or nucleic acid, and entered code must be single letter.")
mOdlfy (USIng Slmple Python generic_single_entry("New residue? (single letter code)","A","Mutate by single-letter code",mutate_single_letter)

code)

. add_key_binding("Mutate by single letter code","M",
* On-the-fly sharpening and low lambda: mutate_by_entered_code())

pass filtering (for MTZ).




COOT - Crystallographic Object Oriented Toolkit

i i tal H =f mutate_by_entered_code():

* Simple, intuitive interface for SRR e i
ildi i ] entry=str(X).upper()

bUIldIng and manIpU|atlng mol_id=active residue()[0]

: : : ch_id=active_residue() [1]

atomic models in density maps. e

ins_code=active_residue() [3]
resname=residue_name(mol_id, ch_id, resno, ins_code)

. map_id=imol_refinement_map()
* Low computational aa_dic={'A':'ALA','R':'ARG', 'N': 'ASN','D':'ASP', 'C':'CYS', "E':'GLU", 'Q": "GLN',"G": 'GLY", 'H': '"HIS', 'I': 'ILE','L':'LEU", 'K': 'LY|
) nt_list=['A",'C','T','G", U]
reC|U|rementS if (resname in aa_dic.values()) and (aa_dic.get(entry,)!=0):

mutate(mol_id,ch_id, resno, ins_code,aa_dic.get(entry,0))
elif (resname in nt_list) and (entry in nt_list):
mutate_base(mol_id,ch_id, resno, ins_code,entry)

* Extensive API — easy to script or
. . . info_dialog("Invalid target residue! Must be protein or nucleic acid, and entered code must be single letter.")
m°d|fy (US"‘g Slmp|e Python generic_single_entry("New residue? (single letter code)","A","Mutate by single-letter code",mutate_single_letter)

code)

. add_key_binding("Mutate by single letter code","M",
° On-the-ﬂy sharpenlng and low lambda: mutate_by_entered_code())

pass filtering (for MTZ).

Many pre-packaged functions available in COOT API. Mostly
documented in online manual. Very easy to write your own! Useful
e.g. for scripting domain-wise rigid body refinement.
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* Simple, intuitive interface for
building and manipulating
atomic models in density maps.

* Low computational
requirements

* Extensive API — easy to script or
modify (using simple Python
code)

* On-the-fly sharpening and low
pass filtering (for MTZ).

(3] Most Visited ~ @ Read Later @ Getting Started [ NEBcutter - ORFS.. @ LabBook @ 4% cryoSPARC  # cryoSPARC (home)

Next: ncs, Previous: filter, Up: Scheme Scripting Functions
13.11 coot-gui

— procedure: run-gtk-pending-events
— procedure: coot-gui
Fire up the coot scripting gui. This function is called from the main C++ code of coot. Not much use if you don't have a gui to type functions in to start with.

— pr : handl iles-go tlc-entry smil y

The callback from pressing the Go button in the smiles widget, an interface to run libcheck.
— procedure: smiles-gui
smiles GUI

— procedure: generic-single-entry function-label entry-1-default-text go-b label handl. -function

Generic single entry widget

Pass the hint labels of the entries and a function that gets called when user hits "Go". The handle-go-function accepts one argument that is the entry text when the go button is
pressed.

label handle-check-b function go-bi label handl f

— procedure: generic-double-entry label-1 label-2 entry-1-default-text entry-2-default-text check-bi
handle-go-function takes 3 arguments, the third of which is the state of the check button.

if check-button-label not a string, then we don't display (or create, even) the check-button. If it *is* a string, create a check button and add the callback handle-check-button-
function which takes as an argument the active-state of the the checkbutton.

— procedure: generic-multiple-entries-with-check-button entry-info-list check-b infc button-label handle fu

generic double entry widget, now with a check button

OLD:

; The Coot User Manual % | +
\s
@ @ | https://www2.mrc-Imb.cam.ac.uk/Personal/pemsley/coot/web/docs/coot. html El Search ) s A d O » =

Many pre-packaged functions available in COOT API. Mostly
documented in online manual.
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[ ] [ ] \, Coot 0.8.9-pre EL {revision count 6699)

File Edit Calculate Draw Measures Validate HID About Ligand (il Custom  Restraints

Refine/Regularize Control...

gid Body Fit Zone

Display Manager = (. Ligand Builder @ Sphere Refine + [,jMead All Molecule... P htext Accept RSR
_ Maps... » Select Map...
o .
;dgfelhng... : : € Real Space Refine Zone
Sy
] \ ) Refine... » ~ )] Regularize Zone
H H ] H = Representations 4 T Fixed Atoms...
* Simple, intuitive interface for : .. » : N

ett Rotate Translate Zone Mode... >

b U i | d i n g a n d m a n i p U | ati n g Modules;... Set Spin Speed [Rotate Translate
y A PDBe... Nudge Centre... »
ato m IC m o d e | S N d e n S | ty m a p S . 4 . Dock Sequence... All Molecules use "Near Chains" Symmetry ——

Load tutorial model and data Save Dialog Positions...
Lidia... B Rotamers...
RCrane launch Install Template Keybindings

Edit Chi Angles
Views Enable Quick-Save checkpointing... “hlAng

Ko Torsion General

* Low computational
requirements

Flip Peptide
" Sidechain 180° Flip

2y Edit Backbone Torsions

%, Mutate & Auto Fit...

* Extensive API — easy to script or
modify (using simple Python
code)

- Simple Mutate...

+. Add Terminal Residue...
bl Add Alt Conf...

+ Place Atom At Pointer

Clear Pending Picks

= Delete...
¢ On-the-fly sharpening and low o
pass filtering (for MTZ). o  Bunpulimee,

[Successfully read coordinates file sters;‘ollb-:lrkefDropboxu'ryr_models_paper2Jcamlreprocessﬂbest_tet_resampled_aprl 218
Lots of key bindings, and easy to define custom keys. Learn them.
They make everything much faster.

2_real space_refined.pdh...
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[ ] [ ] . Coot 0.8.9-pre EL {revisionco ® = @
1 Standard Key Bindings:

File Edit Calculate Draw Measures Validate HID About Ligand

Extensions

Custom

Display Manager {4 Ligand Builder » Sphere Refine + {.j Meag

All Molecule...

PISA.

~g keyboard-go-to-residue

quick-save-as

Maps...
' S 1 \doilelling ~i residue info
NCS ~z undo
Refine... "y redo
Representations a refine with auto-zone

toggle baton swivel

* Simple, intuitive interface for
building and manipulating
atomic models in density maps.

* Low computational
requirements

* Extensive API — easy to script or
modify (using simple Python
code)

* On-the-fly sharpening and low
pass filtering (for MTZ).

c toggle cross-hairs

d  reduce depth of field
PDEBe... f increase depth of field
Dock Sequence... 1 undo last navigation
Load tutorial model and| ! teggle spin mode
Lidia... 1 label closest atom

RCrane launch m  zoom out
Views n  zoom in

Modules...

o other NCS chain
p update position to closest atom
s update skeleton
up in button list
. down in button list
User-defined Key Bindings:

L Place helix here

H Toggle toolbar display

Q Save and overwrite active model

A Refine zone

P Place atom at pointer

q Flip peptide

a Auto refine zone

I Jiggle Fit

Tab Clear Pending Picks

D Toggle environment distances

X Delete this residue

Successfully read coordinates file /Users/olibclarke/Drophox/ryr_models_paper2/camyreprocess/best_tet_resampled_aprl2_rs2_real space_refined.pdhb...
Lots of key bindings, and easy to define custom keys. Learn them.
They make everything much faster.
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Semi-automated helix
placement

Place cursor at the center of the
helix and trigger “Place helix
here” (I suggest via a key
binding - “h” with coot-
trimmings)

Coot will attempt to
automatically determine the
length and direction of the
helix.

Trim/extend, adjust weights,
then refine using real-space
refine zone. Drag into density to
adjust fit.

[} [ ] \, Coot 0.8.9-pre EL (revision count 6699)
File Edit Calculate Draw Measures Validate HID About Ligand Extensions Custom Restraints

Display Manager  fi. Ligand Builder & Sphere Refine + |..j Measure distance Sym? Sequence context Accept RSR

Refine/Regularize Control...

Select Map...

[Successfully read coordinates file /Usersfolibclarke/Dropbox/ryr_models_paper2/camjreprocess/best_tet_resampled_aprl2_rs2_real_space_refined.pdb...
"

©
©

3

Real Space Refine Zone
Regularize Zone
Fixed Atoms...
Rigid Body Fit Zone
Rotate Translate

3
Auto Fit Rotamer
Rotamers...
Edit Chi Angles
Torsion General
Flip Peptide
Sidechain 180° Flip

Edit Backbone Torsions

Mutate & Auto Fit...
Simple Mutate...
Add Terminal Residue...
Add Alt Conf...
Place Atom At Pointer
Clear Pending Picks
Delete...

Undo
Redo

Run Refmac...
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[ ] [ ] \, Coot 0.8.9-pre EL (revision count 6699)
File Edit Calculate Draw Measures Validate HID About Ligand Extensions Custom Restraints

> - - - Refine/Regularize Control...
Display Manager  fi. Ligand Builder & Sphere Refine + |..j Measure distance Sym? Sequence context Accept RSR

Select Map...

* Semi-automated helix

€ Real Space Refine Zone

) Regularize Zone
p I a Ce m e nt r Fiied Atoms...
7’ Rigid Body Fit Zone
bl Rotate Translate
* Place cursor at the center of >

oa Auto Fit Rotamer

the helix and trigger ”Place
helix here” (I suggest via a key
binding - “h” with coot-
trimmings)

g Rotamers...
Edit Chi Angles
o Torsion General
Flip Peptide
"  Sidechain 180° Flip

2y Edit Backbone Torsions

&, DMutate & Auto Fit...

* Coot will attempt to
automatically determine the
length and direction of the

e Simple Mutate...

+.. Add Terminal Residue...
X Add Alt Conf...

+ Place Atom At Pointer

Clear Pending Picks

hEI|X = Delete...
Undo

Redo
* Trim/extend, adjust weights, = RunRefmec.

then refine using real-space

[Helix added

refine zone. Drag into density to
adjust fit.
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[ ] [ ] %, Coot 0.8.9-pre EL (revision count 6698)
File Edit Calculate Draw DMeasures Validate HID About Ligand Extensions Restraints
N aplav. Refine/Regularize Control...
Display Manager 4. Ligand Builder & Sphere Refine + |.j Measure distance| Display... ntext Accept RSR g
Fit...

Select Map...

>
»
* Se m |'a u tO m ate d h e | |X BEAUMmBRT... : ! | € Real Space Refine Zone

Settings...

] Forced addition of terminal residue (click terminus) e Zone
placement T |
Copy... » Grow strand (click terminus)
Delete... » Grow parallel strand (click terminus) Fit Zone
Merge... » Grow 3-10 helix (click terminus) anslate
* Place cursor at the center of the »|  shorten loop by one residue
. . ” . Lengthen loop by one residue
helix and trigger “Place helix e fractional coordinates of aci atom pramer
- ers ETS...
” H Make alkyl chain of length n )
h ere ( I su ggeSt Via a key Make alpha helix of length n fingles
Make 3-10 helix of length n peneral

binding - “h” with coot-
trimmings)

Flip Peptide
"  Sidechain 180° Flip

2y Edit Backbone Torsions

&, DMutate & Auto Fit...

* Coot will attempt to
automatically determine the
length and direction of the
helix.

- Simple Mutate...
+.. Add Terminal Residue...
X Add Alt Conf...

+ Place Atom At Pointer

Clear Pending Picks

= Delete...

Undo

» Trim/extend, adjust weights, fede
= Run Refmac...

then refine using real-space
refine zone. Drag into density
to adjust fit.

[fWARNING:: Changing to Undo molecule
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Semi-automated helix
placement

Place cursor at the center of the
helix and trigger “Place helix
here” (I suggest via a key
binding - “h” with coot-
trimmings)

Coot will attempt to
automatically determine the
length and direction of the
helix.

Trim/extend, adjust weights,
then refine using real-space
refine zone. Drag into density
to adjust fit.

FE ® O @ |\ coot-bin

- How many residues for helix?

=8

o

Grow helix

Cancel

leasures

Coot 0.8.9-pre EL (revision c

Validate HID About Ligand Extensions Custom Restraints

ount 6699Y)

jand Builder @ Sphere Refine + {.j Measure distance

Sym? Sequence context Accept RSR

Refine/Regularize Control...

[ acomnt |

Select Map...

‘ €) Real Space Refine Zone

(@) Regularize Zone

B Fixed Atoms...

7’ Rigid Body Fit Zone

Rotate Translate

»

a Auto Fit Rotamer

&2 Rotamers...
Edit Chi Angles

(o Torsion General

Flip Peptide
"  Sidechain 180° Flip

2 Edit Backbone Torsions

Mutate & Auto Fit...

b i

v Simple Mutate...

+ 4

Add Terminal Residue...

144

Add Alt Conf...
Place Atom At Pointer

%

Clear Pending Picks

= Delete...
Undo
Redo

i) Run Refmac...

[(mol no: 6) CA/1//-1 ALA occ: 1.00 bf: 50.00 ele: C pos: (251.69,255.83,193.56)
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Semi-automated helix
placement

Place cursor at the center of the
helix and trigger “Place helix
here” (I suggest via a key
binding - “h” with coot-
trimmings)

Coot will attempt to
automatically determine the
length and direction of the
helix.

Trim/extend, adjust weights,
then refine using real-space
refine zone. Drag into density
to adjust fit.

e0e

File Edit Calculate Draw Measures

% Coot 0.8.9-pre EL {revision count 6693)

WValidate HID About Ligand Extensions Custom Restraints

Display Manager £ Ligand Builder & Sphere Refine + |.j Measure distance

Sym? Sequence context Accept RSR

Refine/Regularize Control..

EZ=m

Select Map...

| €) Real Space Refine Zone

O Regularize Zone

i Fixed Atoms...

~i

Rigid Body Fit Zone
Rotate Translate
3
" | Auto Fit Rotamer
o Rotamers...
Edit Chi Angles
o Torsion General
Flip Peptide
<" Sidechain 180° Flip

2y Edit Backbone Torsions

Mutate & Auto Fit...
o Simple Mutate...

+.. Add Terminal Residue...
b Add Alt Conf...

+ Place Atom At Pointer

Clear Pending Picks

=] Delete.
Undo
Redo

- Run Refmac...

[fmol. no: 6) CA/1j/-1 ALA occ: 1.00 bf: 50.00 ele: C pos: (251.69,255.83,193.56)
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OO Coot 0.8.9-pre EL (revision count 6699

| F @ N\ Refinement and Regulari... late HID About Ligand Extensions Custom Restraints

Refine/Regularize Control...

For Regularization and Refinement: @ Sphere Refine + [.,j Measure distance Sym? Secuence context Accept RSR

Select Map...
[] Use Torsion Restraints P

* Semi-automated helix
placement

[&] Use Planar Peptide Restraints Real Space Refine Zone

Use Trans Peptide Restraints
Ramachandran Restraints Fixed Atoms...

Mainchain Restraints

[68) Regularize Zone
I

T

(® No Secondary Structure Restraints

Rigid Body Fit Zone

= bl Rotate Translate
(O Alpha Helix Restraints v @

() Beta Strand Restraints

* Place cursor at the center of the
helix and trigger “Place helix
here” (I suggest via a key
binding - “h” with coot-
trimmings)

3
a Auto Fit Rotamer
o Rotamers...

Weight Matrix
Refinement Weight [20.00

Edit Chi Angles
(o Torsion General
Flip Peptide
" Sidechain 180° Flip

2y Edit Backbone Torsions

&, DMutate & Auto Fit...

* Coot will attempt to
automatically determine the
length and direction of the
helix.

e Simple Mutate...

+.. Add Terminal Residue...
A Add Alt Conf...

+ Flace Atom At Pointer

Clear Pending Picks

=] Delete...

Undo

* Trim/extend, adjust weights, Redo
- Run Refmac...

then refine using real-space
refine zone. Drag into density [Felix added
to adjust fit.
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[ ] [ ] . Coot 0.8.9-pre EL (revision count 6689)
File Edit Calculate Draw Measures Validate HID About Ligand Extensions Custom Restraints

Refine/Regularize Control...

Display Manager  {i.Ligand Builder & Sphere Refine + {.j Measure distance Sym? Sequence context Accept RSR

lect Map...

1

e
Space Refine Zone

* Semi-automated helix [ st ]| X © e

p I aceme nt (&) Regularize Zone

Fixed Atoms...

~ 3

Rigid Body Fit Zone

Rotate Translate

* Place cursor at the center of the

helix and trigger ”Place helix
here” (I suggest via a key
binding - “h” with coot-
trimmings)

Coot will attempt to
automatically determine the
length and direction of the
helix.

Trim/extend, adjust weights,
then refine using real-space
refine zone. Drag into density
to adjust fit.

>

S

Auto Fit Rotamer

Rotamers...

NS

Edit Chi Angles

o3 Torsion General

Flip Peptide
" Sidechain 180° Flip

2y Edit Backbone Torsions

Mutate & Auto Fit...

Kl

.

A Simple Mutate...

+ -

Add Terminal Residue...

1%

Add Alt Conf...
+ Place Atom At Pointer

Clear Pending Picks

& Delete...
Undo
Redo

L] Run Refmac...

[(mol. no: 6) CA/1/j-1 ALA occ: 1.00 bf: 50.00 ele: C pos: (251.69,255.83,193.56
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[ ] ® . Coot 0.8.9-pre EL {revision count 6699)
File Edit Calculate Draw Measures Validate HID About Ligand Extensions Restraints
R av. Refine/Regularize Control...
Display Manager £ Ligand Builder &9 Sphere Refine + |.j Measure distance Display... 4 "xtext Accept RSR g
Fit... b Select Map...

* - er active chain by first res eal Space Refine Zone
* Sequence aSSIgnment ! Renumber active chain by first res -

Settings... Renumber active chain by last res
Build... t
Mutate...

. Regularize Zone
Renumber from N-term to active residue Fixed Atoms...
Renumber from active residue to C-term
Renumber segment by active res

* Adjust numbering to match
expected position in sequence.

Rigid Body Fit Zone

Rotate Translate

vyVvVvVvvwwy

3
ko | Auto Fit Rotamer
a€ Rotamers...
Edit Chi Angles

* Mutate to match sequence

o2 Torsion General

Flip Peptide

* Fill sidechains manually.

" Sidechain 180° Flip

2y Edit Backbone Torsions

%, Mutate & Auto Fit...

* Adjust sequence register to
optimize local fit to sidechain
densities.

o Simple Mutate...

v

+.. Add Terminal Residue...
X Add Alt Conf...

+ Flace Atom At Pointer

Clear Pending Picks

= Delete...
Undo
Redo

- Run Refmac...

\Ilmol. no: 6) CA (1//12 ALA occ: 1.00 bf: 50.00 ele: C pos: (241.31,258.23,210.37)
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* Sequence assignment.

* Adjust numbering to match
expected position in sequence.

* Mutate to match sequence
* Fill sidechains manually.
* Adjust sequence register to

optimize local fit to sidechain
densities.

Refine/Regularize Control...

£ @® @ »\ coot-bin easures Validate HID About Ligand Extensions Custom Restraints
3 New number for this residue? fand Builder & Sphere Refine + [.j Measure distance Sym? Sequence context Accept RSR
— [4947] ,—l
Renumber | Cancel

Select Map...

| € Real Space Refine Zone

) Regularize Zone

T Fixed Atoms...

~4

Rigid Body Fit Zone
Rotate Translate
3
b | Auto Fit Rotamer
a2 Rotamers...
Edit Chi Angles

Torsion General

Flip Peptide
" Sidechain 180° Flip

2y Edit Backbone Torsions

&, Mutate & Auto Fit...

s Simple Mutate...

+ 4

Add Terminal Residue...
B Add Alt Conf...
+ Flace Atom At Pointer

Clear Pending Picks

= Delete...
Undo
Redo

= Run Refmac...

[fmol. no: 6) CA/1//12 ALA occ: 1.00 bf: 50.00 ele: C pos: (241.31,258.23,210.37)
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* Sequence assignment.

* Adjust numbering to match
expected position in sequence.

* Mutate to match sequence
* Fill sidechains manually.
* Adjust sequence register to

optimize local fit to sidechain
densities.

Refine/Regularize Control...

Select Map...

| ©

[ ] [ ] . Coot 0.8.9-pre EL {revision count 6693)
{ File Edit Calculate Draw DMeasures Validate HID About Ligand Extensions Restraints
Display Manager = {3 Ligand Builder @ Sphere Refine + |.j Measure distance| ~ DisPlay... ¥ htext Accept RSR
Fit... »
Renumber... » : |
Settings... »
Build... »

Mutate range to UNK (click start and end)
Mutate range to ALA (click start and end)
Mutate all Mets to MSE
Mutate all MSEs to Met

Copy...
Delete...
Merge...
Maps.

ay

£l

+ &
«

1%

[(mol. no: 6) CA/L/12 ALA occ: 1.00 bf: 50.00 ele: C pos: (241.31,258.2

,210.37)

Real Space Refine Zone
Regularize Zone
Fixed Atoms...
Rigid Body Fit Zone
Rotate Translate

3
Auto Fit Rotamer
Rotamers...

Edit Chi Angles
Torsion General
Flip Peptide
Sidechain 180° Flip

Edit Backbone Torsions

Mutate & Auto Fit...
Simple Mutate...
Add Terminal Residue...
Add Alt Conf...
Place Atom At Pointer
Clear Pending Picks
Delete...

Undo
Redo

Run Refmac...
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* Sequence assignment.

* Adjust numbering to match
expected position in sequence.

* Mutate to match sequence
* Fill sidechains manually.
* Adjust sequence register to

optimize local fit to sidechain
densities.

FOO@ . coot-bin

- Enter raw amino acid sequence (must be complete!)

1510115

8.9-pre I

nit 6699

Custom Restraints

stance

= IINLAN YMFFLMYLINKDETEHTGQESYVWEMYQERCWDFFPA

Mutate active chain to match sequence using PDB numbering

Sym? Sequence context Accept RSR

Refine/Regularize Control...

Cancel |

]

Select Map...

| € Real Space Refine Zone

8] Regularize Zone

N B Fized Atoms...

i Rigid Body Fit Zone

Rotate Translate

»

b | Auto Fit Rotamer

o Rotamers...
Edit Chi Angles

NGy Torsion General

4 Flip Peptide

" Sidechain 180° Flip

2y Edit Backbone Torsions

&, Mutate & Auto Fit...
& Simple Mutate...

+.. Add Terminal Residue...
e Add Alt Conf...

+ Place Atom At Pointer

Clear Pending Picks

=] Delete...
Undo
Redo

- Run Refmac...

[(mol. no: 6) CA/1/12 ALA occ: 1.00 bf: 50.00 ele: C pos: (241.31,258.

23,210.37)
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* Sequence assignment.

* Adjust numbering to match
expected position in sequence.

* Mutate to match sequence
* Fill sidechains manually.
* Adjust sequence register to

optimize local fit to sidechain
densities.

Coot 0.8.8-pre EL nt 6699

FOO0@ \ coot-hin 1sions Custom Restraints

- Enter raw amino acid sequence (must be complete!)

stance Sym? Sequence context Accept RSR

Refine/Regularize Control...

= IINLAN YMFFLMYLINKDETEHTGQESYVWEMYQERCWDFFPA

Mutate active chain to match sequence using PDB numbering Cancel | |
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ISOLDE

* Interactive molecular dynamics flexible fitting,
implemented as plugin for ChimeraX

* Useful during “polishing” stage of generating a final
model, identifying and fixing otherwise difficult to
correct errors in geometry, non-bonded contacts.
Physically realistic simulation guided by map, user
input.

* Complementary to COOT — COQOT better for de novo

building and assembly, ligand placement, ISOLDE
very useful for final round of real space fitting.

(Croll, 2018, Acta. Cryst. D)



Types of errors in macromolecular models

* |dentity (e.g. wrong domain)
* Directionality

* Topology/connectivity

* Register

* Rotamer

* Backbone torsion

* Ligand identification and placement
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Strategy for identifying and correcting errors.

* Analyse as you go — “sanity checks” on chemistry, nonbonded interactions, surface composition.
Use Molprobity for clashes, Chimera or pymol to check e.g. for buried polars, exposed
hydrophobics. Monitor agreement with secondary structure, disorder predictions.

* Use EM-ringer (or Q-scores) to identify errors in backbone and rotamer geometry.

* Look at everything! Manually check and recheck the fit of every residue. Tedious but necessary.

* Sometimes, you just can’t tell the right answer. Don’t be afraid to specify sequence ambiguity (use

UNKSs).

* Half-map FSCs are only really useful to analyse overfitting — they tell you little about the local
quality or correctness of the model.



Finally...
“ALL MODELS ARE WRONG, BUT SOME ARE USEFUL” — George P. Box

*It should be remembered that just as the Declaration of
Independence promises the pursuit of happiness rather than
happiness itself, so the iterative scientific model building
process offers only the pursuit of the perfect model. For
even when we feel we have carried the model building process
to a conclusion some new initiative may make further improve-
ment possible. Fortunately to be useful a model does not
have to be perfect.

George P. Box, “Robustness in the Strategy of Scientific Model Building”, 1979



Thank you for listening!
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Model building tutorial
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Tutorial PDF: https://bit.ly/2XPsiox

Data: https://bit.ly/3ASQ411I

AlphaFold add on: https://bit.ly/3KTo6qgX
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