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Outline

[Methods for backbone tracing into moderate 
resolution structures. What are the problems, 
how are they approached, what are the 
solutions? How do we validate the methods and 
the results?]



Single particle cryoEM at near-
atomic resolution

Computational Methods Single-particle cryo-EM
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PERSPECTIVES

The Resolution Revolution

BIOCHEMISTRY

Werner Kühlbrandt

Advances in detector technology and image 

processing are yielding high-resolution 

electron cryo-microscopy structures of 

biomolecules.

        Precise knowledge of the structure of 
macromolecules in the cell is essen-
tial for understanding how they func-

tion. Structures of large macromolecules can 
now be obtained at near-atomic resolution by 
averaging thousands of electron microscope 
images recorded before radiation damage 
accumulates. This is what Amunts et al. have 
done in their research article on page 1485 of 
this issue ( 1), reporting the structure of the 
large subunit of the mitochondrial ribosome 
at 3.2 Å resolution by electron cryo-micros-
copy (cryo-EM). Together with other recent 
high-resolution cryo-EM structures ( 2– 4) 
(see the fi gure), this achievement heralds the 
beginning of a new era in molecular biology, 
where structures at near-atomic resolution 
are no longer the prerogative of x-ray crys-
tallography or nuclear magnetic resonance 
(NMR) spectroscopy.

Ribosomes are ancient, massive protein-
RNA complexes that translate the linear 
genetic code into three-dimensional proteins. 
Mitochondria—semi-autonomous organelles 
that supply the cell with energy—have their 
own ribosomes, which closely resemble those 
of their bacterial ancestors. Many antibiotics, 
such as erythromycin, inhibit growth of bac-
teria by blocking the translation machinery 
of bacterial ribosomes. When designing new 
antibiotics, it is essential that they do not also 
block the mitochondrial ribosomes. For this 
it is of great value to know the detailed struc-
tures of both. The structures of other ribo-
somes have been determined by x-ray crys-
tallography ( 5,  6). In determining the high-
resolution structure of the mitochondrial 
ribosome by cryo-EM, Amunts et al. achieve 
something that, less than a year ago, few 
would have thought possible.

To be able to do this without crystals is 
nothing short of a revolution, made possi-
ble by a new generation of electron detectors 
of unprecedented speed and sensitivity. The 
new sensors detect electrons directly, rather 
than fi rst converting them into photons that 
are then reconverted into photoelectrons. 
The latter is what the widely used CCD 
(charge-coupled device) cameras do, but 
they do not perform well at high resolution. 

Photographic fi lm works in principle much 
better for high-resolution imaging, but is 
incompatible with rapid electronic readout 
and high data throughput, which are increas-
ingly essential.

Some 10 years ago, Henderson and Faruqi 
realized that it should be possible to design a 
sensor that detects electrons directly and that 
combines the advantages of CCD cameras and 
fi lm ( 7). They and two competing teams ( 8) 
have since developed detectors that use essen-
tially the same active pixel sensor technology 
as the camera chips in most cell phones. How-
ever, cell phone chips cannot be used in the 
electron microscope because the intense elec-
tron beam would destroy them instantly. The 
sensors therefore had to be made radiation-
hard. Second, the pixels needed to be much 
larger to prevent the energy-rich electrons 
from exciting more than one pixel at a time. 
Third, the camera chip, complete with read-
out electronics in each of its 1.6 million pixels, 
had to be very thin, otherwise electron scat-
tering would blur the image and compromise 
resolution. Current sensors are about half as 
thick as a sheet of paper.

Cryo-EM requires only small amounts of 
material. Samples that cannot be isolated in 
large enough quantities for x-ray crystallo-
graphy can now yield high-resolution struc-

tures. The same holds for heterogeneous sam-
ples or fl exible complexes that do not crys-
tallize readily, because cryo-EM images of 
different particles or conformations are easily 
separated at the image processing stage.

The new detectors offer another decisive 
advantage: Their fast readout makes it pos-
sible to compensate small movements that 
inevitably happen when the electron beam 
strikes the thin, unsupported cryo-sample. 
Before the new cameras were developed, 
blurring by beam-induced movement was an 
insidious, seemingly insurmountable prob-
lem. Now, dozens of images of one area are 
taken in rapid succession, and beam-induced 
movements are detected and reversed in the 
computer. The impact of this deblurring is 
similarly dramatic as that of the Hubble tele-
scope in astronomy, although the blurring is 
caused by different effects in the two cases.

The new cameras also promise a major 
breakthrough in electron cryo-tomography, 
which images three-dimensional volumes of 
whole cells, cell slices, or cellular compart-
ments, such as mitochondria ( 9). Averaging 
of recognizable molecular features in tomo-
graphic volumes is already revealing sub-
nanometer detail even with standard CCD 
cameras ( 10). The new detectors are bound 
to make an enormous difference in this area.
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Near-atomic resolution with cryo-EM. (A) The large subunit of the yeast mitochondrial ribosome at 3.2 Å 

reported by Amunts et al. In the detailed view below, the base pairs of an RNA double helix and a magnesium 

ion (blue) are clearly resolved. (B) TRPV1 ion channel at 3.4 Å ( 2), with a detailed view of residues lining the 

ion pore on the four-fold axis of the tetrameric channel. (C) F

420

-reducing [NiFe] hydrogenase at 3.36 Å ( 3). 

The detail shows an α helix in the FrhA subunit with resolved side chains. The maps are not drawn to scale.
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1 Å 3 Å 4 Å 5 Å

TRPV1 
3.4 Å 

Liao et al, Nature 2013

T20S 
2.8 Å 

Campbell et al, eLIFE 2015

GDH 
1.8 Å 

Merk et al, Cell 2016



Main goal of structure 
determination
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Goals of structure determination
• Determining the position of all the atoms in a structure 

• Model refinement aims to: 

• Identify and correct errors 

• Improve fit to data 

• Improve model geometry 

• Each atom is described by four parameters: 

• cartesian coordinates (x,y,z) & temperature factor (B) 

• Data/parameter ratio >>1 is sought in X-ray crystallography 

• Use the structure to infer biological/biochemical properties of the protein 
studied



Determining structures using “intermediate” 
resolution data requires more “prior knowledge”

Resolution: 0.5 Å

Atom connectivity

Resolution: 2.0 Å

Bond lengths 
Bond angles 

Sterics

Resolution: 4.0 Å

Bond lengths 
Bond angles 

Sterics 
Torsion distributions 

Solvation 
Hydrogen bonding 

Electrostatics



Refinement finds atom position minimizing 
E(total) = E(geometry) + w･E(data)

data

geometry

Resolution: 0.5 Å

Atom connectivity

Determining structures using “intermediate” 
resolution data requires more “prior knowledge”



Refinement finds atom position minimizing 
E(total) = E(geometry) + w･E(data)

data

geometry

Bond lengths 
Bond angles 

Sterics

Resolution: 2.0 Å

Determining structures using “intermediate” 
resolution data requires more “prior knowledge”



Refinement finds atom position minimizing 
E(total) = E(geometry) + w･E(data)

data

geometry

Resolution: 4.0 Å

Bond lengths 
Bond angles 

Sterics 
Torsion distributions 

Solvation 
Hydrogen bonding 

Electrostatics

Determining structures using “intermediate” 
resolution data requires more “prior knowledge”

=Rosetta 
Energy 

function



Software for model building
• UCSF Chimera (rigid-body docking of structures into EM maps) 

• Visualizing “overall” cryoEM reconstructions 

• Coot (rigid-body docking, manual model building, real-space refinement) 

• Visualizing “local” segment of cryoEM reconstructions 

• Refmac (refinement of atomic coordinates) 

• Phenix (model building “map_to_model” derived from resolve & refinement of atomic coordinates) 

• Buccaneer (model building) 

• PathWalker(model building) 

• DireX (flexible fitting/refinement of atomic coordinates) 

• MDFF (flexible fitting/refinement of atomic coordinates) 

• Rosetta (model building & refinement of atomic coordinates) 

• …



Rosetta structure determination 
pipeline

De novo model 
building

Homology 
modeling

Model 
completion

All-atom 
refinement

DiMaio F et al  (2015) Nature Methods 
Wang RYR et al  (2015) Nature Methods 

Wang RYR et al  (2016) eLIFE 
Frenz B et al (2017) Nature Methods 

Song Y et al (2013) Structure

Frank DiMaio



Use resolution of high-resolution structures to 
extend structure determination at lower resolution



De novo structure determination
• Obtaining a structure with no other information than the 

sequence of the protein(s) and a cryoEM reconstruction 

• Challenging at 3-5 Å resolution 

• Hand tracing is time consuming 

• Hand tracing is sometimes not possible 

• Why do crystallographic model building softwares fail? 

• Usually work well at resolution ≤3 Å  

• Assign sequence primarily using side chain density



Take advantage of knowledge-based sequence/structure 
information: 

Local sequence confers conformational preferences

For 9-residue windows centered at 
each residue position, 

representative backbone 
conformations (fragments) are 

predicted using local sequence.

The Rosetta de novo building strategy

Wang RYR et al  (2015) Nature Methods



The Rosetta de novo building strategy
Use fragment consistency to select correct fragments

• Near-native fragments match the density 
well and are consistent with one another: 

• Non-clashing 

• Assign the same residue to the same 
position 

• Nearby residue in sequence are nearby 
in cartesian space 

• Score function evaluates the consistency 
of a set of fragments 

• Monte-Carlo sampling finds fragment set 
optimizing the score function. 

• Works up to 4.8Å resolution
Wang RYR et al  (2015) Nature Methods



The Rosetta de novo building strategy

Prefusion 
MHV spike 

glycoprotein 
4.0Å resolution

Postfusion 
MHV spike 

glycoprotein 
4.1Å resolution Walls AC et al  (2016) Nature 

Walls AC et al  (2017) PNAS

Lexi Walls



The Rosetta de novo building strategy
• In placement: long fragments do not necessarily capture 

structure accurately in regions of high local variation 

• In rebuilding: sampling long segments requires all the residues 
to be correct in order to see an energy signal



Rosetta enumerative sampling (RosettaES)
• Use shorter fragments for more accuracy in variable regions while still maintaining 

information on sequence preference 

• Employ a greedy conformational strategy to handle the large conformational space 

• Model completion 

• Works with unsegmented density & symmetry

Frenz B et al (2017) Nature MethodsFrank DiMaio Brandon Frenz



Rosetta enumerative sampling (RosettaES)
• Reduction of search space leads to improvements 

• Penalizing density discontinuities 

• Explicit modeling of β-sheets 

• Rotamer-like density matching

Frenz B et al (2017) Nature Methods



Rosetta enumerative sampling (RosettaES)

Frenz B et al (2017) Nature Methods



Rosetta enumerative sampling (RosettaES)

Frenz B et al (2017) Nature Methods 
Zhang X et al (eLIFE2013)



Prefusion 
MHV spike 

glycoprotein 
4.0Å resolution

Glycosylation 
site (confirmed 

using MS)

Prefusion 
HCoV-NL63 spike 

glycoprotein 
3.4Å resolution

Rosetta enumerative sampling (RosettaES)

Glycosylation 
sites (confirmed 

using MS)

Frenz B et al (2017) Nature Methods 
Walls AC et al  (2016) Nature Struct Mol Biol

Frenz B et al (2017) Nature Methods 
Walls AC et al  (2016) Nature



Rosetta glycan refinement

Lexi Walls Alex Xiong

HCoV-NL63 
102 N-linked glycans

PDCoV 
78 N-linked glycans

Automated glycan detection 
Refinement using stereochemical restraints 

(chair conformation)

Frank DiMaio

Brandon Frenz

Walls AC et al  (2016) Nature Struct Mol Biol 
Xiong X et al (2017) J Virol 
Frenz B et al, unpublished



Agirre J et al (2015) Nature Chem Biol



Rosetta glycan refinement

Walls AC et al  (2016) Nature Struct Mol Biol



Rosetta comparative modeling (RosettaCM)

2.1 Å all-atom 
r.m.s.d.

T20S 
α-subunit 
4.8 Å map

FrhA 
3.4 Å map

• Structure(s) sharing sequence similarity to the target structure 

• Partial structures 

• Multiple structures 

• Fragments predicted using local sequence 

• Tuning of the frequency with which the two sources of information are used 

• Also allows model completion when 70% built model available (although RosettaES 
outperforms RosettaCM in most cases) 

• Recovers core packing from crystal structures

2.0 Å all-atom 
r.m.s.d.

Song Y et al (2013) Structure



Rosetta comparative modeling (RosettaCM)
CNG channel 

4.2Å resolution

Andrew Borst

S6

S4 S5

James ZM, Borst AJ et al (2017) PNAS



1

0

2
Cα rmsd

Rosetta comparative modeling (RosettaCM)

Deleted disordered loops between 
transmembrane helices 

& 
Truncated residue to Cβ in the C-terminal 

CNBD due to dampened resolution

James ZM, Borst AJ et al (2017) PNAS



Rosetta density-guided iterative refinement
• Fragments predicted using local sequence 

• Size can be tuned: the longer the fragment, the more divergence is allowed 

• Targets:  

• Regions with conformational strains and poor fit to density 

• Random segments of the chain(s) 

• User-defined regions 

• 100-1000 models 

• Produces atomic-level accuracy models using maps determined at 4.5 Å 
resolution or better 

• Large radius of convergence 

• Voxel size refinement 

• B-factor refinement after model completion DiMaio F et al  (2015) Nature Methods 
Wang RYR et al  (2015) Nature Methods 



Rosetta density-guided iterative refinement

T20S 
2.8Å resolution

7Å

Rosetta 
PDB 
6BDF

PDB 
1YAR

Campbell MG et al  (2015) eLIFE



Computational cost of running Rosetta
• Several hundreds to thousands of trajectories 

• One cpu/trajectory 

• Selection based on Rosetta energy function and/or map/model FSC 

• Run time depends of size of model to be built 

• 1.5h for a 30-residue fragment for RosettaES using 16 cores 

• 2-4h/model for RosettaCM, Rosetta density-guided iterative refinement (75-120 
kDa/protomer applying symmetry) 

• 15 min/model for Rosetta relax 

• Backfill queue 

• Makes use of free cpu cycles 

• Typical of super-computer centers 



Rosetta structure determination pipeline

• Rosetta energy function and conformational sampling are 
valuable at bridging the resolution gap between for near-atomic 
resolution reconstructions 

• Automatic de novo structure determination at 3.5-4.5Å is 
possible (up to 4.8A!) 

• Versatile pipeline



• Different subsets of particles (classification) 

• Different softwares

Model building using several maps

Cheng Y et al  (2015) Nature Methods



Model building using several maps

STIV 
4.5Å resolution

• Different B-factor sharpening 

• Or local filtering (sxfilterlocal, …)

B = -400Å2

B = -100Å2Veesler D et al  (2013) PNAS



Which maps should we deposit?

• Recent 3dem/ccpem discussion 

• Full map sharpened (current standard) 

• Unsharpened map (TRPV1, LliK…) 

• Caveat: end-user needs got know how to sharpen a map 

• Half maps 

• Mask used for resolution estimation 



• The model should be stereochemically sound (Molprobity, Privateer) 

• http://molprobity.biochem.duke.edu/ 

• Ramachandran statistics 

• Clashes (steric overlaps) 

• Distribution of favored rotamers 

• EMRinger (𝝌1) 

• http://www.ccp4.ac.uk/html/privateer.html

Model validation

Agirre J et al (2015) Nature Struct Mol Biol

Chen VB et al (2010) Acta Cryst D

Barad BA et al (2015) Nature Methods

http://molprobity.biochem.duke.edu/
http://www.ccp4.ac.uk/html/privateer.html


• The model should agree with the density 

• Half maps are useful

Model validation

Campbell MG et al  (2015) eLIFE



Model validation
• The model should be cross-validated 

• Using information that was not used during refinement! 

• X-ray crystallography: reciprocal space data 

• Set aside a few percent of reflections (test set: Rfree) 

• Use the rest for model refinement (Rwork) 

• Measures agreement between Rwork and Rfree 

• CryoEM data: real space data 

• Gold-standard refinement divides dataset in two halves 

• One half used as training (work) map 

• Other half used as testing map (free) 

• Last iteration uses all the data (minimization only!)

DiMaio F et al  (2013) Protein Science

Brunger AT  (1992) Nature



• At low resolution (3-5Å), any additional source of information is 
most welcome! 

• Glycosylation sites 

• Disulfide bonds 

• Cross-linking/MS (can be incorporated in RosettaCM) 

• …

Model validation

Walls AC et al  (2017) PNAS

Walls AC et al  (2016) 
Nature Struct Mol Biol



Model validation
• Coevolution encodes structural information 

• Contacts in proteins are evolutionary conserved and encoded in a multiple 
sequence alignment due to coevolution 

• By measuring coevolution, one can infer contacts in proteins

David BakerSergey Ovchinnikov

Ovchinnikov S et al  (2014) eLIFE  
Ovchinnikov S et al  (2017) Science



Model validation

Protein 
structure 
prediction

Protein/protein 
interaction 
prediction

Ovchinnikov S et al  (2014) eLIFE  
Ovchinnikov S et al  (2017) Science



Model validation

Ovchinnikov S et al  (2014) eLIFE  
Ovchinnikov S et al  (2017) Science

Prediction
Crystal 

structure

• Could provide an additional metric for cross-validation 

• Currently restricted to prokaryotic sequences



How to deal with uncertainty in model building

• Poorly ordered regions of a map can be: 

• Left unmodeled 

• Modeled and let B-factor account for it 

• Modeled but truncated at Cα or Cβ 

• Modeled with an occupancy of 0 

• A combination of the above 

• Best strategy depends of the situation (de novo vs rebuilding) 

• In any case, write in the manuscript what you have done 



• Model convergence 

• Rosetta ES/CM/density-guided iterative refinement 

• Mark Herzik & Gabe Lander’s convergence server 

• https://doi.org/10.1101/128561 

• http://www.lander-lab.com/convergence/ 

• Agreement between local resolution and B-factor analysis

Model interpretation

Walls AC et al  (2016) Nature Struct Mol Biol

http://www.lander-lab.com/convergence/
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