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Solving structure by electron cryo-microscopy
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‘Cryo-EM’: electron cryomicroscopy, cryo electron
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Structural biology continues to benefit from an expanding toolkit, which is
helping to gain unprecedented insight into the assembly and organization of
multi-protein machineries, enzyme mechanisms and ligand/inhibitor binding.
During the last ten years, cryoEM has become widely available and has provided
a major boost to structure determination of membrane proteins and large multi-
protein complexes. Many of the structures have now been made available at
resolutions around 2 Å, where fundamental questions regarding enzyme
mechanisms can be addressed. Over the years, the abbreviation cryoEM has
been understood to stand for different things. We wish the wider community to
engage and clarify the definition of cryoEM so that the expanding literature
involving cryoEM is unified.

During the review process of a paper that appeared on 9 June 2023 in Nature Commu-
nications (https://doi.org/10.1038/s41467-023-39140-x), a reviewer raised an interesting
comment regarding what the acronym ‘cryo-EM’ stands for. The comment was ‘the
correct term is electron cryomicroscopy, not cryo electron microscopy, because the
electrons are not cryo electrons, but the microscopy is done at cryo temperatures’.
Ironically, three of the references in the manuscript including those published in the
Nature family of journals had used ‘cryo-electron microscopy’ in their titles, but the
reviewer may not have known that this terminology had already been adopted as stan-
dard practice by several journals.

Given the growth of cryoEM and continued improvement in resolution (see Fig. 1), it is
clear that cryoEM is here to stay as a major method for structure determination of
macromolecules and their complexes. Nearly 14 000 structures have already been
deposited, many of them are for membrane proteins and larger assemblies. Some 200
structures have now been made available at resolutions better than 2.2 Å, where atomic
details relevant to the transfer of protons or electrons and their regulation become
apparent and so fundamental questions regarding enzyme mechanisms can be addressed.
It is thus important to clarify the definition of cryoEM so that the expanding literature
involving cryoEM is not littered with confusion. It also is important for the new
generation of scientists that are entering the exciting world of cryoEM structural biology.

First, it is important to recall how the meaning of cryoEM evolved. The term cryoEM
arose from abbreviating cryo-electron microscopy when it became possible to maintain
the sample grids in the microscope at cryogenic temperatures. The use of cryoEM spread
widely before it was pointed out that electrons were not cold and were not at cryogenic
temperature. The community including RH has continued to use cryoEM as an abbre-
viation for both cryo-electron microscopy and electron cryo-microscopy. Examples of this
can be seen in a perspectives article in PNAS in 2013 (Henderson, 2013) and coverage of
the Nobel prize in 2017 by Nature with the headline ‘Chemistry prize hails work on cryo-
electron microscopy’ (Cressey & Callaway, 2017), both journals having imposed this
during editing.

It is now clear that electron cryo-microscopy should not be abbreviated to ‘cryo-EM’;
an exact abbreviation would have been ‘E-cryoM’. In our view neither terms ‘cryo
electron microscopy’ or ‘electron cryomicroscopy’ are accurate since they imply that
either the electrons or the microscope are cold.Published under a CC BY 4.0 licence

Key takeaway: 

cryogenic-sample Electron Microscopy (cryoEM)

A note on naming
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Model refinement vs other model fitting tools

Docking

	

 
 
Figure 1. Comparison of different programs for adenylate kinase (PDB code 1ake, 4ake) 
atomic model fitting. 
 
 
 
 
 
 
 
 
 
 
 
 

	

 
 
Figure 1. Comparison of different programs for adenylate kinase (PDB code 1ake, 4ake) 
atomic model fitting. 
 
 
 
 
 
 
 
 
 
 
 
 

Flexible fitting, 
morphing

Refinement

• All the above move model to the map. The difference is: by how much
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phenix.refine
Available since 2005

phenix.real_space_refine
Available since 2013



Atomic model refinement: crystallography vs cryo-EM

Crystallographic refinement
• Improving model improves map

• (2mFo-DFc, Model phase), (mFo-DFc, Model 
phase)

• Better model leads to better map

• Better map leads to more model built

• Improving model in one place lets build more 
model elsewhere in the unit cell

• Refine all model parameters (XYZ, B) from start 
to end of structure solution

• Build solvent (ordered water) early

• Experimental data never changed

• Data / restraints weight is global and time 
expensive to find best value

• Whole model needs to be refined

Cryo-EM refinement
• Changing model does not change map

• Build solvent (water) last

• Get as complete and accurate model as 
possible before refining B factors and 
occupancies

• Experimental data changes a lot during the 
process (filtering, boxing, using maps with 
implied symmetry or not, etc.)
• What map to use in refinement?

• Refined B factors depend on map used

• Data / restraints weight can be local and is 
always optimal

• Boxed parts of the model can be refined



CryoEM

2.9Å

4.2Å
3.5Å

2.9Å

2.5Å

Build water, refine B and occupancy towards the end



Maps and refinement
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Phenix&tool&to&compute&a&difference&map&for&cryoUEM&
Pavel!V.!Afonine!
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While! some! highEresolution! cryoEEM! maps!
may! be! of! exceptional! quality,! a! typical! cryoE
EM! map! is! still! a! lowEresolution! map! (by!
crystallography!standards,!at!least).!Therefore!
locating!and!accurately!placing!ligands!in!such!
maps! may! not! be! a! trivial! task! (figure! 1).! In!
crystallography! a! σA! scaled! mFobsEDFcalc!
difference!(or!residual)!map!is!the!tool!that!is!
used! routinely! for! locating! yet! unmodeled!
atoms.! In! cryoEEM! there! are! no! structure!
factors,! observed! Fobs! or! calculated! Fcalc,! and!
therefore! a! difference! map! cannot! be!
straightforwardly!obtained.!Naïvely,!one!could!
argue! that! it! is! possible! to! convert!
experimental! cryoEEM! map! into! structure!
factors! by! a! Fourier! transform.! Similarly,! it!
could! be! possible! to! calculate! Fcalc! from! the!
model! using! electron! formEfactors.! This! is! a!
possibility,! of! course,! but! it! is! not! without!
issues.!!The!issues!include:!!
a) Model!completeness!
b) BEfactors!inadequately!refined!
c) The! bulkEsolvent! and! scaling! protocols!

designed! for! crystallography! may! not! be!
appropriate!

d) The!map!may!contain!artifacts!left!over!from!
reconstruction! that! are! away! from! the!
molecule!and,! if!working! in! real! space,! pose!
no!issues.!!

Any!of!these!problems!may!be!a!showstopper!
if!the!map!is!calculated!using!structure!factors.!
Typically!most!of! these!problems!are!present!
when!working!with!cryoEEM!data.!Calculating!
a! difference! map! in! real! space! avoids!
problems!all!together!and!thus!should!to!be!a!
better! choice.! Furthermore,! working! with!

Figure! 1:! ATP! in! PDB!model! 5L4g! superimposed!
on!cryoEEM!map!emd_4002.!

Figure! 2:!ATP! in! PDB!model! 5L4g! in! a! difference!
density!plot!calculated!using!emd_4002.!
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• Analogue of crystallographic Fo-Fc map

• Requires well-refined model (including B factors)



Solving structure in the past

• From many months to years
• Spend days on graphics (manual atomic model building)

• Run computations overnight

Solving my first structure back in 1997



Structure refinement: black box
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Structure refinement: black box
• Does it always work? No.

• Is it always as easy as poor model in, better model out? No.
• Why? Because:

• Refinement parameterization too complex
• ~ 2 Å resolution data, model reasonably fits data

• Default settings suit most common scenario
• Less typical situations need customizations

• E.g., very Low- or high-resolution data need special attention

• How you know: refined worked? Correctly? Time to stop?
• Do Validation throughout!



Structure refinement: lots of jargon
TLS?

NCS?

Reference model?

ADP?

tNCS?

Minimization?

Rigid body?

NQH flips? SS restraints?

Rotamer fixing?

Rama plot restraints?

Group B vs individual?

SA? Grid search?

Clashes?

Restraints?

CDL?

AltLocs?

IAS?

Weights?

f’ & f’’?

Rama-Z?

Bulk-Solvent?

Anisotropy?

Twinning?

Local minima?

Hydrogens?



NCS (internal symmetry): constraints vs restraints

Source: Internet



NCS (internal symmetry): constraints vs restraints

• Constraints: molecules 1, 2 and 3 are required to be 
identical

• Restraints: molecules 1, 2 and 3 are required to be similar 
but not necessarily identical

Source: Internet



Methods of Minimization

� Methods using no function derivatives
2 Simulated Annealing, Monte Carlo, Simplex, Metropolis

� Methods using first derivatives
2 Steepest Descent, Conjugate Gradient

� Methods using first and second derivatives
2 Full matrix, Block diagonal, Diagonal, Preconditioned 

Conjugate Gradient (, and Conjugate Gradient II)

Simulated Annealing

You are here

Maybe you,re here

Full Matrix Minimization

� If the function is not quadratic
2 more than one cycle is required to reach the minimum.
2 an initial guess for the parameters is required.

� The second derivative matrix is huge
2 very time consuming to calculate and invert.

� The power of convergence is great.
� The radius of convergence is very poor.
� It absolutely requires an overdetermined problem.

Approximations to Full Matrix

� Sparse Matrix
2 Only large matrix elements are used

� Block Diagonal
2 Assumes the parameters can be categorized

� Preconditioned Conjugate Gradient
2 Assumes all off diagonal elements are zero, but learns the truth from 

experience

� Gradient / Curvature
2 Assumes all off diagonal elements are zero, and is pig-headed about it.

� Conjugate Gradient
2 Assumes all diagonal elements are equal, but learns from experience

� Steepest Descent
2 Assumes all diagonal elements are equal

The Minimization Continuum

Increasing radius of convergence

Increasing rate of convergence

Increasingly conservative

No
derivatives

First
derivatives

Second
derivatives

Increasing CPU time

sdsearch full matrix<--- sa ---> cg pcg

Picture: Dale Tronrud

Complexity of refinement target

Local 
minima

Global 
minimum

• Refinement target function (score) has very complex multi-
dimensional profile



100 identical refinement runs each one starting with slightly 
perturbed model

Estimating and using uncertainty

Refinement run

R-factor



Use Hydrogen atoms
• Half of the atoms in a protein molecule
• Make most interatomic contacts
• Add to model towards the end, data resolution does not matter
• Once added, do not remove before the PDB deposition
• H do contribute to R-factors (expect 0.1-2% drop in R)

A structure without (left) and with (right) hydrogen atoms



Use Hydrogen atoms
• N/Q/H flips (asparagine/glutamine/histidine)

• Based on clash analysis
• Requires H present



Use Hydrogen atoms
• N/Q/H flips

• Based on clash analysis
• Requires H present



Know when to stop

Colored bars are 
histograms showing 
distribution of values 

for structures at 
similar resolution

The black polygon 
shows where the 

statistics for the user’s 
structure fall in each 

histogram

Crystallographic model quality at a glance. 
L.Urzhumtseva, P.V.Afonine, P.D.Adams & A.Urzhumtsev. Acta Cryst. D65, 297-

300 (2009)



Know when to stop

Likely overall good model Clearly there are problems



Local vs Global

• RWORK/RFREE , bond/angle RMSDs etc do not report on local errors



Map and model errors

Reasons for +ve/-ve density:
• Suboptimal xyz, occupancy, ADP, anomalous f’ & f’’, charge
• Refinement has not reached convergence
• Wrong atom (ion)
• Suboptimal ADP (B-factor) type: isotropic vs anisotropic



Not all modeling errors can be fixed by refinement



Low resolution (3Å or worse)

• Use:

• Ramachandran plot restraints

• Secondary structure restraints

• Reference model restraints (if quality homology model is available)

• NCS (restraints or constraints)



Aggressive optimization methods

• Simulated annealing (SA)

• Model morphing 

• Only use if model has gross errors (correction requires large movements)

• Do not use if model is relatively good and only needs small corrections



Ramachandran plot restraints

• Likely need at about 3Å and worse

• Better than 3Å: use if needed (preserve good initial model from 
deterioration)

• Check Ramachandran plot regularly

• Don’t use to fix outliers. Fix outliers first (manually), then use 
Ramachandran plot restraints to stop re-occurring outliers



An outlier ≠ wrong 

3NOQ, 1 Å 

Outliers: 

(A, ILE, 152), (B, ILE, 154)

(A, ILE, 152)

• All outliers need to be explained (supported by the data)



Map comparison

Need to compare (meaningfully) maps side-by-side?

How you choose contouring levels for both maps?



Map comparison

Use contours that enclose equal volumes.

Reason: contour levels then represent the same amount of displayed signal—independent of different 
noise levels or overall scaling.

Result: side-by-side visuals show real differences in where density is and how strongly it’s supported, not 
artifacts from different threshold choices.



Map comparison



Refinement success is function of data quality

• Do validation

Model Data

Cryo-EM Diffraction

Model to data fit

or



Validation tools in Phenix



Phenix is feedback & need driven



Variability refinement: treasuring conformational 
changes



Feedback & need driven – Example 
Vincent’s post on phenix mailing list (phenixbb)



Feedback & need driven – Example 

63 emails 
later….



… 63 emails later, we came up with a tool to effectively model 
ensemble of maps with ensemble of atomic models in a fully 
automated manner…

Feedback & need driven – Varref (Variability Refinement) 



… and wrapped that into a publication and a user-accessible 
tool
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Conformational landscape of 
soluble α-klotho revealed by 
cryogenic electron microscopy
Nicholas J. Schnicker1,2,5, Zhen Xu1,5, Mohammad Amir3,5, Lokesh Gakhar1,4 &  
Chou-Long Huang3

α-Klotho (KLA) is a type-1 membranous protein that can associate with fibroblast growth factor 
receptor (FGFR) to form co-receptor for FGF23. The ectodomain of unassociated KLA is shed as soluble 
KLA (sKLA) to exert FGFR/FGF23-independent pleiotropic functions. The previously determined X-ray 
crystal structure of the extracellular region of sKLA in complex with FGF23 and FGFR1c suggests 
that sKLA functions solely as an on-demand coreceptor for FGF23. To understand the FGFR/FGF23-
independent pleiotropic functions of sKLA, we investigated biophysical properties and structure 
of apo-sKLA. Single particle cryogenic electron microscopy (cryo-EM) revealed a 3.3 Å resolution 
structure of apo-sKLA that overlays well with its counterpart in the ternary complex with several 
distinct features. Compared to the ternary complex, the KL2 domain of apo-sKLA is more flexible. 
Three-dimensional variability analysis revealed that apo-sKLA adopts conformations with different 
KL1-KL2 interdomain bending and rotational angles. Mass photometry revealed that sKLA can form 
a stable structure with FGFR and/or FGF23 as well as sKLA dimer in solution. Cryo-EM supported the 
dimeric structure of sKLA. Recent studies revealed that FGF23 contains two KLA-binding sites. Our 
computational studies revealed that each site binds separate KLA in the dimer. The potential multiple 
forms and shapes of sKLA support its role as FGFR-independent hormone with pleiotropic functions. 
The ability of FGF23 to engage two KLA’s simultaneously raises a potential new mechanism of action 
for FGF23-mediated signaling by the membranous klotho.

Keywords Soluble alpha-klotho (sKLA), Fibroblast growth factor (FGF), Cryogenic electron microscopy 
(cryo-EM), Ternary complex, Monomer, Dimer, 3D variability analysis (3DVA)

!-Klotho (KLA) is a type I single-pass transmembrane protein consisting of 1012 amino acids (human Klotho) 
with a large extracellular region1. "e ectodomain contains two homologous repeats named KL1 and KL2, 
which are comprised from residues 57–506 and 515–953, respectively, and has multiple N- and O-linked 
glycosylation sites. "e ectodomain is followed by the transmembrane-spanning segment and a short 11 amino 
acids intracellular carboxyl terminus. KLA is abundantly produced in the kidney and several regions in the 
brain and exerts anti-aging e#ects2–4. Mice homozygous for a hypomorphic klotho allele (kl/kl) die prematurely 
at around 2–3 months of age. "e full-length membranous KLA can associate with $broblast growth factor 
receptors (FGFR) to form co-receptors for the ligand $broblast growth factor-23 (FGF23). FGF23 is a bone-
derived circulating hormone that is important in calcium and phosphate metabolism5–7. KLA-de$cient mice 
have severe hyperphosphatemia due to defects in the KLA-FGF23-vitamin D regulatory axis8–10. Phosphate 
retention is pivotal for growth retardation and premature death of klotho-de$cient mice; dietary phosphate 
restriction rescues growth defects and premature death of the mice8–10. Of note, the a%nity between FGF23 and 
FGFR1c is relatively low (723 nM)11. "e higher a%nity interactions of KLA with both FGF23 (15 nM)12, and 
FGFR1c (72 nM)13facilitates formation of ternary FGF23-FGFR-KLA complexes14. Without FGF23, signi$cant 
fractions of membranous KLA are dissociated from FGFR existing in a free form14. "e ectodomain of free 
KLA can be cleaved by metalloproteases (ADAM10/17) and released as soluble KLA (sKLA) into the systemic 
circulation, urine, and cerebrospinal &uid15.

1Protein and Crystallography Facility, University of Iowa Carver College of Medicine, Iowa City, IA 52242, USA. 
2Department of Molecular Physiology and Biophysics, University of Iowa Carver College of Medicine, Iowa City, 
IA 52242, USA. 3Department of Internal Medicine, University of Iowa Carver College of Medicine, Iowa City, IA 
52242, USA. 4Department of Biochemistry and Molecular Biology, University of Iowa, Iowa City, IA 52242, USA. 
5Nicholas J. Schnicker, Zhen Xu and Mohammad Amir contributed equally. email: nicholas-schnicker@uiowa.edu;  
chou-long-huang@uiowa.edu
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Feedback & need driven – Real Space Refinement 

Around 2015: cryoEM resolution revolution about to happen!

• More and more high-resolution cryoEM maps, 
lack of model building and refinement tools!

• Birth of phenix.real_space_refine – refinement 
program in Phenix to refine atomic models into 
cryoEM maps

Accurate model annotation of a near-atomic resolution
cryo-EM map
Corey F. Hryca,1, Dong-Hua Chenb,1,2, Pavel V. Afoninec, Joanita Jakanab, Zhao Wangb, Cameron Haase-Pettingelld,
Wen Jiange, Paul D. Adamsc, Jonathan A. Kingd, Michael F. Schmida,b, and Wah Chiua,b,3

aGraduate Program in Structural and Computational Biology and Molecular Biophysics, Baylor College of Medicine, Houston, TX 77030; bNational Center for
Macromolecular Imaging, Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, Houston, TX 77030;
cMolecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720; dDepartment of Biology,
Massachusetts Institute of Technology, Cambridge, MA 02139; and eDepartment of Biological Sciences, Purdue University, West Lafayette, IN 47907

Contributed by Wah Chiu, February 2, 2017 (sent for review December 7, 2016; reviewed by Terje Dokland and Jack E. Johnson)

Electron cryomicroscopy (cryo-EM) has been used to determine the
atomic coordinates (models) from density maps of biological
assemblies. These models can be assessed by their overall fit to
the experimental data and stereochemical information. However,
these models do not annotate the actual density values of the
atoms nor their positional uncertainty. Here, we introduce a
computational procedure to derive an atomic model from a cryo-
EMmap with annotated metadata. The accuracy of such a model is
validated by a faithful replication of the experimental cryo-EM
map computed using the coordinates and associated metadata.
The functional interpretation of any structural features in the
model and its utilization for future studies can be made in the
context of its measure of uncertainty. We applied this protocol to
the 3.3-Å map of the mature P22 bacteriophage capsid, a large and
complex macromolecular assembly. With this protocol, we identify
and annotate previously undescribed molecular interactions be-
tween capsid subunits that are crucial to maintain stability in the
absence of cementing proteins or cross-linking, as occur in other
bacteriophages.

cryo-EM | P22 | model | structure | annotation

Recently, cryo-EM maps with associated atomic coordinates
have been reported at resolutions better than 4 Å (1, 2).

However, few have been subjected to rigorous evaluation of the
reliability of the observed features or of the correlation between
the experimental map and its corresponding model at the residue
level. Typically, such correlation is reported in terms of a curve
known as the Fourier shell correlation (FSC), which is a function
of spatial frequency (3, 4). Although informative, it does not
assure the authenticity of local features, nor does it indicate
which features in the model agree or disagree with observed
density. Ideally, a molecular model can be used to generate a
map that replicates the experimental map in most or all of its
details, and thus constitutes a trustworthy and informative model
for the specimen’s structure at the reported resolution. This
study examines the agreement and/or disagreement between the
model and the experimental map density, determined at near-
atomic resolution. These efforts establish the groundwork for a
quantitative assessment of a cryo-EM structure. The methods
described here were applied to the capsid of P22 bacteriophage,
which infects Salmonella and has been extensively studied
through biochemistry, genetics, and biophysics (5–8).

Results
Cryo-EM Images and Reconstructions. To study the P22 structure,
we used a 300-keV electron cryomicroscope (JEM-3200FSC; JEOL
Ltd.) and a Direct Electron detector (DE-20; operated in integrating
mode) to collect frozen, hydrated P22 bacteriophage images (Fig.
1A and Table S1). Signal was detectable out to 3-Å resolution
(Fig. S1 and Movie S1). A total exposure of 37.5 e−/Å2 was
fractionated into 24 frames during a 1.5-s exposure. All frames
were dose-weighted (4) and used to refine particle orientation

parameters; empirically, we found that using image frames 1 to
6 (a cumulative exposure of ∼10 e−/Å2) resulted in the best
experimental map (Fig. 1B), with a resolution of 3.3 Å (Fig. S1
and Movie S2).

Model Generation. Using this experimental map, a molecular
model of the P22 capsid shell was built de novo (Movie S3) and
optimized. The well-resolved densities allowed us to easily segment
and independently model each of the seven capsid subunits within
the asymmetric unit (ASU) of the T = 7 icosahedral lattice (Fig.
1C). Side-chain densities of all 33 aromatic residues from each
polypeptide were clearly visible and used as anchor points to
confirm the sequence registration between the map and the
model (Movie S4). All 430 amino acids of the major capsid
protein gp5 were modeled and had strong density, except for
the first and last amino acids (Met1 and Ala430, respectively),
which had disordered density, likely due to flexibility and/or
being surface-exposed. The capsid fold is homologous to that

Significance

Electron cryomicroscopy is a rapidly growing field for macro-
molecular structure determination. We establish a computa-
tional protocol to construct a de novo atomic model from a
cryo-EM density map, along with associated metadata that
describe coordinate uncertainty and the density at each atom.
This model faithfully replicates experimental map densities, as
evidenced by cross-correlation and other metrics. Our method
of annotation will be especially informative for macromolecu-
lar assemblies that exhibit resolvability variations in different
parts of their structure. This procedure was applied to a 3.3-Å-
resolution structure of the P22 bacteriophage to delineate in-
teractions that stabilize the neighboring subunits in a T =
7 icosahedral capsid.
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Feedback & need driven – Real Space Refinement 



Pixel size calibration (refinement)



Figure: Oliver Clarke

Pixel size calibration (refinement)



phenix.magref map.mrc model.pdb resolution=3.4

MagRef: Pixel size calibration (refinement)

PDB: 4hl8 
3.5 Å, 250,000 atoms

phenix.magref takes about 4 
minutes on a laptop 

(~100 of rigid-body refinements)



Automated re-refinement of deposited cryo-EM models

• Developers: track the impact of 
new

• Users: see how your models 
benefit from improved methods and 
tools 
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CERES: a cryo-EM re-refinement system for
continuous improvement of deposited models

Dorothee Liebschner,a* Pavel V. Afonine,a Nigel W. Moriarty,a Billy K. Poon,a

Vincent B. Chenb and Paul D. Adamsa,c
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The field of electron cryomicroscopy (cryo-EM) has advanced quickly in recent
years as the result of numerous technological and methodological developments.
This has led to an increase in the number of atomic structures determined using
this method. Recently, several tools for the analysis of cryo-EM data and models
have been developed within the Phenix software package, such as phenix.real_
space_refine for the refinement of atomic models against real-space maps. Also,
new validation metrics have been developed for low-resolution cryo-EM
models. To understand the quality of deposited cryo-EM structures and how
they might be improved, models deposited in the Protein Data Bank that have
map resolutions of better than 5 Å were automatically re-refined using current
versions of Phenix tools. The results are available on a publicly accessible web
page (https://cci.lbl.gov/ceres). The implementation of a Cryo-EM Re-refinement
System (CERES) for the improvement of models deposited in the wwPDB, and
the results of the re-refinements, are described. Based on these results, contents
are proposed for a ‘cryo-EM Table 1’, which summarizes experimental details
and validation metrics in a similar way to ‘Table 1’ in crystallography. The
consistent use of robust metrics for the evaluation of cryo-EM models and data
should accompany every structure deposition and be reported in scientific
publications.

1. Introduction

Cryo-EM is an experimental technique that in the past has
commonly been used to investigate large protein complexes,
filaments and viruses. While the method was often limited to
low resolution (5–9 Å), technological advances, such as the
development of direct electron detectors (Faruqi et al., 2003;
Milazzo et al., 2005; Deptuch et al., 2007; Li et al., 2013) and
improvements in image processing (Campbell et al., 2012;
Scheres, 2012; Bai et al., 2015), have led to an exponential
increase in the number of cryo-EM models deposited in the
Protein Data Bank (PDB; Berman et al., 2000; wwPDB
Consortium, 2019). As a consequence, cryo-EM is now the
third principal method for macromolecular structure deter-
mination (Fig. 1), representing 3.1% of deposited models in
the PDB. While this is currently behind X-ray crystallography
(88.8%) and nuclear magnetic resonance (NMR; 7.9%), some
researchers project that deposition numbers will reach those
of crystallography in only five years (Hand, 2020). The
advances in cryo-EM technology have led to greatly improved
resolutions of the deposited 3D reconstructions (Fig. 2). Low-
resolution cryo-EM density maps can be used to dock models
from X-ray crystallography or NMR, but density maps of 5 Å
resolution or better can be used to solve structures de novo
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User support

• Feedback, questions, help
Mailing list (anyone signed up): phenixbb@phenix-online.org
Bug reports (developers only): bugs@phenix-online.org
Ask for help (developers only): help@phenix-online.org

• Reporting a bug or asking for help:
• We can’t help you if you don’t help us to understand your problem
• Make sure the problem still exist using the latest Phenix version
• Send us all inputs (files, non-default parameters) and tell us steps that 

lead to the problem
• All data sent to us is kept confidentially



A structure

Q: Who invented this method of drawing a structure (ribbon diagram)?



Ribbon diagram

Hand-drawn by J. Richardson, 
1981

Ribbon schematic of triose P isomerase 
monomer (PDB: 1TIM)


