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Solving structure by electron cryo-microscopy
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Model refinement

Optimization process of fitting 
atomic model parameters to 

experimental data
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Not all model-to-data fitting is refinement

• Docking, flexible fitting, morphing are not refinement

• Refinement is to fine-tune an already fine atomic model

• Refinement does only small changes to the model 

• Convergence radius of refinement ~ 1Å



Refining structure in the past

• Familiar with many software packages (often with “orthogonal” philosophies)

• Mutually incompatible file formats for common data exchange

• Coding experience was a must (typically using arcane languages FORTRAN or C)

• No GUIs. Command line expertise (Unix)

• Reading thick books (no Google, YouTube or Chat bots!)

• Limited online forums

• Don’t expect your questions answered quickly by email

• Slow computers (with sometimes limited access)



Solving structure in the past

• From many months to years

• Spend days on graphics (manual atomic model building)

• Run computations overnight

• In the morning hope all worked, nothing crashed

Solving my first structure back in 1997



Model refinement: black box

Model

Data Refinement
Refined model

• Does it always work?

• Is it always as easy as poor model in, better model out?
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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



Refinement protocol
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Atomic model refinement: phenix.real_space_refine

Direct refinement of atomic models against the map



Validation

Validation = checking model, data and model-to-data fit are all 
make sense and obey to prior expectations

Model Data

Cryo-EM Diffraction

Model to data fit

or



Validation: why to do?
• Can help to: 

• save (a lot of) time
• produce better models
• set correct expectations

• Subjectivity:
• lot’s of manual steps that depend on skills, pressure and ethics

• Software isn’t perfect

• Databases are not perfect



Validation: why to do?
• Quality filters:

• You
• Software you use
• Your boss
• Reviewers (of your paper) 
• PDB deposition (software and people)
• Community

• Unnoticed (intentionally or not) problems
• Likely discovered anyway, sooner or later

• PDB is a public data bank of structures and experimental data
• PDB does not police the quality of depositions

• PDB may point out some issues, but it is on you to fix them
• You can (relatively easily) end up depositing a rubbish structure



Validation: why to do?

• H.M. Krishna Murthy (University of Alabama) – Protein Fabrication scandal

• 12 falsified structures and 10 related papers
• 1BEF, 1CMW, 1DF9, 2QID, 1G40, 1G44, 1L6L, 2OU1, 1RID, 1Y8E, 2A01, and 2HR0

• Murthy's falsified data ended up affecting 449 papers at that time

Proper validation can prevent this!



Validation

Despite all efforts to popularize the validation in recent years, poorly 
scoring models are still getting into databases now

Examples (recent years)



Model does not fit the map

PDB: 8gwb  |  EMDB: 34308  |  2.8 Å  |  Cell (2022) 185: 4347-4360 

Chain      CCMASK CCMASK = 0.01
A 0.01
B 0.02
C 0
D 0.01
I 0.04
J 0
F 0.12
E 0.08
G 0.1
M 0.16
A 0
F -0.13
E 0.16
A 0.1
G 0.15
M 0.19



PDB: 7xov  |  EMDB: 33360  |  3 Å  |  Cell Discov (2022) 8: 55-55

A 0.04
B -0.01
G 0.18
N 0.06
R 0.03
R -0.02

CCMASK = 0.02Chain      CCMASK

Model does not fit the map



PDB: 7w6p  |  EMDB: 32331  |  3.5 Å  |  Science (2022) 377: 7065-7065

CCMASK = 0.1

A 0.09
B 0.11
G 0.12
H 0.07
R 0.16
R -0.08

Chain      CCMASK

Model does not fit the map



PDB: 8V85  |  EMDB: 43023  |  2.9 Å  |  Nat Commun (2024) 15: 3296-3296

CCMASK = 0.15

Model does not fit the map



PDB: 8SZ7  |  EMDB: 40902  |  2.8 Å  |  Dev Cell (2024) 59: 1783

CCMASK = 0.19

Model does not fit the map



PDB: 8x63  |  EMDB: 38078  |  3.2 Å  |  Nat Commun (2024) 15: 84-84

CCMASK = 0.13

Model does not fit the map



PDB: 8iEN  |  EMDB: 35387  |  3.25 Å  |  Nat Commun (2023) 14: 1978-1978

CCMASK = 0.0

Model does not fit the map



PDB: 9c91  |  EMDB: 45359  |  2.78 Å  |  Nat Commun (2025) 16: 2955

CCMASK = 0.0

Model does not fit the map



Validation: why to do?
(2019) Nature 570: 400-404   |  PDB: 6o9j   |   EMDB: 0661  |  3.9Å 

Metric 6o9j Expected
Clashscore 70 Less than 10

Ramachandran 
favored, % 59 More than 98

Ramachandran 
outliers, % 15 0

Rotamer outliers, % 23 0
Cβ deviations, % 0.5 0

Poor model geometry



6kio 6kiq 6o9j 7ase
Bond/angle 0.04/3.4 0.04/3.7 0.01/1.3 0.02/2.2
Clashscore 11 12 55 9
Rotamer outl., % 8 15 23 3
Cb deviations, % 5 16 0.5 1.4
Ramachandran, %
 favored
 outliers

74
7

70
11

59
15

79
7

Resolution (Å) 3.9 3.6 3.9 3.3
Published in Nature 

Comm.
Nature 
Comm.

Nature Cell

Year 2020 2020 2019 2020

Poor model geometry



6o9j

6kiq 7ase

6kio

Poor model geometry



Validation: outliers are not always wrong
• A Ramachandran plot outlier   ≠   wrong 

PDB code: 3NOQ 

Outliers: 

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

(A, ILE, 152)

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



Rotamer 
outlier Valid rotamer

• An outlier   ≠   wrong 

• However, each outlier has to be explained

Validation: outliers are not always wrong



Validation reports (RCSB)

Lack of (useful) model-to-map fit statistics!



Atom inclusion

Atom inclusion: fraction of atoms inside molecular envelope contoured 
at a given level

• Contouring threshold: Arbitrarily? What is optimal level?

• No use of atomic model parameters such as ADP, occupancy, atom type, …

• Does not compare shape of density: 

• How SER placed into PHE density is going to score? 

• How water O placed into Mg peak will score?

• Does not account for missing atoms

• Partially occupied atoms (alternative conformations):

• Chosen level for fully occupied atoms needs to be scaled by occupancy 
for partially occupied atoms



Q-Score

Q-score: 

• Measures the resolvability of atoms in a cryo-EM map, using an 
atomic model fitted to or built into the map

• It does not (at least directly) measure model-to-map fit

• No use of atomic model parameters such as ADP, occupancy, atom type, …

• Shape of density is not used: 

• How SER placed into PHE density is going to score? 

• How water O placed into Mg peak will score?

• Does not account for missing atoms (it shouldn't given the definition)

• Alternative conformations are not handled

• Anisotropic atoms are not handled



Model-to-map fit validation: CCMASK 

Model to map fit

Metric Expected value

CCMASK

Poor:    < 0.3
So-so:   0.3-0.6
Good:   > 0.6

CC!"#$ =
∑𝜌%&'	𝜌()*(

(∑𝜌%&'+ 	∑ 𝜌()*(+),/+

𝜌%&'  = experimental map
𝜌()*( = model calculated map

• Easy interpretation:  -1: anticorrelation, 0: no correlation, 1: perfect correlation

• Uses all atomic model parameters (XYZ, B-factors, occ, atom type)

• Not specific to map type (any map: x-ray, neutron, electron, cryo-EM, …)

• Can be calculated locally (per atom, residue, chain, molecule, whole box, …)

• Local resolution can be trivially taken into account



Model map: Independent Atom Model (IAM)
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Hydrogen atoms

• H: half of the atoms in a protein molecule
• Make most interatomic contacts
• Using H in refinement helps prevent or eliminate clashes

No H atoms H atoms added



Model validation: clashes
• N/Q/H flips (asparagine/glutamine/histidine)
• Based on clash analysis
• Requires H present



Model validation: clashes
• N/Q/H flips
• Based on clash analysis
• Requires H present



Validation and Refinement ”conflict”
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Restraints and data resolution

High Low

1Å 2Å 3Å 6Å

Resolution

TRESTRAINTS = TBOND + TANGLE + TDIHEDRAL + TPLANE + TREPULSION+ TCHIRALITY



Model refinement with vs no restraints

T      =     TDATA       +    w * TRESTRAINTS

Using restraints Not using restraints



Restraints: low resolution

2-3 Å                                     4-5 Å                              6Å-lower 



More restraints for low resolution
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• Refinement of a perfect α-helix into low-res map

• Using simplistic (standard) restraints on covalent geometry
• Model geometry deteriorates as result of refinement

Model refinement with insufficient restraints



Validation and Refinement ”conflict”

• Validation metrics progressively become refinement goals

• Ramachandran plot restraints
• Cβ deviation restraints
• Secondary structure restraints
• Restraints on χ angles of amino-acid side-chain rotamers

• As result, validation becomes less capable of catching problems



Example

Metric / PDB code 6KS6
Clashscore 8.8

Rama. (%)
favored 96.4

outliers 0.2

Rotamer outliers (%) 0
Cβ deviations 0

RMSD
Bond (Å) 0.002

Angle (°) 490

Resolution (Å) 3.0

PNAS, 2019 116 (39) 19513-19522

Perfect statistics! All looks just great!



Example

PNAS, 2019 116 (39) 19513-19522
The plot looks very wrong!

1. How we know the plot looks wrong?

2. How did that happen?



Q: How we know the plot 
looks wrong?

A: Because we know how 
good plot looks like!



Ramachandran plot Z-score

• Good at spotting odd plots 
• One number, simple criteria: 

• Poor: |Z| > 3   Suspicious: 2 < |Z| < 3    Good: |Z| < 2

Resource

A Global Ramachandran Score Identifies
Protein Structures with Unlikely Stereochemistry
Oleg V. Sobolev,1,5,* Pavel V. Afonine,1 Nigel W. Moriarty,1 Maarten L. Hekkelman,2,3 Robbie P. Joosten,2,3,*
Anastassis Perrakis,2,3 and Paul D. Adams1,4
1Molecular Biosciences and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
2Division of Biochemistry, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, the Netherlands
3Oncode Institute, Amsterdam, the Netherlands
4Department of Bioengineering, University of California, Berkeley, CA 94720, USA
5Lead Contact
*Correspondence: osobolev@lbl.gov (O.V.S.), r.joosten@nki.nl (R.P.J.)
https://doi.org/10.1016/j.str.2020.08.005

SUMMARY

Ramachandran plots report the distribution of the (f,c) torsion angles of the protein backbone and are one of
the best quality metrics of experimental structure models. Typically, validation software reports the number
of residues belonging to ‘‘outlier,’’ ‘‘allowed,’’ and ‘‘favored’’ regions. While ‘‘zero unexplained outliers’’ can
be considered the current ‘‘gold standard,’’ this can be misleading if deviations from expected distributions
are not considered. We revisited the Ramachandran Z score (Rama-Z), a quality metric introducedmore than
two decades ago but underutilized. We describe a reimplementation of the Rama-Z score in the Computa-
tional Crystallography Toolbox along with an algorithm to estimate its uncertainty for individual models; final
implementations are available in Phenix and PDB-REDO. We discuss the interpretation of the Rama-Z score
and advocate including it in the validation reports provided by the Protein Data Bank. We also advocate
reporting it alongside the outlier/allowed/favored counts in structural publications.

INTRODUCTION

Validation is an integral part in obtaining three-dimensional
models of macromolecules in X-ray crystallography (Read
et al., 2011) and in cryoelectron microscopy (cryo-EM) (Hender-
son et al., 2012). It is also key in interpreting the quality of
models from the Protein Data Bank (PDB) (Burley et al.,
2019), as there is no formal structure quality requirement for
acceptance to this repository. A key quality metric used in vali-
dation of the quality of atomic models of proteins is the Rama-
chandran plot (Ramachandran et al., 1963). Ramachandran
plots describe the two-dimensional distribution of the protein
backbone (f, c) torsion angles. They have been used for the
validation of protein backbone conformations since their intro-
duction in PROCHECK (Laskowski et al., 1993) and then later in
software packages such as O (Kleywegt and Jones, 1996),
WHAT_CHECK (Hooft et al., 1996), and MolProbity (Lovell
et al., 2003). The phrase ‘‘no Ramachandran plot outliers’’ is
widely considered as the ‘‘gold standard’’ for a high-quality
structure and is often found in the main text of papers reporting
protein structures, while the absolute number or the percentage
of residues in the so-called ‘‘outlier,’’ ‘‘allowed,’’ and ‘‘favored’’
regions is typically reported in tabular form. It should be noted
that a better phrase is ‘‘no unexplained Ramachandran plot
outliers,’’ as it is not uncommon for there to be a very small
number of legitimate outliers in the plot, which are supported

by the experimental data and often relate to some functional
aspect of the protein (Richardson et al., 2018a).
All software for refining macromolecular models uses a stan-

dard set of stereochemical restraints on covalent geometry
(Engh and Huber, 2012) with the main-chain restraints in Phenix
(Liebschner et al., 2019) supplied by the Conformation Depen-
dent Library (Berkholz et al., 2009; Moriarty et al., 2014, 2016):
these provide sufficient information for structures at 3.0-Å reso-
lution or better. Advances in cryo-EM (Li et al., 2013; Bai et al.,
2015) have led to greatly improved resolution of cryo-EM
maps, but while this improved resolution has enabled full-atom
refinement of macromolecular structures (Afonine et al., 2018;
Nicholls et al., 2018), the majority of cryo-EM models are still
solved in the 3- to 5-Å resolution range. Likewise, in X-ray crys-
tallography, low-resolution datasets remain an issue: atomic
modeling and refinement against low-resolution data is chal-
lenging and can benefit substantially from using all available a
priori knowledge about the molecule at hand (Kleywegt and
Jones, 1998).
At low resolution it is often necessary to use information

beyond the stereochemical restraints on covalent geometry: in-
ternal molecular symmetry (Kleywegt, 1996), homologous struc-
ture models determined in higher resolution as a reference
(Smart et al., 2012; Nicholls et al., 2012; Headd et al., 2012;
Schröder et al., 2010) or as a source for hydrogen bond length
restraints (, 2018b), and information about secondary structure

Structure 28, 1–10, November 3, 2020 ª 2020 Elsevier Ltd. 1

ll

Please cite this article in press as: Sobolev et al., A Global Ramachandran Score Identifies Protein Structures with Unlikely Stereochemistry, Structure
(2020), https://doi.org/10.1016/j.str.2020.08.005



Q: How we know the plot 
looks wrong?

A: Because we know how 
good plot looks like!

RamaZ = -4.1 (Poor) RamaZ = -1.9 (Good)

Poor: |Z| > 3   Suspicious: 2 < |Z| < 3    Good: |Z| < 2

Ramachandran plot Z-score



How did that happen?

• Setting up Ramachandran plot, secondary structure, etc, restraints 
can be ambiguous and is error prone!

E = Sw * (φmodel - φtarget)2 + Sw * (ψmodel - ψtarget)2
General case

φ

ψ .
?



How did that happen?

PDB code: 5a9z
Original

Refined with Ramachandran 
plot restraints

Don’t use Ramachandran plot restraints to remove outliers!



Ramachandran plot restraints

Use Ramachandran plot restraints to prevent outliers from occurring!

Before refinement
After refinement 

(No Ramachandran plot restraints)



Restraints and limitations

T      =       TDATA       +      w * TRESTRAINTS

TRESTRAINTS = TBOND + TANGLE + TDIHEDRAL + TPLANE + TREPULSION+ TCHIRALITY

• Restraints are too limited:

• No attraction terms (electrostatics, etc)

• Not using information about protein structure (secondary structure, rotamers)

• Limited to tabulated entities in the libraries (e.g., Monomer Library, GeoStd)



Restraints from QM

T      =     TDATA       +    w * TRESTRAINTS

Images from PumMa web 
site (http://www.pumma.nl)

Mainchain 
distributions

Sidechain 
distributions

Covalent 
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Optimize 
consensus 

between model-
to-data fit and... 
common sense

Bonds, angles, planes, 
torsions, chirality, non-

bonded repulsion

Replace with 
energies/gradients 

from QM calculations

NEW:  AQuaRef – QM based refinement in Phenix



History of progress
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History of progress



Machine Learning potential (AIMNet2)

DFT calculations

• Generate all possible 1-, 2-, 3-, and 4-peptides (including S-S bridges)

• Torsion and non-equilibrium sampling

Standard 
amino-acids

Large Dataset

ML model

Calculation time: 
About a week on one of 
big national computing 

resources



Time & Memory Scaling: single energy calculation



AQuaRef vs standard Phenix refinement

Standard Phenix refinement AQuaRef

40 cryo-EM low resolution models (3Å or worse) 



Testing: AQuaRef vs others

40 cryo-EM low resolution models (3Å or worse) 
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Availability



AQuaRef

Article https://doi.org/10.1038/s41467-025-64313-1

AQuaRef: machine learning accelerated
quantum refinement of protein structures

Roman Zubatyuk1,7, Malgorzata Biczysko 2,7, Kavindri Ranasinghe3,7,
Nigel W. Moriarty 4, Hatice Gokcan1, Holger Kruse5, Billy K. Poon4,
Paul D. Adams 4,6, Mark P.Waller5, Adrian E. Roitberg3, Olexandr Isayev 1 &
Pavel V. Afonine4

Cryo-EM and X-ray crystallography provide crucial experimental data for
obtaining atomic-detail models of biomacromolecules. Refining these models
relies on library-based stereochemical data, which, in addition to being limited
to known chemical entities, do not include meaningful noncovalent interac-
tions. Quantum mechanical (QM) calculations could alleviate these issues but
are too expensive for large molecules. Here we present a novel AI-enabled
Quantum Refinement (AQuaRef) based on AIMNet2 machine learned intera-
tomic potential (MLIP) mimicking QM at substantially lower computational
costs. By refining 41 cryo-EM and 30 X-ray structures, we show that this
approach yields atomic models with superior geometric quality compared to
standard techniques, while maintaining an equal or better fit to experimental
data. Notably, AQuaRef aids in determining proton positions, as illustrated in
the challenging case of short hydrogen bonds in the parkinsonism-associated
human protein DJ-1 and its bacterial homolog YajL.

While advances in predictive modeling, such as AlphaFold31 or
RoseTTAFold2,3, have provided powerful tools for structural biology,
they remain limited while experimental methods, including protein
crystallography and cryo-EM, are still cornerstones of structural
biology and drug development4. Experimental data allow for the
discovery of new structures emerging in life evolution, potentially
exhibiting previously unseen features. These discoveries require
unbiased information provided by experiments to explore the
unknown5. Atomic model refinement is a crucial near-final stage in
crystallographic or cryo-EM structure determination aimed at pro-
ducingmolecularmodels thatmeet standard validation criteria while
optimally fitting the experimental data6,7. Refinement heavily relies
on stereochemical restraints tomaintain the correct geometry of the
atomicmodel while fitting to the experimental data8. These restraints
originate from standard libraries that tabulate the topology and
parameters of known chemical entities9,10, which are universally

employed across popular software packages, such as CCP411 and
Phenix12.

The limitations of library-based restraints are manifold. Firstly,
they only include terms for maintaining covalent bond lengths, bond
angles, torsion angles, planes, and chirality while preventing clashes
through non-bonded repulsion13. However, it has been demonstrated
that at low resolution, these restraints are insufficient to maintain
realistic, chemically meaningful macromolecular geometries, making
it essential to include additional restraints on protein main chain φ/ψ
angles, side chain torsion χ angles, as well as hydrogen bond para-
meters and π-stacking interactions to stabilize protein or nucleic acid
secondary structure13–19. These additional restraints cannot be reliably
inferred from the atomic model alone and thus require manual error-
prone annotation and curation using additional sources of informa-
tion, such as homologous high-resolution models. Secondly, library-
based restraints parametrize only known chemical entities, such as

Received: 29 July 2024

Accepted: 12 September 2025

Check for updates

1Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA, USA. 2Faculty of Chemistry, University of Wrocław, Wrocław, Poland. 3Department of
Chemistry, University of Florida, Gainesville, FL, USA. 4Molecular Biophysics & Integrated Bioimaging Division, Lawrence Berkeley National Laboratory,
Berkeley,CA,USA. 5Pending.AI, Eveleigh, NSW,Australia. 6Department of Bioengineering, University ofCaliforniaBerkeley, Berkeley, CA,USA. 7These authors
contributed equally: Roman Zubatyuk, Malgorzata Biczysko, Kavindri Ranasinghe. e-mail: olexandr@olexandrisayev.com; PAfonine@LBL.Gov
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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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10 years later..



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 (vault ribonucleoprotein particle), 3.5 Å, 250,000 atoms

phenix.magref takes about 4 minutes on a 6 years old Mac laptop 
(~100 of rigid-body refinements)


