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Refinement in Phenix
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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



Atomic model refinement: phenix.real_space_refine



How we evaluate refinement progress (model-to-
map fit) or what’s the analogue of crystallographic 

R-factor?



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-to-map fit validation: CCMASK 
• Gaussian IAM (Independent Atom Model)
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ATOM     25  CA  PRO A   4      31.309  29.489  26.044  1.00 57.79           C

ρMODEL (r) = ρatoms (r)
i=1

Natoms

∑



Model map
• Gaussian IAM (Independent Atom Model)

• Anisotropic:
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ρatom (r,U,q) = q
q a j  4π( )3 / 2
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ATOM     25  CA  PRO A   4      31.309  29.489  26.044  1.00 57.79           C
ANISOU   25  CA  PRO A   4     8443   7405   6110   2093    -24    -80       C



Model-to-map fit validation: CCMASK 

Exact model map

3Å experimental map
ρMODEL (r) = ρatoms (r)

i=1

Natoms

∑

• FT exact model map
• Remove terms up to specified resolution
• FT back to real space to get a Fourier image = “Model map”

3Å model-calculated map

CCMASK
CCMASK



Other popular model-to-map fit metrics and reasons 
why they are not as good as CCmask



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

• Does not use map type (x-ray, neutron, electron)

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

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

• 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 (it shouldn't given the definition)

• Alternative conformations are not handled

• How anisotropic atoms are not handled

• Does not use map type (x-ray, neutron, electron)



Example: Q-Score for exact (model-generated) map

Model calculated maps (Fourier maps) at three resolutions

1 Å 2 Å 3 Å 

0.97 (0.90) 0.93 (0.83) 0.84 (0.76) 

Overall and worst Q-Score (calculated in ChimeraX)

• Why Q-Score is not perfect (=1) given these are exact model-generated maps?

• Why it varies with the resolution?

Model with 
anisotropic ADPs



Validation reports (RCSB): only Q-score and atom inclusion

Model-to-map fit statistics is insufficient and very well hidden!



Refinement: practical considerations

• Final stages
• Refine B-factors (Atomic Displacement Parameters)

• Group B factor or individual

• Refine occupancies

• Use Hydrogen atoms (and keep them in the final model!)

• Add water (phenix.douse: command line and GUI):

Also available in ChimeraX



mmCIF 

• mmCIF file format for atomic models
• Mandatory use for crystallographic models since July 2019

• PDB formatted files are not accepted any more
• Some cryo-EM models may be too large to fit into PDB file 

format
• Phenix provides full support for mmCIF I/O

letters to the editor
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Announcing mandatory submission of PDBx/mmCIF
format files for crystallographic depositions to the
Protein Data Bank (PDB)
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The Protein Data Bank (PDB) (wwPDB consortium, 2019) is the single global archive of
experimentally determined three-dimensional (3D) structure data of biological macro-
molecules. The continuing growth in the numbers, size and complexity of macromolecular
structures in the PDB archive, coupled with the rapid growth of evolving experimental
methods such as 3D cryo-electron microscopy (3DEM) has made the traditional PDB
format (‘legacy PDB format’) inadequate for fully representing these data. As described
below, this format was based on a punched-card format that became obsolete long ago. In
the following letter, we describe the changes necessary to address the challenges coming
from the extraordinary success of structural biologists.

Since 2003, the PDB has been managed by the Worldwide Protein Data Bank
(wwPDB; https://www.wwpdb.org/) (Berman et al., 2003), an international partnership
that collaboratively oversees deposition, validation, biocuration and open-access dis-
semination of 3D macromolecular structure data, adhering to the FAIR principles of
Findability, Accessibility, Interoperability and Reusability (Wilkinson et al., 2016). In
2007, the master file format for the archive was officially changed to PDB Exchange/
Macromolecular Crystallographic Information File (PDBx/mmCIF), supported by the
PDBx/mmCIF data dictionary, to address new challenges in structure archiving. Later, in
2012, the wwPDB terminated its support of the legacy PDB file format and froze its
further development (https://wwpdb.org/documentation/file-formats-and-the-pdb).

We now announce that as of 1 July 2019, PDBx/mmCIF will be the only format allowed
for deposition of the atomic coordinates for PDB structures resulting from macro-
molecular crystallography (MX), including X-ray, neutron, fiber and electron diffraction
methods, via OneDep (Young et al., 2017). This requirement will be extended to PDB
structures resulting from nuclear magnetic resonance (NMR) spectroscopy and 3DEM
methods at a later date to be determined. Elimination of the legacy PDB format will
improve the efficiency of the deposition process and enhance validation through capture
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Variability refinement
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Maps

ABC	transporter	BmrA	(unpublished!)	



phenix.varref 
 map1.mrc … mapN.mrc 
 model.pdb 
 resolution=3 
 nproc=100 
 models_per_map=100

Output: ensemble of refined models that represents all maps

phenix.varref – new Phenix tool to represent 
ensemble of maps with ensemble of atomic 
models



• Input model and maps
• Order maps by similarity using CCbox

• Identify the map that is closest to input model (by CCmask)
• This is the starting point for the first refinement
• Generate ensemble of 100 perturbed models (by MD)
• Refine each model with phenix.real_space_refine
• Combine all refined models to yield overall best fitting model

•  Refine ensemble of refined models against the next closest map
• Combined all refined models to yield overall best fitting model

• …and so on for all maps.
• Result: 

• N models corresponding to N maps
• 100 models per map (can be used to estimate uncertainty)

Workflow



Refined ensembles of models



Future



T      =     TDATA       +    w * TRESTRAINTS

Images from PumMa web 
site (http://www.pumma.nl)
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Q|R: Quantum Refinement project

Crystallograp
hy methods

QM 
expertise

Blend of expertise and background

Software 
development

Mark 
Waller 

Shanghai University LBNL (USA)

Malgorzata 
Biczysko

Holger 
Kruse 

Pending.AI (Australia)

Nigel 
Moriarty 

Pavel 
Afonine

www.qrefine.com Q|R @ GItHub



Q|R: History of progress research papers

Acta Cryst. (2017). D73, 45–52 https://doi.org/10.1107/S2059798316019847 45

Received 12 October 2016

Accepted 12 December 2016

Edited by P. Langan, Oak Ridge National

Laboratory, USA

Keywords: quantum refinement; structural

biology; X-ray diffraction; neutron diffraction;

cryo-EM; cctbx; Q|R.

Q|R: quantum-based refinement

Min Zheng,a,b Jeffrey R. Reimers,a,c Mark P. Wallera,b* and Pavel V. Afoninea,d*

aDepartment of Physics and International Centre for Quantum and Molecular Structures, Shanghai University, Shanghai,
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and dMolecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA
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Quantum-based refinement utilizes chemical restraints derived from quantum-
chemical methods instead of the standard parameterized library-based restraints
used in refinement packages. The motivation is twofold: firstly, the restraints
have the potential to be more accurate, and secondly, the restraints can be more
easily applied to new molecules such as drugs or novel cofactors. Here, a new
project called Q|R aimed at developing quantum-based refinement of
biomacromolecules is under active development by researchers at Shanghai
University together with PHENIX developers. The central focus of this long-
term project is to develop software that is built on top of open-source
components. A development version of Q|R was used to compare quantum-
based refinements with standard refinement using a small model system.

1. Introduction

Crystallography accounts for about 90% of all structures in
the Protein Data Bank (PDB; Bernstein et al., 1977, 2000), and
is therefore the leading tool for obtaining three-dimensional
structures of biomacromolecules. Cryo-electron microscopy
(cryo-EM) is rapidly becoming its major competitor (Bai et al.,
2015; Cheng, 2015). These two methods are rather different
from technological and conceptual perspectives (Frank, 2006;
Rupp, 2010); however, they both yield a map into which an
initial atomic model is built. Model refinement against
experimental data is the next common step in the process for
both of these structure-solution techniques. For cryo-EM, the
experimental data are used to construct a map, and this map
normally does not change during the refinement procedure.
For crystallography, the experimental data are the measured
intensities of reflections and, since the phases are lost in the
diffraction experiment, the map is typically calculated using
model phases. This implies that the map is constantly chan-
ging, since it depends on the model, which changes during
refinement. It turns out that despite these technical and
methodological nuances, the computational refinement tools
are very similar, if not identical, for both techniques. There-
fore, we now refer to crystallographic or cryo-EM experi-
mental data as ‘experimental data’ or simply ‘data’.

A general refinement protocol is shown schematically in
Fig. 1. Given an atomic model and experimental data, the
refinement engine calculates a refinement target and its deri-
vatives with respect to atomic parameters, which are then sent
to an optimizer (typically, a minimizer). The minimizer
updates the model parameters and then sends them back to
the refinement engine, which then calculates a new target
value and set of derivatives and returns them back to the
minimizer. This process is carried out iteratively until
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Solving the scalability issue in quantum-based
refinement: Q|R#1

Min Zheng,a,b Nigel W. Moriarty,c Yanting Xu,a Jeffrey R. Reimers,a,d Pavel V.
Afoninea,c* and Mark P. Wallera*

aInternational Center for Quantum and Molecular Structures, Shanghai University, Shanghai 200444, People’s Republic of

China, bTheoretische Organische Chemie, Organisch-Chemisches Institut and Center for Multiscale Theory and
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Integrated Bioimaging, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA, and dSchool of Mathematical
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Accurately refining biomacromolecules using a quantum-chemical method is
challenging because the cost of a quantum-chemical calculation scales
approximately as nm, where n is the number of atoms and m (!3) is based on
the quantum method of choice. This fundamental problem means that quantum-
chemical calculations become intractable when the size of the system requires
more computational resources than are available. In the development of the
software package called Q|R, this issue is referred to as Q|R#1. A divide-and-
conquer approach has been developed that fragments the atomic model into
small manageable pieces in order to solve Q|R#1. Firstly, the atomic model of a
crystal structure is analyzed to detect noncovalent interactions between
residues, and the results of the analysis are represented as an interaction graph.
Secondly, a graph-clustering algorithm is used to partition the interaction graph
into a set of clusters in such a way as to minimize disruption to the noncovalent
interaction network. Thirdly, the environment surrounding each individual
cluster is analyzed and any residue that is interacting with a particular cluster is
assigned to the buffer region of that particular cluster. A fragment is defined as a
cluster plus its buffer region. The gradients for all atoms from each of the
fragments are computed, and only the gradients from each cluster are combined
to create the total gradients. A quantum-based refinement is carried out using
the total gradients as chemical restraints. In order to validate this interaction
graph-based fragmentation approach in Q|R, the entire atomic model of an
amyloid cross-! spine crystal structure (PDB entry 2oNA) was refined.

1. Introduction

Crystallography is the dominant method for obtaining the
atomic structure of a protein; however, it has recently been
reported that a cryo-EM revolution is under way (Egelman,
2016; Kühlbrandt, 2014; Callaway, 2015). These two methods
share a lot in common: for example, atomic model refinement
is one of the common steps. Refinement is a process in which
an approximate atomic model is made to match the experi-
mentally measured data. Refinement uses a priori knowledge
that is referred to as restraints. Refinement typically treats the
data from diffraction or cryo-EM experiments (experimental
data or data in the following) as being of primary importance.
Restraints are only treated as a secondary concern used to
compensate for the lack of data quality (such as finite reso-
lution). In some (rather rare) cases the data quality may be
sufficiently high that restraints are not used at all (for example,
ultra-high-resolution data). In general, many iterations are
required for refinement owing to the high dimensionality of
biomacromolecules and often very approximate initial atomic
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Including crystallographic symmetry in
quantum-based refinement: Q|R#2
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Three-dimensional structure models refined using low-resolution data from
crystallographic or electron cryo-microscopy experiments can benefit from high-
quality restraints derived from quantum-chemical methods. However, non-
periodic atom-centered quantum-chemistry codes do not inherently account for
nearest-neighbor interactions of crystallographic symmetry-related copies in a
satisfactory way. Here, these nearest-neighbor effects have been included in the
model by expanding to a super-cell and then truncating the super-cell to only
include residues from neighboring cells that are interacting with the asymmetric
unit. In this way, the fragmentation approach can adequately and efficiently
include nearest-neighbor effects. It has previously been shown that a moderately
sized X-ray structure can be treated using quantum methods if a fragmentation
approach is applied. In this study, a target protein (PDB entry 4gif) was
partitioned into a number of large fragments. The use of large fragments
(typically hundreds of atoms) is tractable when a GPU-based package such as
TeraChem is employed or cheaper (semi-empirical) methods are used. The QM
calculations were run at the HF-D3/6-31G level. The models refined using a
recently developed semi-empirical method (GFN2-xTB) were compared and
contrasted. To validate the refinement procedure for a non-P1 structure, a
standard set of crystallographic metrics were used. The robustness of the
implementation is shown by refining 13 additional protein models across
multiple space groups and a summary of the refinement metrics is presented.

1. Introduction

In experimental structural biology, the atomic model (three-
dimensional structure) of a biomacromolecule is iteratively
improved by a procedure known as refinement. In principle,
refinement is a restrained or constrained optimization
problem with respect to model parameters,

T ¼ Tdata þ wTrestraints: ð1Þ

The target function (1) is a weighted sum of two components.
Tdata is derived from experimental data, w is an empirical scale
factor and Trestraints is a priori knowledge about the problem,
hereafter referred to as restraints. Typically, biomacromole-
cules have many atoms and therefore the parameter space is
high-dimensional. This means that refinement requires a large
number of steps to converge. Current refinement procedures
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Real-space quantum-based refinement for cryo-EM:
Q|R#3
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Electron cryo-microscopy (cryo-EM) is rapidly becoming a major competitor
to X-ray crystallography, especially for large structures that are difficult or
impossible to crystallize. While recent spectacular technological improvements
have led to significantly higher resolution three-dimensional reconstructions, the
average quality of cryo-EM maps is still at the low-resolution end of the range
compared with crystallography. A long-standing challenge for atomic model
refinement has been the production of stereochemically meaningful models for
this resolution regime. Here, it is demonstrated that including accurate model
geometry restraints derived from ab initio quantum-chemical calculations (HF-
D3/6-31G) can improve the refinement of an example structure (chain A of PDB
entry 3j63). The robustness of the procedure is tested for additional structures
with up to 7000 atoms (PDB entry 3a5x and chain C of PDB entry 5fn5) using
the less expensive semi-empirical (GFN1-xTB) model. The necessary algorithms
enabling real-space quantum refinement have been implemented in the latest
version of qr.refine and are described here.

1. Introduction

Improvements in cryo-EM technology have resulted in a
rapidly increasing number of three-dimensional reconstruc-
tions of 4.5 Å resolution and better (Kühlbrandt, 2014;
Henderson, 2015; Nogales, 2016; Orlov et al., 2017; Baldwin et
al., 2018), allowing the interpretation of the corresponding
maps in terms of atomic models. This prompted the active
development of methods for map improvement (Terwilliger,
Sobolev et al., 2018; Terwilliger, Ludtke et al., 2020), model
building (Terwilliger, Adams et al., 2018, 2020; Terwilliger et
al., 2019), refinement (Afonine, Poon et al., 2018) and vali-
dation (Afonine, Klaholz et al., 2018). It is common knowledge
that atomic model refinement can be challenging at resolu-
tions worse than about 3–3.5 Å (Headd et al., 2012). This is
because beyond this resolution the amount of detail in the
experimental data is insufficient to resolve structural features
of proteins such as secondary structure or rotameric states of
amino-acid residues at an atomic level. This in turn requires
extra information to be used in refinement, for example
Ramachandran-plot, rotamer, secondary-structure or refer-
ence-model restraints (for a summary, see, for example,
Afonine, Poon et al., 2018). Quantum-mechanical (QM)
calculations generate model geometries ab initio and thus do
not rely on empirical libraries such as the commonly used
monomer library (Vagin & Murshudov, 2004; Vagin et al.,
2004) or any other ad hoc restraints. Historically, quantum
refinements are associated with either impractical runtimes

ISSN 2059-7983

# 2020 International Union of Crystallography

2016

2017

2019

2020

2023

Open source on GitHub Since 2016



2010-2014

Impossible

2017

Ufimtsev, Martinez, et al.
 

GPU accelerated software 
(Terachem)

Possible but very 
limited

Q|R Team
Divide-and-conquer using 

chemical intuition

Happening around now

UnlimitedUnlimited 
(in principle)

Isayev Lab
 

AI/ML trained QM 
potentials

www.petachem.com www.qrefine.com www.olexandrisayev.com

QM-based refinement of bio-macromolecules


