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Abstract

Metal ions bound to macromolecules play an integral role in many cellular pro-

cesses. They can directly participate in catalytic mechanisms or be essential for

the structural integrity of proteins and nucleic acids. However, their unique

nature in macromolecules can make them difficult to model and refine, and a

substantial portion of metal ions in the PDB are misidentified or poorly refined.

CheckMyMetal (CMM) is a validation tool that has gained widespread accep-

tance as an essential tool for researchers working on metal-macromolecule

complexes. CMM can be used during structure determination or to validate

metal binding sites in structural models within the PDB. The functionalities of

CMM have recently been greatly enhanced and provide researchers with addi-

tional information that can guide modeling decisions. The new version of

CMM shows metals in the context of electron density maps and allows for on-

the-fly refinement of metal binding sites. The improvements should increase

the reproducibility of biomedical research. The web server is available at

https://cmm.minorlab.org.
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1 | INTRODUCTION

Reproducibility in biomedical research has become a
hot issue. Reports indicate that academic results cannot
be reproduced in a commercial environment in >50% of
the cases (Prinz et al., 2011), mainly due to incomplete

or inaccurate descriptions of experimental procedures
and results (Errington, Denis, et al., 2021; Errington,
Mathur, et al., 2021; Nosek & Errington, 2020). Some
reproducibility issues arise from variations caused by
the experience, bias, poor experimental protocols, and
idiosyncrasies of the researcher. Consequently, the
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availability of validation tools specific to each area of
research is highly desirable.

Structural biology is not immune to reproducibility
issues. Ensuring the quality and reliability of structural
data is particularly important, given its central role in
modern biomedicine (Wlodawer et al., 2008, 2013). On
average, every structure in the Protein Data Bank (PDB)
is downloaded >30,000 times; therefore, any PDB deposit
inaccuracies are proliferated and may impair subsequent
research areas (Zheng, Hou, et al., 2014).

The macromolecular structures deposited in the PDB
contain fundamental information necessary for drug dis-
covery and characterization of proteins (Burley
et al., 2019). However, the quality of macromolecular
structures is inconsistent (Chruszcz et al., 2010; Cooper
et al., 2011; Domagalski et al., 2014). Modeling errors
arise from several sources, including the subjectivity of
building models in poor electron density that results
from flexibility of some regions; however, unaccounted
density should be noted in a publication or PDB
comments.

Metal ions such as iron, magnesium, and zinc are
crucial to life. Around 34% of all PDB deposits and 40%
of all enzymes deposits in the PDB contain at least one
metal ion. Metals play vital roles in both the function
and architecture of biological macromolecules, includ-
ing the catalysis of biochemical reactions, electron trans-
port, binding of gases, and stabilization of nucleotides
and other polyphosphate compounds. While tools for
the validation of protein structures are common and
well-established (Vaguine et al., 1999), the metal coordi-
nating environments in protein structures are not easy
to validate, resulting in an abundance of misidentified
and/or suboptimally modeled metal ions in the PDB as
it is presented in Figure 1. The validation of small
molecular components of macromolecular structures is
not highly advanced (Pozharski et al., 2013;
Weichenberger et al., 2013), and metal binding sites are
not an exception (Handing et al., 2018; Zheng, Chordia,
et al., 2014).

Validating metal ions in macromolecular structural
models is a multidisciplinary problem involving parallel
crystallographic, chemical, experimental, and biological
considerations. Modeling metal binding requires analysis
of chemical properties and examination of geometric dis-
tortions that can be introduced by the macromolecule
(Kuppuraj et al., 2009; Zheng et al., 2008). In addition, it
is necessary to consider not only the resolution of the
experimental data but also the overall structure quality
and sample preparation (Majorek et al., 2014;
Niedzialkowska et al., 2016). The data mining tools we
have developed show that many metal ions are dubiously
modeled (Zheng et al., 2008).

1.1 | CMM WEB resource

CheckMyMetal (CMM) is a sophisticated but easy-to-use
metal binding site validation server that addresses this
previously neglected aspect of macromolecular validation
and is freely available at https://cmm.minorlab.org. Ini-
tially launched in 2012, CMM (Zheng, Chordia,
et al., 2014) has proved very successful in validating
metal binding sites in macromolecular structures and
detecting many metal assignment misidentifications. The
system is widely used—researchers have submitted
around 130,000 protein structures from over 6900 distinc-
tive computer addresses in 54 countries. Over the years,
scientists from this large and diverse group of users have
suggested many ways to improve CMM. Herein we
describe some of the significant enhancements to this val-
idation resource.

CMM identifies validation problems in three distinct
yet related aspects: coordination chemistry, agreement of
experimental B-factors, or occupancy, and the composi-
tion and motif of the metal binding environment. The

FIGURE 1 The metal site quality as judged by the RSCC

parameter (Smart et al., 2018). The descriptors of the vertical axis

are metal site, number of metal sites, and the number of deposits in

the PDB.
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new version reported herein (1) uses and shows electron
density maps, (2) gives the possibility to refine the struc-
tures, (3) displays information about the crystallization
conditions if present in the PDB deposit, and (4) signifi-
cantly improves guidance for alternative metal identifica-
tion. These combined functionalities allow for interactive
modeling and refinement of metal binding sites. A new
“Help and examples” section has been added to the
website.

1.2 | CMM validation parameters

CMM uses six parameters independent of the structure
determination method and two diffraction-specific
parameters to assess the quality of each metal-binding
site. As before, CMM uses a red-yellow-green color
scheme to classify each parameter into one of the three
categories: Dubious (previously called outlier), Borderline,
or Acceptable. Classification is based on statistics
described in (Zheng et al., 2008), slightly modified by the
experience gained during CMM's operation. Table 1 lists
the current classification criteria. An example of valida-
tion parameter evaluation is presented in Figure 2, show-
ing the distribution of zinc valency.

2 | RESULTS

Analyzing a structural model from the PDB or uploaded
through the interface opens the validation module of
CMM (Figure 3a). In addition to color-coded validation
parameters, a user can view the selected metal binding
site with electron density maps, if available. On the right
of this view, the distribution of metal-electron donor
atoms distances from the Cambridge Structural Database
(CSD) and the actual metal-electron donor atoms dis-
tances are shown in a histogram. Figure 3 shows the
sodium-binding site from the PDB deposit 3EEF. The six
sodium-oxygen distances fall below the most likely dis-
tance between such atoms, as observed in the CSD. In
cases when the CMM validation parameters indicate that
the metal binding site may require a detailed visual
inspection, a scientist can switch to the model tab that
provides the ability to change the metal ion. The new val-
idation parameters characterizing the metal binding site
are calculated and instantly displayed after completion of
the structure refinement.

The current version of CMM provides many new
functionalities. Visually, the most notable change is the
use of the modern NGL viewer (Rose et al., 2018; Rose &
Hildebrand, 2015), which displays electron density maps,

TABLE 1 CMM validation parameters

Parameters Acceptable

Borderline Dubious

Low High Low High

Occupancy [0.9, 1.0] (0.1, 0.9) [0.0, 0.1]

B-factor ratio [0.86,1.0] [0.54, 0.86) [0.0, 0.54)

Atomic contacts Usual donor atoms# Occasionally found donors# Unusual#

Coordination geometry Preferred coordination geometry# Other coordination numbers# Unusual#

Valence

I

Na, K, Cu [0.7, 1.3] [0.4, 0.7) (1.3, 1.6] [0, 0.4) >1.6

Mg, Ca [1.7, 2.3] [1.4, 1.7) (2.3, 2.6] [0, 1.4) >2.6

II

Mn, Fe*, Co [1.6, 2.4] [1.2, 1.6) (2.4, 2.8] [0, 1.2) >2.8

Ni, Cu*, Zn [1.7, 2.3] [1.3, 1.7) (2.3, 2.7] [0, 1.3) >2.7

III

Fe, Co*, Ni* [2.7, 3.3] [2.5, 2.7) (3.3, 3.5] [0, 2.5) >3.5

nVECSUM [0, 0.10] (0.10, 0.23] (0.23, 1.0]

gRMSD [0, 13.5] (13.5, 21.5] (21.5, 180]

Vacancy [0, 10%] (10%, 25%] (25%, 100%]

Note: The thresholds for the occupancy parameter are updated in the present CMM version. The parameters included in scoring metal ions for the
approximated ranking are in bold. For the parameters with different thresholds for low-resolution structures, both sets of thresholds are shown in the low and
high columns. An asterisk (*) after a metal in the valence cell indicates insufficient data to set the threshold values for that metal. A hash symbol (#) indicates
that these threshold values were taken or derived from previous studies (Harding et al., 2010; Kuppuraj et al., 2009). The square and round brackets indicate a

closed and open interval.
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including anomalous density maps when an anomalous
signal is present in the data. The view is centered on the
metal and shows the surrounding environment. It is now
possible to examine details in full-screen mode. Atomic
contacts with the metal less than 3.2 Å are shown with a
dotted line with the interatomic distances. By default,
only residues close to the metal are shown, but the rest of
the protein can be displayed in a cartoon or stick repre-
sentations to help contextualize the metal binding site.
All of the NGL viewer controls are available, that is, rota-
tion, translation, zooming, panning, etc. To switch
between the different metal binding sites of the protein,
one may either click on the site ID in the site list or select
the site in the in-display menu.

2.1 | CMM input data

Structures that the PDB has released can be analyzed by
providing their PDB ID. All the relevant files, such as
structure factors and electron density maps, are automati-
cally loaded if available. As previously, structures with
metals can be uploaded, but the present CMM version
allows electron density maps to be uploaded as well,
including anomalous difference maps. CMM can now
model and refine x-ray structures using uploaded struc-
ture factor data. Some structural models deposited before
2007 and structures determined with methods other than
x-ray/neutron diffraction do not have structure factor
files; thus, maps and refinement are not available.

2.2 | Modeling and refinement

There are many reasons a metal binding site may be sub-
optimal, and some, such as poor density of the map, can-
not be remedied. However, previous experience shows
that cognitive bias frequently influences modeling deci-
sions. One result of cognitive bias influencing modeling
decisions was exemplified when we encountered exam-
ples where another metal ion in the crystallization solu-
tion should be clearly placed into the model. When
validation parameters or the difference map for a particu-
lar metal-binding site are questionable, then the assign-
ment of the metal should be considered in detail. CMM
provides a mechanism to check a model containing an
alternative metal for one or more metal binding sites.

One of the most significant improvements to CMM is
the introduction of modeling and on-the-fly refinement
functionality in REFMAC5 (Kovalevskiy et al., 2016;
Murshudov et al., 2011). Switching to the modeling mod-
ule of CMM changes the central table (Figure 3b) func-
tionality. Within the modeling module, each metal
binding site is listed as a table row, but the validation
information is replaced with information and possible
options for altering the model. A ranked list of suggested
metals is provided for each metal site, along with the
score calculated for each alternative metal. These rank-
ings are a simple sum of the score for each parameter,
with Acceptable parameters having weight two times
higher than Borderline parameters. Obviously, this should
be considered as rough approximations to guide the order
of a more thorough analysis.

x-Ray PDB deposits contain a free-form text field with
author-specified crystallization conditions, but this infor-
mation is missing for 12% of all structures containing
metals. Metals present in the crystallization conditions
will be underlined in the list of alternative metals. CMM
looks for keywords describing metals (i.e., Na+, sodium,
Na2SO4) in “REMARK 280” records to get information
about possible metals. However, the conditions listed in
the deposit may not list all metal ions. Similarly, ions
introduced before the crystallization experiment may be
bound to the macromolecule. For example, many struc-
tures do not mention the solution the protein is stored in
before setting up drops, and the counter ion used to
adjust the pH of buffers is often omitted. Suppose that a
protein was stored in a solution containing sodium chlo-
ride. In that case, sodium may be bound to the protein
even if it is not explicitly declared to be in the crystalliza-
tion solution. Some of the missing crystallization infor-
mation may be present in the publication. Thus, the ions
CMM underlines should have priority, but other ions
should also be considered. Similarly, some metals from
the endogenous source may be tightly bound to the pro-
tein and thus present in the structure.

FIGURE 2 Distribution of the valence parameter for Zn

binding sites in PDB deposits of proteins with resolution better

than 1.5 Å derived from x-ray and neutron diffraction only. The

acceptable (79%), borderline (14%), and dubious (7%) cases are

shown in green, yellow, and red, respectively. The intervals are

defined according to data in Table 1.
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FIGURE 3 Legend on next page.
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Each metal binding site in the table has options for
model generation with alternative metals. An option to
set the occupancy of the metal ion to one is present and
selected by default. A new model can be generated using
a simple metal substitution. For simple substitutions,
some parameters, such as the B-factors, will stay the
same. However, since different metals have different pre-
ferred geometry and atomic contacts, changes to the
other parameters should be inspected.

Crystallographic refinement always incorporates con-
straints on bond lengths and angles, and a simple substi-
tution model is always suboptimal. To circumvent this
limitation, CMM uses REFMAC5 (Brown et al., 2015) to
refine the model with an alternative metal. For each site,
the “Radius of refinement” is the radius of the sphere of
residues allowed to move during refinement. For
instance, if the radius is set to 1 Å, then the only atom
permitted to move during refinement will be the metal
ion itself. “Radius of refinement” selection roughly corre-
sponds to the metal itself, the first coordination sphere,
the second coordination sphere, and larger. Limiting the
movable region can prevent refinement from uninten-
tionally changing distant parts of the macromolecule.
Files downloaded from CMM should be treated by a few
cycles of refinement using an appropriate refinement pro-
tocol (Shabalin et al., 2018).

The refinement module allows for interactive model-
ing of metal ions and fast evaluation of how the selected
changes alter each parameter and affect the electron den-
sity maps, especially the difference map. This type of
analysis is especially important for substitutions that
have similar binding site geometry yet differ in the num-
ber of electrons, that is, Na+ and Ca2+.

Within the PDB, some metals have been modeled
with an occupancy of less than one, indicating that only
a fraction of the metal-binding sites within the crystal lat-
tice is occupied. However, it seems that sometimes the
occupancy of such metals has been refined to account for
peaks in the difference map resulting from metal misi-
dentification. Thus, CMM provides an option to set the
occupancy to one when checking alternate metals.

After refinement, CMM returns to the validation
module. The maps resulting from refinement are shown
in the molecular display window. The graphs of the

distribution of atomic distances represent the new metal,
and the validation color-coding represents the refined
structural model.

2.3 | Testing of CMM functionalities

To thoroughly test the new CMM methodology and func-
tionalities, we performed various checks of metal-
containing structures downloaded from the PDB. Out of
�62,000 PDB deposits downloaded from the PDB in April
2022, only 22,270 were selected for the final test. We
eliminated deposits that (1) did not have structure fac-
tors, (2) contained metal ions that were in contact with
fewer than two residues that were not water, (3) had res-
olution worse than 2.0 Å, and (4) belonged to the so-
called group depositions, like PanDDA structures
(Jaskolski et al., 2022). In cases when the same macro-
molecule had more than one deposit, all deposits were
checked independently. Only the last version was consid-
ered when the deposit had several versions (wwPDB
consortium, 2019). Figure 4 shows examples of cases that
satisfy the above criteria (Figure 4a–c) and those
excluded from further analyses (Figure 4d–f). For exam-
ple, Figure 4d shows a metal that is not bound to any
macromolecule residue, Figure 4e shows no electron den-
sity around the Zn metal and is a PanDDA structure, and
Figure 4f has a resolution too poor to use as a test case.

In this set of 22,270 structures, we scrutinized struc-
tures that had obvious issues related to metal ion binding
sites. We first checked if the use of alternative metals
could fit and produce better validation parameters, start-
ing with the metals at the top of the ranked metal list
(Figure 3b). We simultaneously examined the difference
electron density map at the binding site. Clearly, it is
impossible to examine 22,270 cases visually, so we used
the program MAPMAN (Kleywegt & Jones, 1996) to
obtain the electron density value of the difference map
within 1.4 Å from the metal center. Whenever there was
a significant difference map around such metal, we
examined the possibility of alternate metals occupying
the site. Last, we look carefully into the metals listed in
the crystallization conditions. For many of these metals,
we performed refinement and validation once again.

FIGURE 3 New functionalities of CMM. (a) The CMM validation analysis after uploading a structural model. On the top, a user can

switch between the validation and model modules. Below is a table with parameters per each metal binding site. The NGL viewer renders

the view of the selected metal binding site. The distribution of distances between metal and binding atoms is shown on the right side. Under

the viewer window, the crystallization conditions are displayed, if available. (b) In the model tab, the ranking of alternative metal ions is

presented for each metal binding site. Metal ions reported in crystallization conditions are underlined, and the currently modeled ion is in

bold. For each metal binding site, a user can change the metal ion, adjust the radius of refinement, change the occupancy, and apply all

these changes with or without structure refinement.
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3 | ACCOUNTS, SECURITY, AND
DATA PRIVACY

CMM has no accounting system; all uploaded data
become inaccessible when the application window is
closed. The only information collected for statistical pur-
poses is the internet address and the country where the
IP address is registered. Only the Virtual Private Network
(VPN) provider's IP address is collected when data come
through a VPN. As with any other method, the lack of an
accounting system has its negatives. The most inconve-
nient aspect is that users cannot save sessions and return
to previous results. The advantage of this system is the
security of data submitted by scientists using CMM.
According to majority of users, the advantages of the lack
of an accounting system outweigh the disadvantages. Bug
reports and suggestions for new functionalities are han-
dled by a sophisticated system that tracks user submitted
comments, requests, program inconsistencies, and errors.
The list of reported errors is permanent, visible to any-
body, and shows the delay between report and correction
of the application. Such an implementation allows

inspection of previous error submissions and makes new
submission in the context of entire effort necessary to
keep CMM and any other web application alive. Bug
reports, but not requests for new functionality, can be
filed anonymously.

3.1 | Applications and examples

In this section, we discuss the analysis of PDB 1PVF in
CMM to show the new functionalities. More examples
can be found in “Help and Examples” on the CMM
web page.

3.2 | 1PVF

The 1PVF deposit is an isopentenyl diphosphate:
dimethylallyl diphosphate isomerase in complex with
pyrophosphate PPi (residue name DPO). Frequently,
magnesium ions are modeled near PPi, ATP, or ADP to
compensate for the significant negative charge around

FIGURE 4 Examples of metal binding sites included (a-c) and excluded (d-f) from the test set of structures. (a) 1PJ5, (b) 7ESB,

(c) 1HN4, (d) 1G8H (metal not bound to the protein), (e) 5R66 (no density for Zn, PanDDA structure (Jaskolski et al., 2022)), (f) 1AON (poor

resolution, 3.0 Å)
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the protein. The 1PVF structure has four metal ion bind-
ing sites. Two of these sites have magnesium ions in con-
tact with PPi. The previous version of CMM suggested
that magnesium is a good choice for these metal sites;
however, the new version of CMM reveals these metal
sites have significant positive density in the difference
maps around the magnesium, which suggests that these
sites contain a metal ion with more electrons. In the
ranked list of possible alternative metals, manganese has
the same score as magnesium, and MnCl2 is reported in
the crystallization conditions. Examination of the
manganese-containing model (alternate) shows that it
has equally good geometrical validation scores. After
modeling and refinement, the geometrical parameters
were still good (Table 2) and the positive density in the
difference map had vanished as presented in Figure 5.

4 | CONCLUSIONS

CMM is particularly useful when the experimenter works
on structure determination and refinement, that is, when
experimental data are already collected. One must realize
that identification of metal ions bound to protein/present
in a crystal structure should be initiated during the exper-
iment planning and continue during sample preparation,
diffraction experiment, structure determination, valida-
tion, and analysis. Thus, the expression and purification
of metal-containing proteins, handling of metals with
more than one oxidation state, and crystallization are
essential for studying the metal active site. For example,
the pH of the crystallization solution influences the bind-
ing properties of many amino acids in the metal binding
environment. It was shown that histidine's protonation
state and conformation induced by pH changes the geom-
etry of the main zinc-binding site in albumin, which is
responsible for transporting 98% of Zn2+ in mammalian
blood plasma (Handing et al., 2016).

The selection of a tunable synchrotron beamline for
the diffraction experiment allows for almost unambigu-
ous identification of metal ions. Collecting two diffraction
data sets, one above and one below a metal absorption
edge, can confirm the metal's identity and location. The
presence of an anomalous signal above the edge and the
absence of a signal below the edge confirm the identity of
the metal. Two wavelength experiments for zinc or cobalt
are straightforward for most tunable synchrotron sta-
tions, which usually operate in the range of 0.8–2.3 Å.
The absorption edges for zinc and cobalt are 9.6586 keV
(1.2837 Å) and 7.7089 (1.6083 Å), respectively. However,
experiments with long wavelengths are tricky because of
the high x-ray absorption by the air. Many experiments
are performed on fixed wavelength beamlines or home T
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sources (in 2021, approximately 10% of deposits came
from the data collected at home sources). For single
wavelength experiments, the new version of CMM is an
extremely valuable tool that allows checking the correct-
ness of the metal identification and provides the ability to
model alternate metals and perform simple refinement
within the same web application.

Researchers modeling metal sites in macromolecules
can only benefit from checking the quality of metal bind-
ing using CMM. However, the models coming from
CMM will almost certainly need additional rounds of
refinement before the structure is deposited in the PDB,
especially if refinement in CMM has been performed
with only a portion of the structure. The refinement per-
formed in CMM uses many default parameters, and
researchers are encouraged to use their preferred refine-
ment protocols (Shabalin et al., 2018). Optimal refine-
ment protocols can have a significant impact on the
quality of the structure. Modeling metal binding sites can
be difficult because they lie at the interface of organic
and inorganic chemistry. The motivation behind the fur-
ther development of this already very popular web appli-
cation is the recognition that “good enough” is not good
enough to improve the reproducibility of biomedical
research.

5 | MATERIALS AND METHODS

The server has been implemented using the CakePHP
4 framework. Electron density maps are generated from
structure factors using the FFT program from CCP4
(Winn et al., 2011) using a grid sampled at 1/2.5 of the
maximum resolution. The refinement is performed using
REFMAC5 (Murshudov et al., 2011; Nicholls, 2017). The
interactive parts of the website (project editing and view-
ing) are built using the JavaScript framework. CMM uses
the NGL viewer for displaying models and electron

density maps. CMM is currently optimized for desktop
presentation and has been tested on current versions of
Google Chrome (on Linux, Windows, and macOS),
Mozilla Firefox (on Linux, Windows, and MacOS), Micro-
soft Edge (on Windows), and Apple Safari (on MacOS).
The CMM application is currently being transferred to
the Django framework, allowing for new, better
functionalities.
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magnesium ion with significant density

in difference map. (b) After modeling

with manganese and refinement, there

is no density in the difference map.
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