Chapter 25

Validation of Protein—Ligand Crystal
Structure Models: Small Molecule and Peptide Ligands
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Abstract

Models of target proteins in complex with small molecule ligands or peptide ligands are of significant interest
to the biomedical research community. Structure-guided lead discovery and structure-based drug design
make extensive use of such models. The bound ligands comprise only a small fraction of the total X-ray scat-
tering mass, and therefore particular care must be taken to properly validate the atomic model of the ligand
as experimental data can often be scarce. The ligand model must be validated against both the primary experi-
mental data and the local environment, specifically: (1) the primary evidence in the form of the electron
density, (2) examined for reasonable stereochemistry, and (3) the chemical plausibility of the binding interac-
tions must be inspected. Tools that assist the researcher in the validation process are presented.
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1 Introduction

Accurate atomic models of protein—ligand complexes, as deposited
in the Protein Data Bank (PDB [1]), are essential for many com-
putational methods including ligand docking and structure-based
drug design [2—4]. Rigorous validation of the quality of the atomic
model is vital to ensure that these computational methods produce
meaningful results [5-8].

Bound ligands, primarily small molecules and short peptides,
DNA fragments, or related analogues, have a small mass relative to
the protein target, and hence make proportionally minor contribu-
tion to the net X-ray scattering intensities. Global reciprocal space
statistics, or indicators such as the often cited R-values, therefore
contain little information specific to the ligand. Additionally, over-
all real space measures such as r.m.s. deviations (RMSD) from tar-
get values, particularly for bond lengths and bond angles, are also
often quoted for the structure as a whole, and generally do not
specifically reflect the quality of the ligand. Furthermore, ligands
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bound to a protein are susceptible to a whole host of complicating
factors including partial occupancies, enhanced mobility, confor-
mational flexibility, and poor protein stability [9]. All of these fac-
tors act to further reduce the discrete scattering contributions of
the ligand. It is therefore necessary to conduct a careful inspection
of the ligand at the local level using real space quality indicators.
The primary evaluation criteria that should be inspected include:

e The fit of the ligand model to the primary data in the form of
the electron density.

e The compliance of the ligand model with prior expectations of
reasonable stereochemistry.

e DPlausible chemistry within the ligand—protein binding site
interactions.

The ability to conduct strict evidence-based validation has
revealed a number of instances in which ligands purportedly bound
to a target protein are insufficiently supported by the primary evi-
dence (i.e., electron density) [7, 10]. Although there may be other
lines of supporting evidence (e.g., biochemical data, database
annotations, functional assignments, and protein fold) for the
binding of a particular ligand to the protein under study, it is essen-
tial to ensure that the placement and conformation (i.e., the pose)
of any ligand in a structure model is supported by the electron
density. Furthermore, it is essential that the ligand (and the protein
environment to which it binds) adhere to well established guide-
lines of plausible stereochemistry, and suggest meaningful ligand—
protein contacts.

Occasionally the quality of the electron density does not allow
complete determination of the specific ligand pose, while the pres-
ence of some bound chemical entity (frequently disordered) is evi-
dent. There is currently no consensus within the structural biology
community on how such cases should be described when deposit-
ing a structural model in the PDB. Therefore, without the context
of the electron density, one should be aware of possible over-
interpretation of ligands found in deposited structures.

2 Examination Against the Primary Evidence

The primary evidence supporting the atomic model of a crystal
structure is the electron density. The electron density is obtained
via Fourier reconstruction from the diffraction data (several tens to
hundreds of thousands of X-ray reflection intensities) and the
phase angle of each reflection [11, 12].

It is often the case that experimental phases are not used when
solving the structure of a protein in complex with a small molecule
or peptide ligand. In many cases the preferred method is Molecular
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Replacement (MR) in which the structure of an apo-protein is placed
in the crystal structure [13, 14]. These MR techniques are tradition-
ally followed by manual adjustments of the model using local real
space refinement on a graphics workstation and further rounds of
computational reciprocal space refinement against the experimental
diffraction data. While the traditional electron density maps obtained
by this process (e.g., 2mF,— DF,) are inherently biased, difference
electron density maps (e.g., mF,— DF,) are almost always sufficiently
clear to indicate both the presence and location of a bona fide ligand.
Therefore, it is essential that difference electron density maps, spe-
cifically those calculated with the ligand omitted from the model, are
consulted during the model building and ligand validation
procedure.

Display programs such as COOT [8, 15] or PyMol [16] allow for
the downloading of all the necessary data for electron density
reconstruction from data repositories and web sites such as the
wwPDB [17], PDB_REDO [18, 19], or EDS [20]. The data
downloaded from these sites contains the appropriately weighted
structure factor amplitudes and phases for each observed X-ray
reflection. The reconstructed electron density is displayed together
with the atom positions recorded in the associated model file, iden-
tified with a unique, 4-symbol PDB ID. The electron density is
generally displayed as a three-dimensional contour map of density
values, scaled in levels of standard deviations (sigma, o) from the
electron density mean. The standard 2mFE,— DF. map (Fig. 1) is
reconstructed from maximum likelihood coefficients obtained dur-
ing global reciprocal space maximum posterior refinement of the
model against the diffraction data [10, 22].

The fit of the model to the electron density is quantified by the
Real Space Correlation Coefticient (RSCC) [23], the Real Space
R-Value (RSR) [24], or more complex composite measures such as
the Local Ligand Density Fit (LLDF) [19], just to mention a few.
These values can be calculated on a local, per-residue basis, and can
be obtained from the PDB validation report (http://wwpdb-
validation.wwpdb.org/validservice). Additionally, many of these
real space values can be displayed on a per-residue basis in COOT.
Many software packages are available to assist the researcher in the
analysis of the real space fit of the ligand to the electron density and
several are highlighted in Table 1.

The main output of most real space fit algorithms is a metric
that reflects the fit of the model to the electron density. For exam-
ple, a perfect fit of the model to the electron density would result
in an RSCC of 1.0, and values between 0.8 and 1.0 are commonly
considered as good. The lower the RSCC, the more uncertainty in
the positioning of the model with respect to the electron density.
The RSR value is somewhat scale dependent [23], and in an
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Table 1
Protein-ligand validation software

Package Description URL Reference

Twilight Small molecule and peptide ligand ~ http://bit.ly/1shcwu4 [7,10,21]
validation

cooT Molecular graphics package for http:/ /bit.ly/1wJNWBy [8,15]
model building and validation

MolProbity All atom clash scores and other http://bit.ly/1lo1PuHW [25]
validation statistics

VHELIBS Fit of ligands and binding sites http://bit.ly /1t5szx] [26]

ValLigyURL server Compare conformations of ligands http://bit.ly /1v80yoS [27]
in the PDB

MotiveValidator and Interactive web-based validation of http://bit.ly/1tNd7Vs [28]

ValidatorDB ligands and residues

PDB_REDO Updated and optimized X-ray http://bit.ly/1pVYQQA [18,19]
structure models and maps

wwPDB wwPDB Validation Server http://bit.ly/1xdfoZN and [19]

http://bit.ly/1silZeL

PRIVATEER Checks glycan nomenclature and ~ http://bit.ly/1Rc6C5e [29]
stereochemistry

LIGPLOT Ligand—protein interaction http://bit.ly/1qwZ7cS [30]
diagrams

EDS Electron density server http://bit.ly/1Ddnlkg [20]

EDSTATS Statistical quality indicators of http://bit.ly/1xvOVI8 [23, 31]
electron density maps

OVERLAPMAP  Average of two maps http://bit.ly/ZZUSk3 [32]

BUSTER-TNT Refinement of proteins and ligands http://bit.ly/1w8NX1Q [33]

WHAT_IF Protein and ligand verification http://bit.ly/1F0j19Y [31]

WHAT CHECK

tools

2.3 Difference and
Omit Electron Density
Maps

attempt to overcome this issue, the associated measure used by the
PDB, the RSRZ value, is a normalized statistic that quantifies how
many standard deviations a particular residue deviates from the
mean electron density fit. Figure 1 illustrates how the RSCC is
generally better for high resolution data and lower B-factors of the
ligand (specifically Occupancy Weight Adjusted B-factors; OWAB,
as detailed in Fig. 1).

Difference electron density maps are essential for the full and accu-
rate validation of any protein—ligand model. A typical difference
electron density map, with coefficients of mF,— DF,, can be simul-
taneously displayed with a traditional 2mFE,— DF. map using pro-
grams like COOT. Difference electron density maps reveal positive
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Fig. 1 (a) Real Space Correlation Coefficient (RSCC) and typical electron density in relation to (b) resolution and
occupancy weighted B-factor (OWAB). In general, the higher the resolution of the data and the lower the B-factors
of the ligand, the better the fit of the ligand model to the electron density. Data points are shown in each plot for
adenosine triphosphate (ATP) bound structures deposited in the PDB (c—€). RSCC is a metric used to determine
the local measure of ligand fit to the electron density and OWAB is a local measure of the displacement of the
atoms of the ligand. RSCC and OWAB values were calculated using Twilight [10, 21]. These plots demonstrate
how the Jocal RSCC and OWAB metrics of the ligand depend closely on global metrics such as the resolution of
the diffraction data. The ATP is shown as sticks (c—e) and the maximum likelihood 2mF,— DF; electron density
map is shown as a grey mesh contoured at 2. Reproduced with permission from [5]

difference density where parts of the ligand model are missing, and
negative difference density where the ligand model is present but is
not supported by electron density.

Omit difference electron maps are a second type of difference
electron density map that can be calculated as a powerful validation
of ligand presence. In fact, the most definitive proof positive for
ligand density is obtained through inspection of positive omit differ-
ence maps. These omit electron density maps are obtained by refine-
ment of the model sans the part to be examined, i.e., without
including the ligand in question in the refinement. If the data are
obtained from a crystal structure with the ligand present, strong posi-
tive difference density, in the shape of the ligand, will be present.

Omit difference maps are not directly available from public
databases, and therefore need to be generated for each specific pro-
tein—ligand complex. While there is nothing particularly difficult
about this process, it does require general knowledge of file for-
mats and crystallographic software. The ligand in question is first
deleted from the structural model, either by editing the PDB file
directly or by using model editing tools available in COOT and
PyMol. The resulting ligand-free model is then subjected to a cycle
of standard crystallographic refinement. For thorough examina-
tion, and to confirm that the difference electron density for the
ligand in question is robustly reproduced, it is recommended to
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2.4 Model Bias

2.5 Incomplete
Ligand Models

employ multiple refinement programs (e.g., REFMAC [34],
phenix.vefine [35], or BUSTER-TNT [33]). All modern crystallo-
graphic refinement programs produce output files that contain
map coefficients suitable for calculation of both standard
2mFE,— DF. maps and mF,— DF, difference maps that can be
directly imported into COOT to display the resulting omit electron
density.

Calculation of difference omit electron density maps is particularly
important for ligand validation due to the phenomenon of model
bias. Traditional electron density maps, as available from public
databases such as EDS and PDB-REDO, are constructed using
phases originating from a model that includes the ligand in ques-
tion. It is therefore not surprising that some spurious electron den-
sity is always present in the model map that may seem to confirm
the presence of the ligand in the structure. Figure 2 illustrates the
phenomenon of model bias by comparing, side-by-side, the elec-
tron density maps from the original PDB deposition (biased
2mF,— DF.map from EDS) with those from corrected sources uti-
lizing difference omits maps (correct mF,— DF, map from PDB_
REDO or BUSTER-TNT).

We define incomplete models as those in which peptides, or any
other small molecules, are enthusiastically modeled beyond what
is clearly traceable in the electron density. Enthusiastic ligand
modeling results in poor quality scores for parts of the ligand, or
of the peptide molecule, that are not correctly modeled. As a
result, local quality scores, which are typically averaged over the
whole ligand, are relatively good, giving the false appearance of
a correct model. Furthermore, overall quality measures of elec-
tron density, such as ligand RSCC, RSR, RSRZ, and the LLDF,
are also artificially lowered by the presence of otherwise correct
regions in the model. In addition, the percentile of Ramachandran
plot outliers [25, 37] can be very low for short peptide ligands.
These examples highlight that the only reliable method for the
validation ofa protein-ligand complex is inspection of the ligand,
on a local basis, and its fit to the electron density. Using these
methods it is possible to determine which parts of the ligand
model are experimentally defined and consistent with the elec-
tron density. It is important to note that limiting the ligand
model to the pieces that are visible in the electron density, while
crystallographically honest and at first glance in the spirit of par-
simony, can lead to incorrect functional assumptions or hypoth-
eses. For example, modeling of only a small portion of a large
peptide ligand (e.g., only five modeled residues of a 33 residue
peptide) will often result in a model requiring independent sup-
porting evidence to determine the correct register of the peptide

[71.
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Fig. 2 Evidence of model bias in electron density maps. Shown are (a) 2mF,— DF;, (b) and (¢) mF, — DF; elec-
tron density maps contoured at 1o (blue) of the same region of a concanavalin A/peptide complex at a resolu-
tion of 1.93 A (PDB ID:1jws) [36]. Electron density maps were calculated by (a) EDS, (b) PDB_REDO and (c)
BUSTER-TNT after refinement of the model with the peptide molecule omitted. The peptide is shown as yellow
sticks and the protein model has been omitted for clarity. Figures were rendered with PyMol [16]. Reproduced

with permission from [7]

3 Examination Against Prior Expectations

3.1 Stereochemical
Restraints

Basic empirical epistemology requires that an atomic model be
examined for agreement with the primary experimental evidence.
Also, it is important that the atomic model be weighted by its com-
pliance with independently acquired prior knowledge; a well-
refined ligand model built into unambiguous electron density will,
in general, exhibit reasonable stereochemistry and plausible ligand—
protein interactions.

Presumptions about correct stereochemistry are incorporated in
maximum posterior refinement in the form of stereochemical
restraints [22, 38]. Stereochemical restraints effectively act as data
points, stabilizing the otherwise underdetermined, or only weekly
over-determined, macromolecular model refinement. The stereo-
chemistry of the ligand is described in a restraint file. The restraint
file contains general well-established information such as the bond
lengths, bond angles, planarity restraints, or preferred torsions of
the ligand. For small molecules and new chemical entities, particu-
lar great care must be taken to ensure that the specific chemistry is
also correctly described, including delocalization, tautomerization,
and charge state. If the restraints for the ligand are incorrectly
described, the crystallographic data, and its contribution to the
refinement target function, may not be strong enough to guide the
correct placement, pose, and stereochemistry of the ligand; in such
cases any resulting deviation from the electron density may not be
evident from analysis of standard real space metrics.

In the case of peptide ligands, backbone torsion angles are not
restrained, and therefore they provide an excellent geometric real
space cross-validation of the model [7]. Peptide ligand models
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that lack good supporting electron density will almost always
refine to implausible high energy conformations; these are easily
detectable as outliers in a Ramachandran plot (Fig. 3). The per-
centile of Ramachandran outliers for peptide ligands is readily
available from PDB validation reports (http://wwpdb-validation.
wwpdb.org/validservice).

Another effective validation tool is to compare the B-factors of
the ligand with those of the protein atoms in the immediate vicin-
ity of the ligand binding site. This can be carried out by inspection
of the model in PyMol or COOT. It is expected that the B-factors
of interacting parts of the ligand and the protein will have similar
B-factors; significant differences may be indicative of partial occu-
pancy or, in some cases, of incorrectly built ligand molecules.

Fig. 3 An improbable peptide ligand. The main panel shows the model of a peptide antigen (ball-and-
stick model) bound to a Fab antibody fragment (thin sticks) (PDB entry 2a6i, chain P, [39]). The positive
mF,— DF, omit difference electron density (calculated with the ligand omitted during maximum likelihood
map calculation) is shown as a green grid contoured at 2.5¢ above the mean density. In this example, the
peptide model should be surrounded by clear positive difference electron density resembling the distinct
shape of the peptide. However, only discontinuous fragments of positive difference electron density are
visible, which can be explained in part by ordered solvent (the round green spheres are typical for water
molecules). In addition to the poor fit to the electron density, the antigen model has a multitude of unrea-
sonably close contacts with the Fab (visualized as red spikes) and has an implausibly high-energy back-
bone conformation as denoted by the backbone torsion angles located in unfavourable regions of the
Ramachandran plot (fop right inserf). The image was prepared using COOT [8] and the mF,— DF, map
reconstructed from maximum likelihood coefficients computed by REFMAC [34]. The backbone torsion
angles and interatomic clashes were calculated using MolProbity [37]. Updated figure with permission
from [40]
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A reasonably placed ligand will have clearly defined interactions with
amino acid residues of the target protein. Common problems include
steric clashes between a poorly placed ligand and the target protein
(Fig. 3), and the absence of sensible contacts between the ligand and
the target.

An all-atom close contact analysis (i.e., clash score) can be
computed using MolProbity and visualized using COOT [37].
The program displays a list of bad atom contacts and a visual dis-
play of dots and spikes representing the contacts. Figure 3 high-
lights the crystal structure of an implausible Fab-Antigen complex
(PDB entry 2a6i, chain P, [39]). In this example, the combina-
tion of poor agreement with the primary evidence (i.e., the elec-
tron density), together with violation of any established prior
expectations, suggests that the presence of the ligand, as mod-
cled, is unlikely.

Some validation programs, notably VHELIBS [26], also evalu-
ate the quality of the interactions in the ligand binding site and rank
the ligand on the basis of these quality scores. A summary of valida-
tion tools is provided in Table 1.

4 Practice of Ligand Evaluation

4.1 Data
and Program Setup

The degree of ligand validation that is required depends on the
context in which the protein—ligand model will be used. For exam-
ple, validation of a protein-ligand structure for use in structure-
based lead discovery will typically require a higher level of scrutiny,
and generally a resolution of around 2 A or better. Conversely, less
scrutiny is required when validating a protein-ligand complex that
is being used to analyze global features of the ligand binding site for
use in techniques such as structure-guided mutagenesis.

Figure 4 summarizes a useful decision tree for ligand inspection
and validation of protein-ligand models. The following steps are a
recommended best practice procedure for ligand validation.

*  Does the selected structure model provide enough detail,
particularly resolution, to serve your interest?

*  Download the full PDB validation report (https://www.ebi.
ac.uk/pdbe/).

*  Download the coordinates and electron density from EDS or
PDB_REDO in COOT. If the electron density is not available,
full validation is not possible.

e Turn on symmetry related atoms.
e  Turn on environment distances.

e Select the ligand and zoom-in. If you need an omit map, pro-
ceed to the next section, otherwise inspect the 2mF, — DF, elec-
tron density.
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Fig. 4 Decision tree for interpretation of crystallographic data and validation of protein—ligand models. A path-
way of recommended examinations starts with the electron density data (fop righf). Important steps include,
(a) validation of the ligand electron density with a particular focus on ensuring the electron density supports
the ligand model, (b) validation of the ligand stereochemistry and confirmation that the ligand model is sup-
ported by prior expectations and (c) validation of the protein and ligand environment and confirmation that the
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Download the coordinates from the PDB (https://www.ebi.
ac.uk/pdbe/).

Download the reflection data from the PDB and convert it to
mtz format using the CCP4i structure factor utilities (http://
www.ccp4.ac.uk /examples /tutorial /html /intro-tutorial.html).

Alternatively, download the mtz file corresponding to the “fully
optimized structure” from PDB_REDO (http://www.cmbi.ru.
nl/PDB_REDO). Another tool for converting experimental data
from the PDB into the proper input format is phenix.cif’_as_mtz
from the PHENIX software package (https://www.phenix-
online.org/documentation /reference /cif_as_mtz.html).

Delete the ligand from the model. This can be done by man-
ually editing the text of the PDB file or by using COOT.
Ligand atom records in the PDB file are identified by
“HETATM?” and the 3-letter ligand identifier. The PDB file
might contain additional LINK/CISPEP records for the
ligand in the header section which also need to be removed.
Atoms belonging to the protein are denoted by lines begin-
ning with “ATOM?”, these lines and the “CRYST1” lines
need to be retained.

Run a single cycle of refinement, with the ligand-omitted
model, as a starting structure. It is often informative to run
several different refinement programs as the results may difter.
REFMAC, phenix.refine and BUSTER-TNT are widely used
crystallographic refinement programs and simple graphical
user interfaces are available for REFMAC (http://ccp4wiki.
org/~ccp4wiki/wiki/index.php?title=Refinement_
with_ REFMACS) and phenix.refine (https://www.phenix-
online.org/documentation/reference /refine_gui.html).

The output mtz file of the refinement procedure contains the
2mF,— DF, omit map (default blue) and mFE,— DF, difference
omit map (green, positive difference density, red negative dif-
terence density) that can be inspected in COOT (https://
www2.mrc-lmb.cam.ac.uk /personal /pemsley/coot/).

Inspect the 2mF,— DEF, electron density. Does the blue grid surround
the model? If not, then it is likely that further validation is required.

Inspect the omit mF,— DEF, difference electron density. Import
the original PDB model and examine the omit difference density
around the ligand molecule. It is common to view the difference
electron density at a 3¢ level. It may be informative to calculate
an omit map after deleting a single protein residue in the binding
site—this will provide a good estimate of the magnitude of the
difference omit density due to bona fide structural elements.

Evaluate how much of the ligand molecule can be clearly
placed within the electron density map. Partial fits are a fairly
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4.4 Environmental
Examination

common situation for peptide ligands, lipid molecules and
glycosylation sites. In these cases, the most plausible explana-
tion for the partial fit to the electron density is disorder in the
ligand, as a result of weak interactions with the protein, or
poor occupancy of the ligand binding site.

Evaluate whether the ligand molecule can be fit into the
electron density in a different orientation or conformation.

Evaluate whether the electron density allows for alternative
explanations. Examples include: (1) strings of structured water
molecules bound to the ligand binding site, (2) components of
the mother liquor or cryo-protectant (e.g., short polyethylene
glycol fragments), and (3) terminal fragments or loop regions
of'a symmetry related protein molecule.

Examine the “residue density fit” graph in COOT, paying par-
ticular attention to the ligand and residues within the ligand
binding site (https://www2.mrc-lmb.cam.ac.uk/Personal /
pemsley/COOT/web/docs/ COOT.html#Validation-Graphs).

Are symmetry-related molecules involved in ligand binding? If
yes, further evaluation using biochemical or biophysical tech-
niques may be required to address if these interactions are real
or crystal packing artifacts.

Are there multiple copies of the same molecule present in the
asymmetric unit (ASU, non-crystallographic symmetry)? If
yes, then all of the ligand binding sites within the ASU should
be examined and validated. Can different conformations or
occupancies of the ligand be explained by nonequivalent envi-
ronments, plasticity, or crystal packing?

Examine the bond distances within the environment of the
ligand binding site. These can be displayed using COOT. Are
the non-covalent interactions plausible?

Compute the clash score via the validation menu in COOT.
Are there any significant clashes between the ligand and the
target protein? Can they be explained or perhaps corrected?

5 Tools

There are several tools available for the validation of ligands
(Table 1). They include standalone programs, server-based
applications on the web, and databases containing collections of
ligands scored by various quality criteria. As always, the quality
and the suitability of a protein-ligand structure for a given pur-
pose is context-sensitive; not every protein-ligand structure is fit
for structure based lead discovery, and not every missing piece of
a ligand is reason for panic. As already mentioned before: trust,
but verify [5].
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6 Outlook and New Techniques

Several recent developments in structural biology, such as ultrafast
electron diffraction (UED), double electron—electron resonance
(DEER), atomic force microscopy, cryo-electron microscopy (cryo-
EM), and X-ray free-electron lasers (XFEL) [41, 42] pose an extra
set of challenges for ligand validation, as they generally produce
structures of lower resolution, typically in the 410 A range. It is
essential that special emphasis be placed on the ligand restraints
that are applied. New hybrid techniques allow probing the dynam-
ics of ligand binding on new timescales, and in the case of XFEL,
analysis of pico- and femto-scale dynamics are possible [43]. Much
of the chemistry, and in particular ligand stereochemistry, is yet to
be explored on such timescales and new definitions of ligand ste-
reochemistry will be required to ensure that accurate restraints are
maintained for structures determined using these techniques.

Structural biology lies at the forefront of biomedical research
and drug discovery and it is essential that the structural biology
community gets serious about effective ligand validation. It
requires effort at all levels to ensure that protein-ligand structures
deposited in the PDB, and used by the scientific community, are of
the highest quality [44]. It is essential that validation methods con-
tinue to evolve and embrace new hybrid techniques. Mandatory
validation efforts and task forces, such as those initiated by the
PDB, will be essential to this effort [19].
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