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Figure from :
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Definition of pKa

Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 
2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z
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Definition of ΔpKa

Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 
2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z

If the protein stabilizes state A– more than state AH, 
ΔpKa is negative and the pKa will decrease.

If the protein stabilizes state AH more than state A–, 
ΔpKa is positive and the pKa will increase.

Will it increase 
enough to change the 
protonation state at 
physiological pH ?

pKa of residue 
i in the protein

Standard pKa of 
residue in water

pKa shift for residue i due 
to the protein environment

The direction of the 
pKa shift depends on 
whether it is A– or 
AH that increases its 
stability the most by 
being in the protein.
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Based on a figure from :
R. Lonsdale, J. N. Harvey, and A. J. Mulholland. 
2012. Chem. Soc. Rev. 41, 3025-3038
http://dx.doi.org/10.1039/C2CS15297E

−

+

−

−

+

−

ΔpKa < 0
(The pKa decreases.)

ΔpKa < 0
(The pKa decreases.)

ΔpKa > 0
(The pKa increases.)



How is the ΔpKa estimated in PROPKA?

Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z

Charge-charge interactions 
with other residues

Loss of solvation 
caused by protein

Intrinsic electrostatics (interactions 
with surrounding polar groups)

Screened Coulomb interaction

Hydrogen bonding with 
neighbouring residues

Rule to 
assign the 
sign of the 
interaction

Effective 
dielectric 
constant

Buried 
ratio

Distance-dependent weight function (makes the 
screened interaction constant for r < rmin, and 
pure Coulomb for r > rmax)

Influence of 
buried ratio

θ is the donor-hydrogen-acceptor angle. 
For freely rotating donor-hydrogen bonds, 
cos θ is set to 1.

Penalty for "reverse" 
hydrogen bonds



How is the ΔpKa estimated in PROPKA?

Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z



How accurate are the ΔpKa estimates from 
PROPKA?

Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z



Reference :
M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski & J. H. Jensen. 2011. J. Chem. Theory Comput. 7, 525–537.
http://dx.doi.org/10.1021/ct100578z

scary…

How accurate are the ΔpKa estimates from 
PROPKA?





Reference :
V. B. Chen et al. 2010. Acta Cryst. D66, 12–21. http://dx.doi.org/10.1107/S0907444909042073 

MolProbity: all-atom 
structure validation 
for macromolecular 
crystallography 

automated correction of Asn/Gln/His 180! flips if needed
(Word, Lovell, Richardson et al., 1999).

The user then chooses which validation analyses to run and
what reports and output files to generate. The MolProbity
interface adjusts the defaults and options presented and even
the page flow depending on user choices and on the properties
of the file being worked on. These adjustments make
MolProbity simple for novice users, while at the same time
allowing advanced users to have great control over their runs.
The core ‘glue’ that generates the HMTL code controlling
the main user interface and programmatic interactions of
MolProbity is implemented in the PHP programming
language. Underlying the PHP core, the majority of the
analysis tasks in MolProbity are performed by individual
programs written in a range of languages, including C, C++,
Java and Perl. It uses REDUCE and PROBE for all-atom
contact analysis, RAMALYZE, ROTALYZE, DANGLE,

SILK and SUITENAME for other criteria and KiNG for
three-dimensional visualization of the structure and its vali-
dation markers directly in the browser. Fig. 1 shows a key to
MolProbity’s graphical markers for validation outliers.
Further details are provided below on the specific analyses
that MolProbity can perform. The validation results are
reported in the form of summaries, charts, two-dimensional
and three-dimensional graphics and output files for download.

The crucial final step in the MolProbity process is for the
crystallographer to download the result files and work off-line
to correct as many of the diagnosed problems as feasible.
Rebuilding with consideration of the validation outliers, the
electron density and the surrounding model is usually per-
formed either in Coot (Emsley & Cowtan, 2004) or in KiNG
(Chen et al., 2009). At resolutions of about 2.5 Å or better it is
possible to correct the great majority of outliers (Arendall
et al., 2005), with an order-of-magnitude improvement in
the various MolProbity scores and some improvement in
geometry, map quality, R factor and Rfree. An example is
shown in Fig. 2 with before-and-after multi-criterion kine-
mages.

2. Validation analyses

2.1. Addition of H atoms

The presence of H atoms (both nonpolar and polar) is a
critical prerequisite for all-atom contact analysis. Although
refinement using H atoms is becoming more common, most
crystal structures are still deposited without H atoms. Once a
PDB structure file has been uploaded, MolProbity detects
whether the file contains a suitable number of H atoms; if not,
then the ‘Add H atoms’ option is presented to users first.
MolProbity uses the software REDUCE (Word, Lovell,
Richardson et al., 1999) to add and optimize hydrogen posi-
tions in both protein and nucleic acid structures, including
ligands, but does not add explicit H atoms to waters. OH, SH
and NH3 groups (but not methyl groups) are rotationally
optimized and His protonation is chosen within each local
hydrogen-bond network, including interactions with the first
shell of explicit waters.

A common problem is that the side-chain ends of Asn, Gln
and His are easily fitted 180! backwards, since the electron
density alone cannot usually distinguish the correct choice of
orientation. REDUCE can automatically diagnose and correct
these types of systematic errors by considering all-atom steric
overlaps as well as hydrogen bonding within each local
network. Automatic correction of Asn/Gln/His flips is the
default option in MolProbity during addition of H atoms.
MolProbity presents each potential flip correction to the user
in kinemage view so they have the option of inspecting
the before-and-after effects of each flip and approving (or
rejecting) each correction. Fig. 3 shows an example of a simple
Gln flip that is unquestionably correct but that could not have
been decided on the basis of hydrogen bonding alone. Other
examples can be much more complex, with rotatable OH
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Figure 1
An outlier legend, showing each symbol used in a MolProbity multi-
criterion kinemage and illustrating the relationship of the three types of
all-atom contact to the atomic van der Waals (vdW) surfaces (spheres of
small gray dots). The symbols for favorable hydrogen bonds and vdW
contacts are included for completeness, as well as the hot-pink spikes of a
clash outlier. A C! deviation of #0.25 Å is shown as a magenta ball
centered on the ideal C! position and tangent to the modeled position.
Bad rotamers are shown as gold side chains and Ramachandran outliers
as heavy green lines to the midpoints of the two peptides. Bond-angle
outliers are indicated by a fan of lines from the ideal to the modeled bond
(red if wide, blue if narrow). Bond-length outliers are indicated as
stretched (red) or compressed (blue) springs. A suspicious ribose pucker
is diagnosed by the perpendicular distance from the 30 (following)
phosphate to the line of the glycosidic C10—N1/9 bond and is flagged by a
representation of that construction (in magenta if too short, as here, and
in purple if too long).

Detects:
• atomic clashes
• favorable hydrogen bonds and van der 

Waals (vdW) contacts
• Cβ deviations and bad rotamers
• Ramachandran outliers (φ,ψ)
• Bond-angle and bond-length outliers
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• peptide bonds are planar due to their partial double bond character 
• planes are formed from the backbone carbonyl oxygen to the backbone 
amino hydrogen in each peptide subunit (residue) 

• rotations of these planar groups are allowed 
• rotations occur around the N-Cα and Cα-C’ bonds; these bond angles are 
called Φ and Ψ, respectively, and are also known as dihedral angles 

• due to steric hindrances caused by bulky R groups, the extents of rotations 
around Φ and Ψ are limited according to the amino acid composition of the 
polypeptide

‘

The	Peptide	Bond:	Dihedral	Angles



Dihedral	Angles	–	Another	View	of	Φ,	Ψ,	and	ω		

N-TERMINUS

C-TERMINUS

• a	fully	extended	polypeptide	has	Φ	=	Ψ	=	ω	=	180°	
• due	to	a	steric	clash	between	the	backbone	carbonyl	oxygen	and	
the	amino	hydrogen,	Φ	=	Ψ	=	0°	is	forbidden
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Ramachandran	Plots
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Ramachandran	Plot	of	fatty	acyl-CoA	ligase.	
The	black	dots	represent	individual	amino	acid	
residues	in	the	protein.	The	red	regions	are	
know	as	‘core’	or	‘favoured’	regions.	The	dark	
yellow	regions	are	‘allowed’.	The	light	yellow	
regions	are	‘generous’.	Residues	outside	these	
regions	are	‘disallowed’,	and	are	likely	in	an	
atypical	local	geometry,	or	indicate	a	problem	
with	the	protein	structure.

•Ramachandran	plots	are	a	
convenient	way	to	visualize	the	
distribution	of	backbone	Φ	and	Ψ	
angles	for	all	residues	in	a	protein 

• the	angles	on	each	axis	vary	from	
-180o	to	+180o	;	since	these	angles	
are	equivalent,	the	plots	are	
continuous 

•where	a	particular	residue	is	allowed	
depends	on	its	identity:	Ala	residues,	
for	example,	are	found	mostly	in	the	
upper-left	quadrant	and	mid-left	
regions;	Gly	residues,	due	to	higher	
backbone	flexibility,	are	allowed	in	
all	four	quadrants;	Pro	residues,	due	
to	their	constrained	nature,	are	
found	along	Φ	=	-60o.



Ala Gly

Ramachandran	Plots
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Reference :
V. B. Chen et al. 2010. Acta Cryst. D66, 12–21. http://dx.doi.org/10.1107/S0907444909042073 

The C! atom is where local problems with backbone or side-
chain fitting must be reconciled. This affects the bond angles
or improper dihedrals that define the C" position, but can be
manifested in almost any combination of those individual
parameters. Therefore, MolProbity evaluates the resulting
overall distortion of the C" position from ideality, called the
C" deviation (Lovell et al., 2003). Residues with a C" deviation
of!0.25 Å are flagged in the chart and shown in the kinemage
as a magenta ball centered on the ideal position (calculated
from the backbone coordinates and allowing for changes in
the # angle) and tangent to the modeled position (Fig. 1), since
we have found that values of !0.25 Å are very often corre-
lated with some form of local misfitting. Fig. 5(b) shows a
separate plot produced for all the C" deviation values in a
structure, shown relative to the ideal C" position. The Leu and
Trp C" outliers in each chain form a tight turn with a suspi-
cious peptide orientation and eight other outliers and so must
represent some form of misfitting.

2.5. Nucleic acid analyses

Nucleic acids are treatable equivalently to proteins for all-
atom contacts and clashscore and for bond-length and bond-
angle analyses, as long as the correct parameter sets are used.
Both DNA and RNA show more non-uniform distribution of
local problems than do proteins, with the bases and phos-
phates located well and the rest of the sugar-phosphate
backbone very prone to errors (Word, Lovell, Richardson et
al., 1999; Murray et al., 2003), since it has many torsion vari-
ables and rather indistinct electron density at moderate
resolutions. All-atom contacts are very helpful in diagnosing

backbone misfitting, especially for RNA structures, which are
rapidly gaining biological interest and structural attention.

In addition, MolProbity now includes diagnosis of suspect
ribose puckers and torsion-angle analysis of preferred RNA
backbone conformers. We have found that the dominant
C30-endo and C20-endo sugar puckers are highly correlated to
the perpendicular distance between the C10–N1/9 glycosidic
bond vector and the following (30) phosphate: >2.9 Å for
C30-endo and <2.9 Å for C20-endo. MolProbity checks this
distance against the modeled sugar pucker, as well as outliers
in individual " or $ values. All such outliers are listed in the
multi-chart and ribose-pucker outliers are flagged in the
kinemage (Fig. 1). An example is shown in Fig. 6, where what
should have been a C20-endo pucker (by the short perpendi-
cular) was fitted as an intermediate unfavorable pucker close
to the more common default C30-endo pucker, also producing
geometry and " outliers.

High-dimensional analysis of the combinations of backbone
torsion angles within an RNA ‘suite’ (the unit from sugar to
sugar) has shown that there are distinct ‘rotameric’ backbone
conformers. The RNA Ontology Consortium has defined a
two-character nomenclature and an initial set of 54 favorable
RNA backbone conformers (Richardson et al., 2008). We
created the SUITENAME program to identify either the
named conformer or an outlier for each suite in an RNA
structure. These conformers and their ‘suiteness’ quality score
are listed in the MolProbity multi-chart.

2.6. The overall MolProbity score

In response to user demand, the ‘MolProbity score’
provides a single number that represents the central Mol-
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Figure 5
The general case Ramachandran kinemage and the C" deviation kinemage for file 2dq4. In (a) the ’,  values for each residue are plotted on a
background of the smoothed contours from high-quality data (see text). Over 98% lie inside the inner ‘favored’ 98% contour, but there are seven outliers
outside the outer 99.95% contour. Gly, Pro and pre-Pro residues are on separate plots (not shown). In (b) the C" deviation kinemage shows each
residue’s C" position relative to an ideal C" and its three bond vectors (gray lines). Circles mark the deviation distances, with the yellow circle at the
0.25 Å cutoff for outliers. Most of the distribution is good, but an adjacent Leu and Trp in each chain (labeled) are part of an outlier cluster and probably
reflect distortions caused by a local fitting problem.

MolProbity: all-atom structure validation 
for macromolecular crystallography 


