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been widely used for protein structure validation and model building. Many
Edited by J. Hajdu, Uppsala University, Sweden developments in the field have made it essential to develop a utility to plot
and The European Extreme Light Infrastucture, assorted types of maps for the following specific reasons: (i) to investigate
Czechia different types (Gly, Val/lle, pre/trans/cis-Pro and general) of 2D and 3D maps,
addressing the diverse steric environments and frequency distribution of
conformations, (ii) to examine polypeptides containing non-standard residues,
(iii) for better visualization and analysis of conformational excursions and
transitions in simulation, and (iv) to analyse torsion angles across three rotatable
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supporting information at journals.iucr.org/j accessible online (https:/www.ramplot.in) and offline (via GitHub, https:/
github.com/mayank2801/ramplot and PyPI repository). It serves as a unique tool
to draw and interpret a great variety of Ramachandran maps for natural and
non-standard residues, which is otherwise unfeasible using existing tools and
servers.
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1. Introduction

The Ramachandran (¢, V) steric map, introduced in 1963 by
G. N. Ramachandran and co-workers, has made a significant
impact on our understanding of protein structure and
conformation (Ramachandran et al., 1963; Ramakrishnan &
Ramachandran, 1965; Ramachandran & Sasisekharan, 1968).
The 2D plot of main chain torsion angles, with ¢ on the x axis
and ¥ on the y axis, describes the available conformational
space for proteins in general and residues in particular. Initi-
ally using the van der Waals steric criteria, it was proposed that
there were two distinct types of map, Gly (achiral residue) and
general (representing the remaining chiral residues). Subse-
quently examining the residue-wise population statistics in
protein structures led to the introduction of multiple types of
Ramachandran maps corresponding to the different steric
environments of residues Gly, Val/lle (aliphatic C* branched),
pre-Pro (X-Pro, ie. residue preceding Pro), trans-Pro, cis-Pro
and general (representing the remaining 16 amino acids)
(Chen et al., 2010; Williams et al., 2018).

As the distribution of torsion angles among proteins is not
uniform, Karplus and co-workers proposed yet another type
of 3D map with the z axis representing the frequency of each
(¢, ¥) bin in the 2D map (Hollingsworth & Karplus, 2010).
The four regions (favoured or core/allowed/generously
allowed/disallowed) or three regions (favoured/allowed/
disallowed or fully allowed/partially allowed/disallowed) are
widely acknowledged in the literature (Ramachandran &
Sasisekharan, 1968; Morris et al., 1992; Chen et al., 2010). Even
two regions, core and non-core, have also been proposed
(Kleywegt & Jones, 1996). The corresponding boundaries of
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these regions in the map were proposed, and two types of
boundary are prevalent: (i) steric criterion or energy-based
(Ramachandran et al., 1963; Ramakrishnan & Ramachandran,
1965; Ramachandran & Sasisekharan, 1968; Carrascoza et al.,
2014) and (ii) statistical probability-based using high-resolution
structures available in the Protein Data Bank (PDB; Berman
et al.,2000) (Morris et al., 1992; Laskowski et al., 1993; Kleywegt
& Jones, 1996; Anderson et al., 2005; Park et al., 2023; Chen et
al., 2010; Lovell et al., 2003).

The first attempt to display steric plots using a computer
program was made by Ramakrishnan and co-workers, who
developed many in-house Fortran programs for this purpose
(Srinivasan, 2019). Subsequently, several tools and web
servers were developed such as PROCHECK (Laskowski et
al., 1993), WHATIF (Vriend, 1990), PDBsum (Laskowski et
al., 1997), STING (Neshich et al., 2003), RP on web (Sheik et
al., 2002) and MolProbity (Chen et al., 2010; Williams et al.,
2018). Additionally, commercial and open access molecular
modelling and crystallographic refinement programs such as
DeepView, Rasmol, Pymol (Dynoplot), VMD, COOT, CCP4
(Rampage), Schrodinger Maestro and BIOVIA Discovery
Studio also provide add-on utilities to draw maps (Sayle &
Milner-White, 1995; Guex & Peitsch, 1997; Emsley & Cowtan,
2004; Schrodinger, 2023).

To the best of our knowledge, existing online or in-built
software utilities are not flexible enough to draw many
different types of 2D or 3D Ramachandran maps to display
conformational excursions and transitions obtained in simu-
lation and NMR structures, or for designed peptides
containing non-standard residues. To address these issues, we
have developed a utility, RamPlot, to draw assorted types of
Ramachandran maps via either online or offline use. This
utility is flexible and accepts many different input formats
including flat files of torsion angles, and it generates a variety
of maps and calculations.

2. Method

The map can be drawn using various types of input:

(i) As PDB code. To access all experimental structures, the
web server is interfaced with the PDB archive.

(ii) By uploading a PDB file or .mmc1if file from a local
computer. Users having other structural formats such as Mol2
or SDF may use the OpenBabel API link (https://openbabel.
org/) to convert into PDB format.

(iii) Using main chain and side chain torsion angle flat file
format for peptides (¢, ¥/ ¢, ¥, x) containing standard or non-
standard residues.

(iv) Using GROMACS (Abraham et al., 2015) simulation
trajectory files (. tpr and .xtc).

The front end of the web server was developed using
HTML, CSS, Bootstrap and JavaScript to display the Rama-
chandran plot, and the back end was developed using PHP
and Python. Biopython (Cock et al., 2009), NumPy (Harris et
al., 2020), pandas (https://pandas.pydata.org/) and Matplotlib
(Hunter, 2007) packages were used to calculate and plot

torsion angles. The web server has been tested on all major
browsers like Google Chrome, Microsoft Edge, Apple Safari
and Mozilla Firefox. RamPlot runs on a dedicated server in the
cloud.

The regional boundaries for six different categories of
2D Ramachandran maps were statistically estimated in
MolProbity using the Top8000 reference database containing
7957 protein chains at 70% identity level: 98% in favoured,
1.8% in allowed and 0.2% in disallowed regions (Lovell et al.,
2003; Williams et al., 2018). This remains more or less the same
with the latest release of the Top2018 data set (8307 chains at
30% identity level; Williams et al., 2022). For Asx maps (see
below), the kernel density estimation (kde) Python library was
used with periodic boundary conditions imposed to estimate
the probability density function (PDF) and generate smooth
contours (Scott, 1992). The present server uses the same
boundaries as obtained in MolProbity using the Top8000
reference data set. To validate these regional boundaries in
the Ramachandran statistical map, we took a noise-free high-
fidelity data set (Set-1; resolution < 2 A and Riee <0.25)
containing 72715 entries having 85309 chains. To obtain a
non-redundant (non-homologous) data set, we clustered
85309 chain sequences taking a similarity threshold of 30% or
more using MMseqs2 (Mirdita et al., 2019) and obtained 39295
representative chains (47.06%) constituting a non-redundant
data set. In validation Set-1, even at its most stringent level
(30% sequence identity), there were about five times as many
chains as in Top8000, and hence we proceeded with the 30%
sequence identity. RSRZ (real-space R value Z score) outlier
residues having RSRZ >2 were identified from wwPDB
reports and a filtered Set-1 was also created (Jones et al., 1991,
Kleywegt et al., 2004).

To calculate the main chain torsion angles of non-standard
residues available in the PDB, an in-house Python script was
written. To plot a map for a non-standard residue such as Aib,
61 crystal structures (89 peptide chains) containing Aib in the
PDB were downloaded [Fig. S4(c) in the supporting infor-
mation]. For other non-standard residues such as those
deposited in the Cambridge Structural Database (CSD;
Groom et al., 2016), a separate torsion angle file in the
prescribed format should be provided. To analyse the
ensemble of conformations obtained in the molecular
dynamics (MD) simulation, particularly the conformational
excursions and transitions of a specific residue, we use the
GROMACS trajectory (.xtc) and topology (. tpr) files as
input. Trajectory files obtained from other open source and
commercial simulation programs can also be used, provided
they are converted into GROMACS format using VMD or
other similar software. These files are parsed using the
MD Analysis Python package (Michaud-Agrawal et al., 2011)
to extract the structures from the trajectory. We then calculate
the torsion angles of the residues and plot them using
Biopython and Matplotlib. This allows us to visualize the
flexibility and conformational changes of a residue over time,
providing insights about its role in the overall protein
dynamics. Additionally, one can draw a conformational energy
contour map (utility provided on a separate page entitled
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Table 1

Torsion angle statistics in favoured, allowed and disallowed regions for each residue for validation Set-1.

The values indicate the occurrence of a particular residue in each of the regions. The percentage of the data is shown in brackets.

Serial No. Residue No. in favoured region (%) No. in allowed region (%) No. in disallowed region (%) Total
1 Alanine 695937 (98.35) 10840 (1.53) 812 (0.11) 707589
2 Arginine 415119 (98.24) 6952 (1.65) 476 (0.11) 422547
3 Asparagine 337662 (95.34) 15828 (4.47) 690 (0.19) 354180
4 Aspartic acid 477757 (95.92) 19280 (3.87) 1064 (0.21) 498101
5 cis-Proline 22327 (97.82) 420 (1.84) 77 (0.34) 22824
6 Cysteine 110851 (97.37) 2891 (2.54) 99 (0.09) 113841
7 Glutamic acid 538852 (98.61) 6910 (1.26) 712 (0.13) 546474
8 Glutamine 311802 (98.48) 4426 (1.40) 385 (0.12) 316613
9 Glycine 659489 (97.69) 14399 (2.13) 1172 (0.17) 675060
10 Histidine 194777 (97.01) 5671 (2.82) 326 (0.16) 200774
11 Isoleucine 459979 (98.29) 7519 (1.61) 499 (0.11) 467997
12 Leucine 761415 (99.04) 7039 (0.92) 375 (0.05) 768829
13 Lysine 466297 (98.26) 7565 (1.59) 685 (0.14) 474547
14 Methionine 161126 (98.63) 2127 (1.30) 119 (0.07) 163372
15 Phenylalanine 336957 (98.30) 5608 (1.64) 206 (0.06) 342771
16 pre-Proline 367372 (98.09) 6413 (1.71) 730 (0.19) 374515
17 Serine 508686 (97.22) 13456 (2.57) 1085 (0.21) 523227
18 Threonine 470186 (98.23) 8075 (1.69) 377 (0.08) 478638
19 trans-Proline 388040 (97.88) 7568 (1.91) 849 (0.21) 396457
20 Tryptophan 126689 (98.25) 2182 (1.69) 79 (0.06) 128950
21 Tyrosine 302591 (98.12) 5600 (1.82) 191 (0.06) 308382
2 Valine 597078 (98.02) 11136 (1.83) 906 (0.15) 609120
Total 8710989 (97.93) 171905 (1.93) 11914 (0.13) 8894808

‘Energy Plots’), if molecular or quantum mechanics based
coordinate scan data (i.e. ¢, ¥ and energy) are supplied.

A sample of all the torsion angle file formats is available on
the submission page. Scripts are available on GitHub (https://
github.com/mayank2801/ramplot). The program is also avail-
able at the PyPI repository (https://pypi.org/project/ramplot/),
from where it can be downloaded and installed with the
command ‘pip install ramplot’. A manual page
explaining the required inputs and outputs is also provided.

3. Results and discussion

To display various types of allowed/disallowed regions in a
Ramachandran map, two distinct types of boundaries are
prevalent. One is obtained using van der Waals radii and steric
criteria (i.e. hard-sphere approximation-based) to determine
fully allowed/partially allowed/disallowed regions as originally
proposed (Ramachandran er al, 1963; Ramachandran &
Sasisekharan, 1968; Ramakrishnan & Ramachandran, 1965).
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Allowed(%)

Along the same lines, such boundaries can also be obtained
using coordinate (torsion angle) scans with regional contours
based on molecular mechanics or quantum mechanics energy
calculations (Ramachandran & Sasisekharan, 1968; Carras-
coza et al., 2014). The second type is based on statistical
approaches, where a 360° x 360° 2D map is divided into about
10° x 10° or even finer bins. The probability of occurrence in
each bin is decided and then smooth contours are drawn using
a density-dependent smoothing function with a periodic
boundary condition to generate favoured, allowed or disal-
lowed boundaries as displayed in PROCHECK, MolProbity
and other programs (Morris ef al., 1992; Laskowski et al., 1993;
Kleywegt & Jones, 1996; Lovell et al., 2003; Anderson et al.,
2005; Chen et al., 2010). In MolProbity, which is based on the
Top8000 reference database of protein structures containing
7957 chains, the residues were grouped into six different
categories, (i) Gly (achiral), (i) Val/lle (aliphatic C* branched),
(iii) pre-Pro (X-Pro, i.e. residue preceding Pro), (iv) trans-Pro,
(v) cis-Pro and (vi) general (representing the remaining 16
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Percentage occurrence of torsion angles in (a) favoured, (b) allowed and (c) disallowed regions for all residues. The significant deviation for Asx (Asn/

Asp) is evident in the curves.
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residues) (Williams et al., 2018). As mentioned above, about
98% torsion angles were considered in the favoured region,
1.8% in the allowed region (amounting to a total of 99.8% in
allowed categories), and 0.2% in the outlier or disallowed
region. Using the large non-redundant validation Set-1 of
39295 chains, we plotted maps for all six of these categories,
and found similar statistics for the residues in the favoured,
allowed and disallowed regions (Table 1 and Fig. S1). Speci-
fically, the present analysis reveals 97.93% of residues in the
favoured region, 1.93% in the allowed region and 0.13% in the
disallowed region, in conformity with what was reported
earlier (Williams et al., 2018). For further validation Set-1 was
filtered with RSRZ outliers, i.e. residues with RSRZ > 2 were
removed from Set-1 (Kleywegt et al., 2004; Jones et al., 1991).
In the filtered data set, 98.10% of the residues were found in
the favoured region, 1.81% in the allowed region and only
0.09% in the disallowed region, suggesting that the removal of
these outlier residues did not lead to any significant changes.
Residue-wise statistics for RSRZ-filtered Set-1 are provided in
Table S1.

The percentage occurrence of torsion angles in the
favoured, allowed and disallowed regions is shown in Fig. 1. In
these graphs, residues Asn and Asp turn out to be outliers.
Examining the frequency distribution, we noticed significant

General

differences in the torsion angle distributions of Asp and Asn
(Table 1 and Fig. 1). These amino acids have 2-3% less
occurrence in the favoured region [Fig. 1(a)] and 2-3% more
in the allowed region [Fig. 1(b)] compared with the distribu-
tions of other residues [Fig. 1(c)]. This distinct observation for
Asx (Asn/Asp) stems from multiple factors (Kumar &
Rathore, 2023). Residues Asn, Asp, Gln and Glu (and also Ser
and Thr) possess side chains similar to the main chain,
enabling them to participate in hydrogen bonding with the
main chain through side chain carbonyl oxygen atoms and/or
amides, as either donor or acceptor, and to stabilize various
kinds of a-, B- and y-turn mimics. Several examples of Asx-
(Asp/Asn) and ST-turns, stabilized by (side chain)—(main
chain) interactions, have been reported and characterized
(Kumar & Rathore, 2023; Duddy et al., 2004; Kalmankar et al.,
2014). The (side chain)—(main chain) interactions to stabilize
turn mimics offer energetic compensation for such residues to
be in the disallowed conformation. Among such residues, Asn/
Asp have demonstrated the highest propensity to form
hydrogen-bonded turn mimics, followed by Ser/Thr residues.
The side chains of GIln and Glu have polar atoms at the
remotely located e-position (compared with Asp/Asn) and
therefore do not show a significant preference to form such
hydrogen-bonded turns. Similarly, the polar atoms of the Arg

Gly Valflle
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Figure 2

Two-dimensional Ramachandran plot of the Top8000 data set in six distinct categories: general case (Ala representing the remaining 16 amino acids),
Gly, Val/lle, pre-Pro, trans-Pro and cis-Pro. Cyan, blue and red dots represent torsion angles of favoured, allowed and disallowed regions, respectively.
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and Lys side chains cannot participate in such hydrogen
bonding because their donor atoms have a greater separation
from the main chain. This analysis suggests that an additional
seventh distinct category of the 2D/3D Ramachandran map,
namely Asx (Asn/Asp), needs to be defined. The map for Asx
using the Top8000 data set is shown in Fig. S2 (Williams et al.,
2022). Smooth contour criteria were applied to ensure that
98% of residues were enclosed within the favoured region and
a total of 99.8% within the allowed category, as done earlier
(Chen et al., 2010; Lovell et al., 2003; Williams et al., 2022).
After validation with Set-1 for Asn, 97.78% of residues were
in the favoured region, 2.03% in the allowed region and 0.19%
in the disallowed region. Similarly for Asp, 98.03% of residues
were in the favoured region, 1.74% in the allowed region and
0.21% in the disallowed region (Fig. S2). These distributions
are consistent with the preferences observed for other resi-
dues in these regions.

We now list the functionalities that have been included in
the RamPlot server.

3.1. Two- and three-dimensional maps of various categories

The program generates conventional 2D and 3D maps (Ala
and Gly) as well as all six categories of Ramachandran maps —
Gly, Val/lle, pre-Pro, trans-Pro, cis-Pro and general (repre-
senting the remaining 16 amino acids). Asx and other types of
maps such as heat maps can also be plotted from the ‘More
Plots’ option. One of the important features is to display 3D
maps (frequency along the third z axis or even as heat maps)
in different steric environments. Two- and three-dimensional
Ramachandran plots in six distinct categories for the Top8000

General Gly

prePro transPro

Frequency

Figure 3

data set are shown in Figs. 2 and 3, respectively. Ramachan-
dran maps for the seventh category, ASX (Asn/Asp), are
displayed in Fig. S2. Three-dimensional maps provide
complimentary knowledge regarding conformational trends.
The difference in conformational preferences in different
steric environments such as between Ala (all 16 residues
except Gly/Val/lle/Pro), C”-branched aliphatic residues, Val/
Ile and pre-Pro is obvious in the 3D maps. In Val/lle the
B-region has proportionately more population and a near
absence of the left-handed helical region in contrast to Ala.
Similarly, pre-Pro has an almost equal ratio of population in
the helical and sheet regions. The asymmetric distribution of
glycine is evident in the 3D map. One may also draw the text-
book versions of the conventional Ramachandran plot (Ala
and Gly instead of the six different categories of maps) as
shown in Figs. S3(a) and S3(b) for 2D and 3D maps, respec-
tively.

3.2. Ramachandran map for non-standard residues

One of the novel options available in RamPlot is to plot a
Ramachandran map of non-standard residues using a
prescribed flat file input format, as existing Biopython scripts
are not able to deal with non-standard residues. Two- and
three-dimensional Ramachandran plots of a representative
non-standard amino acid, aminoisobutyric acid (Aib),
observed in peptides are shown in Figs. S4(a) and S4(b),
respectively. Aib has been extensively studied as a proto-
typical example to investigate the effect of introducing steric
constraints (such as C* dialkylated glycines) in the peptide
backbone. This could prove to be a viable strategy to narrow

Val/lle

200 750

4s0

Freauency

150

cisPro

Frequency
Frequency

Three-dimensional Ramachandran plots of the Top8000 data set in six distinct categories: general case (Ala representing the remaining 16 amino acids),
Gly, Val/lle, pre-Pro, trans-Pro and cis-Pro. Vertical bars on the z axis represent the frequency of occurrence of torsion angles.
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down the available conformational space into useful helical
and sheet regions. The map for non-coded amino acids serves
as a very useful visual add on for a quick analysis of the
conformational tendency of such residues. In Fig. S4, the
population is predominantly concentrated in right-hand 3, or
a-helical regions (¢ = —66.8 to —38.8°, ¥y = —61.6 to —10.0°),
and to a lesser extent in the left-hand region (¢ = 46.9 to 63.4°,
Y = 23.3 to 56.4°). This makes it strongly helicogenic to
nucleate or stabilize secondary structures such as turns and
helices in peptide de novo design strategies (Karle, 2002;
Castro et al., 2023).

3.3. Conformational excursion

The visualization of sampled conformations and transitions
observed during MD simulations, and in experimentally
observed NMR structures, helps in gaining mechanistic insight
into the molecular processes. An option has been provided in
RamPlot to draw residue-specific conformation excursions
extracted from simulation trajectories. Fig. S5 shows an
example output using a conformational trajectory for residue
Met (residue number 793) in chain A of the EGFR kinase
domain (PDB entry Sug9; Planke et al., 2017) during a 200 ns
simulation run. The map highlights the large conformational
fluctuation of the residue occurring in the helical region with a
transition into the B-sheet region of a significant duration
observed.

3.4. Analysis of preferred backbone-dependent rotamers and
w-amino acids

The z axis of a 3D map apart from a frequency plot can also
be utilized to plot and examine the variation in the third
torsion angles such as side-chain torsion angles (x', x* etc.) or
any property varying with backbone torsion angles. A repre-
sentative plot [Fig. S6(b)] shown for Ser indicates that g+
followed by g— are the most preferred rotamers for helical
and extended conformations. Such plots help in gaining
insights on preferred rotamers for particular backbone
conformations (Chakrabarti & Pal, 2001).

RamPlot can also be used to find the preferred conforma-
tion of non-standard residues having extended backbones
such as w-amino acids. They occur in nature as metabolically
derived products and, due to the extended flexibility of their
backbone, they have been explored in the design of novel
secondary and super-secondary structure folds (Kishore,
2004). As an example, the conformational preference of (¢, 6
and ) of one of the w-amino acids, S-alanine (-N-CB-CA-
CO-), is shown in Fig. S6(a). The conformational tendency of
B-Ala in this 3D plot, where the population is concentrated
around an extended region of (¢ and ¥) and 6 (torsion angle
about CB-CA) surrounding (g+ or g—), is clearly manifested.

The present online utility accepts many types of input file
formats (.pdb, .mmcif, .csv and flat file), displays graphs
in various output formats (.png, .svg and .jpg) and
provides the results of calculations for analysis. A detailed
description of torsion angle calculations is provided in a
downloadable text file, which helps the user examine residue

occurrence in various regions of the Ramachandran map. A
list of main chain and side chain torsion angles is also saved in
a . csv file. The results of the output file are self-explanatory
and a manual is also provided. The statistics in various allowed
and disallowed regions are of immense help for model
building, structure validation, peptide design and various
modelling tasks.

4. Conclusion

RamPlot is a useful tool to display various categories of (¢, V)
plots and to study the conformations of proteins and peptides
in local regions. The utility, available to operate either online
or offline, is a collection of many small applications to plot a
variety of Ramachandran maps: 2D and 3D plots of standard
maps as well as several distinct categories of maps, namely Gly,
Val/lle, pre-Pro, trans-Pro, cis-Pro and general. In this work,
we have also highlighted another distinct category of (¢, ¥)
map, Asx (Asn/Asp).

RamPlot may be used to plot Ramachandran maps for non-
standard residues to examine their conformational prefer-
ences. Such knowledge is useful in the de novo design of
peptides and proteins. Another application is to examine
backbone-dependent rotamer preferences for standard and
non-standard residues.

Conformational excursions and transitions are deciphered
using molecular dynamics and NMR techniques. Using the
molecular dynamics trajectory, RamPlot can draw a map
displaying the conformational landscape of specified residues.

The RamPlot utility, which is able to produce a variety of
plots using multiple types of input formats from various
sources, could also be flexible for the user to draw, interpret
and analyse conformation maps in miscellaneous situations.

The package is available at https://www.ramplot.in/. Scripts
are also available for offline use from the PyPI repository and
GitHub (https:/github.com/mayank2801/ramplot). It can be
installed on a local computer using ‘pip install
ramplot’. Further installation and execution instructions are
described in the README file.
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