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ABSTRACT

The protein frustratometer is an energy landscape
theory-inspired algorithm that aims at localizing and
quantifying the energetic frustration present in pro-
tein molecules. Frustration is a useful concept for
analyzing proteins’ biological behavior. It compares
the energy distributions of the native state with re-
spect to structural decoys. The network of mini-
mally frustrated interactions encompasses the fold-
ing core of the molecule. Sites of high local frus-
tration often correlate with functional regions such
as binding sites and regions involved in allosteric
transitions. We present here an upgraded version
of a webserver that measures local frustration. The
new implementation that allows the inclusion of
electrostatic energy terms, important to the interac-
tions with nucleic acids, is significantly faster than
the previous version enabling the analysis of large
macromolecular complexes within a user-friendly in-
terface. The webserver is freely available at URL:
http://frustratometer.gb.fcen.uba.ar.

INTRODUCTION

Natural protein molecules are highly evolved complex sys-
tems (1). Spontaneous folding of individual proteins and
recognition between polypeptides leading to well-defined
structural ensembles are fundamental concepts in the biol-
ogy of macromolecules, the specificity of which is explained
by the ‘Principle of minimal frustration’ (2). The physical
concept of “frustration’, the system’s inability to simultane-
ously minimize the competing interaction energy between

its components, has lead to multiple developments in the
understanding of protein folding and function (for recent
reviews see (3,4)). The minimal frustration principle does
not rule out that some energetic frustration may be present
in a folded protein. Moreover, the remaining frustration
may not be a random occurrence but an evolved charac-
teristic, facilitating motion of the protein around its na-
tive basin, as well as binding to appropriate partners, and
as such the residual frustration is fundamental to protein
function (5,6). We have developed theoretical methods for
spatially localizing and quantifying the energetic frustration
present in native proteins (7,8). These have proven useful
in the study of binding interfaces (7), allosteric transitions
(9), aggregation and ligand binding (10,11), conformational
dynamics (12-14), and have been related with evolutionary
patterns (15-18) and disease-related polymorphisms (19).
Here, we present an updated version of a web server to per-
form local frustration calculations. The new server is based
on the associative memory, water mediated, structure and
energy model (AWSEM)(20). AWSEM provides a transfer-
able, coarse-grained, non-additive force field that is able to
predict the native structures of many proteins and protein
complexes from sequence information (21). Recently, elec-
trostatic forces have been included in the AWSEM suite and
have been shown to play a role in modulating the asperi-
ties of the folding and binding landscapes (22). This new
server allows for the possibility of analyzing the local frus-
tration that arises by electrostatic interactions and is inte-
grated within the AWSEM suite.

“To whom correspondence should be addressed. Tel: +54 11 4576 3342; Fax: +54 11 4576 3342; Email: ferreiro@gqb.fcen.uba.ar

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com


http://frustratometer.qb.fcen.uba.ar

MATERIALS AND METHODS
Input files

The input file is a protein structure model in the standard
format of the Protein Data Bank (http://www.rcsb.org).
Users can upload a structure file or provide a four-letter
code for existing PDB entries. The files are checked for for-
matting style and if there is more than one amino acid chain
in the model, the user is asked to specify which chain(s) to
process. A dialog box and an interactive JSmol interface are
provided to assist in this process. The user can specify as
many chains for analysis as desired. A dialog box is pro-
vided to optionally include electrostatics in the calculations.
Also, users can optionally provide an e-mail address to re-
ceive a notification of job completion. The webserver is free
and open to all and there is no login requirement.

Server calculations

The server automatically applies filters that remove hy-
drogens, heteroatoms and alternative conformations for
residues. If the input file contains multiple models, only the
first one is analyzed by default. The most common 20 amino
acids are taken into account and if backbone or Cg atoms
are missing, they are automatically built into the file us-
ing Modeller (http://salilab.org/modeller/). This version of
the server is based on the AWSEM suite (20). Long range
electrostatic interactions can be included in the calculations.
These are modeled using a Debye-Hiickel potential that in-
cludes both the solvent dielectric effect and the screening of
charge-charge interactions by mobile ions in the solvent:

VDH = e]ect Z qlq} _r”/lD (1)
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where ¢; and ¢; are the charges of residues i and j that are
separated by a distance r, €, is the dielectric constant of the
medium (1 in vacuum) and /p is the Debye—Hiickel screen-
ing length that takes into account the temperature, the ionic
strength of the medium and its dielectric constant. These
are set to typical physiological values of 7'= 25°C, g, = 80
for water I = 0.1 M, and /p = 10 A. The Vpy term can be
scaled by a numerical factor €,. The electrostatic constant
k is calculated as k = Kget/€, and represents the electro-
static strength of the system. Smaller values of €, increase
the electrostatic strength and vice versa. The user can spec-
ify k as input. By default a k = 4.15, corresponding to an
aqueous solution, is assumed. Further information can be
found in ref (22). In AWSEM only four types of residues are
considered to be charged: Arg, Asp, Glu and Lys. To make
the results backward-compatible with the previous version,
the user is allowed to switch the sequence separation used
to calculate the local densities of the amino acids, which is
3 in the new version and 12 in the previous one.

A local frustration index quantifies how much a residue
or residue pair contributes to the energy in a given structure
compared to what it would contribute in a typical decoy or
molten globule configuration. Making numerous mutations
and changing local environments lets us assess the mean and
variance of the energies of molten globule configurations
(decoys) relative to the native. By normalizing the difference
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between the native and the average decoy by the contribu-
tion of the same residue (or pair of residues) to the variance
of the energies of the decoys we thereby can get an idea
whether that contribution to the energy is typical of what
would be expected in a minimally frustrated protein or more
like that in a random unevolved heteropolymer. In the case
of pairs of residues we ask: how favorable is the actual native
pair relative to other possible interactions? To compute the
frustration index for interacting pairs of amino acids i, j si-
multaneous mutations on residues ;i and j are made. We have
proposed two related but complementary ways for localiz-
ing frustration at the pairwise contact level. These ways dif-
fer in how the set of decoys is constructed. In one choice, the
decoy set is made by randomizing only the identities of the
interacting amino acids i, j, keeping all other interaction pa-
rameters at their native value. This scheme effectively eval-
uates every possible mutation of the amino acid pair that
forms a particular contact in a robustly fixed structure. We
call the resulting index the ‘mutational frustration’:
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Here, is the total energy of the protein in the native
configuration and ET Y is the average energy of the decoys.
The decoy energy distribution is calculated by randomly se-
lecting amino acid identities from the protein composition
and fixing the density p; and the pairwise distances r; ; to
the native conformation. It is worth noting that the energy
change upon pair mutation not only comes directly from
the particular contact probed but also changes through in-
teractions of each residue with other residues not in the
pair, as those contributions may also vary upon mutation.
One advantage of the mutational frustration index is that,
in principle, this local measure of frustration also could be
experimentally determined in the laboratory by combinato-
rial protein engineering.

A second way of quantifying pairwise local frustration
imagines that the residues are not only changed in identity
but also can be displaced in location: how favorable is the
native interaction between two residues in the native struc-
ture relative to other interactions these residues could form
in globally different distinct compact structures? The en-
ergy variance thus reflects contributions from the energies
of molten globule conformations of the same polypeptide
chain. For this index, specially suitable for examining alter-
native tertiary structures, the decoy set involves randomiz-
ing not just the identities but also the distances r; ; and den-
sities p; of the interacting amino acids. Given a protein se-
quence and structure this strategy compares the energy of
each native contact with the distribution of a randomly in-
teracting set.
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when E, =< E[, > the native energy would not be dis-

crlmmated from the typical energy of a random interaction
in the molten globule and F;; ~ 0 . This scheme effectively

evaluates the native pair with respect to a set of structural
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Figure 1. Frustration analysis for the nucleosome complex (Pdb ID: 4z66). The server generates several projections of the local frustration patterns, two
of which are shown here. (A) Local frustration pattern mapped to the overall structure of the complex. Minimally frustrated interactions are depicted as
green lines, highly frustrated interactions as red lines. The protein backbone is represented as blue ribbon and the DNA backbone as gray cartoon. (B)
Local frustration of one of the chains of the complex mapped to the sequence (chain D). The fraction of native contacts in each frustration class around
a 5 A sphere of each C, is shown. The calculations were performed with different electrostatic constants, k = 0 shown at left and & = 16.6 shown at right.
The larger the value for the k parameter, the stronger the effect of the Debye—Hiickel term. In the web server, the user can specify k.

decoys that might be encountered in the folding process. We
call the frustration index computed in this way the ‘config-
urational frustration’.

The jobs are assigned a JobID, organized in a run queue
and processed as computational resources become avail-
able. A typical run of a 400 residue protein takes ~2 min
of CPU time and a protein complex of 19 chains with 2600
residues takes ~15 min.

Output files

A results page is generated for each job. A link is provided
at the time of data submission and allows the user to book-
mark and access the results at a later time. This link also
reports the status of the job if it is not finished. The result
pages can also be accessed following the link sent by e-mail

(if provided) or by specifying the JobID. The server gener-
ates several projections of the local frustration calculations
(Figure 1). An interactive JSmol interface facilitates inspec-
tion of the structures where the minimally frustrated and
highly frustrated contacts are highlighted. A contact map is
provided in which the frustration index of every contact is
shown. Projections of local frustration distributions along
the sequence are also provided. If multiple chains were spec-
ified, various tabs are available in order to inspect each chain
separately. Results can be downloaded by following the link
at the bottom of the results page. The download pack in-
cludes the input file as processed by the server, image files
of the results, scripts to interactively visualize results in Py-
MOL or VMD programs, the raw tables of the frustration
index calculations and an explanatory README file. A
user’s submitted data are private and are not viewable by



anyone other than the user or those given the JobID. The
results are accessible for 30 days after completion and per-
manently deleted afterwards.

RESULTS

The frustratometer algorithm compares the energetic con-
tribution of the extra stabilization energy from a given pair
of amino acids in the native protein to the statistics of
the energies that is calculated by placing different types of
residues in the same native location (mutational frustration
index) or by creating a different local environment for the
interacting pair (configurational frustration index). If there
is a sufficient additional stabilization for an individual na-
tive pair as normalized by the typical energy fluctuation,
the local interaction is called ‘minimally frustrated” and is
highlighted in green. If the stabilization of the native pair
lies in the middle of the distribution of alternatives, the in-
teraction is considered ‘neutral’. On the other hand, if the
native pair is sufficiently destabilizing compared with the
other possibilities, the interaction is ‘highly frustrated’ and
is highlighted in red. The server also provides the calcula-
tions of a ‘single residue level frustration’. In this case the
decoy set is made randomizing the identity of every single
amino acid, keeping all other interaction parameters at their
native value. This scheme effectively evaluates every possi-
ble mutation at every site in for a well-defined structure. De-
tails of the method and the energy functions can be found
in reference (7). For discussions on the interpretation of the
results the reader is referred to (5,8) and the server docu-
mentation pages.

Electrostatic interactions are able to modulate the sta-
bility and folding landscapes of some proteins. The new
version of the server introduces the possibility of analyz-
ing the effect of electrostatics on the local frustration pat-
terns. By introducing Debye-Hiickel potentials that mimic
long-range electrostatic forces into AWSEM, the effects of
electrostatics on the landscapes of several proteins were re-
cently analyzed (22). Binding partners can guide their mu-
tual approach with electrostatic interactions prior to mak-
ing physical contact. Sometimes long range electrostatic in-
teractions not only provide charge—charge stabilization that
funnels the landscape for binding but also help steer the
docking of intrinsically disordered proteins before struc-
tural formation is completed. For other systems, long-range
electrostatic interactions cause frustration in the landscape
and would seem to impede protein dimer formation. This
frustration is often localized in regions that are targeted
specifically to other charged partners, such as the surfaces
of DNA molecules (Figure 1). Presumably the landscapes
of multimeric protein-DNA assemblies are funneled by al-
leviating this frustration (23).

CONCLUDING REMARKS

The Frustratometer 2 web server is an improved version of
an earlier development (8). The new implementation runs
within the AWSEM engine, opening the possibility of ana-
lyzing together the results of folding simulations and local
frustration analysis. Also, this implementation allows for
the inclusion of long-range electrostatic energy terms in the
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calculations. The inclusion of this energy terms have been
shown to play a role in binding, in particular DNA-binding
proteins, were electrostatics causes frustration in the DNA-
binding region favoring its binding with DNA (22,23). The
new server runs ~30 times faster than the previous version,
allowing for the analysis of large protein complexes. In this
case, the server provides users with projections of the local
frustration patterns of the individual chains as well as the
overall complex. The server is supported by a Documenta-
tion section, including a quick-start guide and illustrative
screenshots. A gallery of frustratographs with examples is
also hosted at the site, together with fully interactive outputs
that are linked from the help pages. We also host a FAQs sec-
tion and personalized support, provided via e-mail request.
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