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ABSTRACT

Nuclear magnetic resonance (NMR) spectroscopy
data provides valuable information on the behaviour
of proteins in solution. The primary data to determine
when studying proteins are the per-atom NMR chem-
ical shifts, which reflect the local environment of
atoms and provide insights into amino acid residue
dynamics and conformation. Within an amino acid
residue, chemical shifts present multi-dimensional
and complexly cross-correlated information, mak-
ing them difficult to analyse. The ShiftCrypt method,
based on neural network auto-encoder architecture,
compresses the per-amino acid chemical shift infor-
mation in a single, interpretable, amino acid-type in-
dependent value that reflects the biophysical state
of a residue. We here present the ShiftCrypt web
server, which makes the method readily available.
The server accepts chemical shifts input files in
the NMR Exchange Format (NEF) or NMR-STAR for-
mat, executes ShiftCrypt and visualises the results,
which are also accessible via an APL It also en-
ables the "biophysically-based" pairwise alignment
of two proteins based on their ShiftCrypt values.
This approach uses Dynamic Time Warping and
can optionally include their amino acid code infor-
mation, and has applications in, for example, the
alignment of disordered regions. The server uses
a token-based system to ensure the anonymity of
the users and results. The web server is available at
www.bio2byte.be/shiftcrypt.

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy provides
valuable information on the behaviour of proteins in so-

lution, especially when these proteins dynamically move
between different conformations (1). The atom-connected
chemical shift values are of particular importance, as they
are the most commonly determined and also publicly avail-
able from the BioMagResBank (2). They are a measure of
the effect of local environment of atoms on their resonance
frequency, and contain a mixture of different types of in-
formation in relation to the conformation and dynamics
of the amino acid residue they are part of (3). Chemical
shifts have already been used to estimate protein backbone
dynamics (4), secondary structure propensities (5) and tor-
sion angles (6), and chemical shifts derived predictors have
been used in several bioinformatics tools (7-9). However, di-
rectly relating chemical shifts to structural or conformation-
related features might be reductive: chemical shifts contain
an heterogeneous mixture of information because they de-
rive from the transient interaction between atoms in space,
and linking them to single observable characteristics neces-
sarily leads to a loss of part of the information they contain.
Moreover, each amino acid residue contains multiple atoms,
each one linked to a chemical shift value, making the data
intrinsically multidimensional. Such intra-residue chemical
shifts are also highly cross-correlated with each other, and
therefore not trivial to handle in terms of data analysis.
We recently developed ShiftCrypt, an unsupervised neu-
ral network (NN) used to transform chemical shift data
(10). ShiftCrypt is based on an auto-encoder architecture
and compresses the chemical shift information of the atoms
that compose a residue in a single, interpretable, amino-acid
type independent value. This compressed value correlates
with several structural characteristics, and changes in ac-
cordance with changes in the protein’s state, for example
in residues involved in dimerisation interactions. Since this
tool can be used in order to extract the chemical shift in-
formation associated to every residue of a protein, it can be
used to interpret the behaviour of proteins in their native
soluble state, finding similarities and differences in diverse
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proteins or within the same protein in different experimen-
tal or biological conditions.

We here present the ShiftCrypt web server, which makes
the tool available for non-expert users. It parses input files
containing chemical shifts in the NMR Exchange Format
(NEF) as well as archive NMR-STAR files from the BioMa-
gResBank, executes ShiftCrypt and visualises the results,
which are also accessible via an Application Programming
Interface (API). Since the ShiftCrypt values reflect the in-
solution biophysical state of amino acids in proteins (10),
we included a novel option that enables a “biophysically-
based” pairwise alignment of two proteins based on their
ShiftCrypt values. This approach uses a Dynamic Time
Warping approach and can optionally include their amino
acid code information. and has applications in, for example,
the alignment of disordered regions. The web server is avail-
able at http://bio2byte.be/shiftcrypt and uses a token-based
system to ensure the anonymity of users and results.

MATERIALS AND METHODS

Learning dataset

The dataset that has been used to fit the model consists
of 3385 filtered BMRB entries containing NMR chemical
shifts. The chemical shifts have been re-referenced using the
VASCO approach (11). In order to reduce the effect of mis-
assigned or mis-referenced atoms, we removed all the atoms
with chemical shift values greater than or lower than respec-
tively the 99th and 1st percentile. For this paper we created
three additional datasets: the first one consists of 23 pro-
teins for which the chemical shifts were determined in pres-
ence of urea, which partially of completely denatures them.
The second one is a collection of 2976 proteins for which
the chemical shifts have been calculated in their native state.
The last one is composed of 40 proteins randomly selected
from the aforementioned native state dataset. All datasets
are available from the web server.

Data encoding and preprocessing

To compress the chemical shift information in a single value,
we first need to define which atoms should be taken into
consideration for each residue type, so defining an encoding
scheme. ShiftCrypt requires a large amount of data in order
to be effectively trained, and we therefore discard atoms for
which few chemical shifts are available for that amino acid
residue type. In our web server we provide three encoding
schemes, all of which have been described previously (10):

e Full Atom Model: A model which uses the full list of
atoms for which chemical shifts are usually available (see
Supplementary Table S1 for the complete list of atoms
taken into consideration).

e Reduced Atom Model: A model that only takes H, HA,
CA, N, CB and C atoms into consideration. This model is
useful to deal with proteins for which less chemical shift
information is available. This is also considered the de-
fault model in the web server.

e Dimers Model: This model only uses the chemical shifts
of CA, N and H atoms and has been shown to be sensitive
for the detection of the oligomeric state of proteins (10)
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The selection of the model to use for the ShiftCrypt cal-
culation can be performed at the ’data input’ page using a
drop-down menu.

Auto-encoder transformation

ShiftCrypt compresses the chemical shift information in a
single value using a neural network with auto-encoding ar-
chitecture (12). The network is structured in two modules:
an encoder and a decoder. The first one takes the chemi-
cal shifts of each residue as input and passes them to a sin-
gle neuron with sigmoid activation, the second one takes
the value of this neuron as input and tries to replicate the
original data. The neural network is then trained to min-
imise the difference between the original chemical shifts and
the encoded-decoded values. The aforementioned neuron
with sigmoid activation acts as bottleneck and will provide
a mapping of the chemical shift data in a single dimen-
sion that minimises the loss of information and provides the
ShiftCrypt values. Analysis of the stability of the model and
the link between compressed chemical shift values and bio-
physical characteristic of protein behaviour can be found in
the original paper (10)

Chemical shift based alignment

Biophysical properties have already been used as additional
information to increase the quality of protein alignments
(13). Chemical shifts can be determined for any soluble pro-
tein, even disordered or unstructured ones, with protein size
the main experimental limitation. We previously showed
that ShiftCrypt is capable of capturing regions of homol-
ogous proteins that have conformational similarities, even
when the sequence identity between those regions is low
(10). Since ShiftCrypt only requires chemical shifts, it can
deal with both globular and non-globular proteins, open-
ing up the possibility of aligning proteins by their chemical
shift-encoded biophysics. To enable this, we implemented a
Dynamic Time Warping-based alignment algorithm that is
available in the server. The algorithm minimises the mean
euclidean distance between the two ShiftCrypt profiles us-
ing a fixed gap penalty (set to 0.4). It is implemented in
Python, and allows the (optional) inclusion of amino acidic
information using a rescaled BLOSUMG62 substitution ma-
trix, obtained applying the QuantileTransformer provided
by the scikit-learn python library to the original BLO-
SUMS62 scores and inverting them. The algorithm allows
a direct comparison of the in-solution behaviour of pro-
teins and, in principle, can align disordered protein regions
by their biophysical characteristics. The alignment score it
provides defines the quality of the alignment and must be
interpreted as a ‘cost’, meaning that lower values are better,
higher ones worse.

Website and API

The ShiftCrypt website is implemented in the Python
Django framework, including a RESTful web service. Pro-
tein chemical shift data have to be uploaded one at a time
as NMR Exchange format (NEF) (14) or as archive NMR-
STAR files from the BioMagResBank. Via a token-based
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Figure 1. Distribution of the ShiftCrypt values for proteins in urea (blue
histogram) and in their native conformation (orange distribution).
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Figure 2. Comparison of the ShiftCrypt profile for two proteins, GB1-

SC35 and a GCN4 leucine zipper, in presence (orange) and absence (blue)
of urea.
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Figure 3. Distribution of the alignment scores based on ShiftCrypt val-
ues, with Denat. indicating denatured proteins (by addition of urea), and
native proteins in their native conformation. The box-plots represents the
distribution of the alignment scores obtained by aligning all sequences be-
tween these datasets. The higher the alignment scores, the more diverse the
ShiftCrypt profiless.

system the user can track their (multiple) uploaded en-
tries fully anonymously without entering their email ad-
dress. Via an alignment page two entries can be selected to
be aligned by their ShiftCrypt values, or via a combined
ShiftCrypt/sequence method. The results are available in
interactive pages for single or aligned entries. The RESTful
web service enables interaction with these features via a con-
sistent set of HTTP method semantics in conjunction with
exclusive URIs (Uniform Resource Identifiers). Each object
(set of sequence and ShiftCrypt values) can be obtained by
a unique URI (e.g. shiftcrypt/ api/[unique-id]’). The data
is returned using JavaScript Object Notation (JSON) as the
structured data exchange format. Full detailed documenta-
tion on how to use the server is available on the web site.

RESULTS
ShiftCrypt values for folded and unfolded proteins

We previously demonstrated the link of the single per-
residue ShiftCrypt value (10) with protein conformation
(4,6) and their evolution over time (dynamics) (15). The dis-
tribution of ShiftCrypt values should therefore be very dif-
ferent for folded and unfolded proteins. We compared the
ShiftCrypt values of 23 proteins in presence of urea at a
range of concentrations, which are expected to be partially
or fully unfolded due to urea interference with intramolecu-
lar hydrogen bonding, and 2976 proteins in their native con-
formation, both at similar experimental conditions of pH
and temperature (Figure 1).

The two distribution are very different with a p-value
between them of 1072 according to the Kolmogorov-
Smirnov test. Values around 0.5 are correlated to coil con-
formation, while low and high values relate respectively
to alpha helices and beta sheets (10). As expected, the
chemical shifts of proteins in urea are more likely to be
found in coil-like conformations. However, there are some
residues with high and low shiftCrypt values, indicating
they can retain conformational preferences. Since the effect
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Figure 4. Alignment of the Thermus thermophilus (green) and Thermotoga maritima (blue) L11 ribosomal proteins obtained using the ShiftCrypt alignment.
The coloured regions represent the secondary structure elements of the 7. thermophilus protein: red for beta sheet, green for alpha helix and blue for coil. The
region highlighted with the black box represents a region annotated as intrinsically disordered in the homologous protein of Geobacillus stearothermophilus

of urea depends on the urea concentration and the nature
of the protein, this can in some cases lead to only partial
unfolding.

Residual structures after urea denaturation

To further illustrate the change from folded to unfolded
conformation, we here show two ShiftCrypt case studies of
proteins, GB1-SC35 and a GCN4 leucine zipper (a mainly
alpha helix artificial protein), using the chemical shifts of
the native conformation and the ones with addition of urea
(Figure 2), with the aim of visualising the changes in con-
formation due to urea denaturation.

In both GBI1-SC35 and GCN4 leucine zipper the
ShiftCrypt profile changes completely in presence of urea,
immediately illustrating that these proteins indeed com-
pletely unfold with the addition of urea, maintaining almost
no local native conformations. There is still a fine-grained
profile at the residue level, however, indicating the possibil-
ity of distinguishing between the behaviour of residues even
when highly disordered.

Aligning proteins based on their ShiftCrypt values

Aligning proteins without a well defined three dimensional
structure, like disordered or partially disordered proteins
(16,17), is indeed an open problem. Their sequences are
less conserved (18), creating challenges for traditional align-
ment algorithms. Moreover, they are very dynamic, so that
reference structure-based alignments cannot be generated.
Chemical shifts, however, contain information about dy-
namics and conformation, and can indicate transient struc-
tural conformations even for unstructured proteins (5). Our
web server now allows the global alignment of two pro-
teins based on their ShiftCrypt values, providing both the
sequence alignment and an alignment score as output. In

order to test the capability of the alignment algorithm to
detect similarities between in-solution protein characteris-
tics, we collected the distribution of the alignment scores
for three sets of alignments:

e Denatured proteins against denatured proteins: we
aligned every protein for which the chemical shifts were
extracted in presence of urea against each other.

e Native proteins against denatured proteins: we aligned
every protein for which the chemical shifts were extracted
in presence of urea against 40 proteins in their native
state

e Native proteins against native proteins: we aligned each
protein of the aforementioned 40 proteins against each
other.

The distribution of the scores for the three sets of align-
ments performed (Figure 3) shows that, as expected, the
scores are in average lower (better) for the denatured
against denatured set, since proteins denatured with urea
are mainly unstructured and homogeneous from the con-
formational point of view. The native-against-native scores
are the highest (worst), as here stable secondary structure
elements will be very differently distributed. Supplemen-
tary Figure S1 shows the distribution of the alignment
scores using a sequence based Needleman—Wunsch algo-
rithm. It shows that the difference between the distribution
of the scores cannot be explained by the protein sequence
similarity.

An example of chemical shifts-based alignment

As mentioned, aligning disordered regions is challenging
since sequence conservation is often low and we cannot
rely on structure superimposition. As a case study, we here
align by ShiftCrypt value two 50S ribosomal L11 proteins,
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a protein that is part of the ribosome (19), one from Ther-
mus thermophilus and the other from Thermotoga maritima
(BMRB IDs 4965 and 5513 respectively) (Figure 4). Their
shared sequence identity is 39%.

These two proteins likely contain an intrinsically disor-
dered region, with one of their homologs, the L11 ribosomal
proteins of Geobacillus stearothermophilus, having a disor-
der annotation in the Disprot database (20). This disordered
region is highlighted by the black box in the figure, and is
correctly aligned. In addition, the alignment shows a more
pronounced helical content in 7. thermophilus, although the
final helical region is shorter. Also note the fine-structure
within the secondary structure elements, indicating varia-
tions of their internal per-residue behaviour. The sequence
alignment of the proteins using the pure ShiftCrypt align-
ment, the ShiftCrypt alignment with the addition of amino
acidic information and the pure sequence based alignment
is reported in Supplementary file alignment.fasta.

CONCLUSION

The ShiftCrypt web server enables users to compress and
interpret chemical shift data with minimal loss of infor-
mation. The server provides interactive visualisation of the
ShiftCrypt results as well as introducing a novel chemical
shift-based alignment approach. We show how ShiftCrypt
can be used to visualise and detect conformational changes
in proteins, here for denaturation in urea, but equally for
less drastic changes, as illustrated in the ShiftCrypt method
paper. The alignment tool we propose does not rely on se-
quence or structural similarity between the two target pro-
teins, and allows the detection of similarities and differences
between the biophysical behavior of residues in proteins.
The web server has a token system that allows storage and
the re-utilisation of previously analysed proteins.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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