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ABSTRACT

Zebra2 is a highly automated web-tool to search for
subfamily-specific and conserved positions (i.e. the
determinants of functional diversity as well as the key
catalytic and structural residues) in protein super-
families. The bioinformatic analysis is facilitated by
Mustguseal—a companion web-server to automati-
cally collect and superimpose a large representative
set of functionally diverse homologs with high struc-
ture similarity but low sequence identity to the se-
lected query protein. The results are automatically
prioritized and provided at four information levels
to facilitate the knowledge-driven expert selection
of the most promising positions on-line: as a se-
quence similarity network; interfaces to sequence-
based and 3D-structure-based analysis of conser-
vation and variability; and accompanied by the de-
tailed annotation of proteins accumulated from the
integrated databases with links to the external re-
sources. The integration of Zebra2 and Mustguseal
web-tools provides the first of its kind out-of-the-
box open-access solution to conduct a systematic
analysis of evolutionarily related proteins implement-
ing different functions within a shared 3D-structure
of the superfamily, determine common and specific
patterns of function-associated local structural ele-
ments, assist to select hot-spots for rational design
and to prepare focused libraries for directed evolu-
tion. The web-servers are free and open to all users
at https://biokinet.belozersky.msu.ru/zebra2, no lo-
gin required.

INTRODUCTION

During evolution of proteins from a common ancestor, one
functional property may be preserved, while others may
vary as a result of mutations accumulated within a shared

3D-structure, leading to functional diversity. Comparative
bioinformatic analysis of homologs implementing different
properties within the superfamily can help to understand
the relationship between protein sequence/structure
and its biological function. Highly conserved positions
are not subjected to evolution and play the functional
and/or structural role common for the entire superfamily.
The specific positions — also known as ‘subfamily-
specific’ (1) or ‘family-specific’ (2) positions (SSPs,
FSPs), ‘specificity-determining residues/sites/positions’
or SDRs/SDSs/SDPs (3) etc.—that are conserved only
within families/subfamilies, but are different between
them, seem to play an important role in functional diversity
of homologs. Information on both conserved and specific
positions can help to understand how the enzyme performs
its inherent function, while the latter can also be selected
as hotspots for mutation in an attempt to improve the
wild-type protein for a particular purpose (4-7). Identifica-
tion of the conserved positions is relatively straightforward
and represents an efficient approach to predict the key
functionally important residues from sequence informa-
tion alone (8). Selection of the specific positions is more
complicated. Several algorithms to identify SSPs/SDPs
in a multiple sequence alignment of homologs have been
developed (3,7,9-13). These were advertised as helpful
tools to study functional diversity and eventually, as one
way of practical application, to select hot-spots for protein
engineering (4,5,8). The rationale for using the SSPs/SDPs
for protein design was very promising and far reaching:
first, these positions highlight hot-spots in protein struc-
tures that can accommodate different amino acid types
(i.e. as in homologs sharing a common structural fold);
second, they present a particular experimentally testable
hypotheses—i.e. how to switch residues in these positions
between functionally diverse protein families/subfamilies
to implement the respective properties (5,6,14). In this
context, the original Zebra algorithm/web-server to iden-
tify SSPs/SDPs (9,10) was recognized as a tool (15,16)
to help studying the structure-function relationship in
various protein superfamilies and used to assist the design
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of improved enzymes (e.g. 2,17-20). Despite the potential
of bioinformatic analysis in protein studies and engineer-
ing (6,21), the stochastic approaches (e.g. the ‘directed
evolution’) that require a very little prior knowledge of
the protein system of interest remain the most widely used
methods to engineer novel enzymes with improved prop-
erties as of today (22). Probably, the three main reasons
for this can be summarized as follows. First, the available
SSP/SDP-prediction tools are provided either as web-
servers with a rather limited functionality or standalone
command-line programs that require specialized training
and skills in computational biology. All these tools put
the burden of constructing the input multiple alignment
of diverse protein families on the end-user, what presents
a significant methodological (23,24) and computational
(25) challenges. Second, although the bioinformatic tools
implement advanced algorithms and perform well in
benchmarking, their predictions (i.e. the point mutations
in SSPs/SDPs suggested for experimental evaluation) do
not always work in practice, highlighting the fact that
complex structure—function relationship in proteins is
still poorly understood. Such computationally designed
enzymes can display poor catalytic activities, and have to
be further improved by means of stochastic techniques
such as directed evolution (26). A constructive solution
would be a knowledge-driven expert selection of the most
promising positions based on the automatically prioritized
list of ‘raw’ predictions prepared by the web-server. To
facilitate such analysis the results should be provided in
a way that would be most convenient for the researcher.
However, in practice, the output from the available tools
is not presented in an intuitive way, e.g. as plain text
files or simple HTML tables with a list of identified
SSPs/SDPs and their statistical scores. Finally, all currently
available web-methods were designed to handle relatively
small alignments, and thus are of limited productivity at
large-scale analysis of families/superfamilies. The avail-
able SSP/SDP-prediction tools have made a significant
contribution in the field, but as the protein sequence and
structure databases demonstrate a continuous growth,
the new bioinformatic solutions have to be developed to
address new challenges and opportunities.

We have developed Zebra2—a major upgrade from the
original Zebra web-server (10)—focused on improving us-
ability by integrating with the companion web-server to au-
tomatically construct large alignments of functionally di-
verse protein families and improving the quality of bioin-
formatic predictions by implementing a versatile analysis
toolkit to study the results on-line.

MATERIALS AND METHODS
Algorithm and parameters

The Zebra2 web-server implements the original Zebra al-
gorithm (9) featuring the relative entropy-based specificity
scoring function and random shuffling (by default, 1000
random permutations are performed by shuffling amino
acid content within each column and retaining subfami-
lies in their original proportions) to calculate the statisti-
cal significance P-values using the Bernoulli ‘B-cutoff” esti-
mator (3). The sequence conservation is assessed using the

Valdar and Thornton measure (27). The initially calculated
specificity scores for each position are corrected to improve
the ranking of those SSPs that assemble into clusters with
other subfamily-specific and conserved positions in the rep-
resentative protein 3D-structure (i.e. the ‘3D-mode’; by de-
fault, all neighboring positions within 4 A are considered).
The Zebra can automatically assign proteins to functional
subfamilies by graph-based clustering at different sequence
similarity levels that are selected to produce the most differ-
ent classifications (9). Alternatively, the CD-HIT clustering
algorithm can be implemented for a particular purpose to
classify proteins into subfamilies by ’cutting’ the sequence
identity graph at the user-selected level (28). The SSP/SDP
prediction accuracy of Zebra was previously evaluated on
a set of 435 enzyme families with diverse functional prop-
erties (9). The precision—recall analysis manifested that Ze-
bra is competitive with other tools. The Zebra2 parameters
are further discussed on-line at https://biokinet.belozersky.
msu.ru/zebra-parameters.

Input

The default input to Zebra2 (i.e. the Mode 1) is (i) a PDB
file of the query protein and (ii)) a FASTA alignment of
its homologs. The choice of the query should be based on
the research objective, e.g. you can select a protein that
is available for the experimental site-directed mutagenesis
to improve its properties or to study the key functional
residues. The input for Zebra2 can be prepared automati-
cally and on-line using the Mustguseal tool (24), as further
discussed below and on-line at https://biokinet.belozersky.
msu.ru/zebra-input. Availability of a 3D-structure is not
mandatory when using Zebra2. In the Mode 2, the web-
server accepts a multiple sequence alignment in the FASTA
format as the sole input. In this mode, the on-line anal-
ysis toolkit will be partially disabled (see ‘Output’). Gen-
erally, the Zebra2 analysis is provided on a one-chain-at-
a-time basis, i.e. unequal subunits of heteromeric proteins
and corresponding multiple alignments should be submit-
ted as independent tasks. There are two reasons for this: (i)
specificity /conservation is a characteristic of an individual
alignment column, thus simultaneous analysis of all pro-
tein chains at once is not required, but significantly compli-
cates the input data preparation; (ii) unequal chains of het-
eromeric proteins can represent domains with different evo-
lutionary history among homologs; therefore, it is most rea-
sonable to study their functional specificity independently.
The Mustguseal web-server can be used to automatically
collect and superimpose a large representative set of func-
tionally diverse homologs with high structural, but low se-
quence similarity to the selected query protein. Click on
the ‘Mustguseal it NOW’ button at the Zebra2 input page
to load the Mustguseal web-interface with a predefined
set of parameters (i.e. the Scenario 2). Provide the PDB
code (29) and chain identifier of the selected query pro-
tein to start the alignment construction process. In the first
step, the evolutionarily distant relatives of the query are se-
lected by searching for similar 3D-structures in the PDB
database (i.e., the representative proteins, see details below).
In the second step of the Mustguseal protocol, the sequence
similarity search is used to reveal close homologs of the
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collected representative proteins in the UniProtKB/Swiss-
Prot+TrEMBL databases. At most 500 proteins with at
most 90% pairwise sequence identity are collected per each
sequence similarity search, followed by the ‘Dissimilarity
filter’ to eliminate outliers sharing less than 0.5 bit-score-
per-column with the corresponding representative protein.
The collected non-redundant set of sequences of function-
ally diverse evolutionarily distant homologs is finally super-
imposed according to the 3D-alignment of representative
proteins, as recently discussed (24).

The representative proteins are selected by the Must-
guseal in the first step of the protocol based on the per-
centage of secondary structure shared by the query protein
and each entry in the PDB database, and define the scope
and diversity of the final alignment. Selection of threshold
values for this step should be based on the research ob-
jective and structural organization of the protein family of
interest. By default, a general-purpose “70%—70%" pair of
thresholds is applied (30) to collect evolutionarily distant
proteins representing functionally diverse families, yet simi-
lar enough for alignment, as recently discussed (24). By set-
ting the thresholds below or above the default values the
user can consider evolutionarily more distant proteins or
limit the scope of the alignment only to close homologs,
respectively. Non-symmetric thresholds should be used to
study protein superfamilies featuring non-uniform domain
organization (e.g. modular neuraminidases, as recently dis-
cussed (31)).

Click on the ‘Submit to Zebra2’ button at the Mustguseal
results page to submit the output alignment and the PDB
structure of the selected query to the Zebra2 web-server for
further bioinformatic analysis. The accession numbers of
the collected proteins will be embedded into the alignment
file for further use by the Zebra2 to retrieve the correspond-
ing annotation data from the internally stored PDB (29) and
UniProt (32), as well as to generate hyper-links to the re-
lated pages in PDB (29), UniProt (32), BRENDA (33) and
BacDive (34).

Output

The web-server provides a detailed on-line log of all its ac-
tivities, available immediately after the task is accepted, and
interactively updated while processing the user data. Users
are advised to always check this on-line log for warnings and
errors. In particular, if a task fails, this on-line log will con-
tain a description of the problem. If successful, the follow-
ing output will be created: the first output is a list of auto-
matically proposed classifications of proteins into specificity
groups; the second output is a list of conserved and specific
positions for each proposed classification. The identified
conserved and specific positions are automatically priori-
tized (i.e., ranked) according to the statistical significance as
previously discussed (9). The automatically proposed clas-
sifications are ranked in declining order of statistical signifi-
cance of the SSPs/SDPs they produce. The most significant
positions/classifications are ranked first. The Zebra2 out-
putis primarily web-based and can be studied on-site. In the
Mode 1 (i.e. when multiple alignment and a representative
3D-structure are submitted to the web-server), the results
are presented at four information levels: sequence similarity
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network can be used to evaluate the automatically proposed
classifications and study functional trends across protein su-
perfamilies from the context of sequence similarity within
and between the functional families/subfamilies (35) (Fig-
ure 1A); interfaces to 3D-structure-based and sequence-
based analysis can be used to highlight the most conserved
and specific parts of the common fold, as well as to visual-
ize the selected conserved and subfamily-specific positions
in the structure of the query protein (Figure 1B and C); a de-
tailed annotation of proteins featuring links to the external
databases (i.e., PDB (29), UniProt (32), BRENDA (33) and
BacDive (34)) can help to interpret the results of the bioin-
formatic analysis (Figure 1D), as further explained in the
Results section. In the Mode 2 (i.e. when multiple align-
ment is provided as the sole input to the web-server) only
the sequence similarity network analysis is available on-line.
The Zebra2 results are also available for download as text
files (in both Modes 1 and 2) and binary 3D-annotations
for PyMOL Molecular Graphics System (only in the Mode
1). The online interactivity is implemented in HTMLS using
JSmol (36) and Cytoscape (37) plug-ins. The layout of the
sequence similarity network is defined by the Compound
Spring Embedder algorithm of the Cytoscape.js library us-
ing pairwise sequence identities of at least 40%. Illustrated
user manual describing the Zebra2 output is available at
https://biokinet.belozersky.msu.ru/zebra-output.

RESULTS

The Zebra2+Mustguseal is a new highly automated web-
tool featuring an intuitive and easy-to-use interface to iden-
tify the subfamily-specific and conserved positions in di-
verse protein superfamilies. The input and output can be
created, processed and studied on-site via the web-interface.
To alleviate the burden on the end-user of identifying suit-
able homologs, the Zebra2 web-server connects with a com-
panion Mustguseal web-server that handles the construc-
tion of large multiple alignments of protein families based
on all available information about their 3D-structures and
sequences in public databases (see ‘Input’ in Methods). It
takes just a few clicks, starting from the Zebra2 landing
page, to create an alignment of up to thousands of proteins
and subject it to a comprehensive bioinformatic analysis.
At the same time, separate interfaces to the two bioinfor-
matic pipelines provide the opportunity to customize Must-
guseal and Zebra?2 for a particular research objective. The
Zebra2 output can be studied on-site or downloaded to a
local desktop station. Implementation of the on-line inter-
active analysis toolkit is the hallmark of Zebra2, i.e., the
results are presented at four information levels in a way that
should be the most convenient to a human expert (see ‘Out-
put’ in Methods). The Zebra2 can help to study the patterns
of local structure associated with a function/property spe-
cific to a particular family/subfamily or common among all
homologs (4), and assist to select hot-spots for enzyme en-
gineering (5,14-16): to improve stereo- and substrate speci-
ficity, increase stability or introduce novel catalytic activity
into the query protein (e.g. 1, 2, 17, 20). The key limitations
of the previously developed SSP/SDP-prediction tools were
outlined in the Introduction. A detailed comparison of the
new Zebra2 with the Zebra v.1 (10), as well as other available
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web-servers Multi-Harmony (12), SDPpred (3), SPEER-
SERVER (11) and Spial (13) is provided as a Supplemen-
tary Data (Supplementary Table S1, Supplementary Fig-
ure S1). We further discuss a recent case-study where the
positions selected by the Zebra bioinformatic analysis al-
gorithm were studied experimentally. The Zebra2 examples
are also available on-line at https://biokinet.belozersky.msu.
ru/zebra-examples.

The fold type I pyridoxal-5'-phosphate (PLP)-dependent
enzymes represent a prime example for the natural diver-
sity of catalytic activities that evolved within one structural
scaffold (38). Bioinformatic analysis of this superfamily was
carried out using Zebra2+Mustguseal to demonstrate the
potential of the new tool to explore the structure-function
relationship in proteins and design novel enzymes. This ex-
ample is qualitatively similar to a recent study of the deter-
minants of reaction specificity and catalytic promiscuity of
L-threonine aldolase from Aeromonas jandaei or LTAaj (2).
To operate this example on-line you can request the ‘Demo
mode (PLP)’ at the Zebra2 submission page. The PDB code
3WGB (chain A) of LTAaj was submitted to the Mustguseal
to automatically construct the alignment of a representative
set of 4185 homologs with high structure similarity but low
sequence identity to the query protein. The LTAaj was se-
lected as the query because it was available for the experi-
mental site-directed mutagenesis in that study (2). The auto-
matically constructed alignment was then subjected to anal-
ysis by the Zebra2. The proteins in input alignment were au-
tomatically assigned to 11 specificity groups by maximizing
the statistical significance of the corresponding specific po-
sitions (Figure 1A). The analysis of the available functional
annotation of members in the predicted specificity groups
(e.g. Figure 1D) revealed that they correspond to fami-
lies of the fold-type I PLP-dependent enzymes with differ-
ent reaction specificities (e.g., Threonine aldolases, Cysteine
desulfurases, Threonine-phosphate decarboxylases, Tyro-
sine phenol-lyases, Glutamine aminotransferases etc.). The
identified conserved positions Gly143, Asp168 and Lys199
(Figure 1B and C) were previously shown to be catalytically
important and involved in the cofactor-binding in the su-
perfamily, and their mutation greatly reduced the enzyme
catalytic activity (2). The roles of the identified specific po-
sitions (Figure 1B and C) in the catalytic mechanism and
reaction specificity of LTAaj can be further studied by im-
plementing the knowledge-driven expert analysis, molecu-
lar modelling, and experimental site-directed mutagenesis,
as recently discussed (2). In that study, it was shown that
specific positions conserved within functional families, but
different between them, determine the reaction specificity
of LTAaj by coordinating the PLP cofactor, thus affecting
its activation and tautomeric equilibrium of the catalytic in-
termediates. Mutagenesis at the positions identified by the
bioinformatic analysis in LTAaj reduced the native aldol ac-
tivity and facilitated promiscuous reactions, i.e., substitu-
tions at the selected family-specific positions increased the
transaminase activity up to 6-fold and introduced a novel
alanine racemase activity (2). We conclude that the specific
positions identified by the bioinformatic analysis can be em-
ployed to study the structural basis of functional diversity
and implemented as hot-spots to design enzymes with novel
properties, while the conserved positions as ‘irreplaceable’
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should probably be excluded from the list of potential mu-
tation sites for protein engineering.

DISCUSSION

Bioinformatic analysis has a potential of becoming a partic-
ularly important tool in protein engineering for systematic
analysis and study of the ever increasing volumes of pro-
tein sequences and 3D-structures attributed to functionally
diverse superfamilies. The common problem of many bioin-
formatic programs/algorithms is that they were advertised
as helpful tools to assist experimental studies, but usually
required profound skills in computational biology, what im-
peded practical use by many investigators in a daily labora-
tory practice. The recent trend is to provide advanced com-
putational methods directly to the wet-lab scientists by de-
veloping easy-to-use tools featuring content-rich interactive
on-line output (23,39-41).

The Zebra2 is an advanced web-server to study the pat-
terns of conservation and variability of amino acid residues
in a functionally diverse superfamily using a web-browser
as the only mandatory tool. The first novelty of the Zebra2
is integration with the recently introduced Mustguseal en-
gine to automatically collect and align functionally diverse
homologs with high structural, but low sequence similarity
to the query protein of interest (24). The second novelty is
implementation of the interactive analysis toolkit to present
the results at four information levels and thereby facilitate
the knowledge-driven expert selection of the most promis-
ing positions on-line. Mustguseal and Zebra2 can be used to
collect and study the currently available sequence variants
within a common 3D-structural fold of a superfamily, to
identify conserved positions that play common functional
and structural role shared by all homologs, and to reveal
specific residues responsible for diversity. The value of posi-
tions selected by the bioinformatic analysis can be assessed
by an expert and followed by experimental site-directed mu-
tagenesis, or can be studied by molecular modelling to re-
veal the mechanisms of their involvement in a protein func-
tion (2,14,26,42). Generally speaking, conserved positions
represent protein sites where no changes were allowed dur-
ing the evolution, as only the particular amino acid residues
were able to provide the necessary structure and function.
Such invariant positions in a large superfamily should prob-
ably be excluded from the list of potential mutation sites for
protein engineering, as their replacement is known to di-
minish the catalytic activity (e.g. 2). On the other side, the
subfamily-specific positions are determinants of functional
diversity within a common structural fold and present an
experimentally testable hypothesis to engineer biocatalysts
(4,5,8,14).

The integration of web-based bioinformatic tools Ze-
bra2 and Mustguseal provides an out-of-the-box easy-to-
use solution, first of its kind, to identify subfamily-specific
and conserved positions in protein superfamilies—to study
function-associated patterns of local structure, to assist at
selecting hot-spots for rational design, and to prepare fo-
cused libraries for directed evolution. We hope the new Ze-
bra2+Mustguseal integrated web-tool will further bridge
the gap between methods of advanced computational biol-
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ogy and experimental studies, thus promoting the value of
bioinformatic analysis in protein engineering.
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