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ABSTRACT

Proteins isolated from natural sources can be com-
posed of a mixture of isoforms with similar physico-
chemical properties that coexist in the final steps of
purification. Yet, even where unverified, the assumed
sequence is enforced throughout the structural stud-
ies. Herein, we propose a novel perspective to ad-
dress the usually neglected sequence heterogeneity
of natural products by integrating biophysical, ge-
netic and structural data in our program SEQUENCE
SLIDER. The aim is to assess the evidence support-
ing chemical composition in structure determination.
Locally, we interrogate the experimental map to es-
tablish which side chains are supported by the struc-
tural data, and the genetic information relating se-
quence conservation is integrated into this statistic.
Hence, we build a constrained peptide database, con-
taining most probable sequences to interpret mass
spectrometry data (MS). In parallel, we perform MS
de novo sequencing with genomic-based algorithms
to detect point mutations. We calibrated SLIDER with
Gallus gallus lysozyme, whose sequence is unequiv-
ocally established and numerous natural isoforms
are reported. We used SLIDER to characterize a met-
alloproteinase and a phospholipase A2-like protein
from the venom of Bothrops moojeni and a crotoxin
from Crotalus durissus collilineatus. This integrated
approach offers a more realistic structural descriptor
to characterize macromolecules isolated from natu-
ral sources.

GRAPHICAL ABSTRACT

INTRODUCTION

Structural biology has been invaluable to unravel the molec-
ular mechanisms of biological macromolecules and their
complexes. The observation of different states and chemi-
cal reaction intermediates has provided the base for major
breakthroughs in the last six decades with X-ray crystal-
lography being the most used structural technique. A val-
idated crystallographic model derived from high-resolution
diffraction data with global indicators conforming to the
norm is usually unquestioned by the scientific commu-
nity. It will be adopted to interpret biochemical data and
to perform theoretical studies, such as homology mod-
elling, molecular dynamics, docking and virtual screen-
ing, even if some local features included in the model
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may be undetermined (1). Since the resolution revolution,
single-particle cryogenic electron microscopy (cryoEM) has
reached atomic resolution with apoferritin (2). Homoge-
neous samples, favoured by high symmetry and low flex-
ibility represent particularly favourable cases, whereas the
typical resolution in a cryoEM reconstruction varies locally
between 3 and 20 Å. In regions with resolution better than 3
Å, side chain modelling becomes possible, but it is subject to
specific issues leading to side chains strongly affected by ra-
diation damage or carrying net negative charges frequently
becoming invisible in the electrostatic potential map (3,4).

CryoEM obviates the need for crystallization, relieving
the difficulty to study complex structures such as ribosomes,
ionic channels and viral proteins. Various of these samples
are obtained directly from the natural source, such as the
trimeric spike protein isolated from the severe acute res-
piratory syndrome coronavirus 2 (5), ryanodine receptor
isoform 1 purified from rabbit skeletal muscle (6–8) and
its isoform 2 from dog heart ventricles (9), inositol 1,4,5-
trisphosphate receptor type 1 from rat cerebellum (EMD-
6369) and Nav1.4-�1 Complex from electric eel (10).

Prior knowledge of the sample composition is essential
for building an atomic model of the macromolecule in the
typical scenario where structural data do not reach atomic
resolution. For proteins produced recombinantly, sequence
knowledge comes beforehand, whereas investigating struc-
tures obtained from natural sources, isoforms that share
physicochemical properties may coexist even after extended
purification. Lysozyme, the most studied protein in crys-
tallography (11), has been seen in at least four isoforms in
bovine cartilage (12) and three in the medicinal leech (13).
Most relevant is the case of natural products where the con-
certed action of isoforms enhances their function, such as
for natural venoms. Venoms are composed of a cocktail of
toxins characterized by one of the most rapid evolutionary
divergence and variability seen in any category of proteins
(14). In fact, variability in venom composition within a sin-
gle species may be related to ontogeny (15), diet (16), sea-
sonality (17), geographical location (18) and gender (19,20).
In the case of snake venom phospholipases A2 (PLA2s), at
least 16 isoforms of �-bungarotoxin (21) and 16 isoforms
of crotoxin (22,23) have been identified and characterized.
Importantly, the precise isoform may determine biological
activity: as an example, two point mutations F124I and
K128E in the ammodytoxins are enough to change their
toxicity, anticoagulant properties and toxin targets (24). Re-
searchers may assume their sample coincides with one entry
on the sequence and structural repositories containing crys-
tal and cryoEM structure; therefore, bias propagation of es-
tablished sequences is a concern in the field of natural prod-
ucts. Moreover, repositories are not error-free as they are
curated at a level relying mostly on global validating statis-
tics, and the information they contain ultimately depends
on depositors.

For non-recombinant samples, crystallographic and cry-
oEM determination can be effectively complemented by
independent genetic information. A sophisticated analysis
of electron density was implemented in the method find-
MySequence, which aims to identify the most plausible
protein sequence in a database given a density map (25).
It implements a sequence alignment based on a machine-

learning residue-type classifier (25). Relevant genetic in-
formation can be derived from evolutionary conservation
and amino acid frequencies from phylogenetic relations be-
tween homologues (26,27), as residues related to function
are conserved and structural stability requires concerted
pairwise changes of interacting residues (28–31). Such infor-
mation has also proven useful for predicting protein struc-
tures (implemented in AlphaFold (32,33), RoseTTaFold
(34) and 3Dseq (35)) and using fragments from these for ab
initio phasing of crystallographic structures using Molec-
ular Replacement (implemented in Ample (36)), as they
infer nearby residues analysing evolutionary covariance
(32,35,36).

Mass spectrometry (MS), Edman degradation and
cDNA sequencing are the complementary experimental
techniques that allow determination of protein sequences
directly purified from natural sources (37). MS does not re-
quire samples of high purity and has been a breakthrough
characterizing complex samples (38,39). Venomics, the par-
ticular application of omics fields to characterize venom,
has advanced to the point of allowing one to character-
ize the variability between different isoforms contributing
as little as 0.05% (39,40). Conventional identification ap-
proaches require concordance between the fragmented pep-
tides from MS/MS with the predicted digested sequences
from a database, although unknown sequences or proteins
with strong polymorphism are not revealed (reviews in (41–
43)). Alternatives are de novo sequencing, which relies only
on the experimental data, usually at the price of compro-
mising coverage, and algorithms that tolerate mismatches,
point mutations and post-translation modifications (PTM).
Determining side chain composition in structures of sam-
ples containing multiple isoforms will not be trivial and will
require the integration of information from different bio-
physical techniques, including MS (44).

The integrated use of MS and structural determina-
tion has proven invaluable in multiple ways comprising
protein-construct design, purification, crystallization, phas-
ing and model building (45). MS can define compact do-
mains and mobile regions guiding truncation to improve
sample preparation, assess the components present in a
crystal, measure the number of heavy atoms in a crystal and
address issues in modelling, topology and side-chain prox-
imity (45). Diemer et al. characterized a phosphate bind-
ing protein purified from human plasma, but absent in eu-
karyotic genome databases by tandem use of crystallogra-
phy and MS data combining multiple alternative digestions
to obtain the correct sequence (46). Guo et al. (47) charac-
terized the sequence of haemoglobins from two endangered
felines by use of crystallography, MS data from single pro-
teolysis and evaluation of sequences from homologues (47).

The side chain evaluator method called SEQUENCE
SLIDER (SLIDER) provides a novel framework to coordi-
nate this complex task of integrating structural and genetic
information. SLIDER (48) was first created in the ab initio
phasing scope of ARCIMBOLDO methods (49), in which
small fragments are identified in the asymmetric unit using
molecular replacement (50) and the rest of the structure is
revealed through density modification and automatic map
interpretation (51,52). SLIDER uses available sequence in-
formation, secondary structure prediction or alignment be-
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tween remote homologues, to build the most probable side-
chain atoms into a partial solution usually composed of
polyalanine fragments. Discrimination in global statistics of
the agreement between data and model may reveal the true
sequence hypothesis (48).

Herein, we describe the implementation of SLIDER to
integrate structure determination, mass spectrometry and
genetic information to address the heterogeneity of com-
plex samples purified from natural sources building a prob-
ability of amino acids per residue basis. SLIDER was first
carefully calibrated using a crystallographic dataset of the
known hen egg-white lysozyme and further refined with the
basement membrane-specific heparan sulphate proteogly-
can core protein (BaM). Subsequently, we apply it to elu-
cidate a metalloproteinase (BmooMP-I) (53), a PLA2-like
protein (MjTX-I) from Bothrops moojeni and a crotoxin
from Crotalus durissus collineatus (CBCol), revealing se-
quences not yet seen in the literature. We offer the structural
community a methodology that consistently assigns amino
acids integrating available information for macromolecules
purified from natural source.

MATERIALS AND METHODS

Protein purification

Lyophilized lysozyme from Gallus gallus was purchased
from Sigma-Aldrich. Freeze-dried Bothrops moojeni crude
venom was purchased from Centro de Extração de Toxina
Animais (CETA), Morungaba – SP, Brazil and freeze-dried
Crotalus durissus collineatus crude venom was purchased
from Serpentarium Bioagents of Batatais – SP, Brazil.
BmooMP-I was isolated from B. moojeni snake venom by
cation-exchange chromatography on a CM-FF column (5
ml) followed by reverse-phase using a C-18 column as de-
scribed by Salvador et al (53). CBCol was isolated from
C. d. collilineatus snake venom by cation-exchange chro-
matography on a CM-Sepharose column (2 × 20 cm), fol-
lowed by the dissociation of subunits according to Hendon
& Fraenkel-Conrat (54).

Kidney tissue lysis preparation

Two hundred microliters of lysis buffer (8 M urea, 75 mM
NaCl, 25 mM Tris-HCl pH 8, 2 mM MgCl2, protease in-
hibitor (Roche) 1×, benzonase 1 U) were added to a mi-
crotube containing 20 mg of healthy mouse (Mus musculus)
kidney (Ethics Committee Ceau 07150321–0). The sample
was submitted to Sonics Vibra-Cell VCX-600 Ultraconic
Processor equipment using 5 pulses by minute (25 Hz of
power/20% amplitude) with 1 min interval within pulses.
Following centrifugation to 14 000 g for 30 min, the super-
natant was collected.

Crystallographic experiments

Crystals were obtained by the hanging-drop vapour diffu-
sion method at 18◦C (McPherson, 2009). Lysozyme crys-
tals were grown in crystallization drops composed of 1 �l
of protein solution (50 mg/ml) and 1 �l of the precipitant
solution, equilibrated against the reservoir solution of 1.2
M MgCl2 and 0.1 M Tris HCl, pH 7.6. BmooMP-I crystals

were obtained by mixing 0.5 �l protein solution (20 mg/ml)
and 0.5 �l reservoir solution equilibrated against a 50 �l
reservoir containing 30% (w/v) PEG 400, 0.05 M Tris HCl,
pH 8.5, 0.05 M lithium sulphate and 0.05 M sodium sul-
phate (53). CBCol crystals were obtained from a crystal-
lization drop composed of 1 �l of protein (10 mg/ml) and 1
�l of precipitant solution equilibrated against reservoir so-
lution of 2.0 M ammonium sulphate and 0.1 M Tris HCl,
pH 9.0 (55).

Crystals were mounted in nylon loops and flash cooled in
liquid nitrogen. Diffraction data were collected at the MX2
beamline, Laboratório Nacional de Luz Sı́ncrotron (LNLS,
Campinas, Brazil). The BmooMP-I dataset was indexed,
integrated and scaled using HLK2000 (56), and all other
data with XDS (57). The BmooMP-I, MjTX-I, CBCol and
lysozyme structures were solved by molecular replacement
with PHASER (50), using the BmooMPalpha-I (PDB code:
3GBO), MjTX-I (6CE2), crotoxin basic subunit (2QOG),
lysozyme (6G8A) coordinates, respectively. Refinement was
performed with phenix.refine (58), and the model was man-
ually built with Coot (59) using the �A-weighted Fobs-Fcalc
and 2Fobs-Fcalc maps. The crystallographic data and molec-
ular structure of the BaM were extracted from the PDB
(1GL4) (60). Possible improvement of main and side chain
positions was probed with the PDB REDO server (61). The
final models were evaluated using the validation analysis
from Molprobity (62).

Sequence assignment

Crystallography. SEQUENCE SLIDER for natural com-
pounds was used to assign the sequence of lysozyme, BaM,
BmooMP-I, MjTX-I and CBCol. A protein model with
good agreement to the experimental map based on global
indicators conforming to the norm, Rfree below 25% and
Molprobity score below the resolution of the data, was
used as starting point. Rotamers for each one of the 20
possible amino acids were generated using the coot func-
tion ‘auto-fit-best rotamer’ for each residue in the protein
model. Water molecules within 2.5 Å were removed with
the coot ‘delete atoms’ command. All atoms within 5 Å
distance of the focus residue were refined using coot ‘re-
fine residues’ (63). Side-chain atoms had their B-factors set
to 30, and their real-space correlation coefficient (RSCC)
was calculated against phenix.polder omit maps (64). Each
residue with its omit map from phenix.polder was reviewed
manually to assess the possibility of sequence or conforma-
tional heterogeneity consistent with its chemical surround-
ing. Amino acids with top RSCC values were included in the
probability distribution to generate a database of sequences
to be used against MS data. All potential peptides from pro-
teolytic cleavage, which in the cases of this article were for
Arg/Lys (trypsin), were generated. Images were generated
using Coot (63) and Raster3D (65).

Mass spectrometry. intact proteins. About 5 �l aliquots
of lysozyme previously diluted in 50% acetonitrile (ACN)
and 1% formic acid were analysed by direct infusion into
the Electrospray Ionization Time-of-Flight mass spectrom-
eter (Shimadzu, Kyoto, Japan), under 0.2 ml/min constant
flow of 50% of solution A&B (solution A: water: DMSO:
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formic acid (949: 50: 1) and solution B: ACN: DMSO: wa-
ter: formic acid (850: 50: 99: 1)). The MS interface was kept
at 4.5 kV and 275 ºC. Detector operated at 1.95 kV. MS
spectra were acquired in positive mode, in the 350–1400 m/z
range and the multiply charged ions were manually decon-
voluted for molecular mass determination.

Digested proteins. Tryptic digests of the samples were sol-
ubilized in 0.1% (v/v) formic acid (solution A) and sub-
jected to nano-ESI-LCMS/MS analysis, using an Ulti-
mate 3000 HPLC (Dionex), coupled to a Q Exactive Or-
bitrap™ mass spectrometer (Thermo Fisher Scientific). Pep-
tides were loaded on a Trap Column with nanoViper Fitting
(P/N 164649, C18, 5 mm × 30 �m, Thermo Fisher Scien-
tific) and eluted at a flow rate of 300 nl/min using an iso-
cratic gradient of 4% solution B (100% (v/v) acetonitrile
containing 0.1% (v/v) formic acid) for 3 min. Thereafter,
peptides were loaded on a C18 PicoChip column (Reprosil-
Pur®, C18-AQ, 3 �m, 120 Å, 105 mm, New Objective,
Woburn, MA, USA) using a segmented concentration gra-
dient from 4–55% B for 30 min, 55–90% B for 1 min, 90% B
over 5 min and then returning to 4% B over 20 min at a flow
rate of 300 nl/min. Ion polarity was set to positive ioniza-
tion mode using data-dependent acquisition (DDA) mode.
Mass spectra were acquired with a scan range of m/z 200–
2000, resolution of 70 000 and injection time of 100 ms. The
fragmentation chamber was conditioned with collision en-
ergy between 29 and 35% with a resolution of 17 500, 50 ms
injection time, 4.0 m/z isolation window and dynamic exclu-
sion of 10 s. The spectrometric data were acquired through
the Thermo Xcalibur™ software v.4.0.27.19 (Thermo Fisher
Scientific).

All MS raw data were compared against the UniProt
(66) database with the PatternLab software v.4.0.0.84 (67)
or MASCOT (68). A database with the most probable se-
quences from the crystallographic evaluation was also used.
The following search parameters were used: semi-tryptic
cleavage products (two tryptic missed cleavages allowed),
carbamidomethylation of cysteine as fixed modification and
oxidation of methionine as variable modification. Parent
mass tolerance error was set at 40 ppm and fragment mass
error at 0.02 ppm. Proteins were identified considering a
minimum of one fragment ion per peptide, five fragment
ions per protein, two peptides per protein and a false dis-
covery identification rate set to 1%, estimated by a simulta-
neous search against a reversed database.

MS raw data were evaluated using PTM, point muta-
tion and de novo algorithms with PEAKS/SPIDER (69,70).
De novo analyses were performed with tolerances of 0.01
Da for precursor and fragment ions; methionine oxida-
tion and carbamidomethylation of cysteine were considered
variable modifications and fixed, respectively; maximum of
3 PTMs; de novo score (ALC%) threshold of 15 and peptide
hit threshold (-10logP): 30.0.

Phylogenetic analysis. The most probable sequences ren-
dered by MS and crystallographic analysis, along with their
structural coordinates, were input to ConSurf (26). For the
multiple sequence alignment, HMMER homolog search
(71), which implements profile hidden Markov models to
find remote homologues, was parameterized with a single

iteration, E-value cutoff of 0.0001 and using the UniProt
Reference Clusters 90 database (UniRef90) (66). The align-
ment was built using MAFFT-L-INS-I (72), software de-
signed for the alignment of hundreds to thousands of se-
quences. For each sample, the 300 most similar sequences
(within an interval of 100% to 35% sequence identity) were
used to calculate a percentage of amino acid occurrences for
each residue position in the output file ‘query msa.aln’.

SEQUENCE SLIDER is an open-source initiative
written in Python3 and distributed through a GitHub
repository (https://github.com/LBME/slider) and within
ARCIMBOLDO (http://chango.ibmb.csic.es/), through the
package installer for Python (PyPI) and Collaborative
Computational Project No. 4 (CCP4) (73).

RESULTS

Method description

SLIDER integrates crystallography, mass spectrometry and
phylogenetic data to assign sequence and its heterogene-
ity in complex samples (Figure 1). All data gathered from
these three techniques can be jointly used to restrict hypoth-
esis generation or independently to validate one another. In
crystallography, SLIDER starts from a reflection file con-
taining experimental intensities or amplitudes and an initial
protein file with global indicators conforming to the norm,
Rfree below 25% and Molprobity score below the resolu-
tion of the data, and, if not supplied, it generates a map
with phenix.maps (74). It builds the rotamer with the best
fit to the electron density map for every one of the 20 nat-
ural amino acids in each residue position, removes water
molecules within a 2.5 Å radius and refines the positions of
atoms within 5.0 Å distance using the software Coot (59).
Their side chain atoms are used to estimate the agreement
between their calculated electron density with the observed
one using the real-space correlation coefficient (RSCC) in
phenix.polder (64), a methodology that creates an omit map
excluding the bulk solvent around the omitted region. This
strategy does not use a precomputed library or templates of
expected side chain electron densities, as it enforces for each
residue a new electron density calculated from side chain co-
ordinates fitted in the experimental map. Alternatively, in-
stead of searching for all 20 amino acids, restrictions may be
extracted from genetic information (homologues) or from
MS data (illustrated in Figure 1 by arrow ‘Restricting seq
hyp’ connecting Genetic information or Mass spectrome-
try data ellipses to Structural data ellipse). For each residue
position, single or multiple amino acid possibilities may
be accommodated in the observed map, measured herein
with RSCC (structural data ellipse in Figure 1). To discrim-
inate among them automatically, we use a statistical indi-
cator referred to as �contrast, which is calculated by the
subtraction of the RSCC of each amino acid with the next
best possibility (as an example, the �contrast of the best
scoring amino acid would be the subtraction of its RSCC
with the second best RSCC value). We visually inspected
the omit maps relating to the �contrast values and estab-
lished empirically that a �contrast of 3.0% is an appropri-
ate threshold to distinguish one amino acid from all others.
Seven residues from three groups that share similar scatter-
ing and shape (and thus are approximately isosteric) were

https://github.com/LBME/slider
http://chango.ibmb.csic.es/
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Figure 1. Scheme of how SEQUENCE SLIDER integrates structural, mass spectrometry and phylogenetic data for sequence assignment.

ambiguous: (i) valine and threonine; (ii) asparagine, aspar-
tic acid and leucine; (iii) glutamic acid and glutamine. These
amino acids, however, can be unambiguously identified by
analysing the chemical environment. Hydrophobic residues
will likely be buried and surrounded by other hydrophobic
side chains, and hydrophilic residues will form a distinctive
H-bonding pattern.

From the single and multiple possibilities of amino acids
in each residue position, a database of sequences in FASTA
format can be built (arrow ‘Generation of seq database’
connecting Structural data ellipse to Mass spectrometry el-
lipse in Figure 1). To reduce the exponential growth of the
combination of amino acid sequences, possibilities are gen-
erated based on the expected peptide pattern from pro-
teolytic cleavage. This database also incorporates the re-
versed order of each sequence as a baseline to estimate true
and false positives by the available mass spectrometry soft-
ware, which is known as false discovery rate. Against this
database built from crystallographic data, we used Pattern-
Lab for Proteomics (http://www.patternlabforproteomics.
org/), the Brazilian integrated computational environment
for analysing shotgun proteomic data conceived by Dr
Paulo C. Carvalho (67). Alternatively, the MS/MS spec-
trum can be searched against in silico digested sequences
of proteins available in public databases, such as NCBI (75)

and UniProt databases (66) (illustrated in Figure 1 by ar-
row ‘Generation of seq database’ connecting the Genetic
information ellipse to the Mass spectrometry data ellipse).
Additionally, the possibility of PTM and homology peptide
mutations can be evaluated with de novo sequencing, which
is available in PEAKS/SPIDER (69,70) (arrow ‘Restricting
seq hyp’ connecting the Mass spectrometry ellipse to the
Structural data ellipse in Figure 1).

Estimation of sequence conservation and the amino acid
frequency of each residue position based on homologue se-
quences (illustrated by Genetic information ellipse in Figure
1) is extracted by SLIDER from the results from ConSurf,
a bioinformatics tool to estimate evolutionary conservation
based on phylogenetic relations among homologues (26,27),
giving as input sequence the most probable sequence us-
ing results from the previous techniques (arrow ‘Input seq’
connecting either Structural data or Mass spectrometry
data ellipses to the Genetic information ellipse in Figure
1). Various tools are available for remote homologue se-
quence detection (76), e.g. HH-suite3 (77). Currently, Con-
surf was chosen for this task because it builds phylogenetic
tree, calculates sequence conservation by residue position
and incorporates visualization of this conservation score in
an atomic model in 3D, functionalities that could be later
incorporated in SLIDER. In Consurf, the HMMER ho-

http://www.patternlabforproteomics.org/
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molog search algorithm (71) is used, and the multiple se-
quence alignment of the 300 most similar sequences (within
an interval of 100% and 35% sequence identity) extracted
from the UniProt database (66) are built using MAFFT-L-
INS-I (72). From the multiple sequence alignment output
file, the percentages of occurrence of the 20 amino acids at
each residue position are calculated. Highly conserved re-
gions, where a single amino acid is observed (100% occur-
rence), are related to function or structural stability (26,27)
and therefore should be conserved in the sample sequence.
Mutations should be expected in regions with a high de-
gree of variability. This analysis is useful to confirm assign-
ments from crystallography and MS data and to distinguish
among groups of approximately isosteric amino acids, as
discussed above. The phylogenetic analysis could restrict hy-
pothesis generation from the crystallographic data instead
of considering all 20 possible amino acids in each residue
position. However, this strategy was not applied here to
prevent bias from known sequences; as well the crystallo-
graphic resolution of 2.0 Å or better, attained in the work
described here, should already allow sufficient distinction.
For the BaM case where MS data were collected for a mix-
ture of proteins, phylogenetic analysis was extended to pro-
tein regions not represented in the experimental spectra.

For some residues, information gathered may point to a
single possibility; for others, more than one amino acid vari-
ation may be possible, which can be built with partial occu-
pancy or even as an unknown residue (described as UNK).
Alternative identifications for amino acids at a particular
sequence position, known as microheterogeneity (78), are
allowed in the PDB deposition. In summary, SLIDER bal-
ances different sources of information to either assign a sin-
gle amino acid if unambiguously identified, multiple pos-
sibilities or even unknown when the evidence is not con-
clusive, in an approach that derives sequence hypothesis
from data and prevents bias propagation from information
known a priori.

The computing requirements for SLIDER depend on the
resolution of the crystallographic data and the number of
residues in the asymmetric unit. The crystallographic cal-
culations vary between 5 and 20 minutes per residue, but as
the method takes advantage of multiprocessing, this time is
divided by the number of physical cores available. An initial
test estimates memory usage given the number of cores; the
latter may be reduced to prevent RAM memory overload.
The MS and phylogenetic analyses take around 10 min per
dataset. The calculations for cases described here were run
on a laptop equipped with Intel i7-10710U (6 physical cores
@ 3.67 GHz) and 16 Gb of RAM. The lysozyme case took
2.0 h, 2.8 h for BaM, 3.6 h for BmooMP-I, 20.5 h for MjTX-
I and 5.7 h for Cb.

Lysozyme

Lysozyme is one of the most studied structures, as it is read-
ily obtained (e.g. from egg white) and crystallized, totalling
over 5000 entries in the PDB (11). Still, these represent but
a fraction of the thousands of sequences registered for dif-
ferent species in multiple isoforms in the NCBI (75) and
UniProt databases (66). As the structure and sequence of
this enzyme have been extensively characterized, we chose

it to calibrate the SLIDER methodology. Using the NCBI
database against the MS spectrum of Gallus gallus lysozyme
yields a high coverage of 117 residues out of 129 (Figure
2A). We collected diffraction data to a resolution of 1.9 Å
and concluded model-building and refinement once agree-
ment between experimental and calculated data (Rwork/Rfree
of 18.5/21.7%) and stereochemistry (Molprobity score is
1.71, corresponding to the 87th percentile for structures in
the PDB) were conventionally acceptable. The automatic
main and side chain rebuilding method PDB REDO (61)
led to lower Rfactors by about 0.7%, with 3 side chain ro-
tamers changed.

For the SLIDER sequence evaluation using crystallo-
graphic data based on the RSCC and �contrast calcula-
tions, the groups of (i) valine and threonine, (ii) asparagine,
aspartic acid and leucine, (iii) glutamic acid and glutamine
had possibilities restricted by evaluating their chemical en-
vironment. Twenty-eight solvent-exposed residues (21.7%)
were deemed to be hydrophilic, while 13 buried residues
(10.1%) were restricted to the hydrophobic group (Figure
2B). Hence, we generated 9648 sequence hypotheses involv-
ing the residues that were favoured by the electron density,
as evaluated by the RSCC, and the previous physicochemi-
cal restrictions (Figure 2B).

In applying PEAKS/SPIDER against the lysozyme MS
data and UniProt database restricted to Gallus gallus se-
quences, we found 845 peptide-spectrum matches with a
false discovery rate of 0.2%, which is the expected percent-
age of peptides where a reversed sequence, and therefore
are false positive, was selected. The known single sequence
(P00698) showed good coverage, leading to 3, 113, 12 and
1 residues with none, one, two and four amino acid possi-
bilities, respectively (sequences shown in PEAKS/SPIDER
description of Figure 2A). The sequence database built from
crystallographic data evaluated with PatternLab presented
more variation, showing 5, 96, 23, 3 and 2 residues with
none, one, two, three and four amino acid possibilities,
respectively (sequences shown in PatternLab description
of Figure 2A). Comparing both evaluations, 83 residues
(64.3%) were given the same assignment while 46 (35.7%)
were different.

Most residues in the crystallographic model clearly
favoured a single amino acid, discriminated by the
�contrast. These calculations were confirmed by manual
evaluation of omit maps, by MS and/or by phylogenetic
analysis (Figure 2A and Supplementary Table S1). The am-
biguity of 39 residues (30.2%) was resolved by the MS spec-
trum (orange residues in Figure 2A and Supplementary Ta-
ble S2) and ambiguity in the remaining 21 residues (16.3%)
was resolved with phylogenetic analysis (Supplementary
Table S3).

The isomorphous template (PDB code: 6G8A) used to
phase our lysozyme crystallographic model has the pre-
sumably correct sequence. It was confirmed by measur-
ing the intact mass of our sample using mass spectrom-
etry as the experimental molecular mass of 14306.31 ±
2.81 Da agrees with the theoretical mass (14 303.88 Da).
PEAKS/SPIDER identified 113 residues correctly and un-
ambiguously (87.6%), and 13 including the correct choice
among alternative amino acid possibilities (10.0%) but
failed to find 3 (2.4%). PatternLab using the database
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Figure 2. Sequence assignment of lysozyme. (A) Mass spectrometry data are used against an NCBI and UniProt database of lysozyme sequences, against
PEAKS/SPIDER evaluation and against PatternLab with database built from crystallographic data and the sequence from the crystal model. (B) Database
constructed by SEQUENCE SLIDER from crystallographic data.

built from crystallographic data identified 95 residues
correctly (73.6%), 27 correct but ambiguous (20.9%), 3
residues were incorrectly assigned (2.4%) and failed to find
5 (3.9%). Pro70, Gln121 and Arg128 were not seen in
this database; instead a Gly70, Leu/Asn/Ser/Ala/Gly121
and Asn/Pro/Val129 were observed (Supplementary Ta-
ble S4). In fact, the residues Gln121 and Arg129 could
not have been found by PatternLab, being absent from
the sequences generated (Figure 2B), as their electron den-
sity omit maps support serines (Figure 3). Also, the omit
map for residue 70 supports a Gly (Figure 3). Consider-
ing the PEAKS/SPIDER amino acids, residues 70–72 were
not seen, but Gln121 and Arg129 were observed. Over-
all, the lysozyme data allowed us to calibrate SEQUENCE
SLIDER, to establish the minimum �contrast to distin-
guish a particular side chain, to integrate MS and genetic
information to previous assignments.

Basement membrane protein BaM

To further assess SEQUENCE SLIDER in the less ideal
scenario of a membrane protein with limited experimental
data, we evaluated the crystallographic, phylogenetic and
MS data of the basement membrane-specific heparan sul-
phate proteoglycan core protein BaM. We identified BaM in
bottom-up MS data of mouse kidney, but it is also present
in specialized extracellular matrix underlying epithelia and
surrounding peripheral nerve axons, muscle and fat cells
(60), and BaM is conserved in all metazoa. The chain B of
PDB entry 1GL4 is a part of BaM. The structure along with
experimental diffraction data to 2.0 Å resolution were de-
posited with good refinement (Rwork/Rfree of 21.7/24.7%)
and stereochemistry statistics (Molprobity score is 1.56,
which corresponds to the 96th percentile). When this model
is submitted to PDB REDO (61), 5 side chain rotamers are
changed and the Rfactors are reduced by about 2.5%.

Applying SLIDER evaluation of the BaM crystallo-
graphic data calculating RSCC and �contrast, the amino
acids that fit the side chain electron density at each residue
position are shown in Figure 4. Twelve residues were re-
stricted to hydrophobic amino acids and 17 to hydrophilic

due to their chemical environment. An Asp was discrimi-
nated from Asn based on salt bridges. Sixty-one, 22, 1, 2, 2
and 2 residues had 1, 2, 3, 4, 5 and 6 amino acid(s) possibil-
ities, respectively.

As the MS data were collected from a mixture of pro-
teins present in the mouse kidney, only two non-overlapping
peptides (31.5% of total residues) were found for the se-
quence of the BaM crystal structure by PatternLab (67)
and PEAKS/SPIDER (69,70) (Figure 4). In the case of
mouse, given that its proteome and genome are known (79),
identification of unique peptides from the BaM sequence
in the MS spectrum allows us to infer the rest of its se-
quence where no peptides were matched. In those cases,
where no complete genome or proteome data are available,
which is common for most venomous animals, the missing
information could be inferred approximately from remote
homologue primary structures. Therefore, testing this strat-
egy using the phylogenetic analysis from Consurf (26), we
obtained the 300 most similar sequences from UniRef90
(66), and we calculated amino acid occurrence (percent-
age) per residue position with SLIDER. The most abun-
dant amino acids were considered as possibilities for each
residue position (Figure 4). The information from all three
techniques was gathered to assign the most probable se-
quence. Forty-eight residues shared a common assignment
in crystallography and/or MS and/or phylogenetic analy-
sis (Supplementary Table S5). The lingering ambiguity from
the crystallographic evaluation was resolved by phyloge-
netic analysis in one residue. Conversely, the ambiguities af-
fecting 35 residues based on phylogenetic analysis were re-
solved by crystallography (Supplementary Table S6). Thir-
teen residues remained ambiguous (Supplementary Table
S7). Therefore, we show that SLIDER can be applied to
membrane proteins and missing information from MS of
a purified sample can be substituted by extension of phylo-
genetic analysis.

Metalloproteinase BmooMP-I

The first novel crystallographic and mass spectrometry data
to which SLIDER was applied for natural compounds were
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Figure 3. Electron density of omit map of different lysozyme residues in comparison to the PDB code: 6G8A with mass spectrometry and phylogenetic
analysis statistics. RT stands for residue type; RSCC for real-space correlation coefficient, PSc for Primary Score, %PhA frequency from phylogenetic
analysis; and ! for SLIDER choice for given amino acid in a single letter code.

Figure 4. Sequence modelling of BaM. Three techniques, mass spectrometry (with PatternLab and PEAKS/SPIDER evaluation), phylogenetic and crys-
tallographic analysis are integrated to assign the BaM sequence.

from the metalloproteinase BmooMP-I from the Brazil-
ian Lancehead viper B. moojeni. BmooMP-I exhibits fib-
rinogenolytic and gelatinase activities that are important in
the immobilization and digestion of the prey (53).

The MS data analysis in a typical strategy using a sin-
gle digestion procedure, trypsin, against the NCBI database
for the Bothropic genus reached a coverage of 131 residues
(65.5%) out of 200. The sequences with highest scores
were five bothropic metalloproteinases with 57–78 residues
matching in the MS spectrum (Figure 5A). With 34.5% of
the sequence missing, this was an ideal case for application
of the SLIDER methodology to assign sequence hetero-
geneity.

The BmooMP-I crystallographic model was deposited
under PDB code: 6X5X, at 1.92 Å resolution with excellent
agreement to the data (Rwork/Rfree of 16.0/18.1%) and to
the stereochemistry (Molprobity score of 0.89, which corre-
sponds to the 100th percentile) (53). Sequence heterogene-
ity was removed from the structure to evaluate improve-
ments generated with PDB REDO (61); it reduced Rfactors
by about 0.9%, changed 4 rotamers and improved the den-
sity fit of one residue. When considering the structural en-
vironment, the side chain possibilities were restricted to hy-
drophobic residues for 19 residues (9.5%) that were mostly
buried (Figure 5B). Hydrogen bonds were found for 33
residues (16.5%) that were mainly exposed (Figure 5B) and
were assigned to the hydrophilic group. The resulting amino
acid sequence possibilities and peptide cleavage sites used
for database built from crystallographic data are illustrated

in Figure 5B giving a total of 419 268 sequences combining
the possibilities.

The peptides built from crystallographic data with a spec-
trum matching the MS data from PatternLab are shown in
Figure 5A in PatternLab description with certain residues
coloured in green and uncertain residues in magenta. Using
the MS data and UniProt database restricted to taxonomy
Serpentes with PEAKS/SPIDER, we found 1900 peptide-
spectrum matches with a false discovery rate of 1.4%. In or-
der to achieve good sequence coverage, we merged peptides
from three sequences, all bothropic metalloproteases, and
6, 137, 42, 12, 2, 2 and 1 residues had none, one, two, three,
four, five and six amino acid possibilities, respectively (se-
quences shown in PEAKS/SPIDER description of Figure
5A). On the other hand, the PatternLab sequence built from
crystallographic data strategy had 6, 164 and 32 residues
having none, one and two amino acid possibilities, respec-
tively (sequences shown in PatternLab description of Fig-
ure 5A). Comparing these two MS evaluations, 103 residues
(51.5%) were given the same assignment and 97 (48.5%)
were different.

In the crystallographic model, out of 200 residues, 121
(60.5%) favoured a single, well discriminated assignment,
confirmed by MS and/or phylogenetic analysis (coloured
green in Figure 5A and shown in Supplementary Table
S8). More than one possibility was found for 60 residues
(30.0%), but their ambiguity was resolved by MS (coloured
orange in Figure 5A and shown in Supplementary Table
S9). Using the phylogenetic analysis from ConSurf, the
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Figure 5. Sequence heterogeneity modelling of BmooMP-I. (A) Mass spectrometry data against an NCBI and UniProt database with Bothrops genus
sequences, against PEAKS/SPIDER evaluation and against PatternLab with database built from crystallography and the sequence from the crystal model.
(B) Database constructed by SEQUENCE SLIDER from crystallographic data. Adapted from (53).

amino acid 15, 71 and 146 were assigned as asparagine, 82
as glutamic acid, 84, 152 and 153 as aspartic acid, 85, 86 and
147 as leucine, and 178 as threonine (Supplementary Table
S10). From the group of residues possessing atomic simi-
larity, the mass spectrometry data and phylogenetic analy-
sis were not enough to distinguish Asn/Asp24 (residue 24
which could be asparagine or aspartic acid), Asn/Asp26,
Gln/Glu181, Asn/Asp182, Glu/Gln183 and Gln/Glu185
(coloured magenta in Figure 5A, illustrated in Figure 6 and
shown in Supplementary Table S11). As two amino acids
were equally likely for these previous residues, SLIDER
identified this heterogeneity by leaving them partially occu-
pied in the model. Therefore, SLIDER was able to infer a
single amino acid possibility for 194 residues and two pos-
sibilities for the remaining 6.

PLA2-like protein MjTX-I

The MjTX-I is an unique PLA2-like protein due to an in-
sertion in its C-terminus and 11 mutations that decrease
its myotoxicity compared to other PLA2-like proteins (80).
The NCBI database of protein sequences contains vari-

ous bothropic PLA2s and using them against MjTX-I MS
data, five bothropic PLA2-like proteins sequences have 92–
114 residues matched out of 122 (Figure 7A). There are
ten residues identified as different (coloured in magenta
in Figure 7A) that provide evidence for isoforms and SE-
QUENCE SLIDER should resolve these sequence uncer-
tainties.

The MjTX-I crystallographic structure was deposited un-
der the PDB code: 7LYE at 1.85 Å resolution with good
agreement to the data (Rwork/Rfree of 19.0/23.0%) and to
the stereochemistry (Molprobity score of 1.72, which corre-
sponds to the 83rd percentile) (81). The biological implica-
tions of the structure were previously published by us (81).
PDB REDO (61) decreased Rfactors by about 0.2%, changed
4 rotamers, flipped 1 peptide and improved the density fit
of 4 residues. Four chains were present in the asymmetric
unit, so they were evaluated separately in SLIDER to allow
the possibility to distinguish isoforms. For the MjTX-I cal-
culations, side chains of 13 mostly exposed residues (10.7%)
had charged atoms in their environment and/or formed one
or more hydrogen bond(s), so their possibilities restricted
to hydrophilic residues (Figure 7B). The side chains of 5
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Figure 6. Electron density of omit map with possible residues given crystallographic, mass spectrometry and phylogenetic analysis statistics in metallopro-
teinase BmooMP-I. RT stands for residue type; RSCC for real-space correlation coefficient, PSc for Primary Score, %PhA frequency from phylogenetic
analysis; and ! for SLIDER choice for given amino acid in a single letter code.

Figure 7. Sequence heterogeneity modelling of MjTX-I. (A) Mass spectrometry data against an NCBI database with Bothrops genus sequences, against
PEAKS/SPIDER evaluation and against PatternLab with database built from crystallographic data and the sequence from the crystal model. (B) Database
constructed by SEQUENCE SLIDER from crystallographic data.

buried residues (4.1%) were surrounded by hydrophobic
residues and were therefore also restricted to the hydropho-
bic group (Figure 7B). The hypotheses of sequences ex-
tracted by SLIDER are shown in Figure 7B; combinations
of possibilities generate a total of 2 236 248 sequences.

The application of PEAKS/SPIDER considering the
MjTX-I MS data and the UniProt database restricted
to Serpentes taxonomy identified 1489 peptide-spectrum
matches with a false discovery rate of 1.5%. A single
sequence was enough to obtain good sequence cover-
age, BomoTx (A0A1S5XW05) had 1, 98, 15, 6, 2 and 1
residues with none, one, two, three, four and five amino
acid possibilities, respectively (sequences shown in the
PEAKS/SPIDER description of Figure 7A). Sequences
built from crystallographic data with PatternLab evalua-
tion had more options, 1, 89, 20, 8, 4 and 1 residues with
none, one, two, three, four and five amino acid possibilities,
respectively (sequences shown in PatternLab description

of Figure 7A). Comparing both evaluations, 71 residues
(58.2%) were given the same assignment and 51 (41.8%)
were different. Moreover, in residue number 116, a deletion
was discovered by PEAKS/SPIDER evaluation, showing
that MjTX-I isoforms contain at least one protein of 121
residues and another with 122; therefore, the SLIDER re-
stricted database works well to restrict possibilities within a
crystal structure but fails to capture overall complexity of
isoforms.

Most of the residues in the crystallographic model were
resolved, which was confirmed by either MS or phyloge-
netic analysis (coloured green in Figure 7A under Xtal.
model description and shown in Supplementary Table S12).
The residues coloured in orange in Figure 7A (Supplemen-
tary Table S13) had no single possibility based on RSCC
but were resolved based on MS. The side chain choice for
23 residues, out of the 488 in the tetramer, were based on
the conjunction of RSCC, MS and phylogenetic statistics
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(vermilion residues in Figure 7A and Supplementary Table
S14). We did not find clear evidence that the monomers in
the tetramer had different sequences; the only variation in
fact was lack of electron density for the residues Lys7C–
D, Lys52D, Asp56C, Lys60C, Lys61A/C–D, Ser67D,
Lys69A–D, Glu77D, Lys83B, Glu84C, Lys105C, Lys106B–
D, Asn109C, Leu112A/C–D, Lys113A–C, Pro121C. Also,
we generated omit maps in the C-terminal region to evaluate
the deletion in residue 116 found in the PEAKS/SPIDER
analysis, but electron density did not support this deletion.

By applying this novel methodology, we could identify
that the sequence obtained was not yet seen in databases;
its highest identity compared to other proteins in PDB
is 92.6% with MtTX-II (PDB code: 4DCF) differing in 9
residues of 121. Compared to the crystallographic model
of MjTX-I complexed with suramin (PDB code: 6CE2),
sequence differences are found for Lys-Thr19, Asp-Ser67,
Glu-Asn78, Pro-Ala80, Lys-Leu100, Gly-Asp101, an in-
sertion in 107, Arg-Lys108, Val-Asn110, Gly-Ala119, Arg-
Leu120 and Asp-Pro121 and ambiguous residues, Asn-
Asp56, Gln-Glu84 and Asp-Asn109 (Figure 8). Compared
to the non-redundant protein sequences in BLAST, Bo-
moTx from B. moojeni (code A0A1S5XW05.1) shares
96.7% identity with 4 residues being different. Therefore,
SLIDER was able to review MjTX-I sequence and curate
the database.

Crotoxin CBCol

Crotoxin is one of the most studied snake venom toxins,
due to its high abundance in Crotalus venom, and to its
toxicity and pharmaceutical potential (82). The database
of protein sequences contains various isoforms of the cro-
toxin, most of them being from Crotalus durissus terrifi-
cus. Against the MS data from Crotalus durissus collilinea-
tus, the NCBI database of snakes gave a maximum of 114
matched residues out of 122 for CBc and CBa2 (both from
C. d. terrificus), with 8 amino acids being different (ma-
genta in Figure 9A), providing evidence for the presence
of isoforms in the purified sample. Applying SEQUENCE
SLIDER to the MS, crystallographic and phylogenetic data
should improve even more this coverage and resolve uncer-
tainty.

We obtained a crystallographic model of crotoxin crys-
tallized from C. d. collineatus at 1.9 Å resolution with good
agreement with the data (Rwork/Rfree of 20.2/24.3%) and
with stereochemistry (Molprobity score of 1.6, which cor-
responds to the 91st percentile). PDB REDO (61) reduced
its Rfree by 0.9%, R was not affected, changed 4 rotamers
and improved the density fit of 1 residue. Two chains were
present in the asymmetric unit and were evaluated sepa-
rately with SLIDER. Possible choices for 14 mostly exposed
residues (11.5%) were reduced to the group of hydrophilic
residues supported by the presence of hydrogen bond(s)
(Figure 9B). Four buried residues had their possibilities re-
stricted to hydrophobic amino acids. The hypotheses of se-
quences extracted by SLIDER are shown in Figure 9B, giv-
ing a total of 27876 combinations.

In PEAKS/SPIDER application against the CBCol MS
data and UniProt database restricted to Serpentes taxon-

omy, we found 1994 peptide-spectrum matches with a false
discovery rate of 1.8%. Two sequences (CBa2 from Cro-
talus durissus terrificus and Cb3 from Crotalus basiliscus)
had to be considered to obtain a better distribution of the
amino acid possibilities that had 2, 4, 24, 92 and 5 residues
with 4, 3, 2, 1 and none amino acid possibilities, respec-
tively (sequences shown in PEAKS/SPIDER description
of Figure 9A). Sequences built from crystallographic data
evaluated with PatternLab had less variation: 1, 3, 11, 107
and 1 residues with 4, 3, 2, 1 and none amino acid pos-
sibilities, respectively (sequences shown in PatternLab de-
scription of Figure 9A). Comparing both evaluations, 89
residues (73.0%) were given the same assignment and 33
(27.0%) were different. Good agreement is seen between the
two methodologies.

Most of the residues of the crystallographic model were
resolved to a single possibility confirmed by either MS or
phylogenetic analysis (coloured green in Figure 9A and
Supplementary Table S15). Out of the dimer (244 residues),
47 residues (19.3%) had no single possibility based on
RSCC but were resolved based on MS (orange residues in
Figure 9A and Supplementary Table S16). The side chain
choices of 9 residues (3.7%) were based on the best RSCC
confirmed by phylogenetic analysis (vermilion residues in
Figure 9A and Supplementary Table S17). Residue 102
had matches for Asp, Asn and Leu in MS spectrum, but
only Leu was observed in remote homologous sequences
with 47.5% frequency; therefore, this alternative was cho-
sen. Residue 7A/B and 112A had their side chain atoms re-
moved due to lack of clear electron density.

By applying this novel methodology, we could identify
that residues 1, 18, 33, 37, 77, 98, 104 and 105 are different
when chain A is compared to B (Figure 10) as SLIDER was
able to distinguish these two isoforms of crotoxin and bet-
ter characterize the crystal sample. These differences would
have probably been neglected in a conventional structure
elucidation practice. The monomer A is similar to CBa2 iso-
form from C. d. terrificus (PDB code: 2QOG) sharing 92.6%
identity and the monomer B is most comparable to CBd
(PDB code: 6TMY) from this same specie with 97.5% iden-
tity. In fact, the crotoxin complex consists of the noncova-
lent association of a crotapotin (CA) acid component of one
of its isoforms CA1-4 (the product of different PTM events)
with a basic CB, one of its isoforms CBa2, CBb, CBc and
CBd (the consequence of expression of different mRNAs
(22)). CA/CBa2 results in a less stable complex with a higher
enzymatic activity and lower toxicity than the other asso-
ciations. Our model has only basic components, CBa2 and
CBd. These two monomers are similar; their RMSD consid-
ering all C�s is 1.5 Å, which is improved to 0.4 Å by rejecting
23 C�s. The largest differences are found in loop residues
58–62, which participate in the crystal packing with residue
1 in monomer CBa2, and with residue 77 in monomer CBd,
supporting a hypothesis that isoform preference member of
the dimer is favoured by the different crystal packing. More-
over, in monomer CBd, Trp61 is attracted by His1 of he-
lix 1, while in CBa2, Trp61 is oriented towards hydropho-
bic residues in the antiparallel helices 2 and 3; therefore, the
point mutation in residue 1 seems responsible for the largest
observed difference between the two monomers.
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Figure 8. Electron density of omit map of different MjTX-I residues in respect to its previous crystallographic model (PDB code: 6CE2) with mass spectrom-
etry and phylogenetic analysis statistics. RT stands for residue type; RSCC for real-space correlation coefficient, PSc for Primary Score, %PhA frequency
from phylogenetic analysis; and ! for SLIDER choice for given amino acid in a single letter code.

Figure 9. Sequence heterogeneity modelling of CBCol. (A) Mass spectrometry data are used against an NCBI and UniProt database with Crotalus genus
sequences, against PEAKS/SPIDER evaluation and against PatternLab with database built from crystallographic data and the sequence from the crystal
model. (B) Database constructed by SEQUENCE SLIDER from crystallographic data.
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Figure 10. Electron density of omit map of different CbCol residues among its monomers with mass spectrometry and phylogenetic analysis statistics.
RSCC stands for real-space correlation coefficient, PSc for Primary Score and %PhA frequency from phylogenetic analysis.

DISCUSSION AND CONCLUSION

The coexistence of isoforms with similar physicochemical
properties may prevent complete purification of proteins
from natural source. This is typical in toxinology, as tox-
ins are usually obtained from extracted venom, and they
are characterized by one of the most rapid evolutionary di-
vergence and variability in any category of proteins (14). In
the absence of atomic resolution crystallographic data, the
structure elucidation from those samples requires the com-
bination of complementary biophysical methods to account
for sequence heterogeneity.

Herein, we repurposed our amino acid evaluator SE-
QUENCE SLIDER (48) from phasing to integrate crystal-
lography, MS and phylogenetic analysis aimed at the char-
acterization of these complex samples. We use the agree-
ment between calculated and observed electron density (64)
to foresee which amino acids are possible in each residue
position. From this probability distribution, we generate a
sequence database built from crystallographic data that is
used against MS data to identify amino acids from the pep-
tides present in the sample (67). Algorithms searching for
point mutations in homologues and PTM can also be inte-
grated (69,70). Our approach integrates those instances suc-
cessfully exploited by Diemer et al., who obtained a prelim-
inary sequence from crystallography and then corrected it
by MS data (46) and Guo et al., who estimated residue con-
servation and frequency using phylogenetic analysis (26), to
distinguish aspartic acid from asparagine and glutamic acid
from glutamine using homolog sequences in regions where
no MS data revealed the correct amino acids. We extend
the integrative framework to estimate in an automated pro-
gram the probability of establishing a single assignment or
to acknowledge an existing ambiguity with the available ex-
perimental data and prior knowledge.

In the absence of atomic resolution, the small elec-
tron scattering difference between O, C and N renders
three groups of residues approximately isosteric and in-
distinguishable in the crystallographic omit electron den-
sity maps: (i) valine and threonine; (ii) asparagine, aspartic
acid and leucine; (iii) glutamic acid and glutamine (Figure
11) (46–47,83). Depending on the chemical environment of
such residues, the ambiguity of groups A and B may be de-

creased to hydrophobic or hydrophilic residues (blue and
orange description in Figure 11) (46). Such restrictions were
essential to reduce the number of sequences in the database
built from crystallographic data that, for the MjTX-I case
as an example, reached more than two million combina-
tions. Moreover, despite the stability of the protein struc-
ture and their multiple disulphide bonds, large hydrophilic
residues exposed to the solvent may have flexible side chain
with no clear electron density, making them difficult to dis-
tinguish from small residues, such as Ala and Ser (46). For
the MjTX-I model, 28 out of 488 residues had their side
chain omitted for lack of density. On the other hand, in
high-resolution MS equipment, such as the orbitrap detec-
tor used here, the resulting spectrum allows the distinction
of these residues; the only residues whose charge and molec-
ular mass are the same are leucine and isoleucine (Figure
11) (46,47). Given the different ambiguities of crystallogra-
phy and MS, the tandem of the two structural techniques,
informed by phylogenetic analysis, should enhance identi-
fication of single sequences present in the purified simple,
while realistically accounting for lingering ambiguity (46).

These assumptions were confirmed by the datasets col-
lected here, as most of the residues were distinguished either
by crystallography itself or by its combination with genet-
ically informed MS. We compared two different strategies,
first evaluating a database of sequences built from crystal-
lographic data against MS data with PatternLab (67), and
second using the MS spectrum to sequence de novo and
against UniProt sequences considering possible point mu-
tations and PTM with PEAKS/SPIDER (69). Consider-
ing the matched spectrum of peptides, the PatternLab eval-
uation had fewer possibilities than PEAKS/SPIDER for
BmooMP-I and CbCol cases, while lysozyme and MjTX-
I were the opposite. In this last case, the generality of
PEAKS/SPIDER considering less restriction was able to
find peptides in the C-terminus of MjTX-I supporting the
presence of at least two different sized proteins, one contain-
ing 121 residues and another with 122. While our approach
in PatternLab is dependent on crystallographic omit maps,
a PEAKS/SPIDER run may discover potential deletions or
insertions and is run as an independent analysis. The agree-
ment between the two strategies ranged from half to three
quarters of each residue assignment depending on the case.
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Figure 11. Three groups of residues approximately isosteric sharing atomic structure with their molecular mass, coloured in blue and red hydrophilic and
hydrophobic residues, respectively.

The only possible appraisal in respect to the true sequence
is for the lysozyme data; PEAKS/SPIDER, with its calcu-
lated lower false discovery rate of 0.2%, was slightly better
than PatternLab, which had 2.4% of residues wrongly as-
signed. On the other hand, PatternLab is available to the
community for free and may be used for all structural biol-
ogy groups (67). Moreover, the use of a sequence database
built from crystallographic data approximates to a de novo
sequencing and does not require the presence of remote ho-
mologue sequences in databases.

The use of the conservation estimation based on remote
homologues (26) provides an additional level of informa-
tion, although caution is necessary to prevent introduction
of bias from what is known from the database of sequences.
In fact, the models of BmooMP-I, MjTX-I and CBCol were
not identical to any previously known sequence, which high-
lights the importance of having a proper strategy to model
sequence heterogeneity within a crystal model. The analysis
for MjTX-I suggested that all four chains are identical dif-
fering in four residues compared to another protein from
the venom of B. moojeni (BooMooTX). In contrast, CBCol
was in fact a heterodimer, differing in 8 residues when the
two chains are compared. This supports the hypothesis that
two isoforms could be distinguished using crystallographic
data together with MS by SLIDER. The preference of one
isoform in the dimer over the other is supported by the dif-
ferent crystal packing environments. The database of met-
alloproteinase sequences is smaller compared to the other
enzymes and BmooMP-I was also a novel sequence.

Validation is an essential step in structure deposition, and
Molprobity (62) and PDB REDO (61) are widely used to
perform a series of evaluations to check if a model is phys-
ically plausible. For protein structures obtained from natu-
ral sources, SLIDER sub-routines could complement such
analyses with sequence validation, as for some residue posi-
tions a single assignment may be given whereas for others it
may be uncertain. Large and flexible residues with high B-
factors may be confused with small amino acids in crystal-
lography. A similar scenario is found in single particle elec-
tron cryomicroscopy, as maps show electrostatic potential
and negatively charged side chains are not observed (84).

In natural, non-recombinant species, sequence variability
should be acknowledged rather than brushed aside. We pro-
pose a tool to address this intrinsic characteristic, by inte-
gration of different experimental and bioinformatic analy-
ses, thus effectively combining different sources of informa-
tion. Furthermore, the model deposited should reflect this
resulting probability in microheterogeneities. Moreover, the
SLIDER approach to test multiple hypotheses of amino
acid identities is not exclusive to toxins nor to crystallogra-

phy. It can also be applied for single particle cryoEM maps,
to assign nucleotides in DNA/RNA and to elucidate natu-
rally purified proteins whose sequences cannot be retrieved
from genomes.

DATA AVAILABILITY

SEQUENCE SLIDER is an open-source initiative avail-
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Haunsberger,S.J. and Söding,J. (2019) HH-suite3 for fast remote
homology detection and deep protein annotation. BMC Bioinf., 20,
473.

78. Colvin,J.R., Smith,D.B. and Cook,W.H. (1954) The
microheterogeneity of proteins. Chem. Rev., 54, 687–711.

79. Church,D.M., Goodstadt,L., Hillier,L.W., Zody,M.C., Goldstein,S.,
She,X., Bult,C.J., Agarwala,R., Cherry,J.L., DiCuccio,M. et al.
(2009) Lineage-Specific biology revealed by a finished genome
assembly of the mouse. PLoS Biol., 7, e1000112.

80. Salvador,G.H.M., Fernandes,C.A.H., Magro,A.J.,
Marchi-Salvador,D.P., Cavalcante,W.L.G., Fernandez,R.M.,
Gallacci,M., Soares,A.M., Oliveira,C.L.P. and Fontes,M.R.M. (2013)
Structural and phylogenetic studies with MjTX-I reveal a
multi-oligomeric toxin–a novel feature in lys49-pla2s protein class.
PLoS One, 8, e60610.

81. Salvador,G.H.M., Borges,R.J., Lomonte,B., Lewin,M.R. and
Fontes,M.R.M. (2021) The synthetic varespladib molecule is a
multi-functional inhibitor for PLA2 and PLA2-like ophidic toxins.
Biochim. Biophys. Acta Gen. Subj., 1865, 129913.

82. Sampaio,S.C., Hyslop,S., Fontes,M.R.M., Prado-Franceschi,J.,
Zambelli,V.O., Magro,A.J., Brigatte,P., Gutierrez,V.P. and Cury,Y.
(2010) Crotoxin: novel activities for a classic �-neurotoxin. Toxicon,
55, 1045–1060.

83. Chojnowski,G., Pereira,J. and Lamzin,V.S. (2019) Sequence
assignment for low-resolution modelling of protein crystal structures.
Acta Crystallogr D. Struct. Biol., 75, 753–763.

84. Marques,M.A., Purdy,M.D. and Yeager,M. (2019) CryoEM maps
are full of potential. Curr. Opin. Struct. Biol., 58, 214–223.


