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Abstract

Heat shock proteins of the 70 kDa family (HSP70s) are essential molecular chaperones that
preserve proteostasis by assisting protein folding, transport, and degradation. Although
the core HSP70 architecture is deeply conserved, the degree and functional significance of
sequence divergence across vertebrates remain incompletely understood. Here, an inte-
grative comparative analysis of HSP70 proteins from ten representative vertebrate species
spanning mammals, birds, amphibians, and teleost fish was performed. Multiple sequence
alignment, phylogenetic reconstruction, motif discovery, entropy-based conservation profil-
ing, hydrophobicity analysis, and structural mapping reveal a strikingly conserved ATPase
domain alongside a more variable substrate-binding domain and C-terminal region. Multi-
ple Expectation Maximization for Motif Elicitation (MEME) motif analysis identifies both
universally conserved motifs and lineage-specific elements, highlighting functional con-
straint as well as adaptive diversification. Structural projection onto the human HSP70
crystal structure (PDB 5AQV) demonstrates that conserved hydrophobic residues cluster in
the protein core, whereas variable residues are predominantly surface-exposed. Together,
these findings illuminate how evolutionary pressures shape both the conserved chaperone
machinery and flexible regulatory regions of HSP70, and they establish a scalable analytical
framework for comparative protein evolution studies.

Keywords: HSP70; vertebrates; comparative genomics; protein evolution; structural con-
servation; entropy analysis; MEME motifs; molecular chaperones

1. Introduction
Heat Shock Proteins (HSPs) are highly conserved and ubiquitous proteins that play

crucial roles in maintaining cellular proteostasis [1,2]. Originally identified as proteins
induced by elevated temperatures, HSPs are now known to be constitutively expressed
in most organisms and to respond to a wide range of physiological and environmental
stresses, including heat shock, oxidative stress, hypoxia, heavy metals, and infection.
Acting primarily as molecular chaperones, HSPs facilitate the correct folding of nascent
polypeptides, prevent protein misfolding and aggregation, assist in refolding denatured
proteins, and target irreversibly damaged proteins for degradation [3–6]. Through these
functions, HSPs play a central role in maintaining protein quality control and are essential
for cellular homeostasis, organismal fitness, and survival under stress conditions [7–9].

Among the HSP families, the HSP70 group represents one of the most extensively
studied molecular chaperone systems. HSP70 proteins possess a conserved modular
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architecture consisting of an N-terminal nucleotide-binding domain (ATPase domain),
a substrate-binding domain (SBD), and a flexible C-terminal region involved in regula-
tory interactions. Despite this conserved structural framework, HSP70 proteins display
notable sequence variation across taxa, particularly in surface-exposed regions, terminal
segments, and flexible loops [10]. Such variation is thought to contribute to functional
specialization by modulating interactions with co-chaperones—including HSP40/DnaJ
proteins and nucleotide exchange factors—as well as with diverse client proteins and regu-
latory partners [11,12]. Understanding how evolutionary forces shape this balance between
structural conservation and sequence divergence is therefore critical for elucidating how
HSP70 proteins adapt to different cellular and organismal contexts.

Comparative evolutionary analyses provide a powerful framework for identifying
regions of proteins that are subject to strong functional constraints versus those that are
more evolutionarily labile [13,14]. Highly conserved residues typically experience strong
purifying selection because of their importance in maintaining protein stability, catalytic
activity, or essential molecular interactions. In contrast, regions exhibiting higher sequence
variability may reflect relaxed selective constraints, adaptive divergence, or lineage-specific
functional specialization [15,16]. In protein families such as HSP70, comparative analysis
across a broad phylogenetic spectrum can therefore help reveal how fundamental chaperone
functions are preserved while still allowing evolutionary diversification to meet species-
specific physiological demands.

Integrating sequence-level evolutionary analyses with structural information provides
additional insight into the mechanistic basis of protein function. Residues that are both
evolutionarily conserved and hydrophobic are often located within the interior of the
protein, where they contribute to structural stability and domain integrity. Conversely,
variable and hydrophilic residues are more frequently found on solvent-exposed surfaces,
where they participate in transient interactions, regulatory processes, or post-translational
modifications [17,18]. Quantitative approaches such as Shannon entropy analysis allow for
the measurement of positional variability across multiple sequence alignments, whereas
hydrophobicity profiling—such as through the Kyte–Doolittle scale—can identify regions
likely to form structural cores or functional surfaces.

Recent advances in bioinformatics and structural biology have made it increas-
ingly feasible to conduct integrative analyses that combine multiple sequence align-
ment, phylogenetic inference, domain annotation, evolutionary conservation metrics, and
three-dimensional structural mapping. Tools such as MAFFT enable high-quality multiple
sequence alignment of protein families [19], while resources such as the Pfam database
provide robust identification of conserved protein domains using profile hidden Markov
models [20]. When combined with experimentally determined or predicted protein struc-
tures deposited in the Protein Data Bank, these approaches allow evolutionary patterns
to be interpreted within a structural and functional context. Such integrative analyses can
reveal relationships between sequence conservation, structural organization, and functional
constraint that may not be apparent from any single analytical method alone.

In this study, a comparative evolutionary analysis of the HSP70 protein family was
performed across ten representative vertebrate species: Homo sapiens (human), Mus mus-
culus (mouse), Gallus gallus (chicken), Danio rerio (zebrafish), Xenopus laevis (frog), Oryzias
latipes (Japanese medaka), Macaca mulatta (rhesus macaque), Bos taurus (domestic cow),
Rattus norvegicus (Norway rat), and Canis lupus familiaris (domestic dog) (Table 1). These
species span major vertebrate lineages—including mammals, birds, amphibians, and teleost
fish—and collectively represent hundreds of millions of years of evolutionary divergence.
This phylogenetic breadth provides an opportunity to identify both deeply conserved
structural features and lineage-specific sequence variation within the HSP70 family.
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Table 1. Vertebrate HSP70 sequences analyzed in this study. List of species, protein accession
numbers, and sequence lengths for the HSP70 proteins included in the comparative analysis.

Common Name Scientific Name Accession Number Length (AA)

Human Homo sapiens NP_002145.3 641
Mouse Mus musculus AAC84169.1 641

Chicken Gallus gallus AAN18282.1 634
Zebrafish Danio rerio AAF70445.1 658

African Clawed Frog Xenopus laevis NP_001121147.1 647
Japanese medaka Oryzias latipes XP_011482368.1 639
Rhesus macaque Macaca mulatta UWI70517.1 641

Domestic cow Bos taurus NP_976067.3 641
Norway rat Rattus norvegicus AAA17441.1 641

Domestic dog Canis lupus familiaris NP_001003067.2 641

By integrating multiple sequence alignment, phylogenetic reconstruction, entropy-
based conservation profiling, hydrophobicity analysis, motif discovery, and structural
mapping, this study aims to characterize how evolutionary constraints are distributed
across the HSP70 protein architecture. In doing so, the work seeks to clarify how a highly
conserved molecular chaperone system preserves its essential biochemical functions while
accommodating sequence variation that may contribute to regulatory flexibility and
species-specific adaptation.

Beyond advancing our understanding of HSP70 evolution, this study also demon-
strates the value of combining complementary computational approaches for comparative
protein analysis. The integrative framework presented here may therefore serve as a useful
template for investigating evolutionary patterns in other conserved protein families of
biomedical and evolutionary importance.

2. Results
2.1. Sequence Alignment Reveals Extensive Conservation of Vertebrate HSP70 Proteins

Multiple sequence alignment of HSP70 proteins from ten representative vertebrate
species was generated using MAFFT v7. The alignment demonstrates a striking degree
of sequence conservation across the vertebrate HSP70 family, particularly within the N-
terminal ATPase (nucleotide-binding) domain (approximately residues 1–380), as illustrated
in Supplementary Figure S1. Conserved residues are evident across mammals, birds,
amphibians, and teleost fish, reflecting the essential role of ATP binding and hydrolysis in
the HSP70 chaperone cycle. Despite the overall conservation, moderate sequence variation
is observed in the substrate-binding domain (SBD) and C-terminal regions (approximately
residues 381–641). These differences are most apparent among non-mammalian species
such as Xenopus laevis and Danio rerio, where substitutions and short insertions occur
primarily with predicted loop regions and solvent-exposed segments. Such regions are
commonly associated with regulatory flexibility and interactions with co-chaperones or
client proteins. The high overall alignment quality provides a robust foundation for
subsequent phylogenetic, entropy, and structural analyses.

2.2. Phylogenetic Relationships of Vertebrate HSP70 Proteins

Phylogenetic relationships among vertebrate HSP70 proteins were reconstructed us-
ing the Maximum Likelihood (ML) method implemented in MEGA11 [21] based on the
multiple sequence alignment generated with MAFFT (Figure 1). The resulting phylogeny
illustrates the evolutionary relationships among HSP70 proteins from ten representative
vertebrate species.
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Figure 1. Maximum likelihood phylogenetic tree of vertebrate HSP70 proteins. Phylogenetic rela-
tionships among HSP70 proteins from ten representative vertebrate species reconstructed using the
Maximum Likelihood method in MEGA11 (v11) [21] based on the MAFFT (v7.526) multiple sequence
alignment. The tree was inferred using the JTT substitution model [22] with 1000 bootstrap replicates.
Bootstrap support values are shown at internal nodes. Because the tree is based on a single conserved
protein family, it should be interpreted as a representation of sequence relationships among HSP70
homologs rather than a strict species phylogeny.

Several mammalian sequences, including Mus musculus, Rattus norvegicus, Bos taurus,
Macaca mulatta, and Canis lupus familiaris, cluster closely together, reflecting the strong
sequence conservation of HSP70 proteins within mammals. The rodent proteins (Mus
musculus and Rattus norvegicus) form a well-supported clade, consistent with their close
evolutionary relationship. Other mammalian sequences, including Bos taurus, Macaca
mulatta, and Canis lupus familiaris, branch within the broader mammalian cluster.

Non-mammalian vertebrates form distinct branches in the tree. The teleost fish (Danio
rerio and Oryzias latipes) and amphibian (Xenopus laevis) sequences occupy separate posi-
tions relative to the mammalian sequences, reflecting their earlier divergence during verte-
brate evolution. The avian sequence (Gallus gallus) also appears as a distinct lineage relative
to the other vertebrate groups. Bootstrap support values derived from 1000 replicates
indicate strong statistical support for several internal nodes in the tree.

Overall, the phylogenetic analysis highlights the high level of evolutionary conser-
vation of HSP70 proteins across vertebrates while illustrating the divergence of HSP70
sequences among major vertebrate lineages.

2.3. Domain Architecture Is Conserved Across Vertebrates

Domain annotation performed using the Pfam database via HMMER confirmed that
all analyzed sequences contain the two canonical domains characteristic of HSP70 proteins:

• PF00012: HSP70 nucleotide-binding domain (NBD) (~residues 1–380)
• PF00052: HSP70 substrate-binding domain (SBD) (~residues 381–641)

These domains were detected in all ten vertebrate sequences without evidence of
lineage-specific domain insertions or deletions. The preservation of this domain architecture
across species highlights the strong structural constraints acting on the HSP70 chaperone
system. Functional diversification within the family therefore appears to arise primarily
from sequence-level variation within domains or flexible terminal regions rather than from
changes in core domain organization.

2.4. Residue Conservation Profiles Support Domain-Specific Evolutionary Constraints

Residue conservation was further examined using a normalized conservation score
derived from the multiple sequence alignment (Figure 2). The conservation profile shows
a pronounced plateau across the ATPase domain, indicating strong evolutionary constraint
across this region.
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Figure 2. Residue conservation profile across vertebrate HSP70 proteins. Residue conservation
derived from Shannon entropy calculated for each position in the multiple sequence alignment. The
light gray trace represents raw conservation values, while the dark blue line indicates a smoothed
conservation profile (25-residue window). Shaded regions denote approximate boundaries of the
ATPase/nucleotide-binding domain (NBD), substrate-binding domain (SBD), and C-terminal region.

In contrast, conservation values decline gradually across the substrate-binding domain
and C-terminal region, reflecting increased sequence variability. This pattern mirrors the
entropy analysis and reinforces the conclusion that the catalytic core of HSP70 is highly
conserved, while peripheral regions exhibit greater evolutionary flexibility.

Together, the conservation and entropy analyses provide complementary quantitative
measures of evolutionary constraint across the HSP70 protein family.

2.5. Entropy Analysis Quantifies Residue-Level Evolutionary Constraints

To quantify sequence variability across the alignment, Shannon entropy was calculated
for each alignment position. The resulting entropy profile (Figure 3) reveals clear differences
in evolutionary constraint across the protein.

Figure 3. Shannon entropy profile of vertebrate HSP70 proteins. Shannon entropy was calculated for
each position in the multiple sequence alignment to assess sequence conservation. Lower entropy val-
ues indicate highly conserved residues, whereas higher values reflect increased sequence variability
across vertebrate HSP70 sequences.

Residues within the ATPase domain exhibit consistently low entropy values, indicat-
ing strong evolutionary conservation. These residues correspond to structural elements
surrounding the ATP-binding pocket and the catalytic machinery required for ATP hydrol-
ysis. Such low-entropy positions are characteristic of sites under strong purifying selection
due to their essential functional roles.

In contrast, elevated entropy values are observed in the substrate-binding domain and
C-terminal region, where sequence variation is more frequent. Many of these high-entropy
positions correspond to predicted loop regions or solvent-exposed surfaces, suggesting that
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evolutionary diversification primarily affects flexible regions involved in protein–protein
interactions rather than the catalytic core of the protein.

2.6. Hydrophobicity Profiles Reveal Structural Organization of the HSP70 Core

The Kyte–Doolittle hydrophobicity scale was used to calculate position-specific hy-
drophobicity across the alignment. The resulting hydrophobicity profile (Figure 4) displays
alternating hydrophobic and hydrophilic segments characteristic of globular proteins. Re-
gions of elevated hydrophobicity correspond primarily to structural elements within the
ATPase domain, where hydrophobic residues contribute to the formation of the protein’s
internal structural core. Conversely, regions with lower hydrophobicity are frequently lo-
cated within loops or surface-exposed regions, consistent with their accessibility to solvent
and involvement in intermolecular interactions.

Figure 4. Hydrophobicity profile of vertebrate HSP70 proteins. Average hydrophobicity calculated
for each alignment position using the Kyte–Doolittle scale. The dashed horizontal line indicates
neutral hydrophobicity (0). Variations in hydrophobicity correspond to alternating hydrophobic and
hydrophilic regions along the protein sequence.

Statistical comparison of mean hydrophobicity values across domains revealed that
residues within the nucleotide-binding domain exhibit significantly higher average hy-
drophobicity than those within the substrate-binding domain (p < 0.05, two-sample
t-test), supporting the interpretation that the ATPase domain forms a more tightly packed
structural core.

2.7. Structural Mapping Links Sequence Conservation to Three-Dimensional Organization

To place the sequence-based analyses in structural context, conservation and hy-
drophobicity patterns were mapped onto the crystal structure of human HSP70 (PDB:
5AQV) using py3Dmol (Figure 5). This visualization reveals that residues exhibiting both
low entropy and high hydrophobicity cluster within the interior of the ATPase domain,
forming a conserved structural core surrounding the ATP-binding site.

In contrast, residues with higher entropy values are predominantly located on the
protein surface, particularly within the substrate-binding domain and C-terminal region.
These surface-exposed regions likely contribute to interactions with client proteins and
co-chaperones, providing structural flexibility while preserving the essential catalytic
machinery of the protein. The structural mapping therefore provides spatial confirmation
of the evolutionary patterns identified in the sequence-based analyses.

https://doi.org/10.3390/jgbg1020011

https://doi.org/10.3390/jgbg1020011


J. Genome Biotechnol. Genet. 2026, 1, 11 7 of 18

 
Figure 5. Structural mapping of conservation and hydrophobicity onto the human HSP70 struc-
ture. The three-dimensional structure of human HSP70 (PDB: 5AQV) was visualized using
PyMOL (v2.5) [23]. Residues exhibiting low Shannon entropy and higher hydrophobicity values are
predominantly located within the ATPase (nucleotide-binding) domain, forming the structural core
of the protein. In contrast, residues with greater variability are mainly found in surface-exposed
regions, particularly within the substrate-binding domain and C-terminal segment. The ATPase
domain is shown in blue, whereas the substrate-binding domain and C-terminal region are shown in
cyan. Conserved motifs identified in this study are highlighted using distinct colors corresponding to
those shown in the structure. Motif locations correspond to conserved sequence regions identified
using MEME (v5.5) [24].

2.8. Conserved Motif Analysis Identifies Core Functional Elements

Motif discovery using the Multiple Expectation Maximization for Motif Elicitation
(MEME) suite [24] identified six statistically significant conserved motifs across the ana-
lyzed vertebrate HSP70 protein sequences (Figure 6; Table 2). The identified motifs were
widely distributed among the examined taxa, demonstrating strong evolutionary conser-
vation of functionally important regions within the HSP70 protein family. Several motifs
were consistently detected across most vertebrate sequences, particularly within regions
corresponding to the ATPase domain and substrate-binding regions, which are known to
play essential roles in ATP binding, hydrolysis, protein folding, and chaperone-mediated
client interactions. The MEME E-value represents the expected number of motifs with
equal or greater statistical significance that would be identified in a dataset of the same
size by chance; therefore, lower E-values indicate stronger statistical support for motif
conservation across sequences.

Although the overall motif architecture was highly conserved among vertebrate
species, minor variation in motif occurrence and arrangement was observed in the Homo
sapiens sequence under the selected MEME parameters. Such variation may reflect sequence
divergence relative to the consensus motifs identified by MEME rather than complete ab-
sence of the corresponding functional regions. Because MEME detects statistically enriched
sequence patterns, differences in local amino acid composition can influence motif recog-
nition sensitivity even when structurally related residues remain present. Closely related
mammalian sequences, including Macaca mulatta, retained motif distributions highly sim-
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ilar to other vertebrate taxa, supporting the overall conservation of HSP70 functional
organization across evolution.

 
Figure 6. Conserved motif architecture and distribution across ten vertebrate HSP70 protein sequences
identified using MEME [24]. Colored blocks represent conserved motifs detected within each protein
sequence. Most motifs are highly conserved across vertebrate taxa, although variation in motif
occurrence and arrangement is observed in Homo sapiens compared with other analyzed species.

Table 2. Motif statistics obtained using MEME [24], including motif width, occurrence frequency,
consensus sequences, and predicted functional regions.

Motif ID Width (aa) Sites Consensus Sequence (Representative Region) Predicted Region

MEME Motif 1 50 10 TYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTER-
LIGDAAKNQVALNP ATPase domain (NBD)

MEME Motif 2 50 9 HLGGEDFDNRLVNHFVEEFKRKHKKDIS-
QNKRAVRRLRTACERAKRTLSS

Interdomain linker/
C-terminal region

MEME Motif 3 50 9 FYPEEISSMVLTKMKEIAEAY-
LGHPVINAVITVPAYFNDSQRQATKDAGV ATPase domain (NBD)

MEME Motif 4 50 9 FTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFEL-
SGIPPAPRGVPQIEVT

Substrate-binding domain
(SBD)

MEME Motif 5 50 9 EIDSLFEGIDFYTSITRARFEELCSDLFRGTLE-
PVEKALRDAKLDKAQIH Interdomain linker

MEME Motif 6 50 9 QNTVFDAKRLIGRKFGDPVVQSDM-
KHWPFQVVNDGDKPKVQVEYKGENKS ATPase domain (NBD)

Sequence logos for each conserved motif (Figure 7) revealed strong positional conser-
vation among several hydrophobic, polar, and charged amino acid residues that contribute
to structural stability and chaperone activity. Highly conserved residues were particu-
larly prominent within motifs associated with ATPase and substrate-binding functions,
emphasizing the functional importance of these regions. Collectively, the identified motifs
highlight the coexistence of deeply conserved catalytic elements and moderately variable
sequence regions within vertebrate HSP70 proteins. The structural locations of these motifs
within the HSP70 protein are illustrated in Figure 5, providing spatial context for their
evolutionary conservation patterns.
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Figure 7. Sequence logos representing conserved amino acid motifs identified in vertebrate HSP70
proteins using MEME [24]. The height of each residue reflects its relative conservation at a given
position, measured in bits of information content. Highly conserved residues indicate functionally or
structurally important regions within the HSP70 protein family.

3. Discussion
Mapping sequence conservation and variability onto the three-dimensional structure

of human HSP70 (PDB: 5AQV) provides an important structural context for interpreting
evolutionary constraints. In this analysis, conserved and hydrophobic residues were found
to cluster predominantly within the ATPase domain, forming the structural core of the
protein, whereas more variable and hydrophilic residues were largely surface-exposed.
This spatial distribution mirrors patterns observed in other molecular chaperone systems
and reflects a fundamental principle of protein evolution: residues critical for maintaining
structural integrity and catalytic activity tend to be highly conserved, while residues
involved in regulatory or interaction functions exhibit greater evolutionary flexibility [25].

The strong conservation of residues within the nucleotide-binding domain (NBD)
likely reflects the essential role of ATP binding and hydrolysis in driving the HSP70
chaperone cycle. Structural studies have demonstrated that conformational transitions
within the ATPase domain regulate substrate binding and release, linking nucleotide state
to client protein processing [25–27]. Consequently, even minor alterations in residues
contributing to the catalytic core or nucleotide-binding pocket may disrupt the allosteric
communication between domains that is essential for chaperone activity. The low entropy
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values and high hydrophobicity observed in this region therefore support the interpretation
that strong purifying selection maintains the structural and functional integrity of the
ATPase machinery across vertebrates.

In contrast, the substrate-binding domain (SBD) and C-terminal regions exhibited
increased sequence variability across species. These regions are known to mediate in-
teractions with diverse client proteins and regulatory partners, including HSP40/DnaJ
co-chaperones and nucleotide exchange factors [26,27]. Structural mapping indicates that
many of these variable residues are located on solvent-exposed surfaces, consistent with the
idea that evolutionary divergence is tolerated in regions involved in molecular recognition
or regulatory modulation. Such variability may allow for species-specific adaptation of
chaperone interaction networks without disrupting the conserved catalytic mechanism of
the protein.

3.1. Motif Discovery Highlights Functional and Lineage-Specific Features

MEME [24] motif analysis revealed a high degree of conservation within vertebrate
HSP70 proteins, particularly in regions associated with the ATPase domain and substrate-
binding functions. Several conserved motifs were consistently detected across most ana-
lyzed species, reinforcing their association with essential biochemical processes such as ATP
binding, ATP hydrolysis, interdomain communication, and maintenance of structural sta-
bility [26,27]. The strong positional conservation observed in the sequence logos (Figure 7)
further supports the functional importance of these motifs as integral components of the
HSP70 chaperone machinery [25].

Although the overall motif architecture was highly conserved across vertebrates,
moderate variation in motif occurrence and arrangement was observed among certain
species, particularly in the human HSP70 sequence under the selected MEME detection
parameters. Given the strong conservation generally observed among vertebrate HSP70
homologs, this variation likely reflects localized sequence divergence or differences in motif
detection sensitivity rather than complete evolutionary loss of functional regions. Many
of the more variable motifs map to the substrate-binding domain and C-terminal regions,
which are known to exhibit greater functional flexibility and involvement in co-chaperone
interactions or client recognition [28,29].

Such motif organization parallels patterns described in other conserved protein fam-
ilies, where highly conserved motifs support catalytic and structural functions while
more flexible sequence elements contribute to regulatory adaptation and interaction
specificity [30,31]. In HSP70 proteins, diversification within peripheral or surface-exposed
regions may facilitate adaptation of chaperone networks to lineage-specific cellular envi-
ronments while preserving the conserved ATP-driven folding mechanism.

More broadly, the clustering of conserved residues within the structural core, com-
bined with increased variability at surface-exposed positions, suggests that evolutionary
divergence in HSP70 proteins primarily affects interaction interfaces rather than catalytic
components. This structural organization enables the protein to maintain a stable functional
scaffold while accommodating evolutionary changes that may refine regulatory interactions
or substrate specificity.

Importantly, the integration of sequence conservation metrics with structural visual-
ization provides a powerful framework for understanding how evolutionary pressures
shape protein architecture. By combining entropy profiling, hydrophobicity analysis, motif
discovery, and structural mapping, the present study demonstrates how complementary
computational approaches can reveal functional constraints across multiple levels of protein
organization. Such integrative strategies may therefore serve as a useful framework for in-
vestigating the evolution and functional diversification of other conserved protein families.
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This work provides an integrative analytical framework that combines sequence-level
evolutionary metrics with structural mapping to characterize functional constraints across
protein families.

3.2. Broader Implications and Future Directions

Taken together, the results of this study reveal a coherent evolutionary pattern within
vertebrate HSP70 proteins: a highly conserved catalytic core maintained by strong puri-
fying selection, coupled with more variable surface regions that may enable functional
diversification. These findings are consistent with broader evolutionary models demon-
strating that protein structural cores evolve more slowly than solvent-exposed or regulatory
regions [32,33].

Future work could extend this framework by incorporating a broader phylogenetic
sampling, including non-vertebrate deuterostomes or invertebrate lineages, to better trace
the evolutionary origins and diversification of HSP70 proteins. Additionally, integrating
comparative sequence analysis with functional assays—such as co-chaperone binding ex-
periments or client-protein interaction studies—would help clarify how sequence variation
influences chaperone activity and cellular stress responses.

Ultimately, understanding how evolutionary constraints shape both the conserved
catalytic machinery and the flexible regulatory regions of HSP70 proteins will provide
deeper insight into how molecular chaperones adapt to diverse cellular environments while
maintaining their essential roles in protein homeostasis.

4. Materials and Methods
4.1. Sequence Selection and Retrieval

To conduct a comprehensive comparative analysis of the HSP70 protein family across
vertebrates, full-length amino acid sequences for ten representative species spanning
major vertebrate clades were retrieved. These species were selected to encompass a broad
evolutionary range, including mammals (Homo sapiens, Mus musculus, Macaca mulatta, Bos
taurus, Rattus norvegicus, Canis lupus familiaris), a bird (Gallus gallus), an amphibian (Xenopus
laevis), and two teleost fish (Danio rerio and Oryzias latipes). This taxonomic diversity allows
for the identification of conserved and divergent features in HSP70 proteins that reflect
both deep evolutionary constraints and lineage-specific adaptations. Protein sequences
were retrieved from the NCBI Protein database [34] using curated accession numbers
corresponding to canonical or highly expressed cytosolic isoforms of HSP70 (Table 1).

All sequences were downloaded in FASTA format and manually verified for complete-
ness and annotation consistency. Only full-length sequences corresponding to canonical
cytosolic HSP70 isoforms were retained to ensure comparability across species. These
sequences served as the basis for downstream analyses, including multiple sequence
alignment, phylogenetic reconstruction, motif discovery, and structural mapping.

4.2. Multiple Sequence Alignment

To investigate sequence conservation and divergence across vertebrate HSP70 proteins,
multiple sequence alignment (MSA) was performed using MAFFT version 7.511, a widely
used and highly accurate tool for aligning large protein datasets [19]. The alignment was
conducted with the --auto strategy enabled, allowing MAFFT to automatically select the
optimal alignment algorithm based on the size and similarity of the input sequences. This
approach balances accuracy and computational efficiency by switching between progressive
and iterative refinement algorithms as appropriate.

The input dataset consisted of ten full-length HSP70 protein sequences, each repre-
senting a distinct vertebrate species. These sequences varied slightly in length due to
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species-specific insertions, deletions, or isoform differences. The alignment process in-
troduced gaps where necessary to optimize residue matching across conserved domains,
particularly the nucleotide-binding domain (NBD) and substrate-binding domain (SBD),
which are known to be highly conserved across species [35].

The resulting MSA was visually inspected to confirm alignment quality, with particular
attention to conserved motifs and domain boundaries. The alignment was exported in
FASTA format and used as input for downstream analyses, including phylogenetic tree
construction, motif discovery, entropy and hydrophobicity profiling, and structure-function
mapping. By using a robust and automated alignment strategy, high-quality residue-level
comparisons were achieved, enabling the identification of conserved evolutionary features
and functionally important regions within the HSP70 protein family.

4.3. Phylogenetic Tree Construction

To investigate the evolutionary relationships among the HSP70 protein sequences
analyzed in this study, a phylogenetic tree was constructed using the Maximum Likelihood
(ML) method implemented in MEGA11 (v11) [21]. The amino acid sequences obtained
from NCBI [34] were first aligned using the MAFFT sequence alignment program. The
resulting alignment was then used as input for phylogenetic reconstruction.

Maximum Likelihood is a statistically robust method for phylogenetic inference that
estimates the tree topology most likely to have produced the observed sequence data under
a specified evolutionary model. In this analysis, amino acid substitutions were modeled
using the Jones–Taylor–Thornton (JTT) substitution model [22], which describes empirically
derived substitution rates among amino acids during protein evolution.

The ML analysis was performed assuming uniform rates among sites, and gaps or
missing positions were treated using the complete deletion approach. The initial tree for the
heuristic search was generated automatically using the Neighbor-Joining/BioNJ method,
followed by optimization of branch lengths using the Nearest-Neighbor Interchange (NNI)
algorithm to identify the topology with the highest likelihood. Statistical support for
internal branches was assessed using bootstrap analysis with 1000 replicates.

The resulting phylogenetic tree was visualized using the MEGA11 (v11)Tree Explorer
interface [21]. Species names were displayed in italicized format, and the final tree was
arranged in a rectangular layout to improve readability. The reconstructed phylogeny
reflects broad vertebrate evolutionary relationships, with mammalian HSP70 sequences
clustering together and more distantly related vertebrate taxa (birds, amphibians, and
fish) occupying more basal positions in the tree. This phylogenetic framework provides
evolutionary context for subsequent analyses of sequence conservation, motif distribution,
and structural variation across the HSP70 protein family.

4.4. Domain Annotation Using Pfam

To identify conserved protein domains within the HSP70 sequences across vertebrates,
domain-level annotation was performed using HMMER (v3.3), a widely used suite for
sequence analysis based on profile hidden Markov models (HMMs) [36]. Specifically, the
HMMER web API hosted by the European Bioinformatics Institute (EMBL-EBI) [37] was
used to access the hmmscan functionality, enabling efficient annotation of sequences against
the Pfam protein families database [20].

Each of the ten HSP70 protein sequences in FASTA format was submitted to the
hmmscan endpoint via HTTP POST requests, using Python (v3.10) scripts [38] and the
requests library. The target database for scanning was Pfam-A, the manually curated
subset of Pfam, which includes high-confidence models for protein domain families. Pfam
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domains are defined using multiple sequence alignments and HMMs, making them suitable
for detecting remote homologs and conserved structural or functional regions [20].

Upon submission, the HMMER server returned results in JSON format, which were
programmatically parsed to extract key domain information, including Domain name and
accession (e.g., PF00012: HSP70 family), Start and end positions within the protein sequence,
E-values representing the statistical significance of the match, and domain descriptions.

Domain boundaries for the HSP70 nucleotide-binding domain (PF00012) and substrate-
binding domain (PF00052) were identified using HMMER hmmscan against the Pfam-A
database. Across the analyzed sequences, the nucleotide-binding domain (NBD) spans
approximately residues 1–380, whereas the substrate-binding domain (SBD) spans approxi-
mately residues 381–641.

4.5. Entropy Analysis

To quantitatively assess evolutionary conservation across the aligned HSP70 protein
sequences, Shannon entropy was calculated at each column of the multiple sequence
alignment. Shannon entropy provides a measure of variability or uncertainty in a set of
symbols—in this case, amino acid residues at a given alignment position.

The entropy H for each alignment position was calculated using the standard formula:

H = −
n

∑
i=1

pilog2 pi

where pi is the observed frequency of amino acid i at a given position, and n is the total
number of unique amino acids observed at that site. Positions with low entropy (i.e.,
close to 0) indicate strong conservation, suggesting functional or structural importance. In
contrast, high entropy values denote greater variability, which may reflect relaxed selective
constraints or adaptation to species-specific contexts.

Entropy profiling was performed using a custom Python (v3.10) script that parsed the
aligned FASTA file generated by MAFFT. The alignment was read as a matrix, and amino
acid frequencies were computed for each column. Only standard amino acids (excluding
gaps or ambiguous residues) were included in the calculation to avoid inflation of entropy
values due to poor alignment quality. The resulting entropy profile was plotted along the
sequence length to visually distinguish conserved core regions from hypervariable sites,
often corresponding to loop regions, termini, or insertion segments.

Shannon entropy is widely used in comparative sequence analysis to infer the func-
tional importance of residues and domains and has been previously applied to both
prokaryotic and eukaryotic systems [39]. In the context of HSP70, entropy analysis pro-
vides an important link between evolutionary constraints and biophysical properties of the
protein, complementing hydrophobicity and structural mapping efforts.

4.6. Hydrophobicity Profiling

Hydrophobicity profiling was employed to explore the distribution of hydropho-
bic and hydrophilic residues along the aligned HSP70 protein sequences. This analysis
helps identify regions that are likely to form buried hydrophobic cores or surface-exposed
hydrophilic loops, both of which are critical for understanding protein folding, stability,
and function [40,41]. Hydrophobicity values were assigned based on the Kyte–Doolittle
scale [40], a widely used empirical metric that ranks amino acids by their relative hydropho-
bicity. In this scale, hydrophobic residues such as Ile, Val, and Leu are assigned positive
values, whereas polar and charged residues like Asp, Glu, and Lys are assigned nega-
tive values. The scale has historically been useful in predicting transmembrane domains,
folding cores, and functional surfaces [42].
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For each alignment position (i.e., column), the mean hydrophobicity score was calcu-
lated by averaging the Kyte–Doolittle values of the amino acids present at that position
across all aligned sequences. Gaps and ambiguous residues were excluded from the cal-
culation to avoid skewed scores. When interpreted alongside the entropy analysis, the
hydrophobicity profile adds a complementary layer of insight: highly conserved hydropho-
bic regions are typically essential for structural integrity, while hydrophilic, variable regions
may be implicated in species-specific functions or post-translational modifications. This
biophysical mapping was crucial for correlating sequence-based features with functional
constraints and domain architecture and later integrated with structural models to provide
a spatial interpretation of evolutionary and hydrophobic patterns.

4.7. Motif Discovery Using MEME

To identify conserved sequence motifs within vertebrate HSP70 proteins, motif dis-
covery analysis was performed using the Multiple Expectation Maximization for Motif
Elicitation (MEME) Suite version 5.5.9 [24]. The aligned HSP70 amino acid sequences were
submitted to the MEME web server using the classic discovery mode.

The analysis was configured to identify up to six conserved motifs with motif widths
ranging from 8 to 50 amino acids. The zero or one occurrence per sequence (zoops) model
was applied, allowing motifs to occur once or not at all in each sequence. Statistical
significance of identified motifs was evaluated using MEME E-values, where lower E-
values indicate stronger support for motif conservation across the analyzed sequences.

Consensus motif sequences, motif widths, occurrence frequencies, and motif distri-
butions across species were extracted from the MEME output and used for comparative
analysis and visualization.

4.8. Structure Mapping

To place the sequence-based analyses of conservation and hydrophobicity into a struc-
tural framework, structure mapping was performed using the resolved crystal structure
of human HSP70 (PDB ID: 5AQV) [43]. This structure corresponds to the nucleotide-
binding domain (NBD) of HSPA1A and serves as a reliable structural representative of
the broader HSP70 family because of its high degree of sequence and structural con-
servation [44,45]. The three-dimensional structure was visualized and annotated using
the PyMOL Molecular Graphics System (version 2.5, Schrödinger, LLC, New York, NY,
USA) [23] and py3Dmol [46], enabling real-time rendering and annotation of structural
features.

Because experimentally resolved structures are not available for all analyzed species,
structural mapping was performed using the human HSP70 structure (PDB: 5AQV) as
a representative model. Given the strong structural conservation reported across HSP70
homologs, this structure provides a suitable framework for visualizing conserved and
variable residues across vertebrate species.

4.9. Computational Environment and Data Analysis

All computational analyses were performed using Python (v3.10) [38] within the
Jupyter Notebook (v8.37)) environment [47]. Sequence processing, phylogenetic data han-
dling, and bioinformatics workflows were implemented using Biopython (v1.87) [48], while
numerical computations and array-based analyses were conducted using NumPy (v2.2) [49]
and SciPy (1.15) [50]. Data organization and tabular processing were performed using
Pandas (v2.3) [51]. Statistical visualization and graphical representations were generated
using Matplotlib (3.10) [52] and Seaborn (0.13) [53]. These open-source computational
tools enabled reproducible analysis, visualization, and interpretation of sequence conser-
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vation, entropy, hydrophobicity, motif distribution, and phylogenetic relationships across
vertebrate HSP70 proteins.

5. Conclusions
This study presents a reproducible, integrative framework for investigating protein

family evolution, combining multiple sequence alignment, domain annotation, entropy
and hydrophobicity profiling, phylogenetics, structural visualization, motif discovery, and
evolutionary conservation analysis. Applied to the HSP70 family across ten representative
vertebrate species, these findings reveal a highly conserved molecular scaffold—particularly
within the ATPase and substrate-binding domains—reflecting strong purifying selection
and the essential role of HSP70 in protein homeostasis.

At the same time, lineage-specific sequence variation, particularly within surface-
exposed loops and regulatory motifs [54], underscores how adaptive flexibility can be
encoded within a structurally constrained framework. The identification of conserved and
divergent motifs further supports the hypothesis that evolutionary innovation often occurs
within peripheral or regulatory regions without disrupting the core chaperone machinery.

These findings reinforce the broader principle that protein evolution balances the dual
pressures of functional constraint and adaptive diversification. Moreover, this approach
is readily generalizable to other conserved protein families, offering a robust template
for future comparative studies in molecular evolution, structural biology, and functional
annotation. As large-scale protein datasets continue to grow, such integrative strategies
will be increasingly vital for decoding the evolutionary logic underlying protein structure
and function.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jgbg1020011/s1. Figure S1: Multiple sequence alignment
of vertebrate HSP70 proteins.
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MSA Multiple Sequence Alignment
MAFFT (v7.526) Multiple Alignment using Fast Fourier Transform
MEME (v5.5) Multiple EM for Motif Elicitation
Pfam Protein Families Database
PDB Protein Data Bank
UPGMA Unweighted Pair Group Method with Arithmetic Mean
NJ Neighbor-Joining
BLAST Basic Local Alignment Search Tool
FASTA Fast-All file format (sequence format)
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