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Abstract

Accurate protein structure alignment is essential for understanding structural and functional relationships. Here, we introduce GTalign-web, a
web-based implementation of GTalign, a spatial index-driven protein structure alignment tool, designed for accessibility and high-performance
structural searches. Benchmarked against the DALI and Foldseek servers, GTalign-web demonstrates superior accuracy while maintaining rapid
search times. Its utility is further highlighted in annotating uncharacterized proteins through searches against UniRef30. GTalign-web provides a
useful resource for protein structure analysis and functional annotation and is available at https://bioinformatics.It/comer/gtalign. This website is

free and open to all users, and there is no login requirement.
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Introduction

Understanding protein structure is fundamental to decipher-
ing biological functions, inferring evolutionary relationships,
and advancing drug discovery. Protein structure comparison
and alignment play a crucial role in identifying structural sim-
ilarities and enabling knowledge transfer between proteins.
These methods also contribute to biomedical research by de-
tecting conserved binding pockets and potential drug targets.
Recent advances in protein structure prediction [1, 2] have
dramatically increased the number of available structures [3,
4], creating new opportunities for structural analysis. How-
ever, this rapid growth underscores the need for efficient and
accurate alignment tools to facilitate large-scale comparisons.

Despite its importance, protein structure alignment presents
a significant computational challenge—finding optimal su-
perposition, i.e. maximizing the number of aligned residues
while minimizing the distance between them [5]. This pro-
cess involves exploring a vast superposition space, making it
computationally expensive. Achieving both speed and accu-
racy is particularly challenging. Existing tools, such as DALI
[6], SSAP [7], CE [8], MAMMOTH [9], LGA [10], and TM-
align [11], have made significant contributions but become

computationally prohibitive when applied to large datasets.
While some recent approaches [12-14] leverage pre-clustered
structure databases to accelerate searches, computational per-
formance limitations persist for very large datasets. Con-
versely, tools optimized for speed [15] often sacrifice sensi-
tivity to biologically significant structural similarities, poten-
tially overlooking evolutionary and functional relationships.
This trade-off highlights the importance of protein structure
alignment tools that achieve both efficiency and accuracy at
scale, as demonstrated by the approach introduced in this
work.

This article introduces GTalign-web, a web-based imple-
mentation of GTalign, a novel spatial index-driven protein
structure alignment tool that combines high accuracy with
high speed [16]. Designed for accessibility, GTalign-web pro-
vides a user-friendly platform for researchers across various
disciplines, offering a valuable resource for protein struc-
ture analysis. The following sections describe its computa-
tional methodology, benchmark its performance, and illus-
trate its utility in biological applications. By providing a fast,
accurate, and accessible platform for protein structure align-
ment, GTalign-web aims to facilitate the study of protein
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structure, function, and evolution, ultimately advancing bio-
logical research.

Materials and methods

New features of GTalign

GTalign-web, with its graphical and programmatic access,
represents a new contribution. Several enhancements have
been introduced to GTalign since its initial publication [16] to
ensure the reliability and efficiency of GTalign-web services.
First, the database caching mechanism has been improved,
which is particularly important for handling large structure
databases provided by GTalign-web. Second, support for the
machine-readable JSON format has been implemented, facil-
itating data processing and allowing users to download stan-
dardized output.

GTalign-web architecture

The GTalign-web workflow is illustrated in Fig. 1A. Designed
for speed and accuracy, GTalign-web supports protein struc-
ture alignment for multiple query structures in various for-
mats. Users can search against widely used and up-to-date
structure databases spanning different levels of protein knowl-
edge. For each query model and chain, GTalign-web returns
pairwise structure alignments with database entries, which
can be further analyzed. Users can visually inspect structural
superpositions, select and generate multiple structure align-
ments (MSTAs), and download transformed database entries
in bulk.

Jobs in GTalign-web are formatted as independent tasks
and distributed across three GPUs, each handling one job at a
time [17]. This setup enables parallel processing of three inde-
pendent jobs, with each job processing all of its query struc-
tures simultaneously.

Input and output

GTalign-web accepts multiple input structures in PDB and
PDBx/mmCIF formats, optionally gzipped. Users can also
submit a TAR archive containing one or more structure files
(Fig. 1A). The system automatically detects the input format,
with a total file size limit of 10 MB.

The main results page provides links to individual result
pages for each query model and chain. Each result page in-
cludes a summary and alignment section, displaying structure
alignments, structural similarity scores, and other alignment
statistics. Interactive visualization of structural superpositions
is powered by NGL Viewer [18], while MSTAs (presented
as multiple sequence alignments, MSAs) are rendered using
MSAViewer [19].

Databases

GTalign-web supports searches across the following struc-
ture databases: RCSB PDB [20], SCOPe 40 [21], ECOD
F70 [22], and proteins from 48 reference proteomes [3],
UniProtKB/Swiss-Prot [23], and UniRef30 [24] (UniProtKB
clustered at 30% sequence identity), with the last three
datasets obtained from the AlphaFold Protein Structure
Database [3]. UniRef30 was chosen over alternatives like
UniRef50 to reduce large numbers of structurally redundant
hits that arise at higher sequence identity thresholds.

Programmatic access via API

GTalign-web provides command-line and programmatic
asynchronous access to running structure searches.

Benchmarking

We benchmarked GTalign-web against two widely used pro-
tein structure alignment servers, DALI [13] and Foldseek [15],
to evaluate its performance.

Queries

A set of 100 query structures was randomly selected by clus-
tering [16] PDB protein chains associated with CRISPR-Cas
systems at a TM-score [25] threshold of 0.4, then choos-
ing singletons with the fewest hits in the PDB. The selected
queries were distributed by length as follows: 10% between
100 and 200 residues, 30% between 200 and 300 residues,
30% between 300 and 400 residues, and 30% longer than
400 residues (Fig. 1B). Not all query structures are directly
related to CRISPR—Cas, as the initial dataset was retrieved us-
ing a keyword-based search. For consistency in interpretation,
HETATM records and residues lacking at least one of the N,
CA, C, or O atoms were removed from the query structures.

Setup

The three web servers were queried with the same 100 struc-
tures to search the PDB (Fig. 1C). Once all jobs were com-
pleted, runtimes were recorded. For each query, the top 1000
alignments from each server were downloaded. TM-scores
and GDT_TS [10] scores were then calculated to evaluate
alignment accuracy. The alignments were sorted by TM-score
and GDT_TS, and the accuracy rates for each server were vi-
sualized in comparative plots.

Evaluation metrics

The DALI and Foldseek servers were queried via the command
line, with all queries submitted at once for DALI and in multi-
ple permitted quotas for Foldseek. GTalign-web was queried
with three concurrent submissions. Measured runtimes ex-
clude inter-submission delays and queue wait times.

Alignment accuracy was first evaluated by the TM-score
[25], a global structural similarity measure where 1 indicates
a perfect match. TM-align [11] was used to calculate TM-
scores, constrained by the given alignment [16]. TM-scores
were normalized by query length, reducing alignment signifi-
cance for proteins much smaller than the query. Since DALI
and Foldseek assess significance using unnormalized scores
and are sensitive to larger length ratios, the query length-
normalized TM-score provides a fairer mutual comparison.

Additionally, alignment accuracy was evaluated using
GDT_TS [10], an independent measure. A modified TM-align
[16] was used to normalize GDT_TS scores by the number
of aligned residues. Accuracy evaluations within alignment
boundaries tend to favor local alignment methods like Fold-
seek, as they do not penalize unaligned regions.

Results and discussion

Benchmark results

The benchmark results are shown in Fig. 1D. It is important to
note that this evaluation is not strictly objective due to varia-
tions in PDB maintenance. For instance, GTalign-web allows
searches across all models, whereas DALI considers only the
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Figure 1. Overview of GTalign-web. (A) GTalign-web workflow. (B) Length distribution of query structures used in benchmarking. (C) Benchmarking
setup. (D) Benchmark results. Vertical lines in the left panel indicate the number of alignments with a TM-score >0.5. The total number of top hits in the
plots corresponds to the total obtained from the DALI server. For GTalign-web, the number of significant structural similarities is 97 576. Example
alignments from benchmarking: structural alignments produced by GTalign-web and the DALI server for 8fei_A versus 7ffu_A (E), 8dzj_A versus 9cey_P
(F), and 4qts_B versus 8s9x_A (G). Query structures are shown in gray, while subject structures are colored. Superpositions within frames highlight
closely aligned regions (within 5 A for GTalign-web or matched by DALI) to better visualize differences between methods. In panel (F), the spatial region
corresponding to the domain not aligned by the DALI server remains visible due to rigid-body superposition. TM-scores normalized by query and subject
(sbjct.) lengths are provided.
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7wwv_A <=> A0OA076G9DO0

7wwv_A + B <=> AOA076G9D0

TM (query) = 0.580
TM (sbjct.) = 0.282

TM (query) = 0.707
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Figure 2. Case studies from UniRef30 searches. (A) Superposition of AOA076G9DO0 with 7wwv_A (left) and with chains A and B of 7wwv (right), where
7wwv_B is highlighted in a light hue. (B) Superposition of 7ci1_B with the second domain of AOATH8YQIO (left) and of 7ci1_A with its first domain
(right). In all panels, query structures are shown in gray, while subject structures are colored by model confidence, ranging from orange (very low:
pLDDT<50) to blue (very high: pLDDT>90). Superpositions within frames emphasize closely aligned regions (within 5 A), showing 7wwv chains A and B
(gray) aligned to AOA076G9DO (colored) in panel (A), and 7ci1 chains B and A (gray) aligned to the corresponding domains of AOATH8YQIO (colored) in
panel (B). The asterisk denotes the TM-score calculated for the first domain of AOATH8YQIO. Images were prepared using UCSF Chimera [26].

first structure models. To ensure a fair comparison, GTalign-
web results were filtered to include only single models. How-
ever, the Foldseek server’s PDB100 appears to retain a single
representative structure at 100% sequence identity and was
last updated on 1 January 2024 at the time of writing. De-
spite these differences, previous rigorous evaluations [16] of
these and other methods suggest that this benchmark reason-
ably reflects the relative performance of the web servers.

Runtime and alignment accuracy

Figure 1D presents the results of GTalign-web using two speed
settings (default = 13) optimized for best efficiency. (Lowering
the speed setting increases sensitivity to structural similarity.)
GTalign-web achieved the highest rate of accurate alignments
among the benchmarked servers, as assessed by global (left
panel) and local structural similarity (right panel). It processed
all queries in 34 min (48 min at speed = 9), significantly faster
than DALI (477 min) and reasonably slower than Foldseek,
which took 12 min (15 min in TM-align mode) (middle panel).

Examples

This subsection presents several example alignments pro-
duced by GTalign-web and the DALI server. The first exam-
ple compares conalbumin (8fei_A) and human serum transfer-
rin (7ffu_A), both members of the transferrin family (Fig. 1E).
These proteins share 38 % sequence identity, making them rel-
atively straightforward even for sequence alignment methods.
Structurally, 8fei_A consists of two domains, each containing
swapped subdomains. While GTalign-web captures the over-
all global structural similarity with a high TM-score of 0.736,
DALI aligns only one domain, resulting in a significantly lower
TM-score of 0.412. However, DALI’s GDT_TS score is higher
(0.735) because its alignment excludes a slightly differently
positioned domain, which GTalign-web still aligns.

Another example compares a subunit from an RNA-
guided DNA endonuclease of a Cas12f complex (8dzj_A)
with a eukaryotic RNA-guided endonuclease, Fanzor (9cey_P)
(Fig. 1F). Despite sharing the same overall architecture and
fold, these two-domain proteins have only 4% sequence iden-

tity. Their differing domain orientations and divergent re-
gions cause DALI to align only one domain accurately, leav-
ing the other unaligned. In contrast, GTalign-web aligns both
domains (with the domain unaligned by DALI highlighted
in the figure), resulting in a higher global similarity (TM-
score = 0.587) but lower local similarity (GDT_TS = 0.382)
due to regional differences introduced by the additionally
aligned domain.

The final example compares a Cas protein (Csm4) from
the type III-A CRISPR-Cas system (4qts_B) with the Cas7-5-
11 subunit of the type III-Dv CRISPR-Cas complex (8s9x_A)
(Fig. 1G). The query (4qts_B) is a single-domain protein that
shares 8% sequence identity with 8s9x_A. GTalign-web and
DALI align 4qts_B to different domains of 8s9x_A, with
GTalign-web producing a more accurate alignment both glob-
ally (TM-score = 0.585) and locally (GDT_TS = 0.509).

Case studies of distant relationships from UniRef30
To showcase GTalign-web’s utility in protein annotation, we
selected two chains with the fewest hits in the PDB and
searched them against UniRef30, completing the searches in
28 min. This subsection presents several case studies based on
the results.

The first protein analyzed is the Csy1 subunit of a type I-
F CRISPR-Cas complex (7wwv_A). Among the 63 hits with
a query length-normalized TM-score >0.3, 26 were CRISPR-
associated proteins, 2 were nucleases, 27 were uncharacter-
ized proteins, and 7 lacked command line-retrieved descrip-
tions. These results demonstrate high reliability, as all an-
notated proteins except one were nucleases. We further ex-
amined the least significant hit, an uncharacterized protein
(AOA076G9D0) with 4% sequence identity to the query.
Despite significant structural similarity (Fig. 2A), its func-
tional inference remains limited due to partial structural cov-
erage [TM(sbjct.) = 0.282]. However, when the Csy2 sub-
unit (7wwv_B) was included, aligning both subunits with
A0A076G9DO0 revealed a strong global structural match
[TM(sbjct.) = 0.735]. Since the Csyl subunit is involved in
recognizing a protospacer adjacent motif (PAM) in DNA [27],
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these findings suggest AOA076G9DO0 may function as part of
a CRISPR-Cas complex or as a DNA-binding protein.

The second protein analyzed is a chain of the anti-CRISPR
homodimer protein AcrVA2 (7cil_B), which binds to Cas12a
to inhibit CRISPR-Cas immune function [28]. Among the
342 hits with a query length-normalized TM-score >0.3, all
273 proteins with retrieved descriptions were uncharacter-
ized. Here, we examine one of these hits, AOATH8YQIO,
which shares 8% sequence identity with the query and ex-
hibits partial coverage. AOATH8YQIO is a two-domain pro-
tein, with its second domain (residues 274-543) sharing sig-
nificant structural similarity with the query (Fig. 2B). No-
tably, the first chain of AcrVA2 (7cil_A) closely matches the
first domain (residues 1-238) of AOATH8YQIO. The struc-
tural model of AOATH8YQIO is predicted with high confi-
dence, except for the linker region between its domains, which
makes their relative orientation uncertain. Therefore, this re-
sult provides insight into both the domain arrangement of
AOATHS8YQIO and its potential inhibitory function.

Comparison with existing tools

GTalign-web enables rapid searches across various struc-
tural databases, with UniRef30 being particularly notewor-
thy. GTalign-web can search UniRef30—currently comprising
over 25 million structures—within minutes. To the best of our
knowledge, among existing tools, only the Foldseek server of-
fers searches at this scale or larger. However, Foldseek is de-
liberately optimized for speed, often at the cost of accuracy
and sensitivity to structural similarity, as demonstrated in the
previous study [16] and this work. Consequently, many sig-
nificant structural relationships often remain undetected.

In contrast, long runtimes of DALI prevent its server from
supporting searches against very large structure databases,
even with preprocessing [12, 13]. While the DALI server al-
lows searches across the reference proteomes from the Al-
phaFold database, this dataset contains only 564 329 struc-
tures. For comparison, the PDB used for benchmarking
GTalign-web included over 1 million models and chains.

Given these considerations, we believe GTalign-web fills an
important gap in the current landscape of protein structure
comparison tools and web servers by offering both fast and
accurate alignments.

Conclusion

GTalign-web, a newly developed web server, integrates the ro-
bust computational framework of GTalign [16] with an intu-
itive interface to facilitate access to high-performance protein
structure alignment. GTalign-web addresses key limitations of
existing web servers by delivering both speed and sensitivity to
significant structural similarities, even for large-scale datasets.
Its ability to efficiently search extensive structure databases,
such as UniRef30, provides valuable insights into protein an-
notation and functional characterization. With GTalign-web,
we aim to bridge the gap between computational innovation
and practical usability.
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