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Abstract

Rad52, a highly conserved eukaryotic protein, plays a crucial role in DNA repair, especially in double-strand break repair.
Recent findings reveal that its distinct structural features, including a characteristic B-sheet and p-hairpin motif, are shared
with the lambda phage single-strand annealing proteins, Redf, indicating a common superfamily. Our analysis of over
10,000 single- strand annealing proteins (SSAPs) across all kingdoms of life supports this hypothesis, confirming their
possession of the characteristic motif despite variations in size and composition. We found that archaea, representing only
1% of the studied proteins, exhibit most of these variations. Through the examination of four representative archaeal
SSAPs, we elucidate the structural relationship between eukaryotic and bacterial SSAPs, highlighting differences in -
sheet size and B-hairpin complexity. Furthermore, we identify an archaeal SSAP with a structure nearly identical to the
human variant and screen over 100 mil- lion unannotated proteins for potential SSAP candidates. Our computational
analysis complements existing sequence with structural evidence supporting the suggested orthology among five SSAP

families across all kingdoms: Rad52, Redf, RecT, Erf, and Sak3.

Keywords: SSAP ; slot model; B-sheet and B-hairpin motif

Introduction

Rad52 is a nearly ubiquitous eukaryotic protein involved in DNA repair,
particularly the repair of double-strand breaks by facilitating the pairing
of complementary DNA strands [1, 2]. It is involved in both homologous
recom- bination (HR) and single-strand annealing (SSA) pathways and
has been extensively studied in vitro for its abilities to form undecameric
rings in the absence of DNA [3, 4] and to promote annealing of
complementary DNA strands. [5]. These properties are also presented by
the lambda phage single- strand annealing protein (SSAP), Redp [6].
Although other phage SSAPs form filaments rather than rings [7], Passy
et al. speculated that Rad52 and Redp arefunctionally related. Contrary to
assumptions, Kharlamova et al. found that RAD52 facilitates single-
strand annealing and homology detection primarily through short
oligomers rather than ring structures. SSAPs were classifiedinto three
main classes named after their leading members, namely Rad52,
Redf/RecT, and Erf [8] as well as Sak3. Using advanced bioinformatic
tools, Erler et al. [9] identified a distant tripartite similarity between
Rad52 andRedp that coincided with the most conserved sequences within
the Rad52 class, suggesting an orthologous relationship between these

two very distantly sepa-rated SSAPs. Several other observations also
enhanced the suggested orthologyamongst these SSAPs: (i) the single-
strand DNA binding/annealing domainsof these SSAPs occupy the
N-terminal 180 amino acids, which includes the tripartite amino acid
signature; (ii) in the absence of DNA, they multimerize into rings or
chains at high concentrations in vitro (>0.5 M); (iii) they bind ssSDNA
with modest affinity but have only low affinity for double-strand (ds)
DNA,; (iv) beyond the N-terminal annealing domain, the C-terminal
regions are not required for annealing but are required for homologous
recombination (HR) [10, 11]. Independently, the distant sequence
relationship between Rad52 and RedB/RecT classes was confirmed using
different bioinformatic method- ologies [12], and the Erf class was
included in the suggested SSAP superfamily [13]. The Rad52
superfamily hypothesis was recently strengthened by the cryo- EM
structural resolution of two members of the Redf/RecT class [14, 15] that
identified structural similarities with the known RAD52 structure [3, 4]
and by AlphaFold predictions that led to the identification of a new
protein fold [16]. This protein fold, which is shared by the Erf class,
involves a well-conserved three-stranded B-sheet traversed on the inside
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by a helix. The outside of the B-sheet sets the curvature of the helical
filaments and rings formed by these SSAPs, whereas the traversing helix
is secured by a second helix with accom- panying B-hairpin and another
helix. These latter two secondary elements show considerable variability
amongst various SSAPs. Al-Fatlawi et al. visually depicted the
similarities and variations of this arrangement of five secondary
structural elements across eight selected SSAPs [16].

Here, we refine the above approach and apply it across bacterial, archaea,
and eukaryotic SSAPs. Following lllergard et al. [17], who argue that
struc- ture is three to ten times more conserved than sequence, we
compare these SSAPs by their structure instead of their sequence. Such
a large-scale compar- ison is only made possible by the recent large-scale
availability of high-quality predicted protein structures in the AlphaFold
database [18].

We will shed light on the overall phylogenies computed from sequence
and from structure focusing in particular on the preservation of the central
B- hairpin and B-sheet motif across all families. This is of particular
interest in the light of SSAP distribution across superkingdoms: The
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majority of all known SSAPs are bacterial, complemented by eukaryaotic
Rad52s and a small num- ber of archaea sequences. We quantify
variation in the core SSAP structural motifs across these distant
relationships of bacteria, eukaryota, and archaea. Furthermore, we
exploit the structural perspective to screen for potential novel SSAPs in
the large body of millions of unannotated proteins.

3 Results
10,280 SSAPs predicted structures

Our study presents a comprehensive structural analysis of the Rad52 single-
strand annealing protein (SSAP) superfamily and provides insights into their
structural diversity. We retrieved the members of single-strand annealing
pro- tein families Rad59/52/22 (Rad52 for short throughout the entire
manuscript), Erf, Sak3, Redf}, and RecT from the Interpro database [19] and
enriched them with 3D structures predicted by AlphaFold [20], [21]. After
filtering out low- quality structures (see methods), we focused on 10,280
high-quality predicted protein structures with 5,150 Redp and RecT family
members and a roughly equal number from Rad52, Erf, and Sak3.

Family Archaea Eukaryote Bacteria Total
Rad52 13 854 1,178 2045
RecT 25 5 3,860 3890
RedR 8 0 1,252 1260

Erf 63 2 2,582 2647
Sak3 15 0 423 438
Total 124 861 9,295 10,280

Table 1: Distribution of Rad52, RecT, RedR, Erf, and Sak3 Families Across Archaea, Eukaryota, and Bacteria

Most SSPs are bacterial

Next, we enriched the data with phylogenetic information. An interesting
hypothesis on the origin of eukaryotic Rad52 can be drawn from the very
imbal- anced breakdown by superkingdoms (see Table 1): 90% of the total
SSAPs surveyed are of bacterial origin. The remaining 10% are shared by
eukaryotes (9%) and archaea (1%). While the 1% archaea structures cover
the whole five families, the eukaryotic SSAPs are predominantly limited to
Rad52. This is interesting since Rad52 is also present in bacteria and in
archaea. Our data suggest a scenario where the full diversity of the SSAP
families possibly orig- inated in bacteria and archaea first, with eukaryotic
Rad52 evolving from ancestral forms found in both bacterial and archaea
lineages. Subsequent anal- ysis will explore how these evolutionary
relationships manifest themselves in the structural characteristics of SSAPs

Structure and sequence phylogenetic trees largely agree

Protein families within the InterPro database are delineated based on
sequence data, utilizing sophisticated algorithms such as hidden Markov
models. We conducted comparisons across 10,280 single-strand annealing
proteins (SSAPs) using both sequence alignment via the Blast algorithm and
structural align- ment via the state-of-the-art TM-align algorithm to ascertain
the consistency between structural and sequence-based classifications. The
dendrograms gen- erated from sequence and structure comparisons are
shown in Fig. S1. Both clusterings clearly separate all five families and in
particular Rad52 and Redf. The clustering patterns consistently
differentiated eukaryotic from bacterial Rad52. However, discrepancies
arose in the placement of a Rad52 subgroup termed RDM, attributed to its
possession of an additional RNA binding motif. Despite this subgroup’s
outlier status, our findings underscore the overall agreement between
structural and sequence-based classifications of SSAPs.

Archaea SSAPs are representative of all SSAPs

Among the single-strand annealing proteins (SSAPs) analyzed, less than 1%
were attributed to the archaea superkingdom, known for harboring
extremophiles. It is still an open question on how eukaryotes evolved from a

world with only two domains, bacteria and archaea [22]. Given the evolu-
tionary significance of archaea in understanding eukaryotic origins, we
sought to discern potential structural distinctions between archaeal, bacterial,
and eukaryotic SSAPs. The question arises whether the few archaea SSAP
struc- tures differ significantly from bacterial and eukaryotic ones or not.
Thus, we clustered all SSAPs by their structure and highlighted archaea
SSAPs (see Figure 1A). The 124 archaea SSAPs spread evenly across the
full tree of 10280 structures and are thus representative for the whole data.
Since one focus of our analysis is the relation of bacterial and eukaryotic
SSAPs, we decided to use archaea structures as independent reference points.
Utilizing archaeal structures as independent reference points, we further
distilled this set to 12 representative structures through clustering. Manual
inspection and refinement led to the selection of four representative
structures, each showcasing variations in B-sheet and p-hairpin motifs. These
motifs exhibited diverse characteristics, including variations in strand length
and complexity of the hairpin structure. Two representatives belonged to the
Rad52 family, while one each represented RecT and Redf, respectively.
These underscore the structural diversity present within archaeal SSAPs.

Four representative SSAPs align with experimental templates

For the Rad52, RecT, and Redf families, which have experimentally
determined 3D protein structures from human and two bacterial phages, we
investigated the extent to which the evolutionarily distant archaea
representatives align with them. Using the TM-score, a measure of structural
similarity ranging from 0 to 1 (values > 0.5 indicating similarity), we
obtained promising scores: 0.51 for Rad52, 0.65 for RecT, and 0.55 for Redp.
In stark contrast, sequence identities on aligned motifs were notably low,
ranging from 5 to 8%. These findings underscore a remarkable phenomenon:
despite min- imal sequence similarity, the structural resemblance among
these proteins is striking.

These results refer to the monomeric structures, but SSAPs oligomerize and
form regular, circular quaternary structures. Rad52 e.g., forms a ring of 11
monomers [23]. This begs the question whether the predicted archaea Rad52
representatives are consistent with such a quaternary ring structure? This
could be expected since the ring structure is essential for the function in sin-
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gle strand annealing, but it would also be surprising since neural networks
for 3D structure prediction such as AlphaFold only train on monomers and
not on oligomers. To answer this question, we used the experimentally
determined oligomeric Rad52 structure with its 11 monomers as a template
and superim- posed 11 copies of the predicted representative archaea Rad52
structures. To assess whether the hypothetical ring structure of predicted
Rad52 is realistic we counted atom clashes between neighboring monomers.
We found that for the long B-sheet Rad52 representative only 9 out of 869
atoms clash at a dis-tance cut-off of 2A°. For the short 3-sheet representative
it is equally low at 8 clashes out of 749 atoms. We proceeded similarly for
Redp and RecT. Experi- mental structures for the latter two SSAPs form
large helical structures instead of rings [24], [25]. We found that the
predicted archaea Redf representative leads to 16 out of 1087 atom clashes
when superposed to the Redf template and the RecT representative to 12 out
1236 for the RecT template. This is a very remarkable result as it suggests
that AlphaFold correctly predicts aspects of quaternary structure without
having seen quaternary structures. Concep- tually this would imply that
primary structure not only codes for tertiary structure, but also quaternary
structure.

Do Redf and RecT form a single group as suggested by lyer et al.?

lyer et al. conducted sequence analyses of single-strand annealing proteins
(SSAPs), proposing that RecT and Redf} constitute a single family distinct
from the other three families. Our sequence and structure analyses confirm
the distinction between RecT and Redp, although they exhibit closer
structural similarity to each other than to the other families (see Figure 1A
and Fig. S1A and 1B). To understand these relations in detail, we plotted the
structural similarity of all SSAPs against the archaca RecT and Redf
representatives (see Figure 2). Structural similarity ranges from 0 (not
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similar) to 1 (identical) and a value of 0.5 indicates a similar fold [26], [27].
Nearly all of the RecT and Red SSAPs have a structural similarity of 0.5
and better to both of the two RecT and Redp representatives. In contrast, the
other three families, Rad52, Erf, Sak3, are all below 0.5 similarity to either
of the two RecT and Redp representatives. These findings are in agreement
with Iyer et al. However, all of the Redf3 SSAPs are more similar to the Redf
than to the RecT representative and nearly all RecT SSAPs are more similar
to the RecT than to the Redf} representative. This clear separation supports
the notion that RecT and Redp should be treated as distinct families, contrary
to the proposal by lyer et al.

How do Redp and RecT compare to Rad52 and in particular to
eukaryotic Rad52?

lyer et al. pointed out that RecT/Redp are clearly distinct from the other three
families. This is also supported by the clusterings in Figure 1A and Fig. S1A
and B. To examine the details, we compared structural similarity of all
SSAPs against the remaining two representative archaea structures, which
both belong to the Rad52 family and which differ in the lengths of the three
B-strands in the characteristic 3-sheet motif (see Figure 3). In contrast to the
previous analysis, all but some RecT structures share a structural similarity
of 0.5 or better with both representatives and can hence be considered
similar. As expected, Rad52, Erf, and Sak3 have higher similarities to the
representatives. Interestingly, nearly all of the Redf3, RecT, and Sak3 SSAPs
are more similar to the short - sheet than to the long B-sheet representative.
In contrast, Rad52 spreads along two diagonal axes representing similarity
to long vs. short -sheets on the one hand and to similarity to either of those
two vs. none of these two. Regarding the axis short vs. long B-sheets,
bacterial Rad52 breaks down into 376 SSAPs

z
T

Figure.1: (A) 10280 SSAPs clustered by structural similarity confirm the defini- tion of SSAP families RecT (brown), Redp (red), Erf (green), Sak3
(purple), and Rad52 (blue). RecT/Redp are clearly separated from Erf, Sak3, and Rad52. Sak3 is mixed within Rad52. Eukaryotic (lightblue) and
prokaryotic (dark blue) Rad52 are mixed and clearly separated from the Rad52 subfamily RDM1 (turquoise), which has an additional RNA-binding
motif. Out of the 10280 SSAPs depicted, the 124 archaea SSAPs are labeled by their 1Ds, which shows that the 124 covers the full diversity of the
10280. (B) Close-up of the 124 archaea SSAPs clustered by structural similarity with the four selected representatives labeled by their identifier. (C)
The four selected representa- tives with their B-hairpin and p-sheet motif. They will serve as references in the subsequent analyses.

Structure simdarity 10 Red8 (TM-score)

0.0 0.2 04 0.6 08 1.0

Structure similarity 1o RecT (TM-score)

Figure 2: Scatter plot of structural similarity (TM-score) of each of the 10280 SSAP against RecT (brown) and the Redf (red) representatives. RecT
and Redp SSAPs are clearly separate from the rest but also clearly separate from each other.
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Figure 3: Scatter plot of structural similarity (TM-score) of each of the 10280 SSAP against the long and short B-sheet Rad52 representatives. Most
SSAPs show a good similarity. Bacterial Rad52 SSAPs (dark blue) are highly similar to both long and short B-sheet Rad52, while eukaryotic Rad52
(medium blue) is also highly similar to both but more similar to long B-sheet Rad52. The Rad52 subfamily RDM1 (light blue) is due to its additional

RNA-binding domain more dissimilar to both.

(35%), which are more similar to the long -sheet representative and 802
SSAPs (65%), which are more similar to the short B-sheet representative.
Eukaryotic Rad52 is mostly more similar to the long B-sheet representative.
The second axis of spread of Rad52 is characterized by poor similarity to
either of the two representatives. In fact, the Rad52 SSAPs concerned form
a Rad52 subfamily called RDM1, which contains an additional RNA
recognition motif. Poor similarity against this motif explains the spread.
Taken together, these results suggest that the Ur-Rad52 is of bacterial origin
with short -sheets.

Do all SSAPs exhibit the characteristic motif?

Single-strand annealing proteins are defined by their function. This function
is closely linked to the B-hairpin and the B-sheet motif, both of which play a
role in DNA binding. Do all of the 10280 SSAPs contain these two motifs?
As can be seen from Figure 1C, they are present in the four selected
representatives.

Out of the 10,280 SSAPs analyzed, 208 have a TM-score below 0.5, indicat-
ing dissimilarity in structure. Another 2,995 SSAPs fall within the TM-score

range of 0.5 to 0.7, suggesting moderate structural similarity. Remarkably,
the majority, comprising 7,077 SSAPs, demonstrate a TM-score above 0.7,
indi- cating high structural similarity among this significant portion of the
analyzed SSAP dataset (see Supplementary Table S1). Visual inspection
confirmed that a TM-score of greater than 0.5 implies that the B-sheet motif
is very well con- served and that the B-hairpin motif is present. A score of
greater than 0.7 indicate that both motifs are well conserved. Overall, we
found that out of the 10280 SSAPs 98% have a TM-score of greater than 0.5
to at least one of the four representatives (see Table 2). For 69% it is even
greater than 0.7. For 50% of the SSAPs the TM-score is greater than 0.5
against at least three of the four representatives. From this we conclude that
all SSAPs contain the two char- acteristic motifs and that it is constituting
for single-strand annealing. This comprehensive examination underscores
the fundamental role of the B-hairpin and p-sheet motifs in the function of
SSAPs, highlighting their significance in single-strand annealing processes.

10,280 SSAPs

>0.5 [>0.6 >0.7
>0 | 10,072 9,947 7,077
>1 | 10,003 9,218 3,876
>2 | 5146 3,011 3
>3 | 3,663 {473 0

Unannotated Proteins
>0.5 >0.6 >0.7
206,859 (8,136 3,143
61,842 [5,937 1,797
8,148 763 0
2,131 99 0

Table 2: Number of SSAPs with good TM-score against 1, 2, 3, or 4 representatives.

Quantifying motif alignment lengths across all families

To quantify the structural diversity and conservation of the B-hairpin and B- sheet motifs across the single-strand annealing protein families, we employed

two approaches. Firstly, we analyzed the distribution of alignment lengths.
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Eukaryota-Rad59/52/22
— Bacteria-RadS9/52/22
—— Bacteria-ERF
Bacteria-RecT
—— Bacteria-Red8
—— Bacteria-SAK3

Figure 4: Distribution of alignment lengths against four representative SSAPs. Lengths of structural alignment against the four representatives.

A) RecT B) Redp- C) Rad52 (long B-sheet) D) Rad52 (short B-sheet).

Against the representatives. Secondly, we quantified the composition of
helix, strand, and loop residues in the motifs. Fig.Figure 1C visually
illustrates the variation in size and shape of the B-hairpin and pB-sheet motifs
using four representatives from archaea. In Figure 4, we present the
alignment length of each of the 10,280 SSAPs grouped by family, with each
of these representatives depicted separately. Overall, alignments range from
length 60 to 180. The most pronounced solitary peak can be found for the
RecT representatives and the RecT family members (Figure 4A). Their
alignments are nearly all around 170 residues long. This confirms that the
RecT family is structurally coherent and distinct from Redf. Figure 4B also
shows that the next longest pronounced peak is Redf at an alignment length
of 120 to 140. All of the other bacterial SSAPs match the RecT representative
with lengths of 80 to 100 residues and only eukaryotic Rad52 stands out with
alignments of only 60 residues. When considering Redf} as representative
(Figure 4B) a consistent picture emerges, in which RecT/Redp are clearly
separated from the rest. The bulk of RecT and Redf family members match
the Redp representative with a length of around 130, but there is a smaller
group of Redf matching their representatives better with a larger length of
145. Interestingly, eukaryotic Rad52 fits better to the Redp representative
than to the RecT representative with alignments peaking at length 80 instead
of 60. Turning to the Rad52 representatives (Figure 4C and D), with the
longer and shorter B-sheet motif, there is a remarkable difference. For the
short B-sheet motif (4D), eukaryotic and bacterial Rad52 as well as the large
Erf family match with an alignment length of over 100 in a very compact
manner. The agreement of Erf and Rad52 also supports our choice of
representatives. Although our method did not select any Erf family members
as representatives, they are nonetheless structurally very well represented by
the selected short B-sheet Rad52 representative. Turning to 4C, the long B-
sheet representative matches for all families including RecT at a reduced
alignment length to 90. Overall, this analysis supports that RecT and Redf
are distinct from the other families, but can also be clearly separated from
each other. Eukaryotic Rad52 can be distinguished from bacterial Rad52,
which breaks down into two groups. One similar to eukaryotic Rad52 and
one different. However, variations emerged in helix residues, with Sak3
notably low at 3, and Redf and RecT notably high at 28 and 42, respectively.
This underscores the distinction between RecT/Redf and the others, as well
as the difference between these two families. A similar trend was observed
in the helix residues of the B-sheet motif, reflecting perpendicular helix
length. Rad52, Erf, and Sak3 exhibited shorter helices (15 to 20) compared

to Redp and RecT (26 and 32). Strand lengths also diverged, with eukaryotic
Rad52 having 37 residues compared to bacterial Rad52’s 27. RecT and Redf
approached eukaryotic Rad52’s strand length, while Erf and Sak3 were more
aligned with bacterial Rad52. These findings illuminate how sequence
alterations drive structural variation while preserving motif topology.

Quantifying secondary structure composition of the motifs across all
families

In further quantifying motif variation, we focused on secondary structure
composition to highlight differences in helix and strand length among fami-
lies. We limited the analysis to those families and superkingdoms with more
than 100 members, i.e., all of the bacterial SSAPs and eukaryotic Rad52.
Across families, the amount of strand residues in the B-hairpin motif does
not vary strongly neither across families nor between eukaryotic and
bacterial. It remaines relatively consistent, ranging from 11 to 15, (see Table
3). However, variations emerged in helix residues, with Sak3 notably low at
3, and Redp and RecT notably high at 28 and 42, respectively.This
underscores the distinction between RecT/Redf and the others, as well as the
difference between these two families.A similar trend was observed in the
helix residues of the B-sheet motif, reflecting perpendicular helix length.
Rad52, Erf, and Sak3 exhibited shorter helices (15 to 20) compared to Redf
and RecT (26 and 32). Strand lengths also diverged, with eukaryotic Rad52
having 37 strand residues, i.e. around 12 per strand, compared to bacterial
Rad52 27, i.e. 9 per strand. RecT and Redf approached eukaryotic Rad52’s
strand length, while Erf and Sak3 were more aligned with bacterial Rad52.
Taken together, these numbers doc- ument in detail how changes in sequence
lead to variation in structure leaving the overall motif topology intact.

Are there novel SSAPs?

The SSAPs documented in the Interpro database were assigned based on
sequence information [19], [28]. Since structural information is more
conserved than sequence [29], we expected there to be novel candidate
SSAPs, which could not be identified by sequence-based methods.
Therefore, we compared all 117,501,756 million proteins, which are listed
in UniProt but not anno- tated by the Interpro database, against the four
representatives. We found a total of 206859 proteins to have some structural
similarity (TM-score greater than 0.5) to at least one of the four
representatives.

SS |SSAP  [Superking. B-sheet motif B-hairpin motif
median istd median istd

H RecT Bacteria 32 6.26 42 7.44
H  [RedB Bacteria 26 3.57 28 6.95
H  [Erf Bacteria 20 3.03 15 4.80
H Rad52 |Bacteria 17 2.87 12 3.76
H |Rad52 |Eukaryota 15 4.50 18 7.42
H Sak3 Bacteria 15 3.20 3 6.43
S Rad52 |Eukaryota 37 8.06 11 10.32
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S RecT Bacteria 35 8.18 12 5.25
S Redf Bacteria 32 6.54 13 4.63
S Erf Bacteria 29 7.83 12 10.64
S Rad52 |Bacteria 27 7.69 14 5.66
S Sak3 Bacteria 26 10.76 16 7.11

Table 3: Number of helix and strand residues in motif for eukaryotic RadS2 and bacterial Rad52, Redp, RecT, Erf, and Sak3.

3143 at a more rigid cut-off of 0.7. The majority are highly similar to long
(2164) and the short (1458) B-sheet Rad52. A minority of 667 and 655 pro-
teins are structurally similar to RecT and Redp representatives, respectively
(see Figure 5).

Oceanic Archaeal SSAP Resembles Human Rad52

Remarkably, we identified an oceanic archaesal SSAP, UniProt ID
AO0A2D6XHCS, structurally resembling human Rad52 despite a low amino
acid sequence identity. The oceanic archaeal SSAP, obtained from the Can-

08

061

04

Simlanty 1o Rad52 long sheet

00

0.0 0.2 04

didatus Pacearchaeota archaeon, was identified in a meta-genomic study of
the Tara Oceans circumnavigation expedition [30]. Despite a sequence iden-
tity of only 30.63% at a coverage of 47%, effectively amounting to less than
15% sequence identity, the archaea and human structures exhibit remark-
able structural similarity with a TM-score of 0.82 (see Figure 6). This finding
underscores the remarkable conservation of structural features across
evolutionary distant organisms and suggests functional conservation in their
roles.

0.6 08 1.0

Sirmdary %0 Rad52 short sheet
Figure 5: Scatterplot of structural similarity (TM-score) of all Alphafold struc- tures including 117,5 million unreviewed ones against the two
representatives Rad52 SSAPs. The bulk of the proteins are below 0.5. Many of the known SSAPs have good scores better than 0.5. Among the top-
scoring proteins, there are 2164 (1458) proteins with a TM-score greater than 0.7 against the long (short) g-sheet Rad52 representative. These are
novel candidate SSAPs. as single-strand annealing proteins. It highlights the importance of consid- ering structural information alongside sequence

data when studying protein evolution and function.

4 Discussion
SSAPs across all three superkingdoms

Single-strand annealing proteins form one superfamily and despite deterio-
rated sequences, there is a common structural motif shared by all of them.
Two results stand out in particular: First, the few archaea SSAPs display the
same structural diversity as the many bacterial SSAPs. Second, while all the

five SSAP families are present in archaea and bacteria, eukaryotes harbor
with a few exceptions the Rad52 family only. This is consistent with
Williams et al. who posit archaea and bacteria as the two primary domains
of life from which eukaryotes arose in partnership [22]. Archaea as
eukaryotic ancestry besides

Figure 6: The archaea SSAP AQOA2D6XHCS3 (green) nearly perfectly aligns with human Rad52 (blue) with a TM-score of 0.82.
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Bacteria was also investigated by Eme et al., who found that archaea carry
several genes formerly believed to be eukaryotic specific [31]. This resonates
with our finding of good similarity between eukaryotic and bacterial Rad52,
which generally varies in the length of strands in the B-sheet motif (see
Figure 3) as well as an archaca SSAP, whose B-hairpin and B-sheet motifs
are nearly identical to human. This suggests that SSAP function may be so
fundamental that its structural base is heavily constrained across all
kingdoms of life. Overall, we were surprised to find only 1% of SSAPs to be
archaea. While this is consistent with an estimate of biomass by Bar-On et
al. [32], it is inconsistent with Karner et al., who estimate the same order of
magnitude of archaea and bacteria cells in the oceans [33]. However,
biomass and number of cells may be difficult to relate to the number of
sequences for a super kingdom. Therefore, we resolved this issue by counting
archaea sequences in the Uniport’s database. We found 6,606,939 archaea
sequences among all 252,170,925 uniport’s sequences, which amounts to
2.62%. This means that the 1% archaea SSAPs are only slightly
underrepresented in comparison to UniProt in total.

SSAPs and oligomerization

The advent of large-scale structure prediction has enabled this study, which
is the largest structural comparison of the Rad52 superfamily to date. Inter-
estingly, predicted structures not only resemble the overall SSAP structural
motif but also aspects of quaternary structure such as the width and gen- eral
shape of the SSAP monomers, which enables assembly into larger ring or
helical structures. However, while experimental structural data suggests
these quaternary structures, there is evidence that they only form at very high
pro- tein concentrations. Under physiological conditions the rings and
helices form only very partially and in a dynamic process tightly linked to
DNA binding [34, 35]. Overall, our study supports the possibility of SSAP
oligomerization across all of the families and species.

Defining superfamilies

Our study shows that there is a common structural basis for single-strand
annealing, which is only conserved in structure and not in sequence.
Generally, our study is an example of how the advent of large-scale structure
predic- tion can enhance the organization of biological knowledge. From
experimental data dating back to the 60s, a few single-strand annealing
proteins have been directly experimentally identified. The vast majority have
been inferred by sequence similarity. It is interesting to quantify this ratio of
direct and indirect evidence. E.g., the gene ontology [36] term “DNA double-
strand break processing involved in repair via single-strand annealing” has
145 gene products assigned to it (3.1.2024). However, only four of these
annotations are inferred from a direct assay (Gene Ontology evidence code
IDA) and the vast majority are inferred indirectly from “biological aspect of
ancestor” (Gene Ontology evidence code IBA). Thus, the very concept of the
SSAP superfamily goes back to a few proteins with direct experimental
evidence while the majority of SSAPs are inferred indirectly. This relation
of direct and indirect evidence can be obtained from GeneOntology, but it
should be made prominent in databases such as InterPro [19]. Another aspect
of defining superfamilies con- cerns the definition of a common structural
motif. The B-hairpin and -sheet motif have been known from experimental
3D structures [23] and they have been linked to DNA-binding and to
function. Thus, from direct experimental observation there was a link from a
small part of a protein to its function. This knowledge is crucial for the study
of this paper. A large-scale structural search without knowledge of such
motifs is difficult. Recently, there has been progress on search of millions of
predicted protein structures with the FoldSeek tool [37] and a large-scale
clustering of the whole of the Alpha Fold database [21], [38]. Yet, the
clusterings cannot establish the link between the five SSAP families. One
reason that contributes to the difficulty of this is that large por- tions of the
protein outside the motifs vary strongly and can contain large disordered
regions that cannot be structurally compared. It is a very fine bor- derline
between unrelated and distantly related. However, this study shows that
through the use of sequence, structure, and functional knowledge, it is
possible to find this borderline. How to apply this at a large scale to all of the
InterPro families is still an open question.
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5 Conclusion

In conclusion, our study offers a comprehensive examination of the Rad52
single-strand annealing protein (SSAP) superfamily, providing insights into
their evolutionary trajectories and structural diversity. By integrating data
from the InterPro database and AlphaFold predictions, we deepened our
com- prehension of SSAP families, including Rad52, Erf, Sak3, Redf}, and
RecT. Noteworthy is our support for the notion that eukaryotic Rad52 likely
evolved from predecessors present in both bacterial and archaeal lineages.
Furthermore, our analysis highlights the presence of structural similarities
among SSAPs, underscoring the significance of conserved motifs in their
functionality despite limited sequence conservation. Additionally, the
finding of a novel SSAP candidate, an oceanic archaeal SSAP resembling
human Rad52, underscores the importance of integrating structural and
sequence data in unraveling protein evolution and function. Our findings not
only enrich existing knowledge but also unveil new avenues for exploration,
providing a robust framework for further investigations into the intricate
world of protein evolution and function.

6. Methods

Interpro [19] was accessed on 01.08.2023 for families Rad52 (IPR041247),
Erf (PF04404), Sak3 (IPR009425), RecT (IPR004590), and Redp
(IPR010183).

AlphaFold (version 3) [20], [21] structures were retrieved on 02.10.2022.
Struc- tures with an average pLDDT confidence score lower than 70% were
filtered out. Taxonomic information was extracted from UniProt (accessed
01.09.2023). Structures in Figure 1A, 1B, 2, 3, 5, 6, and Supplementary
Figure S1A were compared by USAlign’s TM-score [39]. The dendrograms
in Figure 1 and in Fig. S1 were created by hierarchical clustering with
average linkage using the Python packages skbio and ete3 [40]. They were
visualized by iToL (interactive Tree of Life). The four representatives,
A0A842UJM1, A0A8B43GZ30, LOKZL4, AOA2D6XBR4, in Figure 1 were
selected in two steps. First, the top four clus- ters in the hierarchical
clustering were selected. Second, for each cluster, the structure, which had
the highest average similarity to its cluster members, was selected. For Fig.
S1A, sequences were compared using Blast similarity (identity*coverage)
using the BLOSUMBG62 substitution matrix. PyMOL was used for Figure 6
(cealign), Table 3 (secondary structure assignment), and the computation of
atom clashes (atoms of one monomer within 2A of atoms of the neighboring
monomer). PDB structures 1kn0O, 7ub2, and 7ujl served as experimental
references.

7 Data Availability

All data used to generate this work are accessible via the link provided below.
This collection includes both raw and generated data. The raw data consists
of PDB files for all SSAP proteins and their FASTA sequences. The
generated data encompass BLAST results (sequence data), structural
alignments (TM scores), taxonomy information, and family memberships
from InterPro. Please refer to the following link to access the data.

Raw data:/rawData/ [PDBs, Fasta]
Alignment results:/alignments/

https://sharing.biotec.tu-dresden.de/index.php/s/vNrJ3aHLSUN6kZE

8 Acknowledgement

We kindly acknowledge financial support from the BMBF projects scads.ai
and SNRT as well as access to high-performance computing through the ZIH
of TU Dresden.



International Journal of Clinical Surgery
9 Author contributions

AAF, FS and MS conceived the study, AAF and MM implemented the study,
AAF, BM, SL, MS analysed data, AAF, FS and MS wrote the manuscript.

Page 8 of 10

10 Competing Interests

The Authors declare no competing interests.

Supplementary Material

Figure S1: 10280 SSAPs clustered by sequence (A) and by structural (B) simi- larity. Both trees agree by and large.

Supplementary tables

Tables can be accessed through this link: https://sharing.biotec.tu-
dresden.de/index.php/s/vozoY URFI3ctWzP

Table S1: TM-scores for all 10280 SSAPs

Table S2: TM-scores for unreviewed proteins from UniProt with a TM-score
of greater 0.7 to at least one SSAP representative.

References

1. Mortensen, U.H., Lisby, M., Rothstein, R. (2009). Rad52. Curr
Biol 19(16), 676— 677.

2. Balboni, B, Rinaldi, F., Previtali, V., Ciamarone, A., Girotto, S.,
et al., (2023). Novel Insights into RADS52’s Structure, Function,
and Druggability for Synthetic Lethality and Innovative
Anticancer Therapies. Cancers (Basel) 15(6)

3. Singleton, M.R., Wentzell, L.M., Liu, Y., West, S.C., Wigley,
D.B. (2002). Struc- ture of the single-strand annealing domain
of human RAD52 protein. Proc Natl Acad Sci U S A 99(21),
13492-13497.

4. Kagawa, W., Kurumizaka, H., Ishitani, R., Fukali, S., Nureki, O.,
et al., (2002). Crystal structure of the homologous-pairing
domain from the human Rad52 recombinase in the undecameric
form. Mol Cell 10(2), 359-371.

5. Sugiyama, T., Kantake, N., Wu, Y., Kowalczykowski, S.C.:
Rad52- mediated DNA annealing after Rad51-mediated DNA
strand exchange promotes second ssDNA capture. EMBO J
25(23), 5539-5548 (2006)

6. Passy,S.l., Yu, X., Li, Z., Radding, C.M., Egelman, E.H. (1999).
Rings and fil- aments of beta protein from bacteriophage lambda
suggest a superfamily of recombination proteins. Proc Natl Acad
Sci U S A 96(8), 4279-4284.

7. Thresher, R.J., Makhov, A.M., Hall, S.D., Kolodner, R., Griffith,
J.D. (1995). Electron microscopic visualization of RecT protein
and its complexes with DNA. J Mol Biol 254(3), 364-371.

8. lyer, L.M., Koonin, E.V., Aravind, L. (2002). Classification and
evolutionary history of the single-strand annealing proteins,
RecT, Redbeta, ERF and 24 The Rad52 superfamily as seen by
AlphaFold? RAD52. BMC Genomics 3, 8.

9. Erler, A, Wegmann, S., Elie-Caille, C., Bradshaw, C.R.,
Maresca, M., et al., (2009). Conformational adaptability of
Redbeta during DNA annealing and implications for its
structural relationship with Rad52. J Mol Biol 391(3), 586-598.

10. Park, M.S., Ludwig, D.L., Stigger, E., Lee, S.H. (1996). Physical
interaction between human RAD52 and RPA is required for

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

homologous recombina- tion in mammalian cells. J Biol Chem
271(31), 18996-19000.

Subramaniam, S., Erler, A., Fu, J., Kranz, A, Tang, J.,
Gopalswamy, M., et al., (2016). is insufficient for homologous
recombination and the additional requirements involve intra- and
inter-molecular interactions. Sci Rep 6, 34525.

Lopes, A., Amarir-Bouhram, J., Faure, G., Petit, M.A., Guerois,
R. (2010). Detection of novel recombinases in bacteriophage
genomes unveils Rad52, Rad51 and Gp2.5 remote homologs.
Nucleic Acids Res 38(12), 3952—3962.

Matsubara, K., Malay, A.D., Curtis, F.A., Sharples, G.J.,
Heddle, J.G. (2013). PLoS One 8(11), 78869.

Newing, T.P., Brewster, J.L., Fitschen, L.J., Bouwer, J.C,,
Johnston, N.P., et al., (2022). Red-mediated homologous DNA
recombination. Nat Commun 13(1), 5649.

Caldwell, B.J., Norris, A.S., Karbowski, C.F., Wiegand, A.M.,
Wysocki, V.H., (2022). family recombinase in complex with a
duplex interme- diate of DNA annealing. Nat Commun 13(1),
7855.

Al-Fatlawi, A., Schroeder, M., Stewart, A.F. (2023). The Rad52
SSAP superfam- ily and new insight into homologous
recombination. Commun Biol 6(1), 87.

Illergard, K., Ardell, D.H., Elofsson, A. (2009). Structure is three
to ten times more conserved than sequence-a study of structural
response in protein cores. Proteins 77(3), 499-508.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., etal.,
(2021). Highly accurate protein structure prediction with
AlphaFold. Nature 596(7873), 583-589.

Paysan-Lafosse, T., Blum, M., Chuguransky, S., Grego, T.,
Pinto, B.L., et al., (2023). Interpro in 2022. Nucleic Acids Res
51(D1), 418-427

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., et al.,
(2021). Highly accurate protein structure prediction with
alphafold. Nature 596(7873), 583-589.

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C.,
et al., (2022). Alphafold pro- tein structure database: massively
expanding the structural coverage of protein-sequence space
with high-accuracy models. Nucleic Acids Res 50(D1), 439-
444,

Williams, T.A., Foster, P.G., Cox, C.J., Embley, T.M. (2013).
An archaeal ori- gin of eukaryotes supports only two primary
domains of life. Nature 504(7479), 231-236.

Kagawa, W., Kurumizaka, H., Ishitani, R., Fukai, S., Nureki, O.,
et al.,, (2002). Crystal structure of the homologous-pairing
domain from the human rad52 recombinase in the undecameric
form. Mol Cell 10(2), 359-371.


https://www.biorxiv.org/content/10.1101/2024.08.09.607149.abstract
https://www.biorxiv.org/content/10.1101/2024.08.09.607149.abstract
https://www.mdpi.com/2072-6694/15/6/1817
https://www.mdpi.com/2072-6694/15/6/1817
https://www.mdpi.com/2072-6694/15/6/1817
https://www.mdpi.com/2072-6694/15/6/1817
https://www.pnas.org/doi/abs/10.1073/pnas.212449899
https://www.pnas.org/doi/abs/10.1073/pnas.212449899
https://www.pnas.org/doi/abs/10.1073/pnas.212449899
https://www.pnas.org/doi/abs/10.1073/pnas.212449899
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.embopress.org/doi/abs/10.1038/sj.emboj.7601412
https://www.embopress.org/doi/abs/10.1038/sj.emboj.7601412
https://www.embopress.org/doi/abs/10.1038/sj.emboj.7601412
https://www.embopress.org/doi/abs/10.1038/sj.emboj.7601412
https://www.pnas.org/doi/abs/10.1073/pnas.96.8.4279
https://www.pnas.org/doi/abs/10.1073/pnas.96.8.4279
https://www.pnas.org/doi/abs/10.1073/pnas.96.8.4279
https://www.pnas.org/doi/abs/10.1073/pnas.96.8.4279
https://www.sciencedirect.com/science/article/pii/S0022283685706237
https://www.sciencedirect.com/science/article/pii/S0022283685706237
https://www.sciencedirect.com/science/article/pii/S0022283685706237
https://link.springer.com/article/10.1186/1471-2164-3-8
https://link.springer.com/article/10.1186/1471-2164-3-8
https://link.springer.com/article/10.1186/1471-2164-3-8
https://link.springer.com/article/10.1186/1471-2164-3-8
https://www.sciencedirect.com/science/article/pii/S0022283609007372
https://www.sciencedirect.com/science/article/pii/S0022283609007372
https://www.sciencedirect.com/science/article/pii/S0022283609007372
https://www.sciencedirect.com/science/article/pii/S0022283609007372
https://www.jbc.org/article/S0021-9258(18)32077-5/fulltext
https://www.jbc.org/article/S0021-9258(18)32077-5/fulltext
https://www.jbc.org/article/S0021-9258(18)32077-5/fulltext
https://www.jbc.org/article/S0021-9258(18)32077-5/fulltext
https://www.nature.com/articles/srep34525
https://www.nature.com/articles/srep34525
https://www.nature.com/articles/srep34525
https://www.nature.com/articles/srep34525
https://academic.oup.com/nar/article-abstract/38/12/3952/2409217
https://academic.oup.com/nar/article-abstract/38/12/3952/2409217
https://academic.oup.com/nar/article-abstract/38/12/3952/2409217
https://academic.oup.com/nar/article-abstract/38/12/3952/2409217
https://www.biorxiv.org/content/10.1101/2024.08.09.607149.abstract
https://www.biorxiv.org/content/10.1101/2024.08.09.607149.abstract
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s42003-023-04476-z
https://www.nature.com/articles/s42003-023-04476-z
https://www.nature.com/articles/s42003-023-04476-z
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://www.nature.com/articles/s41586-021-03819-2)
https://www.nature.com/articles/s41586-021-03819-2)
https://www.nature.com/articles/s41586-021-03819-2)
https://cdnsciencepub.com/doi/abs/10.1139/cjm-2023-0091
https://cdnsciencepub.com/doi/abs/10.1139/cjm-2023-0091
https://cdnsciencepub.com/doi/abs/10.1139/cjm-2023-0091
https://www.nature.com/articles/s41586-021-03819-2)
https://www.nature.com/articles/s41586-021-03819-2)
https://www.nature.com/articles/s41586-021-03819-2)
https://academic.oup.com/nar/article-abstract/50/D1/D439/6430488
https://academic.oup.com/nar/article-abstract/50/D1/D439/6430488
https://academic.oup.com/nar/article-abstract/50/D1/D439/6430488
https://academic.oup.com/nar/article-abstract/50/D1/D439/6430488
https://academic.oup.com/nar/article-abstract/50/D1/D439/6430488
https://www.nature.com/articles/nature12779
https://www.nature.com/articles/nature12779
https://www.nature.com/articles/nature12779
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7
https://www.cell.com/AJHG/fulltext/S1097-2765(02)00587-7

International Journal of Clinical Surgery

24.

25.

26.

27.

28.

29.

30.

31.

32.

Newing, T.P., Brewster, J.L., Fitschen, L.J., Bouwer, J.C.,
Johnston, N.P., et al., (2022). Redeta (177) annealase structure
reveals details of oligomerization and lambda red-mediated
homologous dna recombination. Nat Commun 13(1), 5649.
Caldwell, B.J., Norris, A.S., Karbowski, C.F., Wiegand, A.M.,
Wysocki, V.H., at al., (2022). Structure of a rect/redfBeta family
recombinase in com- plex with a duplex intermediate of dna
annealing. Nat Commun 13(1), 7855.

Zhang, Y., Skolnick, J. (2004). Scoring function for automated
assessment of protein structure template quality. Proteins 57(4),
702-710

Xu, J., Zhang, Y. (2010). How significant is a protein structure
similarity with tm-score = 0.5? Bioinformatics 26(7), 889-895.
Al-Fatlawi, A., Menzel, M., Schroeder, M. (2023). Is protein
blast a thing of the past. Nat Commun 14(1), 8195.

llergard, K., Ardell, D.H., Elofsson, A. (2009). Structure is three
to ten times more conserved than sequence-a study of structural
response in protein cores. Proteins 77(3), 499-508.

Tully, BJ., Graham, E.D., Heidelberg, J.F. (2018). The
reconstruction of 2,631 draft metagenome-assembled genomes
from the global oceans. Sci Data 5, 170203.

Eme, L., Spang, A., Lombard, J., Stairs, C.W., Ettema, T.J.G.
(2017). Archaea and the origin of eukaryotes. Nat Rev Microbiol
15(12), 711-723.

Bar-On, Y.M., Phillips, R., Milo, R. (2018). The biomass
distribution on earth. Proc Natl Acad Sci USA 115(25), 6506—
6511.

33.

34.

35.

36.

37.

38.

39.

40.

Page 9 of 10

Karner, M.B., DeLong, E.F., Karl, D.M. (2001). Archaeal
dominance in the mesopelagic zone of the Pacific Ocean. Nature
409(6819), 507-510.

Kharlamova, M.A., Kushwah, M.S., Jachowski, T.J,,
Subramaniam, S., Stewart, A.F., et al., (2023). short oligomers
rather than rings of human rad52 promote single-strand
annealing. bioRxiv, 202-208.

Liang, C.-C., Greenhough, L.A., Masino, L., Maslen, S,
Bajrami, I., et al., (2024). Mechanism of single- stranded dna
annealing by rad52-rpa complex. Nature.

Aleksander, S.A., Balhoff, J., Carbon, S., Cherry, J.M., Drabkin,
H.J., et al., (2023). The gene ontology knowledgebase in 2023.
Genetics 224(1)

van Kempen, M., Kim, S.S., Tumescheit, C., Mirdita, M., Lee,
J., et al., (2023). Fast and accurate protein structure search with
foldseek. Nat Biotechnol.

Barrio-Hernandez, 1., Yeo, J., Janes, J., Mirdita, M., Gilchrist,
C.L.M, etal., (2023). Clustering predicted structures at the scale
of the known protein universe. Nature 622(7983), 637-645.
Zhang, C., Shine, M., Pyle, A.M., Zhang, Y. (2022). Us-align:
universal structure alignments of proteins, nucleic acids, and
macromolecular complexes. Nat Methods 19(9), 1109-1115.
Huerta-Cepas, J., Serra, F., Bork, P. (2016). Ete 3:
Reconstruction, analysis, and visualization of phylogenomic
data. Mol Biol Evol 33(6), 1635-1638.


https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-33090-6
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://www.nature.com/articles/s41467-022-35572-z
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.20264
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.20264
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.20264
https://academic.oup.com/bioinformatics/article-abstract/26/7/889/213219
https://academic.oup.com/bioinformatics/article-abstract/26/7/889/213219
https://www.nature.com/articles/s41467-023-44082-5
https://www.nature.com/articles/s41467-023-44082-5
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.22458
https://www.nature.com/articles/sdata2017203
https://www.nature.com/articles/sdata2017203
https://www.nature.com/articles/sdata2017203
https://www.nature.com/articles/nrmicro.2017.133
https://www.nature.com/articles/nrmicro.2017.133
https://www.nature.com/articles/nrmicro.2017.133
https://www.pnas.org/doi/abs/10.1073/pnas.1711842115
https://www.pnas.org/doi/abs/10.1073/pnas.1711842115
https://www.pnas.org/doi/abs/10.1073/pnas.1711842115
https://www.nature.com/articles/35054051
https://www.nature.com/articles/35054051
https://www.nature.com/articles/35054051
https://www.biorxiv.org/content/10.1101/2023.08.11.553006.abstract
https://www.biorxiv.org/content/10.1101/2023.08.11.553006.abstract
https://www.biorxiv.org/content/10.1101/2023.08.11.553006.abstract
https://www.biorxiv.org/content/10.1101/2023.08.11.553006.abstract
https://www.nature.com/articles/s41586-024-07347-7
https://www.nature.com/articles/s41586-024-07347-7
https://www.nature.com/articles/s41586-024-07347-7
https://academic.oup.com/genetics/article-abstract/224/1/iyad031/7068118
https://academic.oup.com/genetics/article-abstract/224/1/iyad031/7068118
https://academic.oup.com/genetics/article-abstract/224/1/iyad031/7068118
https://www.nature.com/articles/s41587-023-01773-0
https://www.nature.com/articles/s41587-023-01773-0
https://www.nature.com/articles/s41587-023-01773-0
https://www.nature.com/articles/s41586-023-06510-w
https://www.nature.com/articles/s41586-023-06510-w
https://www.nature.com/articles/s41586-023-06510-w
https://www.nature.com/articles/s41592-022-01585-1
https://www.nature.com/articles/s41592-022-01585-1
https://www.nature.com/articles/s41592-022-01585-1
https://academic.oup.com/mbe/article-abstract/33/6/1635/2579822
https://academic.oup.com/mbe/article-abstract/33/6/1635/2579822
https://academic.oup.com/mbe/article-abstract/33/6/1635/2579822

International Journal of Clinical Surgery Page 10 of 10

Ready to submit your research? Choose ClinicSearch and benefit from:

> fast, convenient online submission

> rigorous peer review by experienced research in your field
> rapid publication on acceptance

> authors retain copyrights

> unique DOI for all articles

immediate, unrestricted online access

\7

At ClinicSearch, research is always in progress.

Learn more http://clinicsearchonline.org/journals/international-journal-of-
clinical-surgery

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International
.. License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
()' Cl1nlcSearch you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http://creativeco mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless
otherwise stated in a credit line to the data.



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://clinicsearchonline.org/journals/international-journal-of-clinical-surgery
http://clinicsearchonline.org/journals/international-journal-of-clinical-surgery
http://clinicsearchonline.org/journals/international-journal-of-clinical-surgery

