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The complex set of internal
repeats in SpTransformer
protein sequences result
in multiple but limited
alternative alignments

Megan A. Barela Hudgell and L. Courtney Smith*

Department of Biological Sciences, George Washington University, Washington, DC, United States
The SpTransformer (SpTrf) gene family encodes a set of proteins that function

in the sea urchin immune system. The gene sequences have a series of internal

repeats in a mosaic pattern that is characteristic of this family. This mosaic

pattern necessitates the insertion of large gaps, which has made alignments of

the deduced protein sequences computationally difficult such that only manual

alignments have been reported previously. Because manual alignments are

time consuming for evaluating newly available SpTrf sequences, computational

approaches were evaluated for the sequences reported previously.

Furthermore, because two different manual alignments of the SpTrf

sequences are feasible because of the multiple internal repeats, it is not

known whether additional alternative alignments can be identified using

different approaches. The bioinformatic program, PRANK, was used because

it was designed to align sequences with large gaps and indels. The results from

PRANK show that the alignments of the internal repeats are similar to those

done manually, suggesting multiple feasible alignments for some regions.

GUIDANCE based analysis of the alignments identified regions that were

excellent and other regions that failed to align. This suggests that

computational approaches have limits for aligning the SpTrf sequences that

include multiple repeats and that require inserted gaps. Furthermore, it is

unlikely that alternative alignments for the full-length SpTrf sequences will

be identified.

KEYWORDS

immune genes, Strongylocentrotus purpuratus, bioinformatics, multiple sequence
alignment, sea urchin
Abbreviations: Er, elements defined by the repeat-based alignment; L-Er, elements in the long proteins;

S-Er, elements in the short proteins; R, repeat, e.g., R1.2, repeat Type 1 and the second Type 1 repeat in the

sequence; L-R, repeat in a long protein; S-R, repeat in a short protein.

frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1000177&domain=pdf&date_stamp=2022-10-18
mailto:csmith@gwu.edu
https://doi.org/10.3389/fimmu.2022.1000177
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1000177
https://www.frontiersin.org/journals/immunology


Hudgell and Smith 10.3389/fimmu.2022.1000177
Introduction

The SpTrf gene family

Pathogens exert pressure on organisms that often lead to the

generation and maintenance of diverse immune gene families

that are beneficial for resistance to infection (1). Consequently,

large expanded immune gene families are common because of

the evolutionary host-pathogen arms race that takes place over a

range of evolutionary time scales and leads to the selection of

duplicated and altered immune genes (2–5). Examples of

expanded immune gene families can be found throughout the

tree of life, from the human KIR gene families (6) to the

resistance or R genes in higher plants [reviewed in (4)], in

addition to many others (7–10). The purple sea urchin,

Strongylocentrotus purpuratus, has a number of expanded gene

families that are predicted to encode proteins with immune

function (3, 11–15) such as the Toll-Like-Receptor (TLR) genes

(16), the NOD and NALP genes (17, 18), cysteine rich scavenger

receptor genes (17, 19, 20), IL-17 genes (15), and the

SpTransformer (SpTrf) genes (2, 21, 22). The SpTrf genes are

upregulated upon immune challenge (11–14) and isolated native

SpTrf proteins opsonize and augment phagocytosis for some

species of bacteria (23). A recombinant SpTrf protein, rSpTrf-

E1, has binding affinity for subsets of bacteria and several

different types of PAMPs (24, 25). To date, 17 of these genes

have been identified in the sequenced genome of S. purpuratus

(2), however gene copy number is likely to vary among

individuals based on the SpTrf genes amplified from the

genomes of three sea urchins that show 120 different

sequences (22).

The structure of the SpTrf gene family in the sequenced sea

urchin genome shows tight clustering, sequence similarity,

segmental duplications of the DNA that include entire genes,

repeats in the second exon, and short tandem repeats in the

flanking regions (2, 22, 26, 27). The genes in this family are short

(< 2 kb) and are composed of two exons and a short intron. The

exons encode a short leader and a highly variable mature protein

(12, 13, 22). The variability in the second exon is derived from

blocks of sequences, called elements (abbreviated Er to indicate

elements in the repeat-based alignment), that form sequence

mosaics called element patterns and are a unique aspect of the

second exon that are not a product of alternative splicing (13, 22,

28). The element mosaicism is further complicated by the

presence of six types of repeats (R) (Types 1 – 6), which are

found in the coding sequence of the second exon (11, 13, 29).

Two categories of genes have been identified and termed the

long genes and the short genes (21, 27). These categories are

based on the length of these genes as determined by the number

of elements that they contain. The long genes have the

maximum number of elements (25 of 27) and are the A and G

element pattern SpTrf genes, whereas the short genes have less

than 19 elements and are composed of all the other element
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patterns. In general, these two categories of genes therefore

encode long (L) and short (S) proteins. These characteristics

lead to interesting questions regarding the evolution of this gene

family given that the appearance of these highly variable mosaic

genes have been proposed to require extensive insertions,

deletions, and perhaps partial gene conversions in the coding

regions (26, 27). Previous work by Buckley et al. (29) have

hypothesized an evolutionary history for Type 1 repeats that

began with a single, last common ancestral sequence that

subsequently underwent duplication, recombination, and

deletion events to generate up to four, tandem Type 1 repeats

of slightly different sequences in the extant long genes. Likewise,

the repeats in the 3′ end of the second exon are composed of a

complex, interspersed pattern of repeat Types 2 – 6 that have

more conserved sequences than the Type 1 repeats, but show

increased variation based on the interspersed pattern of these

repeats. For example, the deduced L proteins contain a repeat

pattern of (6-2-4-2-3-5)2-4, while the deduced S proteins have

repeat variations such as (6-2-3-4-3-2-3-5-4), (6-2-3-5-4), and

(4-2-3-5-4), among others (30). Furthermore, the encoded

proteins have a number of simple short repeats in the glycine

rich region at the N terminal end and in the histidine rich region

at the C terminal end. All of these sequence characteristics,

which make the SpTrf proteins an interesting family, also make

them difficult to align and evaluate because the repeats enable

different potential alignments (12, 13, 30).

The first alignment of the deduced proteins from the SpTrf

cDNAs was done manually and reported as the ‘cDNA-based

alignment’ that described the mosaic pattern of elements (13).

However, this alignment had a large gap of 414 nucleotides in

the second exon for the short genes and did not take into

account the internal repeats (12). A second manual alignment

explored a possible alternative and correlated the edges of the

elements with the edges of as many of the internal repeats as

possible, which resulted in the ‘repeat-based alignment’ that was

deemed equally optimal to the cDNA-based alignment (22). To

date, all SpTrf analyses have been done by employing one or the

other of these alignments because the multiple sequence

alignment (MSA) algorithms available at the time, PAUP (31)

or ClustalV (32), did not optimize the alignments of the repeats

or the elements. However, the problem of continuing to employ

manual alignments is that they are both time consuming to

construct and may inadvertently incorporate human error

resulting in sub-optimally aligned regions.

In general, alignments of sequenes with multiple and

duplicated internal repeats are not typically investigated and

reported. Consequently, it is noteworthy that two different

manual alignments for the SpTrf protein sequences are feasible

leading to the question of i) whether manual alignments are

biased in any way, ii) whether there are errors introduced from

manual alignments, and iii) whether there are other possible

alignments that may be identified computationally. New

alignment tools may have the potential to produce different
frontiersin.org
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alignments of the SpTrf sequences that would avoid biases and

errors that might be present in the manual alignments. This

effort has the additional goal of identifying an alignment tool

that is capable of streamlining the alignment of these genes for

further downstream studies including evolutionary analysis and

identification of potential genomic events that led to the

generation of the unusual structure of the SpTrf genes that are

composed of elements (2, 22, 27). Here we explore the ability of

the MSA tool, phylogenetically-aware algorithm (PRANK)

[http://wasabiapp.org/software/prank/ (33)], to align the

protein sequences deduced from the SpTrf genes that have

been identified in the sea urchin genome (27, 34). Although

we used the DNA sequences as the input dataset, PRANK

translates the sequences into deduced amino acid sequences,

or aligns the DNA sequences based on codons, and reports the

alignments as amino acid sequences. Hence, we report the

results as alignments of the deduced proteins. PRANK was

used both with and without a provided guide tree, and the

alignments were compared to the manual repeat-based

alignment and to alignments from the more widely used

ClustalW alignment tool (35). We further used GUIDANCE

to score each individual column (each position in the alignment)

from PRANK and compared the scores to the GUIDANCE

scores obtained by ClustalW alignments with the aim of

identifying regions of low alignment confidence. We show that

employing PRANK as a strictly computational alignment

approach results in alignments that show regions of excellent

alignment of matching elements but also poorly aligned or

mismatched regions. Furthermore, the use of these

computational approaches does not identify any additional

optimal alignments for full-length SpTrf sequences but does

suggest multiple possible alignments for specific repeats in

regions of the sequences.
Materials and methods

SpTrf sequence data

SpTrf gene sequences (n = 134) from the genomes of four sea

urchins were compiled from the SpTrf genes identified in the sea

urchin BAC library (animal G (34, 36)), and from three animals

(animals 2, 4, 10) as reported previously (22). This dataset was

composed of 53 genes from animal 2, 27 genes from animal 4, 37

genes from animal 10, and 17 genes from animal G. A subset of

gene sequences (n = 49) from each sea urchin spanning each

SpTrf element pattern was selected from the 134 genes and used

to generate representative sequence alignments (15 sequences

from animal 2, 10 sequences from animal 4, 15 sequences from

animal 10, and 9 sequences from animal G). The first exon and

the intron were removed to focus the analysis on the second

exon that encodes the mature protein (Figure S1).
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Repeat-based alignment

The SpTrf gene sequences were translated to the deduced

protein sequences in BioEdit [ver 7.2.5 (37)] and aligned

manually using the approach reported previously (22, 27).
Phylogenetic trees

MEGAX [http://www.megasoftware.net/ (38)] was used to

generate phylogenetic trees from the repeat-based alignments of

the second exon with the maximum likelihood method under

pre-set parameters and bootstrap iterations set to 500. This tree

was provided as a guide tree to PRANK for alignment analysis.

Neighbor joining trees were produced by webPRANK (https://

www.ebi.ac.uk/goldman-srv/webPRANK/) as a by-product of

the PRANK alignment process. Additional neighbor joining

trees were produced from the PRANK alignments in

GUIDANCE2 (http://guidance.tau.ac.il) using MEGAX.
PRANK alignments

PRANK [http://wasabiapp.org/software/prank/ (33)]

alignments were generated using webPRANK with and

without a guide tree (Figures S2; S3). The guide tree was a

maximum likelihood tree based on the repeat-based alignment

(see above) in MEGAX. Standard parameters were used in

webPRANK (gap rate, 0.05; gap length, 5; K, 2.0) and the

sequences were set to align by translated codons and to trust

insertions (+F). Substitution scoring was set to relaxed and,

when a guide tree was not provided, the guide tree generation

was done using ClustalW2 (39) to produce a neighbor joining

tree. DNA alignment anchoring allowed the use of CHAOS

anchors (40). An additional set of PRANK alignments were

evaluated using GUIDANCE2 [http://guidance.tau.ac.il/ver2/

(41–43)], which employed standard PRANK parameters as

described above and was set to trust insertions (+F). Bootstrap

guide-trees of 100 iterations were generated, which resulted in

400 alternative alignments before the GUIDANCE2 score

was calculated.
ClustalW multiple sequence alignment

ClustalW (35) in BioEdit (37) was used to generate an

alignment for comparison to the repeat-based and PRANK

alignments. The deduced protein sequences were aligned using

standard parameters with full multiple alignment and the

bootstrap iterations set to 1000 for a neighbor joining guide

tree. An additional ClustalW alignment was done through

GUIDANCE2 using 100 bootstrap iterations (maximum),
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which resulted in 400 alternative alignments to calculate the

GUIDANCE scores.
Results

Different phylogenetic guide trees
employed in PRANK result in a
variety of alignments

PRANK is a sequence alignment tool that allows the

placement of large insertions and deletions (indels) into an

MSA rather than only point mutations (33). PRANK is

reported to be ideal for short gene sequences from closely

related species because it requires the construction of

evolutionary homology, or phylogenetic tree, in its alignment

program. Employing PRANKwas thought to be ideal for aligning

the SpTrf gene sequences with extensive indels because they are

short, closely related members of a gene family, and have been

sequenced from four S. purpuratus animals. The second exon of

the SpTrf genes is composed of a mosaic of repeats and elements

that require large gap insertions in alignments and have only been

reported as manual alignments of the deduced protein sequences

(11–13, 22). Preliminary analyses of all 134 sequences resulted in

non-informative phylogenetic trees with short branch lengths

and low bootstrap scores (data not shown). Consequently, 49

representative sequences were chosen based on unique sequence

structure from among the 134 sequences so that each unique

sequence was only represented once per individual. Two PRANK

alignments were constructed from the translated codons of 49

SpTrf gene sequences. One alignment employed a neighbor

joining guide tree (NJGT) produced in webPRANK (NJGT-

PRANK) (Figure 1A). However, PRANK alignments are known

to be particularly sensitive to errors in trees, based on comments

by the PRANK designers (http://wasabiapp.org/software/prank/

prank_differences/), and are due to low confidence in branch

placement and short branch lengths. Errors in tree structure may

lead to errors in the translated codon alignments. Therefore, a

maximum likelihood tree, which is considered a more robust

method for phylogeny construction of highly variable sequences

(44), was produced from the manual repeat-based alignment of

the deduced protein sequences and provided as a guide tree

(MLGT) for webPRANK (MLGT-PRANK) (Figure 1B). These

PRANK alignments were subsequently compared to the repeat-

based alignment as a means to judge reliability of the PRANK

alignments. However, because the repeat-based alignment was

done manually and did not include multiple iterations to identify

an optimal alignment, the accuracy cannot be determined

computationally for comparison to the computer based

alignment algorithms such as PRANK to determine which

alignment may appear optimal. Consequently, it cannot be

determined which of the alignments is truly optimal for this

gene family.
Frontiers in Immunology 04
The Type 1 repeats result in
variable alignments

The imperfect, tandem Type 1 repeats positioned at the N

terminal end of the mature SpTrf proteins (29) are designated as

R1.1 to R1.4 and make up elements Er2 to Er5 in the repeat-

based alignment (Figures 2A, 3A). The Type 1 repeat region

includes five simple repeats of glycines that are the basis for the

glycine-rich region of the proteins (29). These sequence

characteristics make the Type 1 repeats particularly difficult to

align including establishing the edges of the repeats. In the

repeat-based alignment, the Type 1 repeats are generally 25 aa

long with different deduced proteins having between 0 to 4

complete repeats [Figures 2A, S1 (22, 27)]. The Type 1 repeats

were aligned differently in NJGT-PRANK, compared to the

repeat-based alignment, and were expanded into six elements

of variable length rather than four repeats of equal length

(Figures 2B, S2). The edges of the Type 1 repeats were also

different from the manual repeat-based alignment and resulted

in additional gaps and repeats that varied in length from 25 to 37

aa. One repeat was only present in one sequence, B2-10, which

consisted of a combination of R1.1 and R1.2. The difference in

this alignment may have been an outcome of the neighbor

joining phylogenetic guide tree (Figure 1A, aqua box), which

placed the B2-10 sequence on a different branch compared to its

position in the maximum likelihood tree that resulted from the

repeat-based alignment (Figure 1B, aqua box). The low

bootstrap numbers in the region of the maximum likelihood

tree that included B2-10 were the likely basis for the alignment

difference (Figure 1B). To determine whether conflicting

positions of B2-10 within the phylogenetic trees was a source

of the differences in the alignment of the Type 1 repeats between

the NJGT-PRANK alignment and the repeat-based alignment, a

maximum likelihood phylogenetic tree was produced from the

repeat-based alignment (Figure 1B). In the maximum likelihood

phylogenetic tree, B2-10 was basal to a D1 clade (Figure 1B, blue

box), whereas in the neighbor joining guide tree generated by

webPRANK for the NJGT-PRANK alignment, B2-10 clustered

with two B3 genes and was positioned within a B clade

(Figure 1A, aqua box). The maximum likelihood phylogenetic

tree generated from the repeat-based alignment was then used as

a guide tree in PRANK that resulted in a new MLGT-PRANK

alignment. Results showed that R1.1 and R1.2 in B2-10 aligned

well with R1.1 and R1.2 in the other SpTrf protein sequences

(Figures 2C; S3). However, in the MLGT-PRANK alignment, the

edges of the Type 1 repeats as defined by the repeat-based

alignment, were differently aligned resulting in five repeats of

variable length rather than four repeats of 25 aa (Figures 2A–C).

This was due to L-R1.1 (in the A and G element patterns of the L

proteins) that did not align with the corresponding S-R1.1 in the

S proteins that make up all the other element patterns in the

MLGT-PRANK alignment (Figures 2C; S3). Similarly, L-R1.2

aligned separately from S-R1.2. Rather, the C terminal end of

S-R1.2 aligned with the C terminal end of L-R1.3, and the
frontiersin.org
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N terminal end of S-R1.2 aligned with L-R1.1 and L-R1.2

(compare Figure 2A with 2B, C; Figures S2, S3). This resulted

in short aligned regions of two to four aa, a result that was also

observed in the alignment from NJGT-PRANK. The control

alignment was carried out in ClustalW because the PRANK

algorithm used a guide tree generated in ClustalW2 to produce

alignments (Figure S4). In the ClustalW output, the alignment of

the Type 1 repeats was most similar to the repeat-based

alignment and the sequences had fewer gaps than in the

alignments from NJGT-PRANK and MLGT-PRANK

(Figure 2D). Both ClustalW and the MLGT-PRANK

alignment resulted in five Type 1 repeats but the edges and
Frontiers in Immunology 05
sizes of each repeat was different. The C terminal end of S-R1.1

aligned with the C terminal end of L-R1.2, and some of the S-

R1.2 aligned with L-R1.3 (Figure 2D). For the case of the

proteins with C3 and C5 element patterns that were missing

S-R1.2, the N terminal end of S-R1.4 aligned with the N terminal

end of S-R1.3 (Figure 2D). Interestingly, B2-10 was the only

sequence with three Type 1 repeats where S-R1.2 aligned

optimally with L-R1.2 in the ClustalW alignment. The other

sequences with three Type 1 repeats all aligned S-R1.2 with

L-R1.3 (Figure S4), which was different from the manual repeat-

based alignment for the Type 1 repeats (29). Although these

results suggested that the Type 1 repeats have alternative
A B

FIGURE 1

Neighbor joining and maximum likelihood phylogenetic trees show variation in the placement of deduced SpTrf protein sequences and in the
branch lengths. (A) The neighbor joining tree is a by-product of, and is used for a PRANK alignment in webPRANK. (B) The maximum likelihood
tree was generated from the manual repeat-based alignment using BioEdit (37) in MEGAX with the deduced amino acid sequences of 49 SpTrf
proteins. Highlighted boxes in the trees indicate proteins of interest (see text). Bootstrap values generated from 500 iterations are indicated for
each tree. Scale bars at the bottom of the trees indicate branch lengths based on percent nucleotide substitutions per site.
frontiersin.org
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A

B

D

E

F

G

H

C

FIGURE 2

Four different alignment methods show variations in the final MSAs. SpTrf protein sequence alignments are shown based on a selected regions from
the full-length alignments in Figures S1-S4. (A–D) Various alignments of Type 1 repeats are the outcome of the various approaches that are used.
(E–H) Er7 – Er10 are located in about the middle of the proteins and show variation in the alignment based on the approach that is used.
Alignments are (A, E) a repeat-based manual alignment done in BioEdit (ver. 7.2.5), (B, F) an alignment generated in webPRANK using a neighbor
joining guide tree (NJGT-PRANK), (C, G) an alignment generated in webPRANK using a maximum likelihood guide tree (MLGT-PRANK), and (D, H)
an alignment done in ClustalW in BioEdit (ver. 7.2.5) without manual correction. The color highlights of regions in (A) indicate elements Er3 to Er5 as
identified in the repeat-based alignment and are applied to the alignments in (B–D). Er11 is immediately to the right of the alignments in (E, F) and is
not shown. The deduced protein names are located to the left and reflect the element patterns of the short (S) proteins (B to D element patterns),
the long (L) proteins (G element pattern), and the sea urchin (4 and 10) from which the sequences were obtained. The ruler above the repeat-based
alignment indicates the amino acid location. The dashes (–) indicate the insertion of artificial gaps in all alignments where the sequences do not
match. The//in (G) indicates sequence in the alignment that is not shown. Type 6 repeats are included for L-Er10 and S-Er18 in (G). Element
boarders are indicated by black vertical lines. The alignments in (E–H) are edited relative to the alignments in Figures S2-S4 to remove irrelevant
gaps for the reduced number of sequences in this illustration. These edits do not change the alignment.
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alignments, all outcomes resulted in longer alignments with

more gaps compared to the repeat-based alignment, which was

particularly evident for PRANK that employed the structures of

the guide trees to inform the alignments.

L-Er7 and S-Er8 align together consistently
Elements Er6 through Er10 as defined by the repeat-based

alignment are positioned in the histidine rich region of the

deduced proteins (Figures 2E, 3A). They do not contain internal

short repeats and were likely to align well by computational

approaches. Er6 and Er9 in the repeat-based alignment were

positioned similarly in the alignments from NJGT-PRANK,

MLGT-PRANK, and ClustalW (Figures 2E–H, S1-4). The only

difference was a single histidine in the NJGT-PRANK alignment

that was shifted from Er9 into Er10 (Figure 2F, arrow).

Alternatively, L-Er7 and S-Er8, which are not shared between

the L and S proteins (22), were not distinguished as separate

elements in any of the alignment approaches even though their

sequences were dissimilar (Figures 2E–H). L-Er7 and S-Er8 were

combined with many gaps, islands of two to four aa, or an

overlap of non-matching sequences in the three computational

alignment approaches (Figures 2F–H). Overall, these results

indicated that the alignments of Er6 to Er10 were different for

all of the computational approaches and included regions of

both matched and completely mismatched sequences.

Er10 alignment by computational approaches
Er10 is a key element in most sequences and has been

employed advantageously for naming each of the genes (A to

G element patterns) because it has a highly variable number of

histidines among the genes, and specific sequence variants of

Er10 are associated with specific mosaics of elements (Figure 2E)

(13). Although Er10 is highly variable, it aligned between Er9

and Er11 with distinct borders for all proteins in NJGT-PRANK

(Figures 2F; S2) although it was longer with more gaps compared

to the manual repeat-based alignment (Figure 2E). The

alignment of the Er9 to Er11 region in MLGT-PRANK,

specifically for the L proteins, was distinct because rather than

aligning L-Er10 with S-Er10, a large gap of 86 aa was inserted

into the S proteins to align S-Er10 with L-Er18 (Figure S3). The

gap may have been inserted because both L-Er10 and S-Er18

encode Type 6 repeats (R6.1 and R6.2 respectively) and have

very similar sequences (Figure 2G). This variation may be

considered an alternative alignment to the alignment of this

region in the repeat-based alignment. The ClustalW alignment

for the Er9 to Er11 region, resulted in an alternative alignment

that was short and without large gaps (Figure 2H). L-Er7 aligned

with S-Er8, and the C terminal end of L-Er10 aligned with S-

Er11 even though the sequences did not match. Overall, the

computational alignments for Er10 produced by PRANK based

approaches led to fewer regions of dissimilar sequence compared

to ClustalW, in addition to generating a possible alternative

alignment for Type 6 repeats in both S-Er10 and L-Er18.
Frontiers in Immunology 07
Interspersed repeats at the C terminal
end of the SpTrf proteins align
well using PRANK

Most of the elements in the C terminal region of the SpTrf

proteins that span Er10 through Er27 (excluding Er16 and Er17

that do not have repeats) are a series of Type 2 to Type 6 repeats

that make up a duplicated, interspersed element pattern of 6-2-4-

2-3-5 (Figure 3A) (29). This region of the L proteins is difficult to

align computationally because of the multiple copies of these

repeats. Although the S proteins have fewer repeats, the repeats

among these proteins show more sequence variability compared

to the L proteins (29). To enable alignments for this region of the

SpTrf sequences, large gaps have been inserted in different

locations of the S proteins to align matching elements and

repeats with the L proteins, which has resulted in the two

different manual alignments (22). However, whether there are

additional optimal alignments for this region based on strictly

computational analyses, rather than manual alignments has not

been addressed. When alignments were carried out using NJGT-

PRANK or MLGT-PRANK approaches, the edges of the repeats

were maintained with those of the elements (Figures 3B, C; S2,

S3). However, some of the duplicated repeats in the L proteins

were not always aligned with the corresponding repeats in

the S proteins relative to the repeat-based alignment. In the

NJGT-PRANK alignment, S-Er11 was split and aligned with

both L-Er11 and L-Er13, which introduced a large gap at

the location of L-Er12 (Figures 3B; S2). This was because both

Er11 and Er13 include highly similar Type 2 repeats (R2.1

and R2.2). Furthermore, while both L-Er14 and S-Er14 were

aligned, S-Er16 did not align with the corresponding L-Er16

element, but instead was positioned with a gap in the C

terminal end of L-Er19 (Figures 3B; S2). Interestingly, the

region of S-Er11 to S-Er22 specifically in the C element pattern

proteins did not align with the corresponding elements in either

the L proteins or the other S proteins, but instead were aligned

with a large gap inserted in all of the other proteins. This outcome

was likely due to the structure of the NJGT where the three C

element pattern proteins clustered together with proteins of the

B7, E6, and E3 element patterns (Figure 1A, green box). This

association was surprising because the B7, E6, and E3 proteins

only have S-Er11, S-Er14, and S-Er25 to S-Er27, whereas the C

proteins have the additional elements S-Er16, S-Er17, and S-Er21

to S-Er24 (excluding the C5 pattern protein which does not

include S-Er23 to S-Er25) (Figure S1). This difference in the

numbers of elements between the C proteins and the B7, E6,

and E3 proteins may explain why these elements in the C proteins

aligned separately from the other S proteins. However, unlike the

B2 pattern protein, when a guide tree was provided to the PRANK

method (rather than webPRANK generating the guide tree) it did

not change the alignment of the C element pattern proteins

(Figure 3B), with a large gap inserted into the other proteins as

in the NJGT-PRANK alignment, although the gap insertion was
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in a different location (Figures 3C, S3). This was likely due to the

position of the C pattern proteins in the MLGT that was similar to

their position in NJGT (Figure 1, green boxes).

Because S-Er10 was aligned with L-Er18 in the MLGT-

PRANK alignment, the region including L-Er11 to L-Er16

located to the N terminal side of L-Er18 were aligned with a

large gap in the S proteins (Figures 3C; S3). This also shifted the

alignment of the elements in the S proteins such that S-Er11

aligned with L-Er19 (they contain R2.1 and R2.3, respectively),

resulting in a large gap in the L proteins that corresponded with

S-Er14, S-Er16, and S-Er17 (Figure 3C). The region of Er21 to

Er27 in both S and L proteins did not show mismatched

sequences in both types of PRANK approaches (Figures 3B,

C). Although there were small differences in alignments from the

PRANK methods, it was noteworthy that repeats of similar

sequence were aligned or that a gap was inserted to prevent an

alignment of non-similar repeats. This type of gap insertion was

not observed in the ClustalW alignment in which regions of

similar repeats were not always aligned and a single large gap

was inserted in the S proteins to compensate for the length of the
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L proteins (Figure 3D). This meant not only that S-Er11 was

aligned with the end of L-Er10, but that S-Er14, S-Er16, S-Er17,

and S-Er20 were aligned with L-Er12 even though this was a

mismatch with no sequence similarity (Figure 3D). However, the

C terminal region of both S and L proteins including Er22 to

Er27 were aligned with matching sequences. In general, these

results indicated that there were other possible alignments of

these proteins, and that the PRANK and repeat based alignments

had a reduced number of dissimilar amino acids that were

aligned together compared to the ClustalW alignment.
GUIDANCE evaluation of PRANK
alignments indicates robustness for
SpTrf sequences

GUIDANCE (http://guidance.tau.ac.il/ver2) is used to

evaluate the robustness of the PRANK alignments based on

the reliability of columns (positions in an alignment), sequences,

and individual amino acids for each sequence in the alignment.
A

B

D

E

C

FIGURE 3

A representative map of sequence alignments based on multiple methods show the variations in final MSAs. (A) A graphical representation of the
manual SpTrf repeat-based alignment is shown, as done in BioEdit according to Buckley and Smith (22). All elements (Er) encoded in the second
exon are numbered at the top of (A, E). The Er numbering in (A) applies to alignments in (B–D). For each sequence alignment, representative
element patterns for L proteins and S proteins are shown. The elements (colored boxes) and gaps (horizontal lines) are indicated for each
representative sequence. Below the alignment in (A), the repeats are numbered and indicated by rectangles of identical coloring as the
elements in which they are located. (B) A graphical representation is shown of the NJGT-PRANK alignment for representative L and S protein
sequences. (C) A graphical representation is shown of the MLGT-PRANK alignment for the representative L and S protein sequences. (D) A
graphical representation of the ClustalW alignment as done in BioEdit is shown for the representative L and S protein sequences. (E) A graphical
representation of the manual cDNA alignment for the representative L and S protein sequences is shown for comparison purposes.
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GUIDANCE scores are defined as the confidence level for

specific positions in an MSA. The GUIDANCE2 server

evaluates MSAs as a tertiary PRANK alignment that uses

GUIDANCE2 (GUIDANCE2-PRANK) to report and visualize

the GUIDANCE scores as bar graphs for each column. It was

noted that the GUIDANCE2-PRANK alignment was different

from the alignment generated by NJGT-PRANK. This was not

unexpected given that PRANK has been documented as

resulting in slightly different alignments from different runs of

the same set of sequences (http://wasabiapp.org/software/prank/

#Methods). Furthermore, while the GUIDANCE2 server only

provided the GUIDANCE scores for the base or standard MSA,

defined as the first alignment generated upon which additional

phylogenetic trees and alignments were generated to calculate

the GUIDANCE scores, additional MSAs were available as a

SuperMSA file that contained alternative alignments generated

by the program as a concatenation of the top 20 alternative

PRANK aligned MSAs (data not shown). The base alignment

from GUIDANCE2-PRANK showed the same type of alignment

variations as those from the NJGT-PRANK alignment, which

were also evident with most of the SuperMSA alignments to

various degrees. For example, for the Type 1 repeats, the B2-10,

E6-2, and C2-4 element pattern proteins with variable numbers

of repeats resulted in three different gap insertions in all of the

other protein sequences (Figure 4A, highlighted in aqua and

indicated with arrows). When a phylogenetic tree was

constructed from the GUIDANCE2-PRANK alignment using

the neighbor joining method, which was the same tree

construction program employed in NJGT-PRANK, it showed

that this altered alignment was based on the variable number of

Type 1 repeats in the proteins (Figure 4B). As in the

tree generated by NJGT-PRANK (Figure 1A), the B2-10

protein clustered with other B element pattern proteins, while

the C2-4 protein clustered with the C5-4 protein, and the E6-2

protein clustered with the E3-2 protein (Figure 4B, boxed

clades). The B2-10, C2-4, and E6-2 proteins all have three

Type 1 repeats whereas the C5-4, E3-2, and the other B

pattern proteins have two. Because the proteins with three

Type 1 repeats clustered with proteins with two Type 1

repeats, R1.3 was not aligned with other Type 1 repeats and

was the basis for the low GUIDANCE score (Figure 4A, blue bar

graph) indicating low confidence for the placement of this

repeat. It was noteworthy that while the GUIDANCE2-

PRANK alignment did not align these three Type 1 repeats

together, NJGT-PRANK only failed to align B2-10 even though

the placement of these three proteins on the neighbor joining

trees was identical (compare Figures 1A, 4B). However, this

variation in the Type 1 alignment was not observed in the

alternative PRANK alignments reported in the SuperMSA data.

Of the 20 alternative MSAs, there were three sequences for

which all regions were aligned and the edges of R1.1 were

properly identified, although this was not the case for R1.2 to

R1.4 (data not shown). Although the alignments from these
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several approaches were not identical, the outcomes suggested

agreement for the numbers and edges of Type 1 repeats relative

to previous reports (22, 29) and that there may not be alternative

alignments for Type 1 repeat region in the SpTrf proteins.

The repeat-based alignment is established by positions (or

columns) that result in elements that are defined by gaps (22).

Therefore, results from GUIDANCE analysis of the

GUIDANCE2-PRANK alignment showed numerous regions

where the scores were low (< 0.93). The exception was a few

regions where the L proteins aligned with each other and where a

gap was inserted into the S proteins (Figure 4A). In general, the

average GUIDANCE score for the Type 1 repeat region showed

low confidence of 0.86 (Figure 4A, green box). Other regions

with low confidence included L-Er7 and S-Er8, which were

aligned together as in the NJGT-PRANK alignments described

above, with a GUIDANCE score of 0.92 (Figure 4A, red box).

The alignment with low scores also included Er9 and Er10

(scores of 0.89 and 0.79, respectively) (Figure 4A, black box),

and the region of Er11 to Er22 (score of 0.79) (Figure 4A, blue

box). However, unlike the results for the C element pattern

proteins (Figure 3), the GUIDANCE2-PRANK alignment of

Er11 to Er22 corresponded with the same elements in the

other S proteins resulting in a GUIDANCE score of 0.98

(Figure 4C, black box).

To determine whether there were other alternative

alignments, GUIDANCE2 was also used to evaluate a

ClustalW alignment (GUIDANCE2-ClustalW) and the

confidence scores were compared to those for the

GUIDANCE2-PRANK alignment. The GUIDANCE2-

ClustalW alignment had no regions of no confidence but was

composed of long regions of low or variable confidence

(Figure 4D). This result was unlike the GUIDANCE2-PRANK

alignment that had regions of low to no confidence but was

generally composed of blocks of regions with high confidence

(Figure 4A). The regions of low or variable confidence in the

GUIDANCE2-ClustalW alignment was the Type 1 repeat region

with an average GUIDANCE score of 0.75 (Figure 4D, green

box), L-Er7 and S-Er8 (score of 0.92) (Figure 4D, red box), Er10

and Er11 (score of 0.62) (Figure 4D, black box), Er22 to Er25

(score of 0.64) (Figure 4D, yellow box), and a large region

encompassing S-Er14, S-Er16, S-Er17, and S-Er21 that aligned

with L-Er11 and L-Er12 (score of 0.71) (Figure 4D, purple box).

Overall, the GUIDANCE2-ClustalW alignment had an overall

score of 0.894 that included many columns of low scores and

only about half with scores of high confidence (score of ≥ 0.93).

In contrast, the GUIDANCE2-PRANK alignment had an overall

score of 0.913 with about 70% of the columns with scores of

≥ 0.93, verifying that the PRANK alignment aligned more

regions of similar sequences that required gap insertions.

These two computational approaches resulted in SpTrf

alignments that were quite different with variations in the level

of GUIDANCE confidence scores for various regions and

different columns (Figures 4A, D).
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D

C

FIGURE 4

GUIDANCE scores indicate that PRANK generates a more robust alignment than ClustalW. (A) A full-length MSA is shown with GUIDANCE
confidence scores calculated in GUIDANCE2-PRANK of representative SpTrf protein sequences. The top three sequences are the L proteins,
and the rest are S proteins. The confidence score at each amino acid position is colored to correlate with confident (magenta) to moderate
(white) to uncertain (aqua) (see legend). The X axis of the bar graph below the MSA illustrates the GUIDANCE scores for each column (aa
position) in the MSA and the Y axis indicates a score from 0 (no bar) to 1 (full bar). Arrows indicate sequences (aqua highlights) in which there
are gaps in all but one sequence resulting in a GUIDANCE score of 0. Boxes in green, red, black and blue indicate different regions of low (<
0.93) GUIDANCE scores. (B) A neighbor joining tree is shown as done in MEGAX and is based on the PRANK alignment in (A). The boxes indicate
clades of proteins that are described in the main text. Bootstrap values were generated from 500 iterations and are indicated for each node. The
scale bar at the bottom of the tree indicates the branch length that is based on substitutions per site. (C) The alignment of elements Er11 to Er22
are expanded from the alignment in (A). The confidence scores and colors for each aa position are indicated in the legend. The GUIDANCE
scores are shown at the bottom of the alignment as a bar graph as in (A). The names of the protein sequences are shown to the left and the
color bar to the left of the name represents the GUIDANCE score for each sequence (see legend). Dashes (–) indicate gaps inserted into the
alignment where the sequences do not match. The region in the black box indicates the C element pattern proteins. (D) A MSA is shown for a
ClustalW alignment of representative SpTrf protein sequences. The GUIDANCE confidence scores for each amino acid position as calculated in
GUIDANCE2 are indicated in colors (see legend). Colored boxes (green, red, black, purple, and yellow) indicate regions of low GUIDANCE
scores. The GUIDANCE scores for each column or position in the alignment is shown in the bar graph below as in (A).
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Discussion

The SpTrf genes, which encode the protein sequences that

are aligned and evaluated here, have a mosaic pattern of

sequences with different types and numbers of internal repeats,

have required manual alignments to compare and evaluate the

full-length sequences. These manual alignments have been

essential to identify elements and the element patterns of these

proteins based on the positions of large gaps (11–13, 22). Repeat

Types 1 to 5 were identified based on searches with Megalign

[DNASTAR (11)] and the Type 6 repeat was identified by

Buckley et al. (29). Some repeats are present at least twice in

the SpTrf proteins and two types are present up to four times.

Because of these characteristics, aligning these sequences using

MSA algorithms without manual editing has been limited. SpTrf

alignments have been used to classify new SpTrf sequences to

element pattern, are key to further analysis of sequence

comparisons among these proteins, have been used to

understand the SpTrf gene family diversity and evolution (27),

in addition to investigations of homology structuring, and a

number of other genomic analyses [reviewed in (45)]. To

determine whether additional optimal alignments of the SpTrf

protein sequences can be identified based on computational

approaches without manual adjustments, PRANK was employed

for this task because it is an algorithm designed to align

sequences that require large gap insertions. The resulting

alignments from several approaches employing PRANK show

mixed qualities within and between alignments. Certain regions

of the SpTrf sequences appear to align well, such as Er10,

whereas in other alignments, the order of some aligned repeats

are shifted in which S-Er10 (R6.1) is aligned with L-Er18 (R6.2).

Although the alignments from PRANK show more regions of

matched amino acids compared to the ClustalW alignment, they

are not as parsimonious as the manual repeat-based alignment.

A correspondence between the edges of the repeats and the

edges of the elements is not always maintained, which is

noteworthy for the tandem Type 1 repeats that are present in

different numbers among the proteins (Figures 2, S2, S3) (29).

However, the cDNA-based alignment (13) and a preliminary

alignment of partial sequences (11) did not align edges of repeats

and elements. Although the basis for producing the repeat-based

alignment was to make the edges of repeats and elements

correspond, the computational approaches evaluated here

resulted in alternative alignments of the Type 1 repeats. This

suggested that multiple alignments for this region are feasible

and that one alignment approach should not be deemed as the

best option. Previous studies have speculated that the Type 1

repeats in the L proteins may have undergone separate

evolutionary histories from the Type 1 repeats in the S

proteins (29), and the failure to align L-R1.1 with S-R1.1

computationally in PRANK appears to support this

hypothesis. Similarly, the C element pattern proteins, in

particular, show mismatches with all other proteins in the
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region of elements Er11 to Er22. This outcome may also be

based on differences in the theoretical evolutionary history of the

SpTrf family in which genes with different element patterns may

have been derived from different intermediate ancestral genes

[see Figure 9 in (27)].

The usage of guide trees of the SpTrf sequences for PRANK

alignments can be a hindrance when the tree has many short

branch lengths, many nodes with bootstrap values of well below

50, and clades composed of sequences with different element

patterns (e.g., B2-10 in Figure 1). Consequently, optimal

alignments require guide trees that are generated through

computational approaches, which becomes a circular problem

because a robust alignment is required to construct an accurate

tree, and an accurate tree is required to construct a robust

alignment. However, the PRANK algorithm with input from the

SuperMSA of 20 concatenated alignments, as provided by

GUIDANCE2, is a means to evaluate the output and identify

optimal and suboptimal regions in an alignment. This approach

is an improvement for computational alignments of the SpTrf

sequences and is based on sufficient variation among the ~400

alignments in the SuperMSA that can be employed in addition to

results from bootstrap iterations. This approach identifies edges

of certain repeats that are in agreement with the sequences of the

several types of repeats reported by Nair et al. (11) and Buckley

et al. (29). However, while GUIDANCE scores alone cannot be

used to determine which alignment is optimal, these scores in

conjunction with a visual analysis of PRANK alignments is a

preferable approach for analysis of the SpTrf sequences.

The manual cDNA-based alignment (13, 22) has not been

generally employed for evaluating the SpTrf sequences

compared to the repeat-based alignment. This is because it

does not correlate the edges of the repeats with the edges of

the elements and because of a large gap in the interspersed repeat

region of the proteins (Figure 3E). However, all alignments

reported here also show large gaps in the interspersed repeat

region of the proteins that are different in both size and location

(Table 1). The greatest effect on the length of the alignment is in

the cDNA-based alignment and least effect in the repeat-based

alignment, with the gap effect from computational approaches

showing lengths that are in between. Although this simple

analysis does not capture all benefits and drawbacks of

computational approaches, it suggests that large gaps in the

interspersed region may be an essential aspect of these

alignments and that their location and size are unrelated to

alignment quality.
Conclusion

The SpTrf gene family in the purple sea urchin is composed

of small genes that are tightly clustered, have repeats in the

coding region of the second of two exons, and are surrounded by

short tandem repeats. This general structure has been proposed
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as imparting genomic instability for the regions of the sea urchin

genome that harbor these genes (26, 27). This has been

speculated to be a fitness benefit that generates sequence

diversity among the SpTrf genes through deletions,

duplications, and gene conversion. The improved species

benefit of SpTrf protein sequence variability is based on their

immune responsiveness that applies to the health and survival of

sea urchins by providing protection from a wide variety

of marine microbial pathogens (23, 25). An important aspect

of the analysis of the encoded proteins is based on alignments to

identify repeats, elements, and the element pattern. Our

approach has been to determine whether these proteins with a

mosaic of elements and multiple repeats of different types can be

aligned in more than the two manual alignments that have been

reported to date (13, 22). The manual repeat-based alignment

appears to be the most parsimonious, however, the

computational approaches suggest alternative alignment

options for specific regions of these proteins.
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TABLE 1 Different approaches to align the SpTrf proteins result in different alignments.

Alignment approach Method Position of large gaps1 Alignment length2 Figure reference

Repeat-based Manual None 507 Figure S1, based on (22)

ClustalW Computational 257-345 473 Figure S4

NJGT-PRANK Computational 354-392, 402-440 600 Figure S2

MLGT-PRANK Computational 254-345 590 Figure S3

GUIDANCE2-PRANK Computational 430-570 655 Figure 4A

GUIDANCE2-ClustalW, NJGT3 Computational 260-343 480 Figure 4D

cDNA alignment Manual 390-528 595 Figure S2 in (12)
1All large gaps are positioned in the Type 2 to Type 6 repeats that are interspersed in the C terminal half of the proteins.
2Alignment length is based on amino acid sequence.
3A neighbor joining guidance tree was provided for this analysis.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000177/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1000177
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hudgell and Smith 10.3389/fimmu.2022.1000177
References
1. Dawkins R, Krebs JR. Arms races between and within species. Proc R Soc
London - Biol Sci (1979) 205(1161):489–511. doi: 10.1098/rspb.1979.0081

2. Oren M, Barela Hudgell MA, Golconda P, Lun CM, Smith LC. Genomic
instability and shared mechanisms for gene diversification in two distant immune
gene families: the plant NBS-LRR genes and the echinoid 185/333 genes. In: Cooper
EL, editor. The evolution of the immune system: Conservation and diversification.
Elsevier, Amsterdam (2016). p. 295–310. doi: 10.1016/B978-0-12-801975-
7.00012-8

3. Buckley KM, Rast JP. Diversity of animal immune receptors and the origins
of recognition complexity in the deuterostomes. Dev Comp Immunol (2015)
49:179–89. doi: 10.1016/j.dci.2014.10.013

4. Joshi RK, Nayak S. Perspectives of genomic diversification and molecular
recombination towards R-gene evolution in plants. Physiol Mol Biol Plants (2013)
19(1):1–9. doi: 10.1007/s12298-012-0138-2

5. Duggal NK, Emerman M. Evolutionary conflicts between viruses and
restriction factors shape immunity. Nat Rev Immunol (2012) 12:687–95.
doi: 10.1038/nri3295

6. Uhrberg M. The KIR gene family: Life in the fast lane of evolution. Eur J
Immunol (2005) 35(1):10–5. doi: 10.1002/eji.200425743

7. Adema CM, Hertel LA, Miller RD, Loker ES. A family of fibrinogen-related
proteins that precipitates parasite-derived molecules is produced by an invertebrate
after infection. Proc Natl Acad Sci U S A. (1997) 94(16):8691–6. doi: 10.1073/
pnas.94.16.8691

8. Liberti A, Leigh B, De Santis R, Pinto MR, Cannon JP, Dishaw LJ, et al. An
immune effector system in the protochordate gut sheds light on fundamental
aspects of vertebrate immunity. Results Probl Cell Differ (2015) 57:159–73.
doi: 10.1007/978-3-319-20819-0_7

9. Litman GW, Cannon JP, Dishaw LJ. Reconstructing immune phylogeny:
New perspectives. Nat Rev Immunol (2005) 5(11):866–79. doi: 10.1038/nri1712

10. Yuen B, Bayes JM, Degnan SM. The characterization of sponge NLRs
provides insight into the origin and evolution of this innate immune gene family
in animals. Mol Biol Evol (2014) 31(1):106–20. doi: 10.1093/molbev/mst174

11. Nair SV, del Valle H, Gross PS, Terwilliger DP, Smith LC. Macroarray
analysis of coelomocyte gene expression in response to LPS in the sea urchin.
Identification of unexpected immune diversity in an invertebrate. Physiol Genomics
(2005) 22(1):33–47. doi: 10.1152/physiolgenomics.00052.2005

12. Terwilliger DP, Buckley KM, Brockton V, Ritter NJ, Smith LC. Distinctive
expression patterns of 185/333 genes in the purple sea urchin, Strongylocentrotus
purpuratus: an unexpectedly diverse family of transcripts in response to LPS, b-1,3-
glucan, and dsRNA. BMC Mol Biol (2007) 8:16. doi: 10.1186/1471-2199-8-16

13. Terwilliger DP, Buckley KM, Mehta D, Moorjani PG, Smith LC. Unexpected
diversity displayed in cDNAs expressed by the immune cells of the purple sea
urchin, Strongylocentrotus purpuratus. Physiol Genomics (2006) 26(2):134–44.
doi: 10.1152/physiolgenomics.00011.2006

14. Brockton V, Henson JH, Raftos DA, Majeske AJ, Kim YO, Smith LC.
Localization and diversity of 185/333 proteins from the purple sea urchin –
unexpected protein-size range and protein expression in a new coelomocyte
type. J Cell Sci (2008) 121(Pt 3):339–48. doi: 10.1242/jcs.012096

15. Buckley KM, Ho ECH, Hibino T, Schrankel CS, Schuh NW, Wang G, et al.
IL17 factors are early regulators in the gut epithelium during inflammatory
response to Vibrio in the sea urchin larva. eLife (2017) 6:e23481. doi: 10.7554/
eLife.23481

16. Buckley KM, Rast JP. Dynamic evolution of Toll-like receptor multigene
families in echinoderms. Front Immunol (2012) 3:136. doi: 10.3389/
fimmu.2012.00136

17. Hibino T, Loza-Coll M, Messier C, Majeske AJ, Cohen AH, Terwilliger DP,
et al. The immune gene repertoire encoded in the purple sea urchin genome. Dev
Biol (2006) 300(1):349–65. doi: 10.1016/j.ydbio.2006.08.065

18. Rast JP, Smith LC, Loza-Coll M, Hibino T, Litman GW. Genomic insights
into the immune system of the sea urchin. Science (2006) 314(5801):952–6.
doi: 10.1126/science.1134301

19. Pancer Z. Dynamic expression of multiple scavenger receptor cysteine-rich
genes in coelomocytes of the purple sea urchin. Proc Natl Acad Sci U.S.A (2000) 97
(24):13156–61. doi: 10.1073/pnas.230096397

20. Pancer Z. Individual-specific repertoires of immune cells SRCR receptors in
the purple sea urchin (S. purpuratus). Adv Exp Med Biol (2001) 484:31–40.
doi: 10.1007/978-1-4615-1291-2_3

21. Oren M, Rosental B, Hawley TS, Kim GY, Agronin J, Reynolds CR, et al.
Individual sea urchin coelomocytes undergo somatic immune gene diversification.
Front Immunol (2019) 10:1298. doi: 10.3389/fimmu.2019.01298
Frontiers in Immunology 13
22 . Buck l ey KM, Smi th LC . Ex t r ao rd ina ry d i v e r s i t y among
members of the large gene family, 185/333, from the purple sea urchin,
Strongylocentrotus purpuratus. BMC Mol Biol (2007) 8:68. doi: 10.1186/1471-
2199-8-68

23. Chou H y, Lun CM, Smith LC. SpTransformer proteins from
the purple sea urchin opsonize bacteria, augment phagocytosis, and retard
bacterial growth. PLoS One (2018) 13(5):e0196890. doi: 10.1371/journal.pone.
0196890

24. Lun CM, Bishop BM, Smith LC. Multitasking immune Sp185/333 protein,
rSpTransformer-E1, and its recombinant fragments undergo secondary structural
transformation upon binding targets. J Immunol (2017) 198(7):2957–66.
doi: 10.4049/jimmunol.1601795

25. Lun CM, Schrankel CS, Chou H y, Sacchi S, Smith LC. A recombinant
Sp185/333 protein from the purple sea urchin has multitasking binding activities
towards certain microbes and PAMPs. Immunobiology (2016) 221(8):889–903.
doi: 10.1016/j.imbio.2016.03.006

26. Miller CA, Buckley KM, Easley RL, Smith LC. An Sp185/333
gene cluster from the purple sea urchin and putative microsatellite-mediated
gene diversification. BMC Genomics (2010) 11(1):575. doi: 10.1186/1471-2164-
11-575

27. Barela Hudgell MA, Smith LC. Sequence diversity, locus structure, and
evolutionary history of the SpTransformer genes in the sea urchin genome. Front
Immunol (2021) 12:744783. doi: 10.3389/fimmu.2021.744783

28. Buckley KM, Florea LD, Smith LC. A method for identifying alternative or
cryptic donor splice sites within gene and mRNA sequences. Comparisons among
sequences from vertebrates, echinoderms and other groups. BMC Genomics (2009)
10:318. doi: 10.1186/1471-2164-10-318

29. Buckley KM, Munshaw S, Kepler TB, Smith LC. The 185/333 gene family
is a rapidly diversifying host-defense gene cluster in the purple sea urchin
Strongylocentrotus purpuratus. J Mol Biol (2008) 379(4):912–28. doi: 10.1016/
j.jmb.2008.04.037

30. Buckley KM, Terwilliger DP, Smith LC. Sequence variations in 185/333
messages from the purple sea urchin suggest posttranscriptional modifications to
increase immune diversity. J Immunol (2008) 181(12):8585–94. doi: 10.4049/
jimmunol.181.12.8585

31. Swofford D. PAUP: Phylogenetic analysis using parsimony. version 3.1.
program documentation. Illinois Nat Hist Surv Urbana (1990).

32. Higgins DG, Bleasby AJ, Fuchs R. CLUSTAL V: Improved software for
multiple sequence alignment. Comput Appl Biosci (1992) 8(2):189–91.
doi: 10.1093/bioinformatics/8.2.189

33. Löytynoja A, Goldman N. Phylogeny-aware gap placement prevents errors
in sequence alignment and evolutionary analysis. Science (2008) 320(5883):163–
1635. doi: 10.1126/science.1158395

34. Oren M, Barela Hudgell MA, D’Allura B, Agronin J, Gross A, Podini D, et al.
Short tandem repeats, segmental duplications, gene deletion, and genomic
instability in a rapidly diversified immune gene family. BMC Genomics (2016) 17
(1):900. doi: 10.1186/s12864-016-3241-x

35. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: Improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res (1994) 22(22):4673–80. doi: 10.1093/nar/22.22.4673

36. Cameron RA, Mahairas G, Rast JP, Martinez P, Biondi TR, Swartzell S,
et al. A sea urchin genome project: Sequence scan, virtual map, and additional
resources. Proc Natl Acad Sci U S A (2000) 97(17):9514–8. doi: 10.1073/pnas.
160261897

37. Hall TA. BIOEDIT: a user-friendly biological sequence alignment
editor and analysis program for windows 95/98/NT. Nucleic Acids Symp Ser
(1999) 41:95–8.

38. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular
evolutionary genetics analysis across computing platforms.Mol Biol Evol (2018) 35
(6):1547–9. doi: 10.1093/molbev/msy096

39. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, et al. Clustal W and clustal X version 2.0. Bioinformatics (2007)
23(21):2947–8. doi: 10.1093/bioinformatics/btm404

40. Brudno M, Chapman M, Göttgens B, Batzoglou S, Morgenstern B. Fast and
sensitive multiple alignment of large genomic sequences. BMC Bioinf (2003) 4:66.
doi: 10.1186/1471-2105-4-66

41. Penn O, Privman E, Ashkenazy H, Landan G, Graur D, Pupko T.
GUIDANCE: A web server for assessing alignment confidence scores. Nucleic
Acids Res (2010) 38(Web Server issue):W23–28. doi: 10.1093/nar/gkq443
frontiersin.org

https://doi.org/10.1098/rspb.1979.0081
https://doi.org/10.1016/B978-0-12-801975-7.00012-8
https://doi.org/10.1016/B978-0-12-801975-7.00012-8
https://doi.org/10.1016/j.dci.2014.10.013
https://doi.org/10.1007/s12298-012-0138-2
https://doi.org/10.1038/nri3295
https://doi.org/10.1002/eji.200425743
https://doi.org/10.1073/pnas.94.16.8691
https://doi.org/10.1073/pnas.94.16.8691
https://doi.org/10.1007/978-3-319-20819-0_7
https://doi.org/10.1038/nri1712
https://doi.org/10.1093/molbev/mst174
https://doi.org/10.1152/physiolgenomics.00052.2005
https://doi.org/10.1186/1471-2199-8-16
https://doi.org/10.1152/physiolgenomics.00011.2006
https://doi.org/10.1242/jcs.012096
https://doi.org/10.7554/eLife.23481
https://doi.org/10.7554/eLife.23481
https://doi.org/10.3389/fimmu.2012.00136
https://doi.org/10.3389/fimmu.2012.00136
https://doi.org/10.1016/j.ydbio.2006.08.065
https://doi.org/10.1126/science.1134301
https://doi.org/10.1073/pnas.230096397
https://doi.org/10.1007/978-1-4615-1291-2_3
https://doi.org/10.3389/fimmu.2019.01298
https://doi.org/10.1186/1471-2199-8-68
https://doi.org/10.1186/1471-2199-8-68
https://doi.org/10.1371/journal.pone.0196890
https://doi.org/10.1371/journal.pone.0196890
https://doi.org/10.4049/jimmunol.1601795
https://doi.org/10.1016/j.imbio.2016.03.006
https://doi.org/10.1186/1471-2164-11-575
https://doi.org/10.1186/1471-2164-11-575
https://doi.org/10.3389/fimmu.2021.744783
https://doi.org/10.1186/1471-2164-10-318
https://doi.org/10.1016/j.jmb.2008.04.037
https://doi.org/10.1016/j.jmb.2008.04.037
https://doi.org/10.4049/jimmunol.181.12.8585
https://doi.org/10.4049/jimmunol.181.12.8585
https://doi.org/10.1093/bioinformatics/8.2.189
https://doi.org/10.1126/science.1158395
https://doi.org/10.1186/s12864-016-3241-x
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1073/pnas.160261897
https://doi.org/10.1073/pnas.160261897
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1186/1471-2105-4-66
https://doi.org/10.1093/nar/gkq443
https://doi.org/10.3389/fimmu.2022.1000177
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hudgell and Smith 10.3389/fimmu.2022.1000177
42. Landan G, Graur D. Local reliability measures from sets of co-optimal
multiple sequence alignments. Pacific Symp Biocomput (2008) 2008:15–24.
doi: 10.1142/9789812776136_0003

43. Sela I, Ashkenazy H, Katoh K, Pupko T. GUIDANCE2: Accurate detection
of unreliable alignment regions accounting for the uncertainty of multiple
parameters. Nucleic Acids Res (2015) 43(W1):W7–14. doi: 10.1093/nar/gkv318
Frontiers in Immunology 14
44. Mount DW. Choosing a method for phylogenetic prediction. CSH Protoc
(2008) 3(4):pdb.ip49. doi: 10.1101/pdb.ip49

45. Bawono P, Dijkstra M, Pirovano W, Feenstra A, Abeln S, Heringa J.
Multiple sequence alignment. In: Keith J, editor. Bioinformatics Methods in
Molecular Biology. New York NY., USA: Humana Press (2017). p. 167–89.
doi: 10.1007/978-1-4939-6622-6_8
frontiersin.org

https://doi.org/10.1142/9789812776136_0003
https://doi.org/10.1093/nar/gkv318
https://doi.org/10.1101/pdb.ip49
https://doi.org/10.1007/978-1-4939-6622-6_8
https://doi.org/10.3389/fimmu.2022.1000177
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The complex set of internal repeats in SpTransformer protein sequences result in multiple but limited alternative alignments
	Introduction
	The SpTrf gene family

	Materials and methods
	SpTrf sequence data
	Repeat-based alignment
	Phylogenetic trees
	PRANK alignments
	ClustalW multiple sequence alignment

	Results
	Different phylogenetic guide trees employed in PRANK result in a variety of alignments
	The Type 1 repeats result in variable alignments
	L-Er7 and S-Er8 align together consistently
	Er10 alignment by computational approaches

	Interspersed repeats at the C terminal end of the SpTrf proteins align well using PRANK
	GUIDANCE evaluation of PRANK alignments indicates robustness for SpTrf sequences

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


