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1 Introduction

Vitamin C is an important cofactor in many
important physiological processes[1]. Vitamin
C deficiency usually leads to diseases such as
scurvy[2][3].The GULO gene encodes an enzyme
which converts L-gulono-1,4-lactone to L-ascorbate
(vitamin C)[4]. GULO enzyme (L-gulonolactone
oxidase) is required in the terminal step of cat-
alytic reaction[3][4]. Members of this enzyme fam-
ily contain two important domains: FAD-binding
domain and ALO domain[3]. FAD domain is
critical for binding of flavin adenine dinucleotide
(FAD) cofactor which is essential for transfer of
electrons between L-gulono-γ-lactone (substrate)[5]
during GULO enzyme catalysis whereas D-arabino-
1,4-lactone oxidase (ALO) domain binds the sub-
strate[1][4]. The molecular mechanism behind the
GULO enzyme[5] is heavily studied as many mam-
mals, including humans cannot synthesize vitamin
C.

GULO enzyme shares same protein folding
topology as members of vanillyl-alcohol oxidase
(VAO) family which is known to adopt the lock
and key mechanism in terms of substrate binding[6].
Therefore, when investigating the catalytic binding
site of GULO enzyme, the structure of the enzyme
must be of similar orientation in order for enzyme
activity. Numerous publications have utilized phy-
logenetic analysis to prove GULO functionality in
certain species[3]; Yang et. al, through phylogenetic
analysis, suggested that inactivation of GULO gene
through species was due to deleterious mutations of
exons which disrupt GULO functionality[3]. There-
fore, further investigation into the structure[7] and
biochemistry of GULO enzyme using bioinformat-
ics tools provides a better indication of how GULO
functionality was maintained or lost. Here demon-
strates a structural bioinformatics and functional
genomics approach to determine the functionality
of GULO gene in certain species.

2 Methodology

Detecting putative orthologs

BLAST algorithms (Blastn, Blastp and tBlastn)
were implemented for query sequence provided
(Mus musculus DNA coding sequence) against 4
different vertebrate species, Homo sapiens, Xeno-
pus tropicalis, Elephas maximus, Cavia porcellus
and one invertebrate, Branchiostoma lanceolatum.
Blastx was used to query the DNA coding sequence

against Mus musculus where the amino acid se-
quence of GULO enzyme was obtained (accession
id: NP 848862.1). This was used as query sequence
in the Blastp and tBlastn algorithms to gain puta-
tive GULO orthologs for 5 species mentioned.

The nr/nt databse was used in BLAST searches
as it incorporates all sequences such as GenBank
and RefSeq nucleotides[8]. Parameters which were
modified to loosen/strengthen searches were BLO-
SUM matrices, match/mismatch scores, type of
compositional adjustments and word size. BLO-
SUM matrices are chosen to minimize biases in
databases as without clustering, some closely re-
lated sequences may be overrepresented[9]. BLO-
SUM also accounts for evolutionary deviation of
varying time periods as compared to PAM ma-
trices[8][9]. In figure 1 below, loosening param-
eters include decreasing match/ mismatch scores,
BLOSUM matrices, gap costs and word size. This
concept is adopted as match/ mismatch scores,
and gap costs lowered indicates lenient penal-
ties when constructing a matrix. Lowered word
size indicates a less accurate search as probabil-
ity of a shorter amino acid sequence existing in
other species increases[10]. BLOSUM62 is low-
ered to BLOSUM45/50 as it yields results with
only 45/50% identity[9]. For refinement purposes,
composition-based statistics are used to improve the
calculation of E-value statistics[11].

Inferring functionality from BLAST results

Results yielded from blastp, were consequently ex-
tracted to infer functionality. SMART database[12]
was utilized to identify the functional domains of
Mus musculus’ L-gulono-γ-lactone oxidase which
are FAD and ALO domains. Protein structures
from Blastp results were extracted from UNIPROT:
AlphaFold-predicted structures were used and pro-
teins with no predicted structures will be predicted
through the MODELLER server[13][14]. MOD-
ELLER is GUI-based bioinformatics tool used for
structure prediction[13][15] which implements pair-
wise alignment of profile hidden Markov models
(HMM)[15][16][14]. The structural bioinformatics
approach involves looking at the catalytic sites of
L-gulono-γ-lactone oxidase. PYMOL was used to
visualize the structure of Mus musculus enzyme
and the enzyme’s catalytic sites. A comparison of
GULO enzyme structure to other protein structures
obtained from blastp would indicate if the GULO
gene is functional in each species. Research groups
have proposed methods of searching for catalytic
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Figure 1: Iterative pipeline for optimizing BLAST parameters to gain accurate BLASTn searches against Mus musculus
DNA coding sequence and amino acid sequence (obtained from Blastx) for Blastp and tBlastn searches.

motifs in enzymes as a way of determining func-
tion[17]. As phylogenetic analysis has shown there
are two motifs important in the GULO enzyme
in animals: HWAK[1][18] and VGGGHS[18] mo-
tif (where the letters indicate certain amino acids).
Therefore, HWAK motif (part of ALO domain),
VGGGHS motif (part of FAD domain) and both do-
mains should be identified in the proteins extracted
from Blastp results to infer functionality[7]. The
catalytic site of this enzyme is at the interface of
the two domains[5], buried in the core of the en-
zyme[1][5]. CONSURF analysis was carried out for
Mus musculus amino acid sequence to identify the
conserved regions of Mus musculus’ GULO enzyme.
ConSurf is a bioinformatics tool which reveals func-
tional regions by analyzing evolutionary dynamics
of amino acid substitutions in sequences[19].

3 Results

Mus musculus L-gulonolactone oxi-
dase

Mus musculus amino acid sequence (accession
id: AAH28822.1), investigated on UniPROT and
SMART databases, showed two present domains re-
sponsible for the enzyme’s activity as expected in
this enzyme family. From figure 2A below, FAD and
ALO domains are present from AlphaFold’s pre-
dicted structure; VGGGHS and HWAK motifs are
also present. When compared to figure 2B, Con-
Surf results indicate that these motifs are highly
conserved in this region and at the interface of

both domains, where enzyme functionality can be
inferred[17][7] [19]. These highly conserved sites
are presumed to be functionally or structurally im-
portant as they have undergone fewer mutations
relative to rest of the alignment over evolutionary
time[20]. This red region in figure 2B is the same as
catalytic binding site containing both motifs in fig-
ure 1C, when structures are superimposed together.
VGGGHS motif, annotated in Figure 2C, and 2D,
is also proven to be critical in animals in order for
L-ascorbic acid biosynthesis[18].

Moreover, figure 2E clearly supports published
phylogenetic evidence that Histidine residue on
FAD domain is completely conserved as H54 in Mus
musculus amino acid sequence is required for cova-
lent binding to FAD[3][18]. H54 has been reported
to have FAD covalently linked to N(1) position
of histidine when enzymatic reaction occurs[5][21].
Overall, from figure panel 2, it is indicative that
if proteins which have been found in the 5 species
below, have a similar protein structure, FAD and
ALO domains, enzyme’s active site at the interface
of both domains, as well as the VGGGHS motif and
HWAK motif, the GULO gene is functional.

3.1 Homo sapiens

BLAST searches for humans yielded significant
BLAST results for 3 respective algorithms. Blastn
results were obtained from the loosest parameters
and the hit found had a low e-value but only cov-
ered 24% of the query. Pairwise alignment analysis
shows multiple nucleotide substitutions and gaps
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Figure 2: PYMOL-generated figures of Mus musculus’ GULO enzyme: A) AlphaFold-predicted structure of
Mus musculus L-gulonolactone oxidase, ALO domain (pink) and FAD domain (yellow), HWAK motif shown in pink sticks
(part of ALO domain) and VGGGHS motif (FAD binding site) shown in red sticks, part of FAD domain. B) CONSURF
analysis of Mus musculus L-gulonolactone oxidase, catalytic site is buried in the middle of the protein, as inferred from
how conserved the sequences are C) Zoomed focus into enzyme’s FAD binding site (VGGGHS motif shown in yellow sticks)
and HWAK motif (red sticks) D) CONSURF analysis of FAD binding site indicating VGGGHS motif and HWAK motif
are highly conserved and required for enzyme functionality E) CONSURF analysis and zoomed orientation (focus) on FAD
binding residue, histidine (H54) which binds FAD.

which are deleterious as protein translation and
folding from nucleotide sequence would be struc-
turally and biochemically different to the GULO
enzyme. Biomedical research papers have also pro-
vided a pairwise comparison with theMus musculus
sequence which have identified 2 single nucleotide
deletions, 1 triple nucleotide deletion and one single
nucleotide insertion in the human sequence found
in Homo sapiens gulonolactone (L)-oxidase pseu-
dogene (GULOP) on chromosome 8 (accession id:
NG 001136.2)[22][23]. These indel mutations which
have occurred may have induced a frameshift af-
fecting the type of amino acid produced and conse-
quently, the protein produced. This suggests that
the human GULO gene has diverged more rapidly
than species which possess a functional GULO. It
would not be surprising if protein yielded from
blastp search was structurally and functionally dif-
ferent from the GULO enzyme. When evaluating
the literature found with the accession number, re-
search has proven that this human sequence has
deletion of a single amino acid, two stop codons
and many amino acid substitutions[24][23][25].

A blastp search, using BLOSUM50 matrix,
yielded delta(24)-sterol reductase precursor (acces-
sion id: NP 055577.1). However, this has low query
coverage (28%) and a relatively low BITs score com-
pared the rest which indicates low sequence similar-
ity with Mus musculus GULO sequence. The other

hits which had lower BITs score and e-value corre-
sponded to dehydrogenase mitochondrial isoforms
having different enzymatic properties[26]. From a
structural comparison of figure panel 2A and the
figure panel 3A, the structure of protein was un-
doubtedly different from Mus musculus GULO en-
zyme. This structure, when queried in SMART, did
not possess an ALO domain. Furthermore, it did
not possess both the HWAK and VGGGHS motif
which is required for enzyme catalysis. FAD co-
factor binding site was not available for the GULO
activity but the FAD domain is present in this re-
ductase enzyme for binding cholesterol[27].

Tblastn, with default parameters, yielded the
same best result as blastn which is the GULO pseu-
dogene. When investigating further literature on
this result, this sequence was produced artificially
through biochemical experiments, which limits our
ability to draw concrete conclusions. Other biomed-
ical research supports that GULO gene is nonfunc-
tional in humans; the GULO sequence has shown no
particular alternatives with similar sequences which
indicates loss of enzymatic activity[28]. Particu-
lar exons, when compared to rat GULO gene, that
have been retained in this human pseudogene are
exons 4, 7, 9, 10 and 12[22][27] which indicates the
other critical exons which make up the FAD domain
in a functional GULO enzyme are absent. There-
fore, with these factors mentioned above, the hu-
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Figure 3: PYMOL-generated figures: FAD domains (yellow) and ALO domains (light pink) A) AlphaFold
structure of Delta(24)-sterol reductase precursor (Homo sapiens) B) AlphaFold predicted structure of L-gulonolactone
oxidase, HWAK motif (pink sticks), VGGGHS motif (red sticks) (Xenopus tropicalis) C) Modeller-predicted structure of
L-gulonolactone oxidase, HWAK motif (pink sticks), VGGGHS motif (red sticks) Elephas maximus, D) Modeller-predicted
structure of Cavia porcellus, HWAK motif (pink sticks), missing VGGGHS motif (red box) E) Modeller-predicted structure
of Branchiostoma lanceolatum, HWAK motif (pink sticks), missing VGGGHS motif (red box)

BLAST algo. Description Tot. score BITS score E-value Accession no.

blastn

Homo sapiens gulono-
lactone (L)-oxidase
pseudogene (GULOP)
on chromosome 8

180 180 5e-42 NG 001136.2

blastp
Delta(24)-sterol reduc-
tase precursor (Homo
sapiens)

71 71 1e-11 NP 055577.1

tblastn

Homo sapiens gulono-
lactone (L)-oxidase
pseudogene (GULOP)
on chromosome 8

68.6 68.6 1e-09 NG 001136.2

Table 1: Best hits based on BITs score and E-value from BLAST algorithms (Blastn, Blastp tBlastn) for Homo sapiens

man GULO gene is nonfunctional and exists as a
pseudogene.

3.2 Xenopus tropicalis

All 3 algorithms (blastn, blastp and tblastn) yielded
significant results where all the hits obtained 3
hits which had an e-value of 0. Blastn result was
obtained with the loosest parameters with low-
est match/mismatch scores and decreased word
size which yielded the predicted sequence of L-
gulonolactone oxidase (LOC101733882)(accession
id: XM 031903103.1). It is not surprising that the
BITs score is high at 920 with the parameters loos-

ened. However, it is important to note that this
nucleotide sequence was computationally predicted
by Gnomon; due to this, it is difficult to derive solid
conclusions on functionality.

Blastp hits were obtained with default parame-
ters; most reliable blastp result was L-gulonolactone
oxidase(accession id: XP 031758963.1) which is a
protein derived from the result yielded in blastn and
tblastn. This result showed complete query cover-
age at 100% and 0 gap penalties. When strengthen-
ing the parameters, BLAST also yielded the similar
results with relatively small changes in BITs score
and e-values stayed constant at 0. Therefore, it
is not surprising that when investigating a struc-
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tural comparison of figure 2A and figure 3B, the
structure of protein L-gulonolactone oxidase (Xeno-
pus tropicalis) from blastp showed high structural
similarity to Mus musculus GULO enzyme. Both
FAD and ALO domains are present when Xenopus
tropicalis’ protein was queried on SMART database
which was also crosschecked with data provided on
UNIPROT database. The domains can be visual-
ized in figure panel 3B. Furthermore, both catalytic
motifs: VGGGHS and HWAK motif are present in
this protein, in which FAD binding can occur. How-
ever, when investigating from literature and NCBI
on how this protein was derived, the nucleotide se-
quence obtained which was translated into Xeno-
pus tropicalis’ protein was obtained through whole
genome shotgun sequencing[29]. Whole genome
shotgun sequencing is known to be prone to amino
acid sequencing errors[30], which might affect the
true amino acid composition of GULO enzyme in
Xenopus tropicalis yielding inaccurate BLAST re-
sults. Therefore, the sequence predicted for this
protein may not be authentic.

Bioinformatics research has shown that X. trop-
icalis contains a FAD binding domain and ALO
binding domain. However, this was found on a
different locus (LOC1001080753) on the chromo-
some than nucleotide sequence yielded in tblastn
and blastn[31]. It was shown through phyloge-
netic analysis and multiple sequence alignment that
X. tropicalis and its related species, Xenopus lae-
vis revealed a similar divergence to Mus musculus
GULO gene[31]. It is quite unusual as there has
been literature evidence supporting GULO func-
tionality in X. laevis[1][31] but not in X. tropicalis.
There has also been evidence for high chromosomal
synteny between GULO sequence in Mus muscu-
lus and gene record LOC100180753 in X. tropicalis
genome[31]. However, in this study, X. tropicalis
gene was revised as the original sequence was sus-
pected to contain large fragment of repetitive mo-
tifs. This study contained artificial manipulation
of the species’ genome[31]. Therefore, taking all
these factors into consideration, it is quite likely
that GULO gene in Xenopus tropicalis is nonfunc-
tional as all of the best hits from BLAST were com-
putationally predicted.

3.3 Elephas maximus

3 BLAST algorithms yielded significant results for
Elephas maximus. Blastn yielded the best re-
sult with PREDICTED: Elephas maximus indicus
L-gulonolactone oxidase (LOC126065470), mRNA
(accession id: XM 049865493.1) which has the high-
est BIT score and lowest e-value with strong pa-
rameters implemented (BLOSUM62 matrix, word
size=32). Moreover, tblastn result yielded the same
result as blastn with the same high BITs score

and e-value of 0. Algorithm parameters imple-
mented were relatively strong (BLOSUM90 matrix,
and high gap costs). Query coverage of tblastn
result was 99% of the Mus musculus nucleotide
sequence, where there were minor nucleotide sub-
stitutions. With both blastn and tblastn results,
it can be hypothesized that blastp would yield
a L-gulonolactone oxidase enzyme in this species.
Hence, investigation into blastp would give a clearer
interpretation into the functionality of GULO gene
in this species.

Blastp yielded significant results with L-
gulonolactone oxidase of Elephas maximus (acces-
sion id: XP 049721450.1) which led to a high BITs
score, e-value of 0, and 100% query cover. Blastp
parameters were the strongest (BLOSUM90 matrix,
high gap costs). As 0.90 similarity score criterion
was adopted, this indicates GULO gene of Elephas
maximus was recently divergent from Mus muscu-
lus GULO gene. Furthermore, pairwise compari-
son between both of these sequences show high se-
quence alignment and multiple non-deleterious sub-
stitutions as amino acid mutations were of simi-
lar biochemical properties. It could be now sus-
pected that the GULO enzyme present in Elephas
maximus is structurally similar to Mus musculus
GULO enzyme. Based on structural analysis (Fig-
ure panel 3C) and query in SMART database of L-
gulonolactone oxidase of Elephas maximus indicates
that there is the FAD and ALO domain present
in this species. The VGGGHS and HWAK mo-
tifs are also present for FAD and ALO domains re-
spectively for the catalytic reaction to occur. The
enzyme structure of Elephas maximus is relatively
similar to that of the Mus musculus GULO enzyme.
This is quite indicative of relatively few amino acid
substitutions which are not deleterious to the pro-
tein function. Pairwise comparison between Mus
musculus GULO and Elephas maximus GULO on
blastp shows evident amino acid substitutions at
non-conserved regions of the protein. The struc-
ture (Figure 3C) shows that the catalytic region
with both motifs are at the interface of both do-
mains which is structurally similar to Mus muscu-
lus GULO. It can be inferred that through struc-
tural comparison with Mus musculus GULO en-
zyme (Figure panel 2A), that Elephas maximus has
a functional GULO protein. Based on the diet of
Elephas maximus, their intake of vitamin C is gen-
erally low[32]; it has also been reported that Elephas
maximus has 4 times more vitamin C in their milk
than cows[33]. Through phylogenetic analysis, it
is also indicated that Elephas maximus can synthe-
size vitamin C[34] as their vitamin C consumption is
comparatively lower than species which can synthe-
size them[34]. Therefore, it is quite indicative that
Elephas maximus has a functional GULO gene.
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BLAST algo. Description Tot. score BITS score E-value Accession no.

blastn

PREDICTED: Xeno-
pus tropicalis L-
gulonolactone oxidase
(LOC101733882)

920 920 0.0 XM 031903103.1

blastp
L-gulonolactone oxi-
dase (Xenopus tropi-
calis)

683 683 0.0 XP 031758963.1

tblastn

PREDICTED: Xeno-
pus tropicalis L-
gulonolactone oxidase
(LOC101733882),
mRNA

658 658 0.0 XM 031903103.1

Table 2: Best hits based on BITs score and E-value from BLAST algorithms (Blastn, Blastp tBlastn) for Xenopus tropi-
calis

3.4 Cavia porcellus

3 BLAST algorithms yielded significant results
for Cavia porcellus. Blastn yielded signifi-
cant gene orthologs with the top result be-
ing PREDICTED: Cavia porcellus L-gulonolactone
oxidase-like (LOC100735706), mRNA (accession id:
XM 013143314.2) with a relatively high BITs score
(743) and e-value of 0. This was achieved with
default parameters of blastn; increasing word size
did not yield any results. The nucleotide se-
quence, when compared to query sequence, has
shown mismatches which includes nucleotide gaps
which could induce a frameshift and affect pro-
tein. This is indicated in Nishikimi et. al’s se-
quence comparison with the cDNA of the rat L-
gulono-γ-lactone oxidase enzyme where they found
mutations in exon regions of the Cavia porcellus se-
quence which more than half led to nonconserva-
tive amino acid changes and 3 stop codons[35][28].
Blastp result which was LOW QUALITY PRO-
TEIN: L-gulonolactone oxidase-like (Cavia porcel-
lus)(accession id: XP 012998768.1) was obtained
through the strongest parameters (BLOSUM90,

composition-based statistics adjustment and high-
est gap costs). However, in the literature cited un-
der blastp result, it was known that this genome was
artificially constructed to correct this low-quality
protein; 2 bases were inserted in 1 codon and in-
serted 2 bases at 2 genomic stop codons. Artificial
manipulation of nucleotide sequence decreases the
reliability of the blastp result as the genome was
manipulated and potentially the structure will not
indicate the functionality of protein in the natural
environment.

When blastp result was queried on SMART
database, unsurprisingly with the manipulated se-
quence, FAD and ALO domains are present. With
a structural comparison with Mus musculus GULO
enzyme (Figure panel 2A) and Cavia porcellus L-
gulonolactone oxidase-like protein (Figure panel
3D), it is presented that the two critical domains,
and the catalytic region are present at the inter-
face of both domains. Aside from being struc-
turally similar to HWAK motif is also present in the
ALO domain of this species. However, it does not
have the VGGGHS motif required for FAD bind-

BLAST algo. Description Tot. score BITS score E-value Accession no.

blastn

PREDICTED: Ele-
phas maximus indicus
L-gulonolactone oxi-
dase (LOC126065470),
mRNA

1459 1459 0.0 XM 049865493.1

blastp
L-gulonolactone oxi-
dase (Elephas maximus
indicus)

863 863 0.0 XP 049721450.1

tblastn

PREDICTED: Ele-
phas maximus indicus
L-gulonolactone oxi-
dase (LOC126065470),
mRNA

1459 1459 0.0 XM 049865493.1

Table 3: Best hits based on BITs score and E-value from BLAST algorithms (Blastn, Blastp tBlastn) for Elephas maximus
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BLAST algo. Description Tot. score BITS score E-value Accession no.

blastn

PREDICTED:
Cavia porcellus L-
gulonolactone oxidase-
like (LOC100735706),
mRNA

743 743 0.0 XM 013143314.2

blastp

LOW QUALITY
PROTEIN: L-
gulonolactone oxidase-
like (Cavia porcellus)

615 615 0.0 XP 012998768.1

tblastn

Cavia porcellus L-
gulono-gamma-lactone
oxidase gene homo-
logue, exon 2, 3, 4, 5,
7, 8, 9 corresponding
parts

95.9 95.9 3e-20 D12762.2

Table 4: Best hits based on BITs score and E-value from BLAST algorithms (Blastn, Blastp tBlastn) for Cavia porcellus

ing. Histidine residue in the VGGGHS motif was
not identified which is a critical residue required
for binding as inferred from how highly conserved
the residue is from the Mus musculus GULO en-
zyme shown (Figure panel 2E). This shows more
evidence that GULO gene is nonfunctional in Cavia
porcellus. Tblastn’s best hit was Cavia porcellus
L-gulono-γ-lactone oxidase gene homologue, exon
2, 3, 4, 5, 7, 8, 9 corresponding parts (accession
id: D12762.2). These exons corresponded to ones
found when compared to rat L-gulonolactone oxi-
dase gene homologue[35]. This is true when analyz-
ing the blastn result which showed major deletions
in the guinea pig sequence, which caused the lost
of exon 1 and 6 which was essential for both do-
mains[36][37]. Therefore, it can be concluded that
the GULO gene is nonfunctional in this species.

3.5 Branchiostoma lanceolatum

Blastn did not yield significant results even with
the parameters loosened to the lowest (word size:
16). Tblastn, however, yielded significant results
with parameters strengthened to the BLOSUM90
and gap costs strengthened. The best hit obtained
was Branchiostoma lanceolatum genome assembly,
chromosome 10 (accession id: OV696695.1) with a

relatively low e-value but low BITs score as com-
pared to the other BLAST searches yielded in other
species. Query cover of this genome assembly was
around 47% which is also relatively low. The other
2 hits obtained had lower e-values and BITs score
but were also part of the genome assembly on differ-
ent chromosomes (chromosome 2 and 8). It is hard
to evaluate the functionality of the gene when it is
known there is lack of complete genome sequencing
and annotation in lancelets[3].

However, blastp obtained significant hits when
strengthening the parameters to BLOSUM90.
From blastp searches, the protein obtained for
Branchiostoma lanceolatum was D2HGDH protein
(accession id: CAH1255212.1), which has a high
BITs score and significantly low e-value close to
0. Query coverage was also relatively high com-
pared to the other hits at 98%. From this result, it
is quite indicative that the GULO gene is present
in the species. This supports Yang et al’s study
which indicates that lancelets have 11 exons respon-
sible for the GULO gene within their genome[3].
The other 5 hits were hypothetical proteins de-
rived from Branchiostoma lanceolatum’s genome
assembly, which had lower BITs score and e-values.
With a pairwise comparison, there were a few non-
deleterious amino acid substitutions where residues

BLAST algo. Description Tot. score BITS score E-value Accession no.
blastn No significant results yielded

blastp
D2HGDH (Branchios-
toma lanceolatum)

484 484 1e-169 CAH1255212.1

tblastn
Branchiostoma lanceola-
tum genome assembly,
chromosome 10

138 80.7 2e-14 OV696695.1

Table 5: Best hits based on BITs score and E-value from BLAST algorithms (Blastn, Blastp tBlastn) for Branchiostoma
lanceolatum
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mutated were of similar properties; there were also
very few mismatches seen in the sequence when
compared to Mus musculus amino acid sequence.
When D2HGDH protein was queried on SMART
database, this protein has both the FAD and ALO
domains, which can be shown in figure panel 3E.
In terms of a structural comparison with Mus mus-
culus GULO gene, D2HGDH protein is also quite
structurally similar to GULO enzyme, due to exis-
tence of both domains[36][37]. It also contains the
HWAK motif which is required for FAD binding but
does not contain the VGGGHS motif and conserved
histidine residue which indicates that the GULO
enzyme is nonfunctional. From the findings above,
functionality of GULO gene in this species remains
inconclusive due to lack of genomic data.

4 Discussion

Parameters which yielded many significant results
when using default parameters such as Homo
sapiens BLOSUM90 tblastn, were switched to
composition-based statistics for their compositional
adjustments. This method was implemented as this
can reduce false positive searches in circumstances
of hits matching query sequence of different lengths
such as shown in genome assemblies curated in
species mentioned above where whole genome was
presented on NCBI[38]. This refinement yielded
more reliable and accurate hits to which function-
ality was investigated in individual species. It is
conclusive that Homo sapiens GULO gene is non-
functional and exists as a pseudogene. Based on the
findings from BLAST results, the multiple muta-
tions which have rendered it nonfunctional in terms
of vitamin C synthesis were heavily supported by
literature and structural analysis of the blastp re-
sult. This is also the same for Cavia porcellus
where based on the BLAST results being all com-
putationally predicted, and literature inferring non-
functionality of the GULO gene. This was further
confirmed through structural analysis where it did
not contain VGGGHS motif where the highly con-
served residue was not found within this structure.
Furthermore, evidence for a nonfunctional GULO
gene for Xenopus tropicalis with structural analysis
and literature research. This was also true with Ele-
phas maximus where there are conclusive results on
a functional GULO gene based on structural anal-
ysis, BLAST results, and literature on their diets.
The only species which was rendered inconclusive
in terms of findings was Branchiostoma lanceola-
tum where structural analysis has shown VGGGHS
motif was absent in the structure and tblastn result
yielded a genome assembly which was difficult to
analyze.

Further investigation into certain dietary re-
quirements and species environment would provide

a better reasoning on how these mutations have
occurred over evolutionary time and why certain
species have lost GULO functionality. The en-
vironment could contribute to the epigenetics of
how, over evolutionary time, certain species such as
Homo sapiens and Cavia porcellus has lost its abil-
ity to biosynthesize vitamin C. Better genomic data
should be generated as well for some of the species
discussed above to draw more conclusive results.
The method could also be improved if PSI-blast
was used or a combinatorial method[39] of global
and local alignment algorithms to generate more ac-
curate alignments[39][40]. Smith-Waterman align-
ment gains more precise results when searching se-
quence homology than BLAST but is computer in-
tensive and time consuming. PSI-blast is also bet-
ter than blastp in terms of producing more hits with
significant e-values and is useful for finding distantly
related proteins[41].
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