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ABSTRACT

Codon usage and rare codons have mixed results on the protein structure and function. An increasing amount of data is shown that
replacing the rare codons with frequently synonymous ones has diverse results as a decrease in a protein’s specific activity, changing the
folding pathway, and reducing protein solubility. In this study, we investigated the situation of codon usage of the Lampyridae family
luciferases using computational databases. For this, the codon feature of these luciferases was studied, bioinformatically. Also, in silico
analyses of this enzyme were conducted by structural modeling on the I-TASSER web server. The status of these rare codons in these
structural models was studied using SPDBV and PyMOL software. Finally, the binding site properties were studied using the AutoDock
Vina. Using molecular modeling, two rare codons (Arg533 and Arg536) were analyzed that may have a critical role in the structure and
function of these luciferases. AutoDock Vina was used in molecular docking that recognizes some residues that yield closely related to
luciferyl-adenylate binding sites. These analyses created a new understanding of the sequence and structure of these luciferases, and our

findings can be used in some fields of clinical and industrial biotechnology. This bioinformatics analysis plays an essential role in the design

of new drugs.

INTRODUCTION

Today, many of the luciferase enzymes have been
identified in diverse families of life as the Lampyridae
family. This family is called fireflies for their conspicuous
three

use of bioluminescence [1]. Lampyridae has

subfamilies, including Luciolinae, Lampyrinae, and
Photurinae [2], that utilize similar luciferase enzymes in the
bioluminescence reaction [3]. Firefly luciferases catalyze the
oxidation of luciferin in the presence of Mg?*, ATP, and O,
that produce the oxyluciferin in an excited state, which
decays to the ground state by the emission of a photon [4].
The luciferase-based assay has been widely studied and

applied in biological sciences such as in pyrosequencing,
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in vivo imaging, ATP assay, gene reporters, and luciferase-
based split biosensors [5,6].

Previous studies have shown that synonymous codons are
not used with the same frequency in organisms [7]. Other
reports demonstrate that at the translational level, the rate of
protein elongation is specified by the properties of mRNA,
tRNA abundances, and codon usage [8,9]. Commonly, the
desired codons are translated at higher rates and are read by
more abundant tRNAs [10]. On the other hand, rare codons
are taken by lowly abundant tRNAs and this creates changes
in the translation speed [11]. Other studies show that rare
codons have a special role in protein expression, folding, and
enzyme activity [12]. In the translation of rare codons, the
ribosomes pause until the rarely activated tRNA brings
the next amino acid [13]. This mediates the local kinetics
of translation [14] and by mutation of the slow-translating
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messenger to a fast-translating messenger, the folding yield
was reduced [15].

The luciferase enzymes suffer from low turnover
numbers, high Ky, for the substrate ATP, and inactivation at
high temperatures [16]. So far, many extensive protein-
engineering studies have been conducted to overcome the
problems associated with the luciferase enzyme [17].
Although synonymous mutations are generally selected as a
neutral base, it has been found that changing the composition
and order of the codon (Codon Usage) can have great effects
on protein expression and function [18]. According to these
findings, the situation of codon usage and rare codon in the
luciferases of the Lampyridae family is being studied and
done (data is being published). For this, the nucleotide
sequences the NCBI
(https://www.ncbi.nlm.nih.gov/) and some of the rare codons
were identified in these enzymes.

Arg has special properties as its guanidinium group
participates in the ionic and hydrogen interactions, which
leads to an unexpected increase in thermal stability, and for
this reason, further studies have been conducted on the Arg

were retrieved from

codons [19]. The Arg d-guanido moiety has a decreased
chemical reactivity and provides high surface area for
charged interactions and has wide tendency to take part in salt
bridge interaction [20]. Arg is encoded by six different
codons and two of the six Arg codons, AGA AGG, are in low
abundance [21]. The Arg synonymous mutation has been
studied and show that rare arginine codons AGA and AGG
affect the heterologous expression of proteins in Eschericha
coli [22]. Due to the fact that we had previously introduced
several Arg for mutagenesis and the C-terminal region of the
enzyme had not been introduced for the purpose of
mutagenesis, these two regions were selected. Our chosen
location within the sequence was based on the assessment of
internal structure and conservation during evolution, and this
region showed that it is conserved and has few changes
during evolution in different species of this family.

By in silico analysis, two Arg codons (R>3* and R¥) were
bioinformatically analyzed. For this, the structures of these
luciferases were retrieved or modeled in the Swiss model and
I-TASSER [23] web server. In the following, with the help
of Swiss PDB Viewer software [24] and PyMOL Molecular
Graphics System [25], the location and situation of these
Arg rare codons were analyzed in the structure of these
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luciferases. These results may help in better recognition of
enzyme activity, functional development of bioluminescence
assay, and a new understanding of the molecular evolution of
the Lampyridae family.

MATERIAL AND METHODS

Gene and Amino Acid Sequences

For bioinformatics analysis, the nucleotide and amino
reference luciferases
their
(http://ncbi.nlm.nih.gov/)

(http://www.expasy.org/uniprot) Databases.

acid sequences of Lampyridae

features retrieved from GenBank

UniProtKB

and were

and

Sequence Alignment

The protein reference sequences of similar species were
retrieved from the NCBI database. MSA of these amino acid
sequences was performed by the ClustalW2 program
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and MEGA 7
[26]. This program was used to identify the identity and
similarity of these sequences, as for the creation of a
phylogenetic tree, the MSA is a critical step [27].

Bioinformatics Studies

For in silico studies, the crystal structures of these
luciferases were retrieved from PDB or modeled on the I-
TASSER web server [23] and the Swiss model [28]. I-
TASSER web server generated a total of five most suitable
models of luciferases based on multiple-threading alignments
by LOMETS [29]. The models with the best "Confidence
Score" and Z-score were chosen. The best models were
visualized by Swiss PDB [30) and PyMOL [25] viewers.
Hydrogen bonds were also calculated by WHAT IF [31] and
PIC web servers [32]. The physicochemical parameters of
these models, such as molecular weight and instability index,
were calculated on the Expasy ProtParam server [33].

Molecular Docking

Molecular docking was conducted at AutoDock Vina
(version 1.1.2) [34]. of
luciferases were used as a target. The SDF format of
PubChem
(https://pubchem.ncbi.nlm.nih.gov/) and converted to PDB

3D molecular models

luciferyl-adenylate ~ was  obtained from

format by Open Babel (version 2.3.1) [35]. Finally, using
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MGL tools (version 1.5.4), the PDB format of luciferyl-
adenylate was converted to PDBQT format [36]. Molecular
docking was adjusted using different box sizes between
best-docked
conformation was visualized using the PyMOL [25] and
Ligplot [37].

luciferases and luciferyl-adenylate. The

RESULTS

Luciferases Sequences

The amino acid sequences of these luciferases were from
NCBI. Table 1 shows the list of species names and features
of the luciferase enzyme gene along with accession numbers.

Multiple Sequence Alignment and Phylogenetic
Tree

The amino acid sequence references of these luciferases
are retrieved and aligned in the Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The MSA was
saved in the clustal num format and analyzed with the
Jalview software [38] (Fig. 1).

Table 1. The Protein Properties of Luciferase in the

Lampyridae Family
ORGANISM Protein gene bank
Pyrearinus AOCS83873 528-532
termitilluminans
Photinus pyralis AAA29795.1
Pyrocoelia miyako AAC37254.1
Pyrocoelia rufa AAG45439.1
Photuris pensylvanical BAA05005.1
Photuris pensylvanical 6 BAA05006.1
Hotaria unmunsana AAMO00429.1
Luciola mingrelica AAB26932.1
Cratomorphus distinctus AAV32457.1
Luciola lateralis BAL46510.1
Luciola cruciata AAA29135.1
Lampyris noctiluca AAR20794.1
Photuris AAB60897.1
pennsylvanica4()
Hotaria parvula AAC37253.1
Lampyris turkestanicus AAUS85360.1
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4 e P BBl e -4
EDKNILYGPEPFHPLADGTAGEOMFYALSRYAD | SGCIALTNAHTKENYVLYEEFL B6KLSCRLAESFKKYGLKONDTIAVCSENGLOF

unmunsana’f-58 - MEMEKEENVYYGPLPFYP I EEGSAG| QLHKYMOOYAKL -GA| AFSNALTGVD | SYOEYF SBDITCRLAEAMKNYGOMKQEGTIALCSENCEEF
mingrelca’{-587' -MEMEKEENVVYGPLPFYPIEEGSAGI OLHKYMHOYAKL -GA | AFSNALTGVDISYOEYF SBDITCRLAEAMKNFGMKPEEH | ALCSENCEEF

panla't-587

-MEMEKEENVYYGPLPFYPIEEGSAGIQLHKYMOQYAKL -GA| AFSNALTGVDISYOEYF SBDITCRLAEAMKNYGMKOQEGTIALCSENCEEF

macuia/1-587 -MEMEKEENVVYYGPOPFYPIEKGSAGI OLHKYMHOYAQOL -GA | AFSNALTGVDISYDEYF SBDISCRLAEAMENYGMKPEGRIALCSENCEEF

Luckoial{-586

-MEMEKEENVYYYGPVPFYPIEEGSAGIQLHKYMHOYAQL -GA|A-SNALTGVDISYQEYF ETDITCRLAEAMKNYCMKPEGT |ALCSENCEEF

jaferaliy/?-557  MENMDNDENIVYGPKPFYPIEEGSAGAOLRKYMDRYAKL -GAI AFTNALTGVDYTYAEYL S9EKSCCLGEALKNYGLVYDGRIALCSENCEEF
CrUCHH@'T-587  MENMENDENIVVGPKPFYPIEEGSAGTOLRKYMERYAKL -GAIAFTNAVTGVDYSYAEYL S9EKSCCLGKALONYGLVYVDGRIALCSENCEEF
pensyNanica’t-% . . -5 | ENNILIGPPPYYPLEEGTAGEQOLHRAI SRYAAVPGTLAYTDVHTELEVTYKEFL 67DVTCRLAEAMKNYGLGLOHTISYCSENCVOF
pensyNancarsfi. « <M | ENNILIGPPPYYPLEEGTAGEQLHRAITRYAAVPGTLAYTDVYHTELEVTYKEFL S7DVTCRLAEAMKNYGLGLOHTISVCSENCVYOF

pyralis/1-589 =« «MEDAKNIKKGPAPFYPLEDGTAGEQLHKAMKRYALVPGTIAFTDAHIEVYNITYAEYF S7EMSVRLAEAMKRYGLNTNHRIVVCSENSLOF
distintus/1-586 . . .MEEDKN IMYGPAPFSPLEEGTAGEQOLHKAMKRYAQ|PGT | AFTAAHVEVNVTYAEYF 57EMACRLAETMKRYGLGLDHRIAVCSENSLOF
nootiluea/f-566 . . .MEDAKN IMHGPAPFYPLEDGTAGEQLHKAMKRYAQVPGT | AFTDAHAEVNITYSEYF 67EMACRLAETMKRYGLGLOHHIAVCSENSLOF
furkestanicus/T-4s. . MEDAKN IMHGPPPFYPLEDGTAGEQLHKAMKRYAQVPGT | AFTDAHAEVYN I TYSEYF 57EMACRLAETMKRYGLGLOHH|AVCSENSLOF
miyako/1-587 = -MEDDSKHIMHGHRHS | LWEDGTAGEQLHKAMKRY AOVPGT | AFTDAHAEVYNITYSEYF SBEMSCRLAETMKRYGLGLOHHIAVCSETSLOF
ur/7-587 ««MEDDSKHIMHGHRHS | LWEDGTAGEQLHKAMKRYAQVPGT | AFTDAHAEVYNITYSEYF S8EMSCRLAETMKRYGLGLOHHIAVCSENSLOF

pensyhanicadiF LPL |

unmunsana’1-58 FMPYLAGLY IGVAVAPTNE I YTLRELNHS 118LGIAQPT-IVF

140 1850 160 170 180

LNNF | SONSD INL
RKGLPKYLEVOKTVTCIKTIVILDSKVNFGGYDCMETF KKHVELGF

mingreleaf-587 FIPYLAGLY IGVAVAPTNEIYTLRELNHS 118LGIAOPT - IVFSSRKGLPKYLEVOKTVTCIKKIVILDSKYNFGGHDCMETF IKKHYELGF
panvula’?-587  FIPYLAGLYIGVAVAPTNEIYTLRELNHS 118LGIAQPT-IVFSSRKGLPKYLEVOKTVTGIKTIYILDSKYNFGGHDCMETF IKKHVELGF
macuiata’’-587 FIPYLAGLY IGVGYAPTNEIYTLRELNHT 118LGIAEPT - IVFSSKKGLPKYLEVOKTVTCIKTIVILNSKVNFGGYDCVETF IKKNVELGF
Lucinia’?-566  FIPYLAGLY IGVGVAPTNEIYTLRELNHT 117LGIAKPT - IVFSSRKGLPKVLEVOKTVTCIKTIVILNSKYNYGGYDCVETFIKKNVELGF
jaterals/1-587 FIPYLAGLFIGVGVAPTNEIYTLRELVHS 119LGISKPT-IVFSSKKGLDKVITVOKTVTAIKT IVILDSKVDYRGYQSMDNFIKKNTPPGF
cruclala’f-587 FIPYIAGLFIGYVGYAPTNEIYTLRELVHS 119LGISKPT-IVFSSKKGLDKVITVOKTVTTIKTIVILDSKYDYRGYQCLDTFIKRNTPPGF
pensyhanioa'1-5FMP | CAALYVGVATAPTND | YNERELYNS 117LSISOFT-VVFTSRNSLOKILGVOSRLPIIKKI | |LDGKKDYLGYOSMOSFMKEHVPANF
wnsyr,rgrma:yj‘FMP\chALYIGUATAPTNDIYNEREL‘I’NS 117LSISOPT-VVFTSRNSLOKILGVOSRLPVIKKI IMLDTKKDYLGYQSMOSFMKEHYPANF

pyrans/1-589

FMPYLGALFIGVAVAPAND | YNERELLNS 117MN|SOPT-VVFVSKKGLOKILNVOKKLPIIQGKI | IMDSKTDYQGFOSMYTFVYTSHLPRGF

distincfus/1-556 FMPYCGALFIGVGVAPTND I YNERELYNS 117LS1SOPT-VVFCSKRALQKILGVOKSLPVIKKIVILDSREDYMGKOSMYSFIOSYLPGGF
noclilcati-566 FMPYCGALFIGVGVAPTNDIYNERELYNS 117LSIGVAPTNDIYNERELYNSL-SIKKLPIIOKIVILDSREDYMGKOSMYSFIESHLPAGF
turkesianious/s A FMPYCGALFIGVGVAPTND I YNERELYNS 117LSISOPT-IVFCSKRALOKILGVOKKLPIIQKIVILDSREDYMGKOSMYSFIESHLPAGF
iyako!1-587 FMPYCGALFIGVGYAPTNDIYNERELYNS 118LFISOPT-IVFCSKRALOKILGVOKKLPVIQKIVILDSREDYMGKQSMYSFIESHLPAGF

rufa'f-587

FMPVCGALFIGVGVAPTNDIYNERELYNS 118LFISOPT-IVFCSKRALOKILGVHKKLPVIOKIYVILDSREDYMGKQSMYSFIESHLPAGF

Fig. 1. The analysis of the MSA file with the Jalview software.
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pensyianica4¥i1 7T5DVKKFKPNSF -NRDDQVALVMFSSGTTGVSKGYMLTHKNIVARFSHCKDPTFGNAINPTT

: i : i : i
234AILTVIPFHHGFGMTTTLGYFTCGFRYV

unmunsana7-5817 TRPTSFYP IDVKNRKQHYALLMNSSGSTGLPKGYL I THEGTYTRFSHAKDP | YGNQVSPGT
mingrelica/1-557 17 TQP SSFYP I DVKNRKQHYALLMNSSGSTGLPKGYRI THEGAVTRFSHAKDP | YGNQVSPGT

panI 557

177PPTSFYPLDYKNRKOHVALLMNSSGSTGLPKGYRITHEGAVTRFSHAKDPIYGNQYSPGT

maculata’f-567 1 TTQPTSFKPIDYKNRKEHVAL IMNSSGSTGLPKGYOITHEATYTRFSHAKDPIYGNQVYSPGT

Luciola/?-566 1 T7T6QPTSFKPIDYKNRKEHVAL IMNSSGSTGLPKGYQI THEGTYTRFSHAKDPIYGNQYSPGT
lateralis/f-587 1TBKGSSFKTVEVY-NRKEQVAL IMNSSGSTGLPKGVOLTHENAVTRFSHARDPIYGNQVSPGT
cruciatai-567 1 TBQASSFKTVEY-DRKEQVAL IMNSSGSTGLPKGYOLTHENTYTRFSHARDPIYGNQVSPGT
pensylvanioa/-51T6NVSAFKPLSF -DLDR-VAC IMNSSGSTGLPKGYPISHRNT I YRFSHCRDPYFGNQI I PDT
pensylvanical¥i1 T6NVSAFKPLSF -DLDR-VACIMNSSGSTGLPKGYPI SHRNTTYRFSHCRDPVFGNQI IPDT
pyrali’?-569 176NEYDFVPESF -DRDKTIALIMNSSGSTGLPKGYALPHRTACYRFSHARDPIFGNQIIPDT
distinefus/1-566 1 TENEYDYVPDTF -DRDMATAL IMNSSGSTGLPKGYELSHKNVCVRFSHCRDPYFGNQI IPDT
noctisea'i-566 1 TENEYD - - - - - - v cmmcmaaaano. STGLPKGVELTHONVCYRFSHCRDPVFGNQI IPDT
turkesfanicus/T-f1 TENEYDY | PDSF -DRETATAL IMNSSGSTGLPKGYELTHKNICVRFSHCRDPYFGNQI IPDT
miyaka/{-587 1 TTNEYDY | PDSF-DRETATALIMNSSGSTGLPKGYDLTHMNVCVRFSHCRDPYFGNQI IPDT
rufart-587 17TNEYDYIPDSF-DRETATALIMNSSGSTGLPKGYDLTHMNVCVRFSHCRDPYFGNQIIPDT

2‘90

3|00

3‘10

3|20 330 3|40

237AILTYVPFHHGFGMFTTLGYFACGYRYV
237AILTYVVPFHHGFGMFTTLGYFACGYRYV
237TAILTYVPFHHGFGMFTTLGYFACGYRYV
237TAILTYVPFHHGFGMFTTLGYFACGYRI
236AILTYVPFHHGFGMFTTLGYFACGYRI
237AILTYVPFHHGFGMFTTLGYLTCGFRI
237TAVLTYVPFHHGFGMFTTLGYLICGFRYV
234TILCAVPFHHAFGTFTNLGYLICGFHYV
234TILCAVPFHHAFGTFTNLGY I ICGFHYV
235AILSYVPFHHGFGMFTTLGYLICGFRY
235AILTYIPFHHGFGMFTTLGYLTCGFRI
215AILTYIPFHHGFGMFTTLGYLTCGFRI
235AILTYIPFHHGFGMFTTLGYLTCGFRI
236AILTYVIPFHHVFOMFTTLGYLTCGFRI
236AILTYIPFHHGFGMFTTLGYLTCGFRI
350 360 370

pensyhanicadfALMHT FEEKLFLOSLQDYKVESTLLVPTLMAFF

. { . . I . . {
294PKSALVEKYDLSHLKEIASGGAPLSKE I GEMYKKRFKLNFYRQGYGLTETTSAVL I T

unmunsanai-5BYMLTKFDEELFLRTMQDYKCTSYILVPTLFAIL
mingrefea’-587 YMLTKFDEELFLRTLAQDYKCTSYILVPTLFAIL
YMLTKFDEELFLRTLQDYKCTSYILVPTLFAIL
macliata/f-587 YMLTKFDEEIFLKTMQDYKCTSYILVPTLFGIL
VMLTKFDEELFLKTLQDYKCTSVILVPTLFGIL
iateralis/{-587 VMLTKFDEETFLKTLQDYKCSSVYILVPTLFAIL
erciataf-567 VYMLTKFDEETFLKTLQDYKCTSVILVPTLFAIL
pensyhanica -5V LMYRFNEHLFLOTLADYKCOSALLYPTYLAFL
pensyhanicai 'Y LMYRFNEHLFLOTLADYKCOQSAL | VPTYLAFL

nanula'{-557

Luciokar?-586

297NKSELIDKFDLSNLTEIASGGAPLAKEYVGEAYARRFNLPGYRQGYGLTETTSAFIIT
297NKSELIDKFDLSNLTEIASGGAPLAKEVGEAVARRFNLPGYRQGYGLTETTSAFIIT
297NKSELIDKFDLSNLTEIASGGAPLAKEVGEAYARRFNLPGYRQGYGLTETTSAFIIT
297NKSELIDKFDLSNLTEIASGGAPLAKEYGEAYARRFNLPGYRQGYGLTETTSAFIIT
296NKSELIDKFDLSNLTEIASGGAPLAKEVGEAVARRFNLPGVYRQGYGLTETTSAFIIT
297NRSELLDKYDLSNLVEIASGGAPLSKEIGEAVARRFNLPGYRAQGYGLTETTSAIIIT
297TNKSELLNKYDLSNLVEIASGGAPLSKEVGEAVARRFNLPGYRAGYGLTETTSAIIIT

294 AKNPLYDKYDLSNLHEIASGGAPLSKEISEIAAKRFKLPGIRQGYGLTETTCAIVIT
294 AKNPLYDKYDLSHLHEIASGGAPLSKEISEIAAKRFKLPGIRQGYGLTETTCAIVIT

oyralis/f-589  VLMYRFEEELFLRSLQDYKIOSALLVPTLFSFF 295AKSTLIDKYDLSNLHEIASGGAPLSKEVGEAVAKRFHLPGIRQGYGLTETTSAILIT
distinctus/7-586 VLMYRFEEELFLRSLQDYKIQSALLVPTLFSFF 295AKSTLVDKYDLSNLHEIASGGAPLAKEVGEAVAKRFKLPGIRQGYGLTETTSAIIIT
nocliuca/1-566 YLMYRFEEELFLRSLODYKIQSALLVPTLFSFF 275AKSTLVDKYDLSNLHEIASGGAPLAKEVGEAVAKRFKLPGIRQGYGLTETTSAIIIT
turkestanicusT-IVLMYRCEEELFLRSLQDYKI QSALLVPTLFSFF 295AKSTLVDKYDLSNLHEIASGGAPLAKEVGEAVAKRFKLPGIRQGYGLTETTSAIIIT
miyakof-587  YLMYRFEEELFLRSLQDYKIQSALLVPTLFSFF 296AKSTLVDKYDLSNLHEIASGGAPLAKEVGEAVAKRFKLPGIRQGYGLTETTSAIIIT
rufai-587 YLMYRFEEELFLRSLQDYKIQSALLVPTLFSFF 296AKSTLVDKYDLSNLHEIASGGAPLAKEVGEAVAKRFKLPGIRQGDGLTETTSAIIIT
5‘30 5‘30 4;00 ﬂi10 4‘20 4‘30 4‘40 4;50 ﬂiEO
I : ' : G ] 5 ] ' '
pensylvanicad0/fPDT 354DVRPGSTGKIVPFHAVKVVDPTTGKILGPNETGELYFKGDMIMKSYYNNEEATKA| INKD 414GWLRSGDIAYYDNDGHFY I VDRL

unmunsana/'{-56P E G
mingrelica’{-567 PEG
panulai-567  PEG
maculafa’1-587 PEG
Luciola/1-586 PEG
lateraiia’f-587 PEG
cruclala/{-587 PEG
pensylanica’t-5AE G
pensylanical5/TAE G
pyralis/i-588  PEG
cistinetus/1-586 PEG
noctiuca’?-566 PEG
furkestanicls/1-ZP E G
miyako/1-587 PEG
rufart-587 PEG

480

430

500

J57TDDKPGASGKYYPLFKVKVIDLDTKKTLGYNRRGEICVYKGPSLMLGYLNNPEATKETIDDE
35TDDKPGASGKYYPLFKVKVIDLDTKKTLGYNRRGEICVKGPSLMLGYSNNPEATRETIDEE
35TDDKPGASGKYYPLFKYKVIDLDTKKTLGYNRRGEICVKGPSLMLGYSNNPEATKETIDEE
35TDDKPGASGKYYPLFKYKVIDLDTKKTLGANRRGEICVYKGPSLMKGY INNPEATKEI IDEE
356DDKPGASGKYYPLFKVKVIDLDTKKTLGPNRRGEICVYKGPSLMKGY INNPEATKEI| IDEE
35TDDKPGASGKYYPLFKAKVIDLDTKKTLGPNRRGEVCVKGPMLMKGY VDNPEATRE | IDEE
35TDDKPGASGKYYPLFKAKVIDLDTKKSLGPNRRGEVCVKGPMLMKGY VNNPEATKEL IDEE
364EFKLGAYGKYYPFYSLKVLDLNTGKKLGPNERGEICFKGPMIMKGY INNPEATRELIDEE
J54EFKPGAYVGKYYPFYSLKVLDLNTGKKLGPNERGEICFTGPMIMKGY INNPEATREI IDEE
355DDKPGAYVGKVYVPFFEAKVVDLDTGKTLGYVNQRGELCVRGPMIMSGY VNNPEATNAL IDKD
355DDKPGACGKYYPFFAAKIVDLDTGKTLGYNQRGELYVKGPMIMKGY VNNPEATNAL IDKD
335DDKPGACGKYYPFFSAKIVDLDTGKTLGYNQRGELCVKGPMIMKGY VNNPEATSAL IDKD
355DDKPGACGKYVPFFSAKIVDLDTGKTLGVNQRGELCVKGPMIMKGY VNNPEATSAL IDKD
356DDKPGACGKVYVPFFTAKIVDLDTGKTLGVNQRGELCVKGPMIMKGY VNNPEATNAL IDKD
356DDKPGACGKYYPFFAAKIVDLDTGKTLGYNQRGELCVKGPMIMKGY VNNPEATNAL IDKD

510 520 530

41 7TGWLHTGDIGYYDEDEHFFIVDRL
41 TGWLHTGDIGYYDEDEHFFIVDRL
417TGWLHTGDIGYYDEDEHFFIVDRL
417TGWMHTGD IGYYDEDEHFFIVDRL
416GWMHTGD IGYYDEDEHFFIVDRL
41TGWLHTGDIGYYDEEKHFFIVDRL
417TGWLHTGD IGYYDEEKHFFIVDRL
414GWIHSGDIGYFDEDGHVY I VDRL
414GWIHSGDIGYFDEDGHVY I VDRL
415GWLHSGD | AYWDEDEHFFIVDRL
415GWLRSGDIAYYDEDGHVFIVDRL
395GWLHSGDIAYYDKDGHFFIVDRL
415GWLHSGD I AYYDKDGHFFIVDRL
416GWLHSGD IAYYDKDGHFFIVDRL
416GWLHSGDIAYYDKDGHFF I VDRL
540 550 560

. | ) | . { .
pensyanicaddfiK SL I KYKGYQVAPAEIEGILLQHPY I VDAGYTGIPDE

1 L | . | . | L L L |
474AACELPAAGYVVATGKYLNEQI VAONFYSSQVSTAKWLRGGYKFLDE I PKGSTG

unmunsana/1-58KSL IKYKGYQYPPAELESYVLLQHPNIFDAGVAGVPDS
mingrelica’d-567 KSL I KYKGYQYPPAELESVLLOHPNIFDAGVAGVPDP
KSLIKYKGYQVPPAELESVLLQHPNIFDAGVAGVPDP
maculatat-587 KSL IKYKGYQVPPAELESVLLOHPDIFDAGYAGVPDP
KSLIKYKGYQVPPAELESVLLQHPNIFDAGVAGVPDP
ateralis/!-557 KSLIKYKGYQVPPAELESVLLOQHPNIFDAGVAGVPDP
cruciata’i-507 KSL IKYKGYQWVPPAELESVLLOHPSIFDAGVAGVPDP
pensyhvanica/1-5KSL | KYKGYQVPPAELEALLLQHPFIEDAGYAGYPDE
pensylanicat& KL | KYKGYQVPPAELEALLLQHPFIEDAGYAGYPDE
KSLIKYKGYQVAPAELESILLQHPNIFDAGVAGLPDD
distingius/1-580 KSL IKYKGYQVPPAELESILLQHPFIFDAGYAGIPDE
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47 TEAGELPGAYVYVMEKGKTMTEKEI VDYYNSQVVYNHKRLRGGYRFVDEYPKGLTG
477DAGELPGAYVYVMEKGKTMTEKEIVDYYNSQYVYNHKRLRGGVYRFVYDEYPKGLTG
477QAGELPGAYVYVMEKGKTMTEKEI VDYYNSQVVNHKRLRGGYRFVDEYPKGLTG
47 TEAGELPGAVYVMEKGKTMTEKEIVDYYNSQVYVNHKRLRGGVRFVDEVPKGLTG
476EAGELPGAYVYVMEKGKTMTEKEI VDYYNSQVVYNHKRLRGGYRFVDEVYPKGLTG
477 | AGELPGAVYVLEKGKSMTEKKVMDYVAGQVSNAKRLRGGYRFVDEVYPKGLTG
47 TVAGELPGAYYVLESGKNMTEKEVMDYVYASQYSNAKRLRGGVYRFYDEYPKGLTG
474VAGDLPGAYVYVLKEGKS ITEKEIQDYVAGQVTSSKKLRGGYEFVKEYPKGFTG
474VAGDLPGAVYVLKEGKS ITEKEIQDYVAGQVTSSKKLRGGVEFVKEVPKGFTG
475DACELPAAYVYVLEHGKTMTEKEIVDYVASQVTTAKKLRGGYVFVDEVPKGLTG
475DAGELPAAYYVLEEGKTMTEQEVMDYVAGQVTASKRLRGGYKFVYDEYPKGLTG
455DAGELPAAYYVLEEGKTMTEQEVMDYVAGQYTASKRLRGGVKFVYDEYPKGLTG
475DAGELPAAYVYVLEEGKTMTEQEVMDYVAGQVTASKRLRGGYKFVDEYPKGLTG
476DAGELPAAVYVLEEGKMMTEQEVMDYVYAGQVTASKRLRGGVKFVDEVPKGLTG
476DACGELPAAYVYVLEEGKMMTEQEVMDYVYAGQVTASKRLRGGYKFVDEVYPKGLTG

________________ P - | N, - ... - A

HKIDRKWYL S34ROMFEKHKSHKL - - - - - - - _545]
SITREILKHKPGOAKMNM- - - - - - - 5 4 B
SESI3ITREILKKPOAKDMNM- - - - - - - 5 4 8
SITREILKHKPOAKM- - - - - - - 5 4 B
S TREILKKPODSKDMN - - - - - = 5 4 8
SFIEREILKHKPOAKM- - - - - - - 5 4 F
ES2TREILKKPYASAKM- - - - - - - E 48
S I TREILKKPYAKM- - - - - - - 5 4 B
SE4HKEILIKAOK GHSKSHKAKL 5 5 =2
ST A4AHKEILIHKAOHKGHKSHKSHK AKL 5 5 2
SESREILIKAHKHKGGKSKL - - - S50
SIS REILYMGHKKSKL - - - - - - 5 4 F
S15SREI LMMGHKKSKL - - = = = = 527
ESE&SREILMMGHKKSK L - - - - - - 5 4 F
ESREILTMGOKSKL - - = = - - S48
S&EREILTMGOKSK L - - - - = 5 4 8
Fig. 1. Continued.



Bioinformatics Aanalysis of Lampyridae Family Luciferases/Biomacromol. J., Vol. 7, No. 3, 126-137, December 2021.

This analysis shows that the frequency of a number of rare
codons has been high during evolution. But other rare codons
have low frequency and some are repeated only once. Based
on some special properties of Arg, the Arg residues were
evaluated, and finally, the two residues of R533 and R536
were selected for further analysis.

Evolutionary analyses were conducted in MEGA7 [26]
and the evolutionary history was inferred using the Neighbor-
Joining method. The optimal tree with the sum of branch
length = 1.73339343 is shown (Fig. 2). The tree is drawn to
scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
Evolutionary distances were computed using the Poisson
correction method and are in the units of the number of amino
acid substitutions per site.

Bioinformatics Studies

Based on the input information, some of the rare codons
in these genes were identified. For a better analysis of these
rare codons, the 3D structures of these luciferases were
retrieved from the PDB or modeled in the I-TASSER
(Tterative Threading ASSEmbly Refinement) [39]. For

U’"U‘nw-‘Sana

pany’ uia

4
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further analysis, the situation of these residues (R533 and
R536) was precisely studied in the structure of these
luciferases. Based on the results of the modeling, these two
residues have been located in the C-terminal domain of
luciferase. Analyzing the 3D model of luciferase showed that
these three residues establish an extensive network of
hydrogen bonds with other residues (Fig. 3). A structural
review of these rare codons and hydrogen interactions
indicated that these residues may have roles in the propern
folding of these luciferases. The non-covalent interactions
between these residues were calculated by WHAT IF [31]
and PIC Web servers [40]. Docking simulation studies were
conducted in AutoDock Vina [34]. The crystal structure of
luciferases was treated as a receptor, whereas luciferyl-
adenylate was used as a small molecule ligand. The
luciferase-luciferin complex obtained from docking results is
shown in Fig. 3.

In the following, we conducted the cross-validation using
AlphaFold2 [41] and RoseTTAFold [42] and then compared
their results with those of I-TASSER. For this, we performed
the modeling process on the luciferase enzymes from the

S
%
%
%,

=l

Fig. 2. Evolutionary analyses. The analysis involved 14 amino acid sequences. All positions containing gaps and

missing data were eliminated. There were a total of 519 positions in the final dataset.
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Cratomorphus distinctus (A)

Photinus pyralis (P)

Photuris pennsylvanical6 (G) Photuris pennsylvanica40 (H)

Fig. 3. A-P) PyMOL diagram of docking situation of luciferyl-adenylate into the luciferase. PyMOL diagram showing the
interaction of luciferyl-adenylate with luciferase (Red stick: luciferyl-adenylate). Polar interactions are shown as yellow
color lines. The relative rareness of the Arg codons in these positions is shown.
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Luciola mingrelica in the AlphaFold2 (Fig. 4) and compared
the results with the models from the I-TASSER by the
superimposition of the models.

I-TASSER was ranked as the No 1 server for protein
structure prediction in CASP9 [43]. -TASSAR Web Server
generated five models for Luciola mingrelica. The best
model showed a 1.76 value for the overall C-score, Exp.
RMSD was 3.8 2.6, and 0.96 £ 0.05 value of TM-Score. C-
score is typically in the range of [-5,2], where a C-score of
higher value signifies a model with high confidence and vice-
versa. A TM-score > 0.5 indicates a model of correct
topology and a TM-score < 0.17 means a random similarity.

The results show that there is a high similarity between the
created models. AlphaFold produces a per-residue estimate
of its confidence on a scale from 0-100. This confidence
measure is called pLDDT and corresponds to the model’s
predicted score on the IDDT-Co metric. Regions with
pLDDT > 90 are expected to be modeled with high accuracy.
The pLDDT is 90.8 (ptmscore 0.856) which shows the high
accuracy of the model.

In the following, we performed the modeling process on

the luciferase enzymes from Cratomorphus distinctus in the
RoseTTAFold (Fig. 5) and compared the results with the
models from the I-TASSER.

Fig. 4. Structures modeled of Luciola mingrelica in the I-TASSER (A), AlphaFold2 (B), and Superimposition of these

models in the AlphaFold2 and I-TASSER (C).
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Fig. 5. Structures modeled of Cratomorphus distinctus in the I-TASSER (A), RoseTTAFold (B), and superimposition of

these models in the RoseTTAFold and I-TASSER (C).

I-TASSAR Web Server generated five models for
Cratomorphus distinctus. The best model showed a 1.71
value of overall C-score, Exp. RMSD was 3.9 + 2.7, and 0.95
+ 0.05 value of TM-Score. In the RoseTTAFold, the
0.0 < TM-score < 0.17 shows the random structural similarity
and 0.5 < TM-score < 1.00 shows in about the same fold [44].
RMSD, TM-score of the luciferase model from
Cratomorphus distinctus are 1.831 and 0.9606 (d0 = 8.24),
respectively. Based on the TM-score, these models from
RoseTTAFold and I-TASSER have the similar fold.

There is a diversity of non-covalent interactions in the
enzyme-substrate complex and some hydrogen bonds can be
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formed between the luciferyl-adenylate and luciferase as
reported previously [45]. Using the crystal structure P.
pyralis luciferase in the adenylate-forming conformation
bound to DLSA [46] and firefly luciferase (FLuc) in complex
with PTC124-AMP [47], the situation of these residues in
relation to the active site was investigated. This study shows
that these rare codons do not connect directly with the
substrate, but they are located in the vicinity of the substrate.
To investigate the importance of the protein folding rate in
these areas, by the %MinMax algorithm, the relative rareness
of the Arg codons in the native and mutant mRNA sequence
of luciferase was calculated (data not shown).
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DISCUSSION

Although genome diversity in codon usage has been
studied [48], it remains unknown why particular codons are
utilized rarely in protein-coding genes [49]. However,
modifying codon usage has been found to have remarkable
results [50]. Other studies that replaced rare codons with
frequently synonymous ones have diverse results, including
a decrease in a protein’s specific activity [51], a change in
substrate specificity [48,52], an alteration in the folding
pathways [53], and a decrease in protein solubility [54]. By
changing the ribosome translation rate, presumably through
the constitution of new hydrogen bonds or changes of
previous interactions, the structural rigidity has changed that
confirmed by structural analysis. Furthermore, synonymous
mutations in the methylobacterium extorquens reduce
enzyme activity in comparison to the wild-type. These
variations could be the result of altered co-translational
protein folding and/or mistranslation [49]. These findings
reveal that synonymous mutations have a visible effect on
enzyme activity, which can meet the biological and
nanotechnological needs of enzymes. Data show that we
must reconsider our ideas regarding synonymous mutations.

In this regard, the situation of rare codons in the luciferase
of the Lampyridae family was studied to obtain new insights
into evolutionary relationships. In the Lampyridae family,
more than 2000 species have been described [55]. Although
extensive studies have been conducted on luciferases, there
have been some unresolved issues [56]. Previously, we have
conducted some in silico analyses of rare codons in different
proteins [57-60]. In this regard, by in silico analysis, these
rare codons were evaluated structurally in the luciferases of
the Lampyridae family. In this study, some parameters of
codon usage were analyzed. After preliminary analysis, it
was found that despite the high similarity of the nucleotide
sequences and based on evolutionary relationships, the
Pyrearinus  termitilluminans have some fundamental
differences from the other luciferases.

In the following, the rare codons of the Arg were
identified and showed that the rare Arg codon has the highest
frequency of these nucleotide sequences. Consequently,
based on Arg properties [61,62], two Arg residues (Arg>>3
and Arg®°) were selected for further analysis. Structural
analysis shows that these Arg residues are located near the
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active site and have a wide network of non-covalent
interactions where different parts of the structures are held
together. The establishment of these bonds may be very
important for the regulation of the folding rate in the
luciferase structure. Pyrearinus termitilluminans, Photinus
pyralis, Pyrocoelia miyako, Pyrocoelia rufa, Luciola
cruciata, Photuris pennsylvanica40, Hotaria parvula, and
Lampyris turkestanicus have two rare codons of Arg.
On the other hand, Photuris pensylvanical5, Photuris
pensylvanical6, Hotaria unmunsana, Luciola mingrelica,
Cratomorphus distinctus, and Luciola lateralis have one rare
codon of Arg. Lampyris noctiluca has no rare codons in this
area. Bioinformatics investigation reveals that variations in
ribosome translation rate may affect the enzyme's folding
process. Our findings show that the ribosome translation rate
in the Arg533 and Arg533 regions of these luciferases are
different in that some have two stages of deceleration in the
ribosome translation rate, and some have one stage of
deceleration and one luciferase does not have a slowing down
stage of deceleration. These results show that the interaction
situation of this a-helix has a critical role in the final folding
of luciferases.

The structural rigidity may be altered by modifying the
ribosome translation rate, probably due to the formation of
new hydrogen bonds or a change in an existing contact.
However, our study indicates that these rare codons might
have an impact on enzyme activity and structure.
Furthermore, in many enzyme investigations that combine
site-directed  mutagenesis and codon optimization
(synonymous mutations), the reported modifications may be
attributable to optimized codons rather than mutations.
Overall, the tRNA population can explain variations in
protein characteristics [63], and additional research is needed
to interpret these findings. Our results show that although the
ribosome translation rate in this location has changed, the
situation of interactions has not been affected substantially by

the proper folding of the enzyme.
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