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ABSTRACT: Krippel-like factor 4 (KLF4) is a pluripotency transcription factor that helps in generating induced pluripotent stem cells (iPSCs). We
sequenced for the first time the full coding sequence of Camelus dromedarius KLF4 (cKLF4), which is also known as the Arabian camel. Bioinformatics
analysis revealed the molecular weight and the isoelectric point of cKLFE4 protein to be 53.043 kDa and 8.74, respectively. The predicted cKLF4 protein
sequence shows high identity with some other species as follows: 98% with Bactrian camel and 89% with alpaca KLF4 proteins. A three-dimensional (3D)
structure was built based on the available crystal structure of the Mus musculus KLF4 (mKLF4) of 82 residues (PDB: 2 WBS) and by predicting 400 residues
using bioinformatics software. The comparison confirms the presence of the zinc finger domains in cKLF4 protein. Phylogenetic analysis showed that KLF4
from the Arabian camel is grouped with the Bactrian camel, alpaca, cattle, and pig. This study will help in the annotation of KLF4 protein and in generating

camel-induced pluripotent stem cells (CiPSCs).
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Introduction
KLF4 is one of the significant reprogramming factors that
is involved in remodeling cell fate.! KLLF4 is a transcription
factor that is related to the specificity protein/Kriippel-like
factor (Sp/KLF) superfamily of gene regulatory proteins.? It
is expressed at high levels in erythroid tissues, and it is also
obtained in other tissues, most notably in the brain tissues.
The function of KLF4 has been carefully studied in normal
homeostasis, cell differentiation, and cancer formation. How-
ever, the biochemical and biophysical properties of KLF4
protein and its three-dimensional (3D) structure are not
tully understood.

The protein structure of KLF4 is characterized by
three highly conserved C, H, -type zinc finger domains
at its C-terminus, which bind to GC/GT-rich regions of

DNA in order to influence either activation or repression

of transcription.* They contain three characteristic C-C
(cysteine—cysteine): H-H (histidine-histidine) Kruppel-like
zinc fingers and recognize CACCC motifs of DNA.

Despite sequencing the whole genomes of both the
Arabian camel and the Bactrian camel®”, there is a lack of
sequencing information studies that target genes of camel. In
the present study, we sequenced cDNA and used bioinfor-
matics approaches to characterize KLF4 protein of Camelus
dromedarius, which is commonly known as the Arabian camel.
Henceforth, for easy mention, the Arabian camel KLF4 will be
referred to as cKLF4. The present study aimed to (1) sequence
the mRNA of cKLF4, (2) predict its amino acid sequence,
(3) utilize the homology-based method to identify homology
in the regulatory domains for cKLF4 and KLF4 in six difter-
ent species, (4) model and compare its predicted 3D structure
with the available mammalian homologs, and (5) construct
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the phylogenetic tree of cKLF4 with six mammalian species
using KLF4 proteins.

Materials and Methods

Ethics statement. All procedures for animal anesthesia,
euthanasia, and sample collection were carried out in strict
accordance with the recommendations by King Abdulaziz
City for Science and Technology (KACST) National Com-
mittee of BioEthics for rules of experimentation on live ani-
mals and others.?

Sample collection. Camel brain tissue was obtained from
an adult male camel, immediately after slaughtering at the
Southern Riyadh Main Slaughterhouse. Brain tissue samples
were taken from different parts of the camel brain, which was
then submerged in RNAlater solution (Qiagen) to avoid RNA
degradation, and stored at —20 °C. If not otherwise stated,
Escherichia coli strains were grown in Luria-Bertani medium
supplemented with 100 mg/mL of ampicillin.

Oligonucleotide design. Primers were
according to the data from the Arabian camel genome proj-
ect at KACST and using Primer-BLAST tool at GenBank
website (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

designed

B-Actin was used as an endogenous control. Combina-
tions between primer pairs were tested using AmplifX 1.7.1
(http://crn2m.univ-mrs.fr/pub/amplifx-dist) in order to
determine the optimized annealing temperatures to yield
specific Polymerase Chain Reaction (PCR) products repre-
senting either the full coding sequence or the partial cod-
ing sequence that was subjected to sequencing. The sequence
and amplification product length of each primer couples are
listed in Table 1.

RNA extraction and cDNA synthesis. About 50 mg
of brain tissue from male camels was homogenized in RTL
lysis buffer (Qiagen) supplemented with 1% 2-mercaptoetha-
nol. Total RNA was extracted using E.Z.N.A. kit (Omega
Bio-Tek), according to the manufacturer’s instructions. Then,
the sample was quantified at 260 nm using nanodrop spectro-
photometer (NanoDrop; Thermo Scientific), and the integrity
of RNA sample was assessed using denaturing formaldehyde
agarose gel (1%) electrophoresis. A total of 2 g of total RNAs
was reverse transcribed to single-stranded cDNA using
ImProm-II Reverse Transcription System (Promega), as rec-
ommended by the manufacturer.

PCR. Gradient PCR was performed using annealing
temperatures that ranged from 50 °C to 60 °C in a final vol-
ume of 25 uL as follows: 12.5 pL of Golaq Green Master
Mix (Promega), 5 UL of cDNA, and 1 uL of each forward and
reverse primers (5 pmol, Table 1) in a final volume of 25 uL.
adjusted with nuclease-free water. The PCR condition used
was as follows: one cycle at 95 °C for 2 minutes followed by
25 cycles at 95 °C for 30 seconds, 50 “C-60 °C for 45 seconds,
and 72 °C for 105 seconds. Final extension was carried out at
72 °C for five minutes. PCR products were analyzed by elec-
trophoresis using a 1.2% agarose gel (Supplementary Fig. 2).

DNA sequencing and prediction of amino acid
sequence. The full-length coding sequence of cKLF4 was
obtained using the 3730XL series platform Sequencer
(Applied Biosystems). cDNA fragments of 877 and 1,560 bp
were amplified by PCR using the primer couple cKLF4F1/
cKLF4R1 and cKLF4F2/cKLF4R2 (Table 1, Supplemen-
tary Fig. 2), which were then sequenced using 3730XL DNA
Sequencer (Applied Biosystems) using the same PCR prim-
ers; nucleotide sequences were determined in both forward
and reverse directions, and the sequences were analyzed using
Geneious 7.1.7 software (http:/www.geneious.com).” The
similarity of the obtained sequence was examined in the Gen-
Bank database using the BLASTN algorithm on the NCBI
BLAST server (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Multiple sequence alignment and analysis of phylo-
genetic relationship. The sequenced mRNA was translated
using Geneious 7.1.7 software, and the deduced cKLF4 amino
acid sequence was then compared with the existing sequences
in the NCBI Protein Database using the BLASTP algorithm
on the NCBI BLAST server (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). The predicted amino acid sequence of cKLF4
was used as a template to identify homologous mammalian
sequences in PSI-BLAST searches in the NCBI Protein
Database. Six homologous sequences from different mam-
mals were used for multiple sequence alignment by Clustal W
alignment using Geneious 7.1.7 software. The amino acid
sequences of KLF4 from camel and other mammalian species
were aligned, and a phylogenetic tree was constructed using
BLOSUMSG62 matrix.

Secondary and 3D structures of cKLF4 protein. The
secondary structure of cKLF4 was predicted using Geneious
7.1.7 software, while the 3D structure was predicted using

Table 1. List of primers used for the amplification and sequencing studies.

PRIMER COUPLE PRIMER PRIMER SEQUENCE PRODUCT (bp)
Internal Primer cKLF4F1 CTCCTGCCTCTGCTCCCTAC 877
cKLF4R1 GGAGACAGCCTCCTGCTTG
Full-Coding Region cKLF4F2 TGGCCCTCTCTCTAACTCCT 1560
cKLF4R2 GCCTCTTCATGTGTAAGGCG
Camel-B-Actin F GATATTGCTGCGCTCGTGGT 1139
Camel-B-Actin R TGGAACGTAACTAAGTCCGCCT
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Annotation of KLF4 protein

SWISS-MODEL server based on homology structure
modeling!® and Protean 3D (Lasergene 12; DNASTAR).

Globular and disordered regions in cKLF4 protein.
In order to identify ordered globular and disordered regions
of cKLF4 protein, we used GlobPlot 2.3 server!! at globplot.
embl.de website. The Russell/Linding set was chosen in which
structures of o-helices and B-sheets are assigned as globular
regions (GlobDoms), whereas random coils and turns struc-
ture as disordered regions (Disorder).

ANCHOR analysis. In order to predict binding sites
within disordered regions of cKLF4, ANCHOR web server!?
at http://anchor.enzim.hu has been used. A list of all the soft-
ware programs and websites used for the analysis is provided

in Table 2.

Results

Sequence identity of cKLF4. The similarity of the
obtained sequence was examined in the GenBank database
using the BLASTN algorithm on the NCBI BLAST server
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The cKLF4 ¢DNA
sequence encoded a cKLF4 protein of 501 amino acids. The
nucleotide BLAST analysis for cKLF4 mRNA showed that it
shared high identity (99%-86%) with the KL F4 mRNAs from

Table 2. List of software programs and websites used for the
analysis.

FUNCTION WEBSITE AND SOFTWARE

To search nucleotide http://www.ncbi.nIm.nih.gov/nuccore/
sequence

To find conserved Geneious 7.1.7 software

sequence

To find open reading frame  Geneious 7.1.7 software

To analysis amino Geneious 7.1.7 software

sequence

To analysis identity http://blast.ncbi.nlm.nih.gov/Blast.cgi
of amino acid

To predict 3D http://swissmodel.expasy.org/Protean
structure

To identify ordered 1) globplot.embl.de

and disordered 2) http://www.disprot.org/

regions metapredictor.php

To search potential binding  http://anchor.enzim.hu
sites in disordered regions

other mammals: 99% with alpaca (Vicugna pacos), 98% with
wild Bactrian camel (Camelus ferus), 94% for cattle (Bos faurus),
93% with pig (Sus scrofa), 89% with human (Homo sapiens), and
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TG CTGTCAGCGACECACTECTCCCTCCTTCTCCACGTTCRCETCCGECCCGGCGaAAGGEAGMEACACTECETCCAGCAGGTCCCCAATAATETGAGTETTECCCCEGACCETCGAMCCTCCAGTEGE
ONEN A D AN P S F ST OFCASEGHEPATGIRMEK THMR PIATGIA PINTNNE S MAA PEGIR R K PP WA
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CTTCTOTGGGTECGCGACCTECCTACCEACCTEGAGAGCE L( CAGTC LTuCJuCTT CAGTEGCAGCAACCCGECECTCCTACCCCGEAGGAGACGEAGCAGTTCATCATCTCCTCRACCTEGACTTTATTC
BF CEGIW A TINAA T EONMMNEN § FGTGTAVATGT A A C SHGE S NI P A MMNN P R AN T NENNEN P N EDOMDMSNDONNDY F
280 290 300 310 320 330 340 350 360 370 380 390 400 410

TCTCCAACTCGCTCTCCCATCAGEACTCAGTGGCCECCACTCTGTCCTCATCGCATCAGCCTCATCCTCGTCTTCCCCGTCGAGCAGCGETCCTECCAGTGUGCCCTCCACCTECACCTTCAGCTATCCAATCCGS
SOENES IS A S MATAT TS S STACSTAS S S S S PSS SHGHPIATSAPISTCSFISY PHER

420 430 440 450 460 470 480 490 500 510 520 530 540
BCC6G60CEACCCECECETGACGCCEGACARCACEGUGACARCCTECTCTATGTCCEGAATCTGCACCTCCTCCCACAGCTCCCTTCACCTEGCSGACATCARCGACGTGAGCCCCTCAGECAGCTTCGTEGC
A TGTGIDN P IGTAVAA PGS T GG S MMM Y CGTRMENS AP PP TIAP FUNN A CDUNNNTEDWAS P oS TGEGHF A
550 560 570 580 59 600 610 620 630 640 650 660 670 680
(6 AG CTCCTLA CCCuAATTL SACCCAGTG TACATTCC [C SCAGCAGCCECAGCCE CCACuTuuCLJ CTGATG ffAAuTTT‘ TECTGARGGCTTCTCTGAGTGCCCCTGACAGCGAGTACGECAGECCETCRG
I R P NSO P OO VNN PP NOMNQN P QNP P GEK MM A SHMS APiGISEEYGS P oS
690 700 710 720 730 740 750 760 770 780 790 800 810 820
TCATCAGTGTTAGCAAGGCAGCCCGACGECAGCCACCCEGTRETGETARCECCCTCAGCGLGARCCGLCECGEATOTCCCCAGATCAAGCAGGAGCTETCTCCTCETECACCETCRGTCAGCCCCTAGAA
VORI S IS KRGY S P DRGNS FHA P DVAVAVEA P S SEGTGIP P RMMNC P KMNKTOMMANES S C TNAGIR P NN
830 840 850 860 870 880 890 900 910 920 930 940 950
CCCACTTCGCACTGGACCCCCTCTCAGCAATEGCCACCEECCGCCTCACACGACTTTCCCCTGGGCGGCAGCTCCCAGCAGEACTACCCCCCCCTAGGTECCAGGAACTGLTE ALCA‘ CA SGGACTGTCA
A"NHNMNNGY T NGE P P NN S UNVNGMSHN R P P ATNHMNDN F P DNNGR R NQMNN P SR T T P CATIINGE AN S S RHDNC W
960 970 980 90 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090
TC(TGCC(TE(CE(TCCCCCCEEGTTTCCATCCCCA(C((EEECCCAACTAC((A((CTTCCTECCCGACCAEATECACCCGCAGET(C(GCCGCTCCATTACCAAGCTCAGT(CCGCEEATTCATAGTT(EGGCTG
0P CA'N PN P PG NHE PN PRGEPENTY P o F NN P DDNSQUMNTON P FQWVA PP MNHA Y FOMTGRQN S R NGY F MM R AN
1100 14110 1120 1,930 1,140 1150 1,960 1170 1,180 1190 1,200 1210 1220 1230
‘AJCCULCAT TACTG b(CCTTAJ GGCACH C’ SARTCATG CT AC((CA(CTTCTTCAC(CCTAJAUUCAT C[AC(CLJTTCCT (AT\J(C\JCA GAGCCCAAG C(AAA[ALLWLA SAAGCTCETCG (C(
_PC-YWP-AR_TPPSSP_ PEGES C NN P NENNEM P KT PIKCREGIR R S WP
1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350 1360 12370
COCAARAGGACEGCCACTCACACTTCTGATTATECAGGCTETGGCARARCCTACACGAAG AJTCTCAT(TCAAu CACACCTCCAACCCACACAGGTCACMACCTTACCACTGTGACTEGEATGGCTETGEATG
ROKR TOATEHIT CHDNY ATGECRGIK T ¥ 70K S S NHOMM K A CHOMM R T FHI 7 CGEMEN K P Y BHA C BN W RDRGH C MGT W
138 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1,500 1,506
GARCTTTGCCCCCTCAGATGAACTGACCAGGCACTACCGCAAACACACCAGGCACCLCCCCTTCCAGTGCCAGAAGTGCRACCRRGCTTTTCACGGTCCCACCATCTCECCTTACACATGAAGAGGCACTTTTAA
K°F CACR S CONMENNN T RUHEY ROKTHITFGWHER P oFRQUCEQTK CEDNR AF S RS EDNOHEMN A MNCHOM K R FHY P ER

Figure 1. Complete nucleotide sequence encoding cKLF4 and its predicted amino acids. *Is the termination codon.
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86% with house mouse (Mus musculus). The complete sequence 0.057

consisted of 1,506 nucleotides (Fig. 1) and represents the first
cKLF4 ¢cDNA sequence. It has been reported that the whole 0.03

A
genomes of Arabian, Bactrian, and Alpaca camels consist of 4 :u:
28.4%, 30.4%, and 32.1% repeat sequences, respectively, lower 0.002 ¥
by ~10% than human (46.1%) and cattle (42.5%), which makes w
it easier to identify a particular gene within camelid genomes '
than other species.” fﬂ

Multiple sequence alignment and phylogenetic anal-

ysis. Comparison of the predicted amino acid sequence of
the whole cKLF4 protein and most similar sequences from
six species (Table 3) using the BLASTP algorithm on the

NCBI BLAST server (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) indicated relative percentage identities (98%-83%)

as follows: 98% for C. ferus, 93% for S. scrofa, 89% for Ax
V. pacos, 87% for B. taurus, 89% for H. sapiens, and 83% for Figure 3. The rooted phylogenetic tree of cKLF4 and other six species.
M. musculus (Fig. 2).

The phylogenetic tree for the predicted amino acid alpaca, and Bactrian camel and separated in the early evolution
sequence of whole cKLF4 protein and six of the mostly simi- from human and mouse.
lar mammalian KLF4 is shown in (Fig. 3). Our result revealed Domains and structure analysis of cKLF4 protein.

that cKLF4 is grouped together with KLF4 from pig, cattle, C,H ~type zinc finger domains. C-terminus of KLF4 protein is

Table 3. Comparison of cKLF4 protein and other KLF4 proteins from various, mostly similar, mammals.

SPECIES (REF. SEQ) NUMBER OF AMINO ACIDS COVERAGE IDENTITY
(%)
Camelus ferus (Bactrian Camel) XP_006180844 475 90% 0.0 98%
Vicugna pacos (Alpaca) XP_006213443 485 100% 0.0 89%
Bos Taurus (Cattle) NP_001098855 477 100% 0.0 87%
Sus scrofa (Pig) AAY16111 510 100% 0.0 93%
Homo sapiens (Human) AAH30811 504 100% 0.0 89%
Mus musculus (Mouse) AAH10301 474 100% 0.0 83%

Note: The comparison included number of amino acid residues, percent identity, and E-value.

1 10 20 30 40 50 60 70 80 90 100 110 120 130

Identity I T 1 T | S 1

1. Arabian Camel MAVMISDABEPSFS TFASGPAGREK THR PAGAPNN--------- VISWA PGRRK PPVIGF CGWA TWA TDINEIS GGVGAA CSGSN PAIEP R REITEEF NDIEDED F IES NS HSH- QESVAATWSS SASASSSSSPSS

2 Alpaca MAVISDABEPSFS TFASGPAGREK THR PAGAPNNR - WRIEENES HMKR PP VINPGR P YDINAAA TVA TDINEIS GEVIGAA CSGSN PAIMEP R RETEEF NDEEDED F IS NS HSH- OBSVAATUSSSASASSSSSPSS

3. Pi ig MAVISDABEPSFS TFASGPAGREK TER PAGAPNNRWR EIBIES HIK QR EPPVIEPGR P YDIAAA TVA TDISEIS GGVGAA CGS SN PABEPRRETEEF NDEEDEDF IES NS BSH- QBSVAATVSSSASASSSSSPSS

4. Cattle MAVSDABEPSFS TFASGPAGREK THR PAGAPNNR - WRIEENNS HMKR BPPVIEPGR P YDIEAA A TVA TDIEEIS GGVGAA CG'S SN PAINP R REITEEF NDEEDED F IS NS BSH- QBSVAATUSSSASASSSSSPSS

5. Mouse MAVISDABEPSFS TFASGPAGREK THR PAGAP TNR - WRIEBENIS HMKR B P - PHPGR P YDIAA T - VA TDINEIS GGAGAA CS SNN PANEAR REITEEF NDEEDED F IS NS HTH- QBSVAATYTTSASASSSSS PAS

6. Human MAVSDABEPSFS TFASGPAGREK THROAGAPNNR - WRIEENNS HKR WP PVINPGR P YDINAAA TVA TDIEIS GGAGAA CGGSNEAPHPRRETERF NDEEDED F IS NSHTHP PEISVAATUSSSASASSSSS PSS

7. Bactrian Camel MKREPPVIIPGR P YDIAAA TVA TDIES GGVGAA CS GSN PALNPR REITEEF NDIUDEDF IS NS BSH- OBSVAATYSS SASASSSSS PSS
140 150 160 170 180 190 200 210 220 230 240 250 260

Identity [ § § ¢ E®F s 5wy s s HE

1. Arabian Camel SGPASAPSTCSFSYPERAGGDPGVA PGS - TGGSMEYGRESAPPPTAPFNEADINDVS PSGGF VABEER PEEDPV YIP PQOPOPPGCCEMGK FVNKASESAPGSHEYGS PSWESVISKGS PDGS -

2. Alpaca SGPASWPSTCSFSYPERAGGDPGVAPGS - TGGS MEYGRESAPPPTAPFNEADINDVS PSGGFVAREER PENDPV YIP POQPOPPGGCEMGK FVNKASHSAPGSHYGS PSVISVIGKGS PDGS

3. Pig SGPASAPSTCSFSYPEIRAGGDPGVA PGS - TGGS EYGRESAPPPTAPFNEADINDVS PSGGF VAREER PEEDPV YNP POOS QP PCGGGEMGK FVKASESAPGSHYGS PSVWHSWISKGS PDGS

4. Cattle SGPASAPSTCSFSYPIRAGGDPGVAA PGGAGGGENYGRESAP P PTA PFNEADINDYS PS GG F VABEER PEEDPV YIP POOPQ PP GCCENGK FVMKASES APGSHYGS PSVHSVSKGS PDGS - -

5. Mouse SGPASAPSTCSFSYPIRAGGDPGVAASN - TGGGEEYSRESAPPPTAPFNEADINDVS P! VABEER PEEDPV YIP POQPOPPGGGEMGK FYMKASHT TPGSHYSS PSVWISVSKGSPDGS - -

6. Human SGPASAPSTCSFTYPERAGNDPGVAPGG - TGGGENYGRESAP P PTA PFNEADINDYS PSGGF VAREER PEEDPV YIP POQPOP P GK FYIKASHS APGSHYGS PSYSWISKGS PDGS - - - -

7. Bactrian Camel smusns;;:grsnlu?mrﬂs ;gﬁs-xlnngnpuprgn--sPsz-yla-n-rlvlppuplnF-xAsBAuslvlsps.slsxus»msP-slpo

Identity .

1. Arabian Camel WMWAPSSGGPPRECPKIKOBAVSSC TVGR PHEAHIEG TGP PISNGHR PPARDFPEGROEP SRT T PANGABENES SRDCHPANPHP PG GPN'YP PFHPDOMOQPQVIP PIHH YOGOS RGF VR Al

2. Alpaca VAP YSGGPPRMECPKIKQEAVS S C TVGR PHEAHNG TGP PISNGHR PPARDFPHGR QNP SRT TP THGABENNS SRDCHPANPEP PG

3. Pig VVWA? YSGGPPRMC PKIKQEAVIS SC TVGR PEEABEG TGP PIHSNGHR PPAHDF PHGROBPSRT T P TEGABEEES SRDCHP APEP PG

4. Cattle VAP YSGG PPRMC PKIKQEAVIS S C TVGR PHEA HEG TGP PES NGHR PPAHDFPEGRQEP SR T T P THGABEEES SRDCHPABPHP PG

5. Mouse VVAVAP YSGG PPRMCPKEKQEAVIPS C TVS R S HEAHES AGP QS NGHR PN THDFPHGRQEP TRT T P TS PEEEENS RDCHP GEPHP PGF

6. Human VVWIAP YNGGPPRTCPKEKQEAWSSCT----- -~ HEGAGPPHSNGHR PAAHDFPHEGRQEPSRT TP THGHEENVIES SRDCHPANPHP PGFHPHPGPNYPS FPDOMOPOVIP PIH YOGQOSRGFVWARAGEPCVICH

7. Bactrian Camel| ¥WAPYSGGPPRECPKEKQEAWS S C TVGR PHEAHEG TGP PHS NGHR PPANDFPEGROEPSRT T P THGABEENS SRDCHPANPHP PGFHPHPGPN YP PFHPDOMOPOVIP PHHYQGOSRGFIVRAGEPCHYW
400 410 420 430 440 450 460 470 480 490 500 510 520

Identity Mpep———  ~ -

1. Arabian Camel| P-HGARGMMETPPSSPEEEMPPGSCHMPEEPKPKRGRRSWPRKRTATHT CDYAGICGKTYTKSS HEKAHNER THTGEKP YHCDWDGCGWK FARSDEMTRHYRKHTGHR PFOCQOK CDRAF SR S DHEABEMKREF

2. Alpaca BEMPPGSCHMPEEPK PKRGRRSWPRKRTATHT CDYAGCGK TYTKSS HEKAHER THTGEKP YHCDWDGCGWK FARSDEMITRHYRKHTGHR PFQCQK CDRAFSRS DHEANEMKRHF

3. P|g PPGSCHPEEPKPKRGRRSWPRKR TATHTCDYAGCGK TYTKSS HEKAHER THTGEKP YHCDWDGCGWK FARSDEM TR HYRKHTGHR PFQCOK CDRA F SR S DHEABHEMK R HF

4. Cattle PPGSCHPEEPKPKRGRRSWPRKRTATHTCDYAGCGK TYTKSS HEKAHER THTGEKP YHCDWDGCGWK FARSDEMITRHYRKHTGHR PFQCQK CDRAF SRS DHEABEMKRHF

5. Mouse PPGSCHPEEPKPKRGRRSWPRKRTATHTCDYAGCGKTYTKSS HEKAHBR THTGEKP YHCDWDGCGWK FARSDEMITRHYRKHTGHR PFQCOK CDRA FSRS DHEANEMKRHF

6. Human PHFGTHGHMMIETPPSS PEEEMPPGS CHPEEPK PKRGRRSWPRKRTATHT CDYAGCGK TYTKSSHEKAHER THTGEKP YHCDWDGCGWK FARSDEETRHYRKHTGHR PFQCQK CDRAFSRSDHEABNEMKRHF

7. Bactrian Came| P-HGARGHMETP PSS PEEEMPPGSCHPEEPKPKRGRRSWPRKR TATHT CDYAGICGK TYTKSS HEKAHER THTGEK P YHCDWDGCGWK FARS DEMITRHYRKHTGHR PFQCQK CDRAF SR S DHEABEMKREF|

Figure 2. Amino acid sequence alignment of cKLF4 protein with KLF4 proteins of six species. The alignment was generated with Geneious 7.1.7 Multiple
Sequence Alignment software. Residues were color coded according to their conservancy.
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Figure 4. Three highly conserved C,H,-type zinc finger domains of cKLF4 protein aligned with those from other species.

characterized by three highly conserved C, H, -type zinc finger
domains, which bind to GC/GT-rich regions of DNA in order
to influence activation and/or repression of transcription.* They
contain three characteristic C—-C (cysteine—cysteine): H-H
(histidine-histidine) Krippel-like zinc fingers and recognize
CACCC motifs of DNA.

Predicted globular and disordered regions in (KLF4
protein. The Russell/Linding set was chosen in which
structures of o-helices and P-sheets are assigned as

globular regions (GlobDoms), whereas random coils and
turns structure as disordered regions (Disorder). Residue
ranges for disordered regions (blue) and globular regions
(green) are shown at the bottom of the graph (Fig. 5).
Furthermore, we used JRONN method,'>* which is
based on regional order neural network (RONN) anal-
ysis method using Protean program (Lasergene 12;
DNASTAR) in order to predict disordered regions of
cKLF4 (Fig. 6).
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Figure 5. GlobPlot analysis. Blue boxes are disordered regions and green boxes are ordered regions in cKLF4 protein.
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Figure 6. The disorder (JRONN) method predicts disordered regions of cKLF4 protein. The value is between (0.3, 1.0), where disordered regions are
separated from ordered one, regions with values above 0.5 are considered as disordered, and those below 0.5 are ordered regions. Disordered regions
are labeled orange boxes. Disorder predictions for 501 amino acids of cKLF4.

c
£ bev

3 VL3 7
o VLXT |
2

'c -
1S

) |
°

1

° p—
2

t e
g |
e H |
o 0 AN, i i i i i iV P VNI ! i i

L 0 50 100 150 200 250 300 350 400 450 500 550 600

Residue index

Figure 7. The green line is disorder prediction from P-FIT; blue line is prediction of VSL2B; the red line is prediction of VL3; and the gray line is the

prediction of VLXT.

We also used four different predictors in order to
determine ordered (structured) and disordered (unstructured)
regions within cKLF4 protein (Fig. 7). These predictors are
VLXT,® VL3, VSL2B,* and P-FIT,"” which use amino
acids sequence as inputs and give a structure order or disorder
as output.

In order to search potential binding sites in disordered
regions of cKLF4 protein, we used ANCHOR algorithm!®

at (http://anchor.enzim.hu). (Fig. 8) Shows 11 potential
binding sites within ¢cKLF4 proteins (blue boxes) as follows:
1-14, 46-55, 83-96, 129-138, 150-156, 167-193, 206-219,
227-232, 256-280, 291-326, and 354-379. VLXT predictor
and ANCHOR-indicated binding sites are often completely
or partially overlapping with each other. Eight of 11 poten-
tial binding sites from ANCHOR predictor overlapped with
VLXT predictor (Figs. 7 and 8).
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Figure 8. ANCHOR plot. Prediction of protein-binding regions in disordered cKLF4 protein. Blue boxes are binding regions.
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Another server used for predicting intrinsically
unstructured/disordered region of cKLF4 is Intrinsically
Unstructured Proteins (IUP) server red line, as shown in
(Fig. 8). Regions above 0.5 thresholds are predicted as dis-
order. Based on the assumption by IUP, the sequences do
not fold due to their inability to form sufficient stabilizing
interresidue interactions, which classified cKLF4 protein as
an unstable protein. Moreover, we examined the stability
and instability of cKLF4 using the approach of Guruprasad
et al.”’, which revealed that most of the cKLF4 proteins
consisted of unstable regions (Supplementary Fig. 4).

Secondary and 3D structure modeling of cKLF4 com-
pared with mouse KLF4. The prediction of the secondary
structure of cKLF4 was done using Geneious 7.1.7 software
and compared with mouse KLF4 (Fig. 9). The predicted struc-
ture suggested that cKLF4 protein is almost the same like
mouse counterpart. The predicted structure also suggested
that cKLF4 protein is composed of 12 a-helices, 29 B-sheets,
58 coils, and 49 turns.

The main secondary structure elements were three zinc
finger domains of both cKLF4 and mKLF4 encompassing
residues 418-501 and 395-474, respectively. We generated de
novo 3D model of cKLF4 protein (Fig. 10). The 3D predicted
structure of the cKLF4 protein predicted the N-terminus to be
unfolded. It still stays ambiguous that which C-terminal part
of the remaining Klf4 protein is responsible for the observed
induction of self-renewal and inhibition of differentiation. The
quality of the predicted structure of cKLF4 and mouse KLF4
was TM-score = 0.40 and 0.32, respectively. TM-score has
the value in [0, 1], in which the value 1 indicates a perfect
match between the two structures.

Similarities between structure of cKLF4 and mouse
KLF4. The similarities between cKLEF4 and mKLEF4 were
studied by superimposing their structures using Protean 3D
(Lasergene 12; DNASTAR). The overall folds of predicted
cKLF4 structure at its C-terminus were highly similar to
C-terminus of mouse KLF4 (Fig. 11). The overall root-mean-
square deviation [RMSD]) between cKLF4 protein and

mouse KLF4 protein structures was 3.493.

Discussion

The predicted isoelectric point (pI) was found to be 8.74. The
N-terminal of the sequence was considered M (Met). The
chemical composition of the predicted protein is illustrated in
Figure 1 and Supplementary Table 1. The cKLF4 protein is
rich in proline (P) and serine (S) residues, which constitute
13.8% and 12% of the total amino acids, respectively. It has
been shown that transcription factors are rich in these two
amino acids.?’ The molecular analysis of the whole cKLF4 pro-
tein using the program Protean (Lasergene 12; DNASTAR)
showed that it contains 133 charged amino acids (26.5%),
133 hydrophobic amino acids (26.5%), 39 acidic amino acids
(7.7%), 49 basic amino acids (9.7%), and 130 polar amino
acids (25.9%). Moreover, the distribution of hydrophilic and
hydrophobic amino acids of cKLF4 using Eisenberg’s method
(Supplementary Fig. 3)?! showed that C-terminus of cKLF4 is
more hydrophobic than its N-terminus.

In general, the amino acid alignment of the cKLF4 pro-
tein and those from six mammalian species has shown that the
C-terminus is more conserved than the N-terminus (Fig. 2).
The phylogenetic tree showed that Arabian and Bactrian cam-
els shared a more recent common ancestor with each other
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Figure 9. The predicted secondary structure sites of the cKLF4 and mKLF4 protein sequences. Blue cylinders and red arrows indicate a-helix and

B-sheets, respectively.
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Figure 10. 3D structure models. (A) Predicted for 84 residues of cKLF4. (B) Experimental model (PDB: 2WBS) for mouse KLF4 that best matches with
cKLF4. (C) The fully predicted 3D structure model for cKLF4 protein and (D) for mouse KLF4 protein. Red regions indicate three zinc finger domains.

Figure 11. Stereo ribbon representation of the predicted 3D structure of
cKLF4 (violet) and the superimposition with mouse KLF4 (green).

than other species (Fig. 3). Arabian and Bactrian camels and
alpaca form a clade (monophyletic group) that consists of an
ancestral species. It has been estimated that the divergence

time between camels and cattle is 42.7 million years ago, and
the estimated divergence time of the ancestors of alpaca and
the two camels is 16.3 million years.” In Figure 3, branches
represent evolutionary lineages changing over time. Ancestor
of Arabian, Bactrian, and Alpaca camels exists prior to ances-
tor of cattle and pig, and time is approximately flowing from
left to right. The numbers next to each node represent a mea-
sure of support for the node (confidence level for the obtained
phylogenetic tree). These are generally given as percentages
where 100% represents maximal support. A high value means
that there is strong evidence that the sequences to the right
of the node cluster together to the exclusion of any other. We
used Bootstrap resampling, which was repeated 1,000 times
for each test, and obtained >90% confidence except for the
node clustering cattle and pig, which was 50.9%, indicating
that both cattle and pig can make clustering with any other
understudied species.
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In Arabian camel, the amino acid residues 418-501 form
the three zinc finger domains (Fig. 4). These three C,H,
zinc fingers are located at residues 418-442, 448-472, and
478-501. The two H/C links are TGEKP and TGHRP. The
degree of sequence identity in the 84 amino acids of zinc fin-
ger domains of cKLF4 to the other six understudied species
is 100%, as shown in Figure 4. Each zinc finger has a con-
served PBPo structural sequence and binds one zinc ion that is
inserted between the two-stranded antiparallel B-sheets and
the one o-helix. Each zinc ion tetrahedral coordinates to the
side chains of two cysteines at the end of the second -sheet
and two histidines in the C-terminal of the o-helix (Supple-
mentary Fig. 1). This zinc binding site increases the thermal
and conformational stability of KLLF4 domains but may not be
directly involved in its function.?223

As shown in Figure 5, the N-terminal part of cKLF4
protein is predicted to be disordered, whereas its C-terminal
part is predicted to be ordered. The cKLF4 protein contains
more disordered regions than a globular one; there are 10
predicted disordered regions within cKLF4 protein as fol-
lows: 8—47, 60-72, 110-179, 192-209, 218-257, 272-303,
318-354, 374—-410, 420—428, and 444-456, and there are
six predicted globular domains as follows: 48-109, 180—
191, 258-271, 304-317, 355-373, and 411-501. As a result,
cKLF4 can be classified as an intrinsically disordered protein.
It has been suggested that most transcription factors contain
high amounts of disordered regions, indicating that there is
an intrinsic requirement for these transcription factors to be
highly flexible, and thus to be able to interact with other pro-
teins and DNA partners.?*

In Figure 7, all amino acids/regions with disorder disposi-
tion higher than 0.5 score are predicted to be disordered. We
used four meta-predictors because they use different predictive
approaches and emphasize different features of the sequence. In
general, the graph reveals that of the 501 amino acids of cKLEF4
protein, more than 50% are in the disordered regions (above the
threshold of 0.5). The VLXT predictor (gray), whose accuracy
reached 70%?° and integrated three different predictors, clearly
shows that 11 regions within cKLF4 protein, namely, 10-20,
40-55, 85-100, 170-180, 215-225, 260-265, 290-300, 325—
335, 350-375, 425-455, and 475-501, have a higher tendency
of being structured and flanked by disordered regions. The accu-
racy of this predictor is low to predict short regions (<10 amino
acids) of disorder. However, this predictor has significant advan-
tages in finding potential binding sites in proteins.?

VL3 predictor has higher accuracy in predicting lon-
ger unstructured regions.” The predictor (red) predicts the
whole ¢cKLF4 protein to be mostly disordered except for its
C-terminal that located three zinc finger domains. Similarly,
VSL2B predictor (blue) uses the result of sequence align-
ments from PSI-blast and second structure prediction from
PHD and PSI-Pred; hence, it is the most accurate predictor.
Both VL3 and VSL2B predicted ~82% of cKLF4 protein to
be disordered.

P-FIT predictor, also known as meta-predictor, is a
combination of several individual predictors. This predictor
uses a collection of results from many individual predictors
as its input. The general trend of P-FIT predictor (green) is
very similar to VLXT predictor except at N- and C-terminal
regions in which VLXT predictor shows a stronger effect of
termini. The most differences between P-FIT and VLXT
predictors are nine sharp dips found by VLXT predictor at
AA14 (F), AA47 (F), AA96 (L), AA175 (V), AA217 (L),
AA264 (V), AA294 (F), AA365 (A), and AA487 (F); usu-
ally these dips indicate Molecular Recognition Feature
(MoRF) region within protein which in general has much
higher content of aliphatic and aromatic amino acids than
disordered regions.?® To summarize the results in Figure 7
and Supplementary Figure 5, all predictors accurately pre-
dicted the ordered C-terminal of cKLF4 protein, whereas its
N-terminal is disordered. cKLLF4 is classified as an intrinsi-
cally disordered protein.

'The sequence-to-structure-to-function concept does not
seem suitable for cKLLF4 protein since it has more disordered
than ordered regions within its structure. Little is known about
the cellular function of the different domains of K1f4 protein.
Moreover, no structural information about the DNA-binding
properties of the zinc finger domain of KIf4 proteins is avail-
able. A major problem with experimental structure (eg, X-ray
structure) is that it is restricted to what is found in the Protein
Data Bank (PDB). Many of these structures are incapable of
representing protein explicitly owing to the regions that are
cut out are disordered/unfolded or highly flexible regions of a
protein. To date, only crystal structures of related C2H2-type
zinc finger proteins are for mouse KLF4 (PDB: 2WBS) with
82 residues. The 3D structure of cKLF4 was modeled using
homology structure modeling on the Swiss model server. To
predict the 3D modeling structure of cKLF4, a 3D structure
at 2.7°A of mouse KLF4 (PDB: 2WBS), which shared 59%
sequence identity, was applied.

Our results based on full-length mRNA, homology,
read sequencing quality, and comparative genetic analysis
suggest that we have successfully achieved KLF4 mRNA in
the Arabian camel that matched known coding sequences
in other mammalian species. Our work based on com-
parative cKLF4 mRNA will have a significant impact on
induced pluripotent stem cells (iPSCs) research since we have
sequenced and described one of the reprogramming transcrip-
tional factors, which is the backbone of the iPSCs technology.
To the best of our knowledge, the data presented here repre-
sent novel Arabian camel KLF4 mRNA sequence data as well
as its 3D modeling protein, and we believe that this genetic
and structural information will become a helpful resource for
the annotation.
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