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Abstract: In this technical note, we describe analyses of more than 15,000 sequences of FK506-binding
proteins (FKBP) and cyclophilins, also known as peptidyl-prolyl cis/trans isomerases (PPlases). We
have developed a novel way of displaying relative changes of amino acid (AA)-residues at a given
sequence position by using heat-maps. This type of representation allows simultaneous estimation of
conservation level in a given sequence position in the entire group of functionally-related paralogues
(multigene family of proteins). We have also proposed that at least two FKBPs, namely FKBP36,
encoded by the Fkbp6 gene and FKBP51, encoded by the Fkbp5 gene, can form dimers bound via a
disulfide bridge in the nucleus. This type of dimer may have some crucial function in the regulation
of some nuclear complexes at different stages of the cell cycle.
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1. Introduction

About 30 years ago, an exciting adventure began in finding some correlations between
pharmacological activities of macrocyclic hydrophobic drugs, namely the cyclic peptide cyclosporine
A (CsA), and two macrolides, namely FK506 and rapamycin, which have profound and clinically
useful immunosuppressive effects, especially in organ transplantations and in combating some
immune disorders. Curiously, it has been found that these molecules bind to abundant cytosolic
proteins, which have significant potential to accelerate cis/trans isomerization of X-Pro bonds in
synthetic peptides and proteins and which are called since then peptidylprolyl cis/trans isomerases
(PPIases) [1-3]. At that time, only some fragmented information existed on the cytosolic CsA-binding
protein (Cyclophilin-A, CyP-A) and a 12 kDa FK506-binding protein (FKBP12). Research on the
immunosuppressive activities of these three molecules has, however, been rapidly advancing and has
led to an ingenious proposition that there must be additional intracellular factors whose blocking of
their enzymatic activity is the principal cause of immunosuppression. This reasoning was based on the
fact that the intracellular concentration of cyclophilin-A and FKBP-12a are too high for being totally
saturated by the immunosuppressive molecules under physiological conditions. For around 25 years,
it has been believed that the immunosuppressive activity of the CyPA/CsA and FKBP12a/FK506
complexes are due to blocking the access to the activity site of calcineurin-A /calcineurin-B/calmodulin
complex [4], which in turn causes retention of the phosphorylated form of the transcription factor
(nuclear factor of activated T cells, NF-AT) that is a key factor of transcription of some cytokines.
In contrast, the FKBP12a/rapamycin complex binds to a large kinase mTOR (mammalian target of
rapamycin) and also hinders the access to its kinase activity site [5]. Both calcineurin and TOR are
expressed in cells starting from yeasts and ending in mammalian organisms [3].
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In this communication, we present some glimpses of analyses of a very large number of sequences
of the FK506-binding proteins (FKBPs) and cyclophilins. Analyses of several thousands of sequences
that were compressed and displayed as heat-maps revealed how their functionally-crucial amino
acind (AA)-residues had evolved in disparate organisms. Consideration of these massive data in
light of some rather limited knowledge of physiological functions of PPlases and their structural
attributes allowed derivation of several novel hypothesis, which could eventually be interesting for
further investigation.

2. Materials and Methods

2.1. BLAST Searches

The non-redundant protein sequence database (NrPSD) and several genomic databases assembled
in the National Center for Biotechnology Information, NCBI (http:/ /ncbi.nlm.nih.gov) were used [6].
Database searches were made with the BLAST program, accessible via the NCBI server [7]. We used the
following inputs: 1° the entire sequences of diverse small cyclophilins and FKBPs; and 2° the PPlase
domains of large cyclophilins and FKBPs. Coherent groups of orthologs of 17 human cyclophilins
and 12 human FKBPs were obtained if the upper cutoff limit was set up to 1000 sequences. We used a
combination of in-house-made software and a manual approach for the selection of a set containing
8054 sequences of cyclophilins out of 17,000 hits and 7793 of the FKBPs out of the 12,000 BLAST hits
(Figure S1A,B, supplementary materials). Some sequences were removed, such as artificially-produced
sequence variants, synthetic sequences, sequences coming from X-ray structures, sequence fragments
and some duplicated entries. This step was extremely time consuming and accounted for about
95% of the work described in this note. Those efforts however allowed to create preliminary sets of
coherent sequences of PPlases that were processed by a series of software as it has been described in
my previous papers [8,9]. For more sophisticated applications of the described methodology, normally
we need several additional ‘purification’ cycles, which in each case requires many dozens of Seq_gen
and ClustalW executions followed by manual selection and corrections. All MSAs have the same order
of sequences as it has been supplied by BLAST.

2.2. Multiple Sequence Alignment

The sorted-out sets of sequences from BLAST [7] searches were aligned with the multiple sequence
alignment (MSA) program Clustal-1.83W [10]. Also, the MUSCLE program (EMBL-EBI) was used in
some cases [11,12].

2.3. Calculation of Some Sequence Attributes and Their Statistics

Computing procedures for hydrophobicity profiles, the overall hydrophobicity indexes (Hls),
the theoretical isoelectric points (pls) and some statistical measures such as standard deviation (o),
skewness and kurtosis of these sequence attributes were recently described [13].

2.4. A Strategy for Analyses of Large-Scale Multiple Sequence Alignments

We used the following strategy for derivation of AA changes in the MSAs of 21 FK506-like
binding domains (FKBDs) and 17 cyclophilin like domains (CLDs) that are orthologues of their human
counterparts. 1° Shannon’s information entropy Ij(A) at position j of the MSA was calculated from the

following formula:
20

Ij(x) = ) pxiLog(px)
x=1

where p,; is the probability of the appearance of amino acid residue of given type a, for example, Ala,

at position j. The fully conserved sequence position in a given MSA has I¢j(x) = 0.0 (uncertainty of

information entropy I. = 0.0) whereas the maximal value of I.;(x) may exceed 3 if scaled down to the
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natural logarithm and remains <1 if scaled down to the logarithm of base 20. Shannon’s entropy
values equal or close to zero imply that given sequence position is well conserved whereas larger
values indicate for some amino acid (AA) variability in the position. 2° We used Simpson population
diversity index (PDI) as a measure of diversity of AAs in each column of the MSA. We divided
AA-residues for the following eight physical-chemical types: (1) hydrophobic: Ala, Ile, Leu, Val; (2)
aromatic: Phe, Tyr, Trp, (3) small size: Gly; (4) special properties: Cys; (5) hydrophilic: Asn, Gln, Ser,
Thr; negatively-charged Asp, Glu; (8) positively charged: R and K. Simpson PDIs equal or close to zero
indicate that the position is occupied by AA residues with similar physical-chemical profiles whereas
values higher than average implies that the position contain AA residues of different physical-chemical
profiles. The following formula was used to calculate the Simpson PDIs, where k is the number of
types of AAs, n is the number of amino acids (AAs) residues having the given physical-chemical type
and N is the total number of AAs in the column:

Simpson DPI = 1 — {i(n(n —1)/(N(N — 1)))}

i=1

The 3° ensemble of calculated Shannon’s information entropy and Simpson PDIs for the columns
in the MSAs of each group of orthologues FKBPs, and cyclophilins, were displayed as heat-maps,
which were enriched with some pertinent information derived from analyses of the X-ray structures
of some immunophilins. Heat-maps were constructed from the templates shown in Figures 1 and 2,
which were made from the aligned sequences of PPlase domains of human FKBPs and cyclophilins,
respectively. Information entropy values and Simpson population diversity indexes calculated from
the MSAs of a given set of the cyclophilins, and for a given set of the FKBPs, were overlaid in the 2D
matrix (heat-map) whose colors were chosen with the Word package. The following coloring system
was used: for values between 0.0 and 0.25 (white); for >0.25 green; and those approaching 1 in red.
Heat-maps were created with Excel version16.16.6 (190114), which was purchased from the Microsoft
Corporation (Redmond, WA, USA). The left-side column corresponds the numeration of AA residues
in the reference matrix/template MSA, namely Figures 1 and 2.

Matrix of FEBDs from human FEBPs that was used for generation of heat-maps.

NP 000792 GVQVETISPGDGRTFPERGQTCVVHYTGMLEDGEE-FDSSRDRN———————KPFEFMLGEK
NP 004107 GVEIETISPGDGRTEFPEEGQTCVVHYTGMLONGEE-FDSSRDREN-————--——KPFEFRIGK
NP 002004 EYTESVLERGDETNEFPEEGDVVHCWYTGTLODG-TVEFDTNIQTSAKEEENARPLSEFEVGV
002005A GVLEVIEREGTGTEMPMIGDRVEVHYTGWLLDGTE-FDSSLDRE— ———DEFSFDLGE]
002005B ITRRIQTRGE-GYARKPNEGATVEVALEGYYEKD——FKLFDQ————
004108A GVLEIVEEVGNGEETPMIGDEVYVHYEGELSNGEE-FDSSHDRN—-
004108B ITRRTEREGE-GYSNPNEGATVETHLEGRCG—-G-RMFDC——"F————————
003593 GVLEDVIREGAG-DLVAPDASVLVEYSGYLEHMDRPFDSNYFRE——————

00 =] on LN = QU

9 036313 LEREETLVPGPPGSSRPVEGOVVTVHLOTSLENGTRVQEE———————

10 NP 004461 QIGVEERVDH-CPIKSREGDVLHMHYTGELE-DGTEFDSSLPQN-———---—QPFVESLGT
11 NP 851939 KEIEVLHRPEN-CSKETSEEGDLLNAHYDGYLARKDGSKFYCSRTQNE-——---GHPEWEVLGV
12 NP 057678 QVETLVEPPEPCAEPAAFGDTLHIHYTGSLV-DGRIIDTSLTR--———--—-—-DPLVIELGQ
13 NP 060416 KIEVLOEPFI-CHRETEGGDLMLVHYEGYLEEDGSLFHSTHEHNN-—---GQPIWEFTLGI
14 NP 009201A QIERRFVPDE-CPRTVRSGDEVRYHYVGTFP-DGQEFDSSYDRD——————— STFHVEVGK
15 NP 009201B QIHTYFEPPS-CPRTIQVSDFVRYHYNGTFL-DGTLFDSSHNRM-——————— KTYDTYVGI
16 NP 009201C SIENEVVPEN-CERISQSGDFLRYHYNGTLL-DGTLFDSSYSEN-—————— RTFDTYIGQ
17 NP 009201D SITSHYEPPD-CSVLSEEKGDYLEYHYNASLL-DGTLLDSTWNLG——————— KTYNIVLGS
18 NP 068758A VIERYHIPRA-CPREVOMGDEFVRYHYNGTFE-DGEKRFDSSYDRN——————— TLVAIVVGV
19 NP 068758B QVSTLLRPPH-CPEMVQDGDEFVRYHYNGTLL-DGTSFDTSYSEG——————— GTYDTYVGS
20 NP_068758C QLETLELPPG-CVRRAGAGDFMRYHYNGSLM-DGTLFDSSYSEN-—————— HTYNTYIGQ
21 NP 068758D EIRTLSRPSETCNETTELGDFVRYHYNCSLL-DGTQLFTSHDY¥G——————— APQEATLGA

Consensus . He

Figure 1. Cont.
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1 NP 000792 Q-—-EVIRGWEEGVAQMSVGORARLTISPDYAYGATG-HPGIIFPHATLVEDVELLELE
2 NP 004107 Q-—-EVIEGFEEGRAQMSLGORARLTCTPDVAYGATG-HPGVIFPNATLIFDVELLNLE
3 NP 002004 G———EKVIRGWDEALLTMSKGEFKARLEIEPEWAYGEKGQPDARIPPNARKLTFEVELVDID
4 NP 002005A G-——EVIFAWDIATATMEVGEVCHITCEKPEYAYGSAG-SPPEIFPFNATLVFEVELFEFK
5 NP 002005B GENLDLPYGLERATQRMEEGEHSIVYLEPSYAFGSVGEEEFQTPPNAELEYELHLESFE
NP _004108A G——QVIKAWDIGVATMERKGEICHLIL.CKPEYAYGSAG-SLPKIPSNATLFFEIELLDFK
NP 004108B GEDHDIPIGIDFALERMOREEQCILYLGPRYGFGEAGEKFPRFGIEPNAELIYEVTLESFE
NP 003593 D-—ITLWGMELGLLSMRRGELARFL.FEKPNYAYGTLG—CPPLIPPNTTVLFEIELLDFL
NP 036313 D-—CDVIQALDLSVPLMDVGETAMVTADSEYCYGPQGSRSPY I PPHAALCLEVTLETAV
10 NP 004461 G———-QVIEKGWDQGLLGMCEGEKRFLVIPSELGYGERG-APPEIPGGATLVEEVELLKIE
11 NP 851939 G———-QVIEGLDIAMTDMCPGEKREVVIPPSFAYGEEGYAEGKIFPPDATLIFEIELYAVT
12 NP 057678 K-———QVIPGLEQSLLDMCVGEERRAIIPSHLAYGERG-FPPSVPADAVVQYDVELIALI
13 NP 060416 L-—-EALEGWDQGLEGMCVGEEKRELIIPPALGYGEFEG——EKGEKIPPESTLIFNIDLLEIR
14 NP 009201A G———QLITGMDQALVGMCVNERRFVEKIPPELAYGHNEG-VSGVIPPNSVLHFDVLLMDIW
15 NP 009201B G———-WLIPGMDEGLLGMCVGEERIITIPPFLAYGEDG-DGEKDIPGQASLVEFDVALLDLH
1lé NP 009201C G———YVIPGMDEGLLGVCIGEERRIVVPPHLGYGEEG-RGN-IPGSAVLVEFDIHVIDFH
17 NP 009201D G-——QVVLGMDMGLREMCVGEERTVIIFPPHLGYGEAG-VDGEVPGSAVLVFDIELLELV
18 NP 068758A G———-FRLITGMDRGLMGMCVNERRRLIVPPHLGYGSIG-LAGLIPPDATLYFDVVLLDVW
19 NP 068758B G-—-WLIEKGMDQGLLGMCPGERREITITPPFLAYGEEG-YGTVIFPQASLVFHVLLIDVH
20 NP 068758C G-—-YITPGMDQGLOGACMGERRRITIPPHLAYGENG-TGDEIPGSAVLIFNVHVIDEH
21 NP 068758D N-——-EVIEGLDTGLOGMCVGERRQLIVPPEHLAHGESG-ARG-VPGSAVLLFEVELVSRE
Consensus S H . .E® : HE .1

Figure 1. Matrix of human FK506-like binding domains (FKBDs) used for the construction of the heat
map shown in Figure 3. 1— FKBP12a. 2—FKBP12b; 3—FKBP25; 4 and 5—first and second FKBDs
in hFKBP52; 6 and 7 first and second FKBDs in hFKBP51; 8—FKBP36; 9—hFKBP38; 10—FKBP13;
11—FKBP encoded by the Fkbp7 gene; 12—FKBP encoded by Fkbp11 gene; 13—FKBP encoded by the
Fkbp14 gene; 14 to 18, the FKBDs of hFKBP9; 19—22, the FKBDs in hFKBP10.

10 2? ST dT 5? GT

1 NP 066953 VNPTVFFDIAVDGEPLGRVSFELFADKVPETAENFRALSTGERG———————— FGYEGSCF

2 NP 000933 VIVEVYFDLERIG RVIFGLEFGETVPETVDNFVALATGERG———————— FGYENSEF

3 NP 000934 VITARVEFFDVRIGDEDVGRIVIGLEGEVVPETVENFVALATGERG———————— YGYEGSEF

4 NP 005720 GNPLVYLDVDANGEPLGRVVLELEADVVPETAENFRALCTGERG———————— FGYEGSTFE

5 NP 115861 MSVITLHTDVG-DIKIEVFCERTPRTCEMESRCVPQAG——————— VOWRDLGSL

6 NP:O5?143 PPNVYLETSMGIIVLELYWEKHAPKTCENFAELARRG-—————————— YYNGTEF

7 NP 005029 SNPRVFFDVDIGGERVGRIVLELFADTVPETAENFRAT.CTGEEGIGHTTGEPLHFEGCPF

8 NP_056157 EGPERVSDSAITHTSMGDIHTELFPVECPRTVENFCVHSRNG——————————— YYNGHTF

9 NP 055152 VEERGYVRLHTNEKGDLNLELHCDLTPKTCENF IRLCEKEH-—————————— YYDGTIF

10 NP 006258 TNPVVEFFDVCADGEPLGRITMELFSNIVPRTAENFRALCTGERG———————— FGFENSIF
11 NP:OOGBBB VNPVVEFDVSIGGQEVGRMEKIELFADVVPETAENFRQFCTGEFRE———DGVPIGYRGSTE
12 NP 004783 QRPRCEFFDIATNNQPAGRVVFELFSDVCPRTCENFRCLCTGERGTGKSTQRPLHYKSCLE
13 NP:0053?6 DRPQCHFDIEINREPVGRIMFQLFSDICPRTCENFLCLCSGERGLGKTTGERLCYRGSTE
14 NP 006103 SNPQVYMDIKIGNEPAGRIQMLLRSDVVPMTAENFRCLCTHERG———————— FGFRGSSF
15 NP:624311 MAVLLETTLGDVVIDLYTEERPRACLNFLELCEKI-E—————————— YYNYCLI
16 NP 005860 IQEPPTNGEVLLRKTTAGDIDIELWSKEAPRKACRNFIQLCLEA-—————————— YYDNTIF
17 NP:??5943 KHDEFVFLDICIDSSPIGRLIFELYCDVCPRTCENEFQVLCTGRAGESQ-RGIRLHYRNSTFE

L 3 .

70 80 QT lOT llT IZT

1 NP 066953 HRITPGFMCQGGDFTRHNGTGGEKSIYG EDE-NFILEHTGPGILSMANAGE

2 NP 000933 HEVIEDFMIQX FTRGDGTGGESIYG NFELEHYGPGWVSMANAGEK

3 NP_000934 HEVIEDFMIQGGDITTGDGTGGVSIYG DE-NFELEHY GIGWVSMANAGP

4 NP 005720 HRVIPSFMCQAGDFTNHNGTGGESIYG——————— SRFPDE-NFTLEHVGPGVLSMANAGE

5 NP 115861 QPPPPGFROQVFCLSLPRTGRGGNSIWG——————— KEEFEDEYSEYLEHNVEGVVSMANNGE

6 NP:O5?143 HRITEDFMIQGGDPTG-TGRGGASIYG——————— KQFEDELHPDLEFTGAGILAMANAGP

7 NP 005029 HRIIERKFMIQGGDESNOQNGTGGESIYG——————— EKFEDE-NFHYKHDREGLLSMANAGR

8 NP_056157 HRITIEGFMIQTGDPTG-TGMGGESIWG——————— GEFEDEFHSTLRHDRPYTLSMANAGS

9 NP 055152 HRSIRNFVIQGGDPTG-TGTGGESYWG——————— KEPFEDEFRPNLSHTGRGILSMANSGP

10 NP:006258 HRVIPDFVCQGGDITKHDGTGGRSIYG——————— DEFEDE-NFDVEHTGPGLLSMANQGQ
11 NP 006338 HRVIEDFMIQGGDEVNGDGTGVASIYR——————— GPFADE-NFELRHSAPGLLSMANSGP
12 NP:OO4?83 HRVVEDFMVQGGDE SEGNGRGGESIYG——————— GFFEDE-SFAVEHNKEFLLSMANRGE
13 NP 005376 HRVVENFMIQGGDE SEGNGEKGGESIYG——————— GYFKDE-NFILKHDRAFLLSMANRGK
14 NP:OOGIOB HRITPQFMCQGGDEFTNHNGTGGEKSIYG——————— EEKFDDE-NFILKHTGPGLLSMANSGP
15 NP 624311 HNVQRDFIIQTGDPTG-TGRGGESIFGQLYGDQASFFEAEKVPRIKHEKKEGTVSMVNNGS
16 NP:OOSBGO HRVVPGFIVQGGDPTG-TGSGGESIYG——————— APFRDEFHSRLRFNRRGLVAMANAGS
17 NP 775943 HRIVONGWIQGGDIVYGEKGDNGESIYG——————— PTFEDE-NFSVPHNKRGVLGMANKGR

: & & 2 * K 1.k Kk &

Figure 2. Cont.
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130 14T 150 160 170 180

NP 066953 NTHNGSQFFICTAE-TEWLDGEHVVEGEVE-EGMNIVEAMERFGS-RN-GETSEEITIADCGQLE
NP 000933 DTNGSQFFITTVE-TAWLDGEHVVEGEVL-EGMEVVREVESTETDSR-DEPLEDVITADCGEIE
NP 000934 DTHNGSQFFITLTE-PTWLDGEHVVEFGEVI-DGMTVVHSIELQATDGH-DRPLTNCSTITNSGEID
HP 005720 NTHNGSQFFICTIE-TDWLDGEHVVEGHVE-EGMDVVERIESFGS-KS-GRTSEKIVITDCGQLS
NP 115861 HNTHNGSQFFITYGE-QPHLDMEY TVFGEVI-DGLETLDELEKLPVNEETYRPLNDVHIEDITIHA
NP 057143 DTHNGSQFEVILAP-TOWLDGEHT IFGRVC-QGIGMVNRVGMVETHSQ-DRPVDDVEITEAYPSG
NP 005029 NTHNGSQFFITTVEP-TPHLDGEHVVEGQVI-EGIGVARTILENVEV-KEG-EEKPAELCVIAE

NP 056157 NTHGSQFF ITVVP-TPWLDNEHTVEGRVT-EGMEVVQRISNVEVNPETDEPYEDVSIINITVE

NP 055152 HSHNRSQFFITFRS-CAYLDEEHTIFGRVV-GGFDVLTAMENVESDPETDRPEEEIRIDATTVEV
NP 006258 NTHNSQFVITLEE-AEHLDFEHVVFGEVE-DGMDTVEEIESFGS-PE-GSVCRRITITECGQTI

NP_ 006338 STHGCQFFITCSE-CDWLDGEHVVFGEII-DGLLVMREIENVETGPN-NEPELPVVISQCGEM

NP 004783 DTHNGSQFFITTEP-TPHLDGHHVVEGQVI-SGQEVVREIENQETDAA-SKEPFAEVRILSCGEL

NP 005376 HTNGSQFFITTEP-APHLDGVHVVEGLVI-SGFEVIEQIENLETDAA-SRPYADVRVIDCGVLA
NP_006103 NTHGSQFFLTCDE-TDWLDGEHVVEFGEVT-EGLDVLRQIEAQGS-KD-GEPEQEVIIADCGEYV
NP 624311 DOHGSQFLITTGENLDYLDGVHTVEFGEVT-EGMDIIERINETEVDED-FVPYQDIRINHTVILD
NP 005860 HDNGSQFFFTLGR-ADELNNEHT IFGEVTGDTVYNMLRLSEVDIDDD-ERPHNPHETESCEVLE
NP 775943 HSNGSQFYITLQA-TPYLDREFVAFGQLI-EGTEVLEQLELVEPT-QN-ERPIHMCRITDSGDEY

T oWFE k1 .. kE g H

Figure 2. Matrix of human cyclophilin used for construction of heat-map. 1—Cyclophilin-As
(CyP-A) (cytosolic); 2—CyPB (endoplasmic reticulum (ER)-retained cyclophilin), 3—CyPC; 4—CyPF
(mitochondral cyclophilin); 5 and 6 and PPIL3A and PPIL1 small spliceosome-associated cyclophilins
encoded by the Ppil3a and Pill genes; 7—CyPD (40 kDa heat-shock cyclophilin, cytosolic);
8—cyclophilin containing WD-domains; 9—CyP58 and its orthologues; 10—325 kDa cyclophilin
associated to nuclear membrane; 11—CyP19—spliceosome associated small cyclophilin; 12—large
splicesome-associated cyclophilin; 13—large spliceosome-associated spliceosome; 14—CyP30,
spliceosome-associated; 14 to 17—spliceosome-associated cyclophilin.

Fikla  Fkib  Fied  Feda

Fidls  FiSa FaSh FkS Fidl Pl FET Ficll  Fledd  Floda  Fledb  Flede  Fledd  Felle Feddb Feidc  Feidd
OO 0045 0034 007 0,086

beta-strand

beta-strand

beta-=trand

MNuclear localization sequence
in FKEF25

Figure 3. Cont.
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Figure 3. Heat-map of the FKBPs encoded in various genomes. Fk1la and Fk1b—FKBP12a and FKBP12b,
respectively; Fk3—FKBP25; Fk4a and Fk4b, N-terminal and C-terminal FKBDs in FKBP52; Fk5a and
Fk5b, as above for FKBP51; Fk2, Fk7, Fk11, Fk14 correspond to endoplasmic reticulum specific FKBPs,
namely FKBP13, FKBP23, FKBP19, and FKBP22, whereas Fk9a, Fk9b, Fk9c and Fk9d as well as Fk10a,
Fk10b, Fk10c and Fk10d correspond to the four FKBDs starting from the N-terminus of FKBP63
and FKBP65.

2.5. Analyses of Crystallographic Structures

X-ray structures were drawn with the PyMol program, which was purchased from the Schrodinger
Company [14]. Some X-ray structures of the cyclophilins and FKBPs were downloaded from the Protein
Data Bank (PDB) database [15].



Biomolecules 2019, 9, 59 7 of 16

2.6. In Home-Made Software

In Appendix A is given an overall presentation of sequential utilization of these three programs.
In Figure S2A (supplementary materials) we give the source code in Fortran 77 for a short program
named Data_gen that can transform flat GenBank entries downloaded from BLAST searches into
database of sequences. It generates several other files, such as data.rem (summary of entries), data.fas
(sequences in FASTA format), data.cod (all codes of sequences arranged for further processing). In
Figure S2B we show the source code of the Seq_gen program (supplementary materials). Seq_gen
program, which takes the data.cod file with chosen sequences as the input file that contains sequences
(entire or trimmed), which are ready to the ClustalW1.83 multiple sequence alignment program
(EMBL-EBI located at the Wellcome Genome Campus in Hinxton, Cambridge, UK). It also calculates
some sequence attributes and statistics of the chosen sequences. In Figure S3 we give the source code
of the Map_display program (supplementary materials). Electronic versions of source codes and their
compiled versions on High Sierra Macintosh (10.13.6, Apple Inc., Silicon Valley, Cupertino, California,
USA.) with several examples of input modules are available from the author for persons working in
non-profit organizations. We used the Absoft18.0 Fortran compiler that was purchased from the Absoft
Company (Keego Harbor, MI, USA). The programs were executed on a MacOS High Sierra operating
computer. Also, the GNU version of Fortran 77 [16] compiler was used and its newer version Fortran
90/95 [17], thus those who cannot afford for Absoft18.0 could still compile my programs with the
publicly available software.

3. Results

3.1. FK506-Binding Proteins

Archetypal FKBD has from 10 to 12 kDa. Large FKBPs are fusion proteins containing up to four
FKBDs and several different domains, such as WD40 repeats ([3-transducine repeats), tetratricopeptide
repeats (TPRs), RNA-recognition domain (RRM), and different others [18]. The FKBPs have wide
phylogenetic distribution, although their prokaryotic forms have unique domains that are not present
in the FKBPs from higher organisms [19]. A heat-map summarizing Shannon’s information entropy
values derived from 7793 sequences of the FKBDs is shown in Figure 3, whereas the heat-map
comprising Simpson PDIs is shown in Figure 54 (supplementary materials). The heat-maps do not
include the FKBDs from 135 kDa FKBP, namely FKBP15 and aryl-receptor interacting protein (AIP;
FKBP37), which have low sequence similarity with the majority of the other FKBPs.

There are several particular features of the sequence, such as red/ox disulfide bonds in all five
FKBP embedded in the endoplasmic reticulum ER-FKBPs. These ER-retained FKBPs seem to have a
better level of sequence conservation than the other FKBDs as illustrated by many white fields in the
heat-map. It could be due to their specialized activity as folding chaperones of specific sets of proteins.
The other FKBDs have a lesser level of sequence conservation, FKBP1a especially seems to have rather
divergent sequences.

Examination of the X-ray structures of human FKBP36 (3B7X.pdb) that is encoded by the Fkbp6
gene [20] revealed that it has one free surface-exposed cysteine residue, which could form a disulfide
bond with each other by linking two PPlase domains; its hypothetical structure is illustrated on
Figure 4. It is noticeable that this Cys-residue is well conserved in the FKBP36 from different phyla
(see Figure S5A,B, supplementary materials). Overall sequence similarity of the analyzed sequences of
Fkbp6s is about 53% although its distant homologue expressed in Drosophila has about 33% similar to
its human counterpart. Both proteins are indeed very hydrophobic.
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N-terminus AYG-triad
N-terminus
Figure 4. X-ray structure of the FKBD domain of hFKBP36. Cys123 (yellow) is surface-exposed and
could form intramolecular disulfide bond and give rise to a dimer as shown by an arrow. Phe residues
are in violet, Tyr are in forest color whereas highly conserved triad in the FKBPs (AYG and its variants)
is a part of the long loop linking the C-terminusb b-strand with the rest of the molecule. It is in red as
shown by an arrow.

Human FKBP51 (SOMP.pdb) that is encoded by the Fkbp5 gene [21], has three Cys-residues in
FKBD-2, but one of them, namely Cys183, is surface exposed in Figure 5. Cys183 in the second FKBD
of hFKBP51 was largely well-conserved in the FKBP51s encoded in genomes of different phyla (Figure
S6 in supplementary materials). Moreover, Cys103 and Cys107 (FKBD1 domain) and Cys176 with
Cys215 (FKBD2 domain) are well hidden in the interion of the protein.

N-terminus

FKBD1

3xTPRs

C-terminus

CBD

3xTPRs

FKBD1

Figure 5. X-ray structure of the FKBP51 with its two FKBDs and the surface exposed Cys153 in FKBD2.
FKBD1 and FKBD2 are in green with the AYG triads in red. Three consecutive tetratricopeptide repeats
(TPRs) (x-helical structures) are in deep red, blue and magenta, respectively. C-terminus forming
a long «-helix is in orange. This helix may have some affinity to calmodulin and was named here
calmodulin-binding domain (CBD).

It is considered that PPlases are, in principle, monomeric proteins that can associate with different
targets in the cell. Our analyses suggest that in some cases dimeric forms are possible, which are linked
by a disulfide bond. Such forms may function in the ER or nuclear space. It is crucial to note that



Biomolecules 2019, 9, 59 9of 16

Cys123 is very well conserved from mammals to Drosophila melanogaster. Hypothetic dimeric forms of
these two FKBPs, namely FKBP36 and FKBP51, could, however, create powerful regulatory molecules
of some nuclear events where disulfide bonds are stable. In the cytosol, FKBP51 probably exists as
a monomeric form. Surface-exposed Cys123 in hFKBP36 could form a disulfide bond and become a
crucial factor in the nuclear events related to later stages of oogensis of the germline stem cells [22]. In
fact, it has been shown that a distant orthologue of hFKBP36 is a crucial factor in germline cells during
development of Drosophila melanogaster, which was called shutdown [22]. Such a dimeric construct of
FKBP36 in the nucleus could gain a novel function by binding with both PPlases units of two different
epitopes of an entity, thereby making such entities crucial factors, which are ready for binding to some
transcriptional complexes and promoters. That would make FKBP36, beside FKBP25 [23,24], a second
DNA-binding FKBP via its association with oxysterol-binding protein (OSBP). Although both FKBD in
hFKBP36 and FKBD-2 in FKBP51 do not have PPlase activity, their hypothetical in-situ formed dimes
in the nucleus may acquire non-standard PPlase activity and participate in some crucial nuclear events.

3.2. Cyclophilins

The cyclophilins have a wide phylogenetic distribution starting from prokaryotes and ending in
mammalian organisms. Monodomain cyclophilins have molecular mass varying from 16 to 18 kDa,
whereas several multidomain proteins encoded in diverse genomes have always only one CLD, and
their masses vary from 25 to 330 kDa. An overview of the X-ray structures of the cyclophilins has been
published [25]. It shows that despite overall similar 3D structures, the cyclophilins have many unique
geometrical features that can distinguish each from the others. The physical-chemical attributes of
human cyclophilins have been recently reviewed [8] and here we describe only conservation of some
sequence and functional features derived from the heat-maps created from the matrix of the aligned
human cyclophilins (Figure 2). A total of 8054 sequences of cyclophilins from various organisms were
analyzed and displayed on a compressed heat-map. In Figure 6 Shannon’s information entropy values
for the CLDs of the orthologues of 17 human cyclophilins are shown, whereas Simpson PDIs are shown
in Figure S7 in supplementary materials.

Analyses of Figure 6 shows that the N-terminus and C-terminus segments in most of the
cyclophilins have rather low sequence conservation, but their central segments have high positional
conservation levels. hCyP157 and its orthologues (CyP157s) encoded in different genomes have the
highest sequence conservation, which can be seen as white vertical spaces in the heat-map (Figure
S8A,B in supplementary materials). Likewise, hCyP88 and its orthologues, as well as CyPBs and
CyPCs, have a good sequence conservation. Even if some sequence positions viewed in a horizontal
way have relatively low or equal to Shannon’s information entropy, several positions in this line may
have somewhat higher values. Those multiple positions of rising values (seeing in horizontal sense)
probably represent discrete conformational spaces, which permit replacement of amino acid side chain
(AA-mutation). The integrated form of such discrete conformation spaces in a given protein is the
driving force for the acquirement of functionally-diversified properties via AA-substitutions.



Biomolecules 2019, 9, 59 10 of 16

PPIL PPIB PPIC PPIF PPIL3/PPILL PPID PPWD PPIL? RAMBIPPIH PPIG NKTR PPIE PPILY CWC2 PPILG Structure
s EEENEEE oo WS oo

- 0003 003 002 003F 0003 -

- 0,015 0.0 LO0S 0,033 0019 -

032 0037 -

0 0,047 0,02 0034 0,003 -

0,047 0027 -

0,108 0,087 0025
[ 8 0.0e3 oO36

(il

B
B
B
B
B
B
B
B
B
B
B
B
B
B
L+
L+
L+
L+

0 0,003
o o018 uq
D.nszh 0,052 0,005 o
o 0 0 0,043 [
o 0 00,045 0043 o
D oo oG
0 0081 0023 0037 0003 T

0,023 0,013

Doz o003
001y 001

0,013

1 -

3z -

33 0,038 0,067
4 0,063 0,033
35 0,028 0,013
35 0,025 oo0s
37 0058 0
32 0,039 0,007 0,088

0,07
0,026 0,005
0,045 o047

aocflill o

Figure 6. Cont.

O TR D R TR RN ER TR T
[EN)




Biomolecules 2019, 9, 59 11 of 16

&7 0,048 ] 0 0,009 0 0,046 ] 0 0003 008 00 ] ]
&2 0,081 0 00357 0,009 0,003 o 0,011 0,045 0017 4
&3 0023 002 0 0,018 0.061] 0,003 0,032

0,043 ] 0 0,009 0,026 0,005 004 0 0,006 0,083 o 0008 ] o
FER 1T ] o -:l 0,025 0,003 D024 uu-us- 0,028 ] o 0037
7 0036 ] o o u.m 0,003 o 0,003 o 0,003 ] ] 0 0 o 0008
73 0,047 ] o 0 003 0 n-m'.r o 0 0,003 ] ] 0 0 o o
74 0067 n- 0 003 00 0 0,022 0073 0,003 ] 0
75 0032 0027 0017 0,003 0,035 0,04 0208 0,01
“: 0337 0236 p3se ums- 0.031
77 0063 0035 0,088 0,018 - - 0,003
72 0082 0 0,009 0, 0804 009 0,052 D085 0,044 0,023
78 0,043 ] o o n.m 0 o n.ma 0 1] ] ] 0 0,013 0 o
2o oes oos:[EENE  ofNEEEEGaid m o.00: ISR oo
21 0033 ] o 0, 0092 0005 0003 0003 o o ] 0 0,003 D003 0,005 T
2% 0053 ] o 0 0,005 0,003 0003 o 0 0,018 ] ] 0 0 o 0006 T
=: 02z EISEEEEE oo ooo: com osey o oo[[EEER oo -
24 007 0007 0 0,008 0 0005 0043 0,003 0,003 0 0037 0003 0 0,003 0,023 0,005 00T
g% 008 0,007 0,009 0022 0,038 0,053 0014 uuuu:- 0,045 0,042 0,047 ] 0,022
25 0029 0,029 0,019 0,009 0,005 0408 004 0 0,026 o 0,03 0038 0,033 0,088
27, 0,404 0007 0 0,008 o002 001 n-- 0,003 0,08 0,024 9,006
E,E. - - - - - - - - - - - - -
51 - - - - - - - -
52 - - - - - - - -
53 - - - - - - - -
54_. - - - - - - -
55 0,033 0066 0,013
57 @ o o 00019 0003 0003 0003
D oo o IR oo oo oo
53 0023 0007 o 0 0,005 o omL 0 0,008 I
100 0047 0,007 o o 1 o 0,00% o 0,033
0 - - - -
10z 0044 0 0.009
103 o
ol oc
105 0066
105 0063
107 0048
108 0043
105 0,045 0093 0,009
110 0083
221 e
113 0038
113 0034
114 0,042 o o 0,003 5
115 @055 0,007 o 0 0,017 0005 0009
115 0038 ] o 0 0,008 o ]
117 0042 0007 o oo, 0,006 [ 00303 0, 0,003 ]
s omslaosl o oose BN ove oc:s
113 0023 o o o
120 0033 0,009
131 @038 0038 0057
133 0047 0042 0,042
133 0037 ] o
=
1% 0032 ] o o
126 0,048 ] o [:} o QR
127 0,034 ] o o o008 B
128 @032 o o o omEpR &
129 0,042 0,062 o 0os  0os R
130 0048 0,028 0,008 0,043 0032 0,011 0,047 00
131 0068 0033 0 0,011 0,022 0062 DOI6 0,076
1332 0,084

Figure 6. Cont.



Biomolecules 2019, 9, 59 12 of 16

134
135
1385
137 3
138 0,023 0,007 0UO07 0 0,005 0,003 o o 0,003 o
139 0,048 0,027 0027 0,016 00898 0,047 0,003 o 0 0043 o o
140 0,034 0,044 0U018 04 0023 0,057 05 0,015
141 0,06 004 0003 0003 0033 002 0041 o
142 0,085 o o 0 0005 0,005 0.003 0 0,006 0 003 0,003 0,003
143 0,045 0,007 0,007 0 0,005 0,003 0 0027 0,086 o 0,003 0,005 0,003 B
144 0008 0,014 0U018 0 0,037 0041 0017 0,041 o o 0,014 0404 A0S 0,043 B
145 0,039 ] 0 0,008 0,028 0,003 0,003 o0 0003 0 0005 o
145 0,003 0 0,043 0,005 0 o T
147
143
143
190 - - - - - - - - - - - - - 0,021 -
151 mun_nm-mt_nm IJ-IHIEIE-
192 0 0,005 0005 0003 o : 0 007 o :
133 o a
0,041 0,025
0UOBS
00B3 0,017 0,027 E 5
a0
0,058 0047 0047 [¥]
0. 0E: ]
0,408 0,007 0007 o
K o IE.
o &
o &
o &
o &
o &
g 8
&
&
&
&

0, 0% - E 0,015 0,052
0,011

Figure 6. Heat-map of the cyclophilins encoded in various genomes. Vertical sequence alignments
(Figure S7A and vertical MSA of the cyclophilins, Figure S7B, supplementary materials) could be useful
for finding some correlations between the first column that has the numbering taken from Figures 1
and 2, respectively. The order of vertical lines is as described in Figure 2. We used the names of genes
coding each of the analyzed paralogue of human cyclophilins and its orthologues encoded in the
genomes of disparate species.

4. Discussion

In this technical note we have presented several issues on how to deal with a large number of
sequences of the multigene families of proteins, which have the archetypal sequence and various
numbers of paralogues. Shannon’s information entropy values and Simpson PDIs displayed on the
heat-maps show quantified and compressed forms of a set of MSAs, which certainly allow a better
insight into conservation of sequence positions. Due to the different mutation rates in DNA coding
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sequences, which allow the refinement of various cellular and systemic adaptation processes and
their integration in disparate organisms, the archetypal sequence has lesser sequence similarity to
some of its paralogues than to the others. This was the main reason why BLAST searches supplied
variable numbers of ‘true’ orthologues for each paralogue of human FKBPs or cyclophilins. For
example, hFKBP38 has a low sequence similarity to the other paralogues of hFKBP12a, thus the
search supplied a long list of FKBP38s encoded in different genomes (Figure S9A,B in supplementary
materials). Moreover, FKBP38 is a mitochondrial protein that is encoded in the organisms ranging
from mammals to those of a lower level of development. In contrast, searching the protein database
with the sequence of hFKBP12a supplied both FKBP12a’s and FKBP12b’s, because their sequences
are very similar. Some of the other FKBPs, such as those expressed in the ER, supplied comparable
numbers of ‘true’ orthologues (between 300 and 400) encoded in different genomes. This would imply
that essentially all available data coming from genome sequencing projects have been found by BLAST.

The heat-maps summarize the level of conservation of sequence positions (Shannon’s information
entropy values) and physical-chemical character of amino acids (Simpson PDIs). However, such
massive amounts of data illustrate only overall conservation of positions in sequences coming from
disparate organisms that may have little to do with each other, especially in the evolutionary manner.
For a better insight into conservation of sequence positions in a given set of orthologues, we recommend
analyses for coherent small evolutionary-related groups of organisms; it could be more interesting
to analyze variations of amino acid positions for mammalian sequences or sequences coming from
disparate arthropods, or other closely related sets of organisms.

Research on the immunophilins started from seminal discoveries linking immunosuppression
caused by CsA, FK506 and rapamycin with the capacity of these molecules to form ternary complexes
immunosuppressor/immunophilin/(target kinase (TOR) or calcineurin (phosphatase) [1-5]. There are
very few examples how cis/trans isomerization of X-Pro bonds influence diverse cellular processes.
Cis/trans isomerization of X-Pro epitopes is easy to be made under in vitro conditions using different
PPlases and tagged short peptides having X-Pro epitope. Under in vivo conditions we could only
assume that PPlases are catalysts for certain X-Pro bonds and by virtue of that they may control some
crucial cellular processes. For example, it has been shown that mixed lineage leukemia 1 (MLL1) protein
PHD3-bromo cassette connects H3K4me (lysine modification of histone 3) readout to isomerization of
Pro residues by CyP33 (PPIE) and histone deacetylase (HDAC)-mediated repression [26,27].

The presence of some immunophilins in various cellular compartments [8,28] implies that they are
involved in various discrete interaction networks that control many systemic processes. Hypothetical
dimerized forms of some immunophilins such as human FKBP36 could have gain analogous function
to that of signal transducing adaptor proteins (STAPs) and may be crucial for transcription of certain
genes. This distant orthologue of shutdown is encoded on chromosome 6 and is a part of long DNA
segment including 11 genes, which is deleted in Williams syndrome [29]. It is involved in chromosomal
pairing during meiosis [30] and also interacts with oxysterol-binding protein (OSBP) [31]. FKBP51
could be considered as part of vesicular transport adaptor that shuttle proteins from one cellular
localization to another such as from mitochondria to nucleus [28].

Here we briefly discussed several novel issues concerning highly conserved sequence features,
some of which may have a crucial impact on the diverse multifaceted activities of PPlases. Our
discussion remains as a set of hypotheses, but probably some of them will be verified in the near future.
Certainly, for such a massive number of sequences there is an amount of information that remains
hidden. Those hidden mysteries would be unraveled if there could be some real progress in research
on PPlases and their multiple functions in various organisms.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/2/59/s1,
see Figure S1A,B have the numbers of the FKBPs and cyclophilins analyzed in this note. Figure S2A displays
the source code of Data_gen. Figure 52B has the source code of Seq_gen. Figure S3 has the source code of
Map_display. Figure S4 has the heat-map for the FKBPs (Simpson PDIs). Figure S5A contains the MSA of the
orthologues of human FKBP36 whereas Figure S5B keeps the names of the aligned sequences. Figure S6 has MSA
of FKBD2 orthologous to human FKBP51 (Fkbp5). Figure S7 has the heat-map of the cyclophilins (Simpson PDIs).
Figure S8A has the MSA of sequences orthologous to the CLD of human CyP157 whereas Figure S8B keeps the
names of the aligned sequences. Figure S9A has the MSA of sequences orthologous to human FKBP38 (Fkbp8) and
Figure S9B keeps the names of the aligned sequences. Figure S10-MSA of more refined sequences orthologous to
human FKBP36 (Fkbp6). There are also two data-files that contain vertical MSA of the FKBPs and the cyclophilins,
which could be useful to confront with the heat-maps.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

Non-redundant protein
sequence database (NCBI)I

Blast

Flat GenBank entries

RCSB Fllter—outlfStansﬂcs

Data gen
Database of sequences
and their statistics

Analyses of X-ray structures
Seq_gen |
Surface accessible AAs
sy ? . - SA MSA template of human PPlases
Inhibitor/substrate interactions gl and the MSAs of each of their orthologues

Intramolecular interaction Map_display |
patterns (2D maps) =

Shannon'’s entropy Template-driven compression of MSAs
Simpson PDI N Vertical form of master MSA
Evolutionary trace

Heat-map generation

Analyses of sequence positions

Horizontal divergence/conservation

Figure A1. Overall schema of programs used in this note.

References

1. Schreiber, S.L. Chemistry and biology of the immunophilins and their immunosuppressive ligands. Science
1991, 251, 283-287. [CrossRef] [PubMed]

2. Sigal, N.H.; Dumont, E]J. Cyclosporin A, FK-506, and rapamycin: Pharmacologic probes of lymphocyte
signal transduction. Annu. Rev. Immunol. 1992, 10, 519-560. [CrossRef]

3. Galat, A,; Riviere, S. Peptidyl-Prolyl Cis/Trans Isomerases: Immunophilins; Oxford Univeresity Press: Oxford,
UK, 1998.

4. Liu, J.; Farmer, ].D., Jr.; Lane, W.S.; Friedman, J.; Weissman, I.; Schreiber, S.L. Calcineurin is a common target
of cyclophilin-cyclosporin A and FKBP-FK506 complexes. Cell 1991, 66, 807-815. [CrossRef]

5. Brown, EJ.; Albers, M.W.; Shin, T.B.; Ichikawa, K.; Keith, C.T.; Lane, W.S.; Schreiber, S.L. A mammalian
protein targeted by Gl-arresting rapamycin-receptor complex. Nature 1994, 369, 756-758. [CrossRef]
[PubMed]

6. Wheeler, D.L.; Barrett, T.; Benson, D.A.; Bryant, S.H.; Canese, K.; Chetvernin, V.; Church, D.M.; Dicuccio, M.;
Edgar, R.; Federhen, S.; et al. Database resources of the National Center for Biotechnology Information.
Nucleic Acids Res. 2008, 36, D13-D21. [CrossRef] [PubMed]


http://www.mdpi.com/2218-273X/9/2/59/s1
http://dx.doi.org/10.1126/science.1702904
http://www.ncbi.nlm.nih.gov/pubmed/1702904
http://dx.doi.org/10.1146/annurev.iy.10.040192.002511
http://dx.doi.org/10.1016/0092-8674(91)90124-H
http://dx.doi.org/10.1038/369756a0
http://www.ncbi.nlm.nih.gov/pubmed/8008069
http://dx.doi.org/10.1093/nar/gkm1000
http://www.ncbi.nlm.nih.gov/pubmed/18045790

Biomolecules 2019, 9, 59 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Altschul, S.E; Wootton, ].C.; Gertz, EM.; Agarwala, R.; Morgulis, A.; Schaffer, A.A.; Yu, YK. Protein database
searches using compositionally adjusted substitution matrices. FEBS ]. 2005, 272, 5101-5109. [CrossRef]
[PubMed]

Galat, A. Peptidylprolyl Isomerases as In Vivo Carriers for Drugs That Target Various Intracellular Entities.
Biomolecules 2017, 7, 72. [CrossRef]

Galat, A. On transversal hydrophobicity of some proteins and their modules. J. Chem. Inf. Model. 2009, 49,
1821-1830. [CrossRef]

Larkin, M.A.; Blackshields, G.; Brown, N.P; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, E;
Wallace, LM.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X Version 2.0. Bioinformatics 2007, 23,
2947-2948. [CrossRef]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids
Res. 2004, 32, 1792-1797. [CrossRef]

Edgar, R.C. Quality measures for protein alignment benchmarks. Nucleic Acids Res. 2010, 38, 2145-2153.
[CrossRef] [PubMed]

Galat, A. Multidimensional drift of sequence attributes and functional profiles in the superfamily of the
three-finger proteins and their structural homologues. J. Chem. Inf. Model. 2015, 55, 2026-2041. [CrossRef]
[PubMed]

Schrodinger, L. The PyYMOL Molecular Graphics System. 2010. Available online: https://pymol.org/
(accessed on 21 December 2018).

Berman, H.M.; Henrick, K.; Nakamura, H.; Markley, J.L. The worldwide Protein Data Bank (wwPDB):
Ensuring a single, uniform archive of PDB data. Nucleic Acids Res. 2007, 35, D301-D303. [CrossRef]
[PubMed]

Press, W.H.; Flannery, B.P.; Teukolsky, S.A.; Vettering, W.T. Numerical Recipes—The Art of Scientific Computing;
Cambridge University Press: Cambridge, UK, 1986.

Chapman, S.J. Fortran 90/95 for Scientists and Engineers; McGraw-Hill: Boston, MA, USA, 1998.

Galat, A. Functional diversity and pharmacological profiles of the FKBPs and their complexes with small
natural ligands. Cell. Mol. Life Sci. 2013, 70, 3243-3275. [CrossRef] [PubMed]

Galat, A. Sequence diversification of the FK506-binding proteins in several different genomes. Eur. |. Biochem.
2000, 267, 4945-4959. [CrossRef] [PubMed]

Walker, J.R.; Davis, T.; Butler-Cole, B.; Paramanathan, R.; Weigelt, J.; Arrowsmith, J.C.; Edwards, A.M.;
Bochkarev, A.; De-Paganon, S. Human FKBP 6 Protein. 3B7X.pdb in Brookhaven Structural Database; Structural
Genomics Consortium (SGC): Oxford, UK; Toronto, ON, Canada, 2007.

Kumar, R.; Moche, M.; Winblad, B.; Pavlov, PF. Combined X-ray crystallography and computational
modeling approach to investigate the Hsp90 C-terminal peptide binding to FKBP51. Sci. Rep. 2017, 7, 14288.
[CrossRef] [PubMed]

Munn, K.; Steward, R. The shut-down gene of Drosophila melanogaster encodes a novel FK506-binding protein
essential for the formation of germline cysts during oogenesis. Genetics 2000, 156, 245-256. [PubMed]
Galat, A.; Thai, R.; Stura, E.A. Diversified targets of FKBP25 and its complex with rapamycin. Int. |. Biol.
Macromol. 2014, 69, 344-352. [CrossRef]

Thapar, R. Roles of Prolyl Isomerases in RNA-Mediated Gene Expression. Biomolecules 2015, 5, 974-999.
[CrossRef]

Davis, T.L.; Walker, J.R.; Campagna-Slater, V.; Finerty, PJ.; Paramanathan, R.; Bernstein, G.; MacKenzie, F.;
Tempel, W.; Ouyang, H.; Lee, WH.; et al. Structural and biochemical characterization of the human
cyclophilin family of peptidyl-prolyl isomerases. PLoS Biol. 2010, 8, e€1000439. [CrossRef]

Wang, Z.; Song, ].; Milne, T A.; Wang, G.G.; Li, H.; Allis, C.D.; Patel, D.]. Pro isomerization in MLL1
PHD3-bromo cassette connects H3K4me readout to CyP33 and HDAC-mediated repression. Cell 2010, 141,
1183-1194. [CrossRef] [PubMed]

Grow, E.J.; Wysocka, ]. Flipping MLL1’s switch one proline at a time. Cell 2010, 141, 1108-1110. [CrossRef]
Gallo, L.I; Lagadari, M.; Piwien-Pilipuk, G.; Galigniana, M.D. The 90-kDa heat-shock protein
(Hsp90)-binding immunophilin FKBP51 is a mitochondrial protein that translocates to the nucleus to
protect cells against oxidative stress. J. Biol. Chem. 2011, 286, 30152-30160. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1742-4658.2005.04945.x
http://www.ncbi.nlm.nih.gov/pubmed/16218944
http://dx.doi.org/10.3390/biom7040072
http://dx.doi.org/10.1021/ci9001316
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/nar/gkp1196
http://www.ncbi.nlm.nih.gov/pubmed/20047958
http://dx.doi.org/10.1021/acs.jcim.5b00322
http://www.ncbi.nlm.nih.gov/pubmed/26332990
https://pymol.org/
http://dx.doi.org/10.1093/nar/gkl971
http://www.ncbi.nlm.nih.gov/pubmed/17142228
http://dx.doi.org/10.1007/s00018-012-1206-z
http://www.ncbi.nlm.nih.gov/pubmed/23224428
http://dx.doi.org/10.1046/j.1432-1327.2000.01509.x
http://www.ncbi.nlm.nih.gov/pubmed/10931176
http://dx.doi.org/10.1038/s41598-017-14731-z
http://www.ncbi.nlm.nih.gov/pubmed/29079741
http://www.ncbi.nlm.nih.gov/pubmed/10978289
http://dx.doi.org/10.1016/j.ijbiomac.2014.05.060
http://dx.doi.org/10.3390/biom5020974
http://dx.doi.org/10.1371/journal.pbio.1000439
http://dx.doi.org/10.1016/j.cell.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20541251
http://dx.doi.org/10.1016/j.cell.2010.06.013
http://dx.doi.org/10.1074/jbc.M111.256610
http://www.ncbi.nlm.nih.gov/pubmed/21730050

Biomolecules 2019, 9, 59 16 of 16

29. Meng, X,; Lu, X,; Morris, C.A.; Keating, M.T. A novel human gene FKBP6 is deleted in Williams syndrome.
Genomics 1998, 52, 130-1337. [CrossRef] [PubMed]

30. Crackower, M.A_; Kolas, N.K.; Noguchi, ]J.; Sarao, R.; Kikuchi, K.; Kaneko, H.; Kobayashi, E.; Kawai, Y.;
Kozieradzki, I.; Landers, R.; et al. Essential role of FKBP6 in male fertility and homologous chromosome
pairing in meiosis. Science 2003, 300, 1291-1295. [CrossRef]

31. Taipale, M.; Tucker, G.; Peng, J.; Krykbaeva, I.; Lin, Z.Y.; Larsen, B.; Choi, H.; Berger, B.; Gingras, A.C.;
Lindquist, S. A quantitative chaperone interaction network reveals the architecture of cellular protein
homeostasis pathways. Cell 2014, 158, 434—448. [CrossRef] [PubMed]

@ © 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1006/geno.1998.5412
http://www.ncbi.nlm.nih.gov/pubmed/9782077
http://dx.doi.org/10.1126/science.1083022
http://dx.doi.org/10.1016/j.cell.2014.05.039
http://www.ncbi.nlm.nih.gov/pubmed/25036637
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	BLAST Searches 
	Multiple Sequence Alignment 
	Calculation of Some Sequence Attributes and Their Statistics 
	A Strategy for Analyses of Large-Scale Multiple Sequence Alignments 
	Analyses of Crystallographic Structures 
	In Home-Made Software 

	Results 
	FK506-Binding Proteins 
	Cyclophilins 

	Discussion 
	
	References

