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Abstract

A turn is a protein secondary structure where the polypeptide chain reverses its direction.
In particular, a p—turn consists of only four consecutive residues and a y—turn, which is the second
most commonly found turn after p—turns, involves three consecutive residues. Turns are usually
located at the molecular surface. However, they can sporadically be found buried within the protein
hydrophobic core. The precise role of such occurrences remains unknown. In this study, we
identify such buried turns and we examine putative structural and functional implications of their
presence. In order to search for these patterns, we developed a program which incorporates and
systematically applies PROMOTIF’s and STRIDE’s algorithms and identifies buried turns in a
large sample of structures obtained from the Protein Data Bank via the PISCES interface. Our
current results indicate that type IV for B-turns and inverse type for y-turns are the most common
types found in hydrophobic turns, and, moreover, we show that such motifs seem to occur more
frequently in proteins that function as enzymes.
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oTPoPEG cVVNBWG EvTOTi{ovTal 6TV EMPAVELD TOV HopiwV. Q6TOG0, GTOPASIKA £XOVV EVIOTICTEL
Oappévec otov VIPoPoPikd TupNVa TG TP®TEIVIC. O akpiffg pOAOG OVTOV TOV ELPNUATOV
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epapuoler ocvomuotikd tovg oaAyopiBuovg twv PROMOTIF wor STRIDE «xot, emumiéov,
avayvopilel Boppéveg otpoeic amd éva gupv dgiypo dSopmv, ot omoieg £xovv AneOel amd v
Protein Data Bank péow ypnong tov PISCES server. Ta tpéyovio omoteAéopatd pog
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1. Introduction

1.1 Proteins

A protein is defined as a polypeptide structure,
consisting of combinations of amino acid residues. They
are complex molecules that carry out crucial organism
functions, such as immune protection, metabolism,
structural support. Amino acids are structural units that
contain carbon, hydrogen, oxygen, nitrogen and,
sometimes, sulfur. Specifically, amino acids consist of a
central carbon called the a-carbon connected to an amino
group (-NH), a hydrogen atom, a carboxyl group (-
COOH) and a side chain (R). Proteins are polymers of
these structural units, they can be “built” using only a
total of 20 amino acids, each of which has a distinct side
chain.

Due to the side chains of the amino acids having
different chemical properties, amino acids can be
classified into four different groups based on the polarity
of the R group. Group | consists of non-polar amino _ - :

. . . . . . . Figure 1. Amino acid structure (reproduced without
acids, glycine, alanine, valine, leucine, isoleucine, permission from htips-/ibio.libretexts.org/)
proline, phenylalanine, methionine and tryptophan. The
side chains of these amino acids contain either aliphatic or aromatic groups. These amino acids are
hydrophobic, which means that they lack affinity for water and are usually buried in the protein
interior. Group Il consists of polar, uncharged amino acids, serine, cysteine, threonine, tyrosine,
asparagine and glutamine. Most of the side chains from this group have at least one atom that can
participate in hydrogen bonding. Group I11, which is the acidic (negatively charged) amino acids,
includes only two, aspartic acid and glutamic acid, called aspartate and glutamate in the ionic
forms. These amino acids have a carboxylic acid group on their side chain, which offers them
proton-donating properties. Lastly, group IV contains three basic (positively charged) amino acids,
arginine, histidine, lysine. The side chains in this group are basic, which means they can accept a
proton. Most of the amino acids in the three last groups show hydrophilic properties, i.e. strong
affinity for water?.

Amino acids can be linked by a peptide bond. A peptide bond is a condensation reaction,
in which the carbonyl carbon of the first amino acid and the a-nitrogen atom of the second form a
covalent bond by removal of water. Peptide bonds are mainly found in trans conformation with a
torsion angle Q = 180°, with proline being the only amino acid that can be found in a cis
conformation (Q ~ 0°). The linear sequence of amino acids joined by a series of peptide bonds
constitute the primary structure of the protein. Protein structure can be classified into four major
categories, primary, secondary, tertiary and quaternary structure. The secondary structure involves
local interactions between parts of the polypeptide chain. The two most common elements that can
alter the secondary structure are a-helices and B-sheets. The tertiary structure, known as the native
state of the protein, refers to the folding of the secondary structural elements into a distinct three-
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R
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group group
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dimensional shape. Many proteins consist of more than one polypeptide chain or subunit. The
arrangement of multiple protein chains or subunits into a single functional molecule establish the
quaternary structure. The interactions stabilizing this structure can be covalent or noncovalent?.

Primary ' Secondary Tertiary Quaternary

Figure 2. Protein structure (reproduced without permission from Joosten, R. P. https://hdl.handle.net/2066/76549)

1.2 Secondary structure elements

As mentioned before, protein secondary structure can be described as the conformation of
the polypeptide backbone, due to steric constraints applied to peptide bonds and amino acid
residues. Secondary structures arise as hydrogen bonds form between backbone atoms, and include
the partially negatively charged oxygen atom and the partially positively charged nitrogen atom.
Notably, the hydrogen bonds involved in secondary structure
do not comprise of any amino acid R groups. The reason for
this phenomenon can be explained considering the existence
of imine groups (NH) and carbonyl groups (C’=0) in each
amino acid, which act as proton donors and proton receptors
respectively, resulting in high backbone hydrophilicity. As
the peptide chain folds, hydrophobic side chains are packed
towards the center of the protein molecule, forming a
hydrophobic core and a hydrophilic outer surface. In such
hydrophobic environment, polar groups need to be
neutralized, and this can be achieved by the formation of ,
hydrogen bonds between these groups®. Henceforth, stable /g’ S\ o \
conformational patterns, known as secondary structure o {
elements, are formed. - Y

The two most common folds are a-helices and (- ,
sheets. The a-helix is a right-handed helical coil, in which the : ,
backbone NH group form a hydrogen bond with the alpha helix Y LV
backbone C’=0 every fourth amino acid. In every helical _ _ .
turn, 3.6 amino acid residues are involved. In the B-sheet, two Figure S(Qeﬁ'és?gg ﬁjﬁfﬁﬁégﬁfg‘;ﬁ :fed ot
different short regions of the polypeptide chain are aligned nhttps://www.researchgate.net/publication/297316514_Tec
side by side and linked by hydrogen bonds. There are two Nniaues_and_applications_of_proteomics_in_plant_ecoph
types of B-sheets, parallel and antiparallel B-sheets. If the ysiology)
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adjacent polypeptide chains have the same N to C direction it is a parallel B-sheet, and if they have
the opposite direction the B-sheet is antiparallel. However, these two structural elements are not
the only ones found in protein structures. Some examples are oy -helices, 310-helices with 3 residues
per turn, n-helices with 4.1 residues per turn, - or y- turns and random coils.

1.3 ¢ and y dihedral angles

It is not possible to strictly
define a secondary structure element
only by identifying the hydrogen
bonding pattern. Comprehension of the
basic parameters that affect the
conformation of a peptide is essential.
Since peptide bonds have a rigid planar
configuration due to their partial double
bond character, each amino acid residue
backbone has two degrees of freedom
that correspond to the torsion angles of
the N-Ca and Co-C’ bond. These
dihedral torsion angles are called ¢ and

. Figure 4. ¢ and y dihedral angles (reproduced without permission from
v respectively. In theory, the value of Esfandi B., Atabati M. https://doi.org/10.1007/s10930-020-09961-6)
the ¢ and y dihedral torsion angles can

range from -180° to +180°. However, in practice, many values are restricted by the steric hindrance
between main chain and side chain atoms.

1.4 B-turns

B—turns can be described as a secondary structure motif which involves four consecutive
residues, Ri, Ri+1, Ri+2, Ri+3, Where the distance between the atoms Ca; and Caisz is less than 7 A
and the two central residues are not in a helical
conformation®. They constitute the most frequent non-
repetitive structural element recognized in proteins,
including an average of 25% of the residues®. Furthermore,
B-turns have a significant biological role, since they assist in
the polypeptide chain folding and can be involved in
molecular recognition®.

Venkatachalam originally identified six distinct -
turn conformations, I, I, III and their mirror images I’, 1T,
IIT°, stabilized by a hydrogen bond between the backbone

Figure 5. Type I and I1 -turns (reproduced o, and NHi+s. A few years later, Lewis et al. observed that

without permission from .
hittp://wvw.cryst. bbk.ac.uk/PPS95/course/3_ge  20%0 Of B-turns do not form an intraturn bond as stated by
ometry/index.html) Venkatachalam and proposed 10 possible pB-turn
conformations (I, I’, IL, 1I’, III, III’, IV, V, VI and VII) by




incorporating ¢ and y angles and less stringent criteria®. However, currently, the classification
introduced by Richardson and Thornton et al. is broadly accepted. Richardson and Thornton, while
studying the values of ¢ and y angles of residues R; and Ri+2, defined nine different turn types,
Type I, Type I, Type 11, Type II’, Type IV, Type Vlal, Type VIa2, Type VIb and Type VIII°. The
representative ¢ and y values for each of the nine turn types are shown in Table 1.

I -60 -30 90 0
r 60 30 90 0
I1 -60 120 80 0
I 60 -120 -80 0
I\Y 61 10 -53 17
Vlal -60 120 90 0
Va2 -120 120 -60 0
VIb -135 135 15 160
VIII -60 -30 -120 120

Table 1. The nine g-turn types classified by Hutchinson and Thornton?®

Turn types I, I’, II, I’ and VIII perfectly meet the criteria stated by the definition of B-
turns. For the turn types Vlal, Va2 and Vb, the presence of a proline as the third residue (Ri+2)
and Qi+1 equal to 0° is necessary, as in other cases, the distances between Ca; and Caij+3 are greater
than 7.0 A*. Moreover, type IV turns, the miscellaneous category, are the second most common p-
turn type, after type 1 p-turns, and represent 1/3 of p-turn residues?®.

1.5 y-turns O

2 ®
y-turns are the second most commonly found . D ‘D :1\

turns after B-turns. y-turns involve only three
consecutive residues, Ri, Ri+1, Ri+2, with a hydrogen

bond forming between the backbone CO; and . . .\/.

NHi.2™. It is widely believed that the hydrogen

Gamma turn Inverse gamma turn

bonds forming in y-turns are weak, due to the . 2
dIﬁICUIty of b.“.dgm.g Closely .Spaced residues. Y_. Figure 6. y-turns (reproduced without permission from Fang et
turns are classified into two different types, classic al., https://doi.org/10.1038/541598-018-34114-2)

10



and inverse. The main chain atoms of the two forms can be found in two different enantiomers,
just like B-turn types I and I’ or II and II’*2. Of the two forms, inverse y-turns are much more
common.

1.6 Solvent-accessible surface area

Hydrophobic interactions take a crucial
role in the stability and folding of protein
structures.  Hydrophobicity is  naturally
proportional to the solvent-accessible surface
area®®. Solvent-accessible surface area (SASA),
or accessible surface area (ASA) is defined as
the surface area of a molecule that is accessible
to a solvent. Protein amino acid residues can be
classified as exposed or buried based on their
SASA. There are various types of SASASs ranging
from relative solvent accessibility to absolute
surface areas'*. SASA is predominantly
estimated by in silico methods involving the
rotation of a spherical probe, resembling a water
molecule, around a full-atom protein model*°.
The algorithm typically used for the calculation
of the SASA was developed by Shrake and
Rupley!® and contains the testing of the
overlapping of points on an atom’s van der Waals Figure 7. Calculation of SASA. The bold continuous line represents
surface with points on the van der Waals surface the molecular surface. The bold dashed line shows the SASA. P is the

of neighboring atoms. probe sphere and represents the water molecule (reproduced without
permission from https://slideplayer.com/slide/4701892/)

1.7 Purpose of the present thesis

Turns are more frequently found on the water-accessible surface of the proteins.
Specifically, an isolated B-turn is highly polar, because of the unpaired NH and CO groups.
However, there have been reports where turns have been located buried within the hydrophobic
core of the protein. At 1983, Rose et al.*’, screened the PDB*8 1° 2% and found six proteins including
buried turns, following Venkatachalam’s’ B-turn conformations. At that time, PDB contained a
total of 77 atomic coordinate records for 47 macromolecules?t. All the turns studied were B-turns
type 1 or 1. Rose et al., noticed the presence of one or more firmly complexed water molecules in
the local area of each turn. These water molecules were buried within the protein and were bound
to the buried turn with at least three hydrogen bonds.

Since then, computational biology has evolved, plenty more protein atomic structures have
been studied and uploaded to the PDB and Venkatachalam’s B-turn type classifications have been
revised. To this current day, the precise structural and functional significance of such occurrences
is still unknown. We decided to further study these motifs, using contemporary methods, less
stringent criteria and non-redundant protein structures. Therefore, we algorithmically processed a
large dataset of existing protein structures for buried - and, also, y-turns in the hydrophobic core

11



and identified these motifs, while observing common structural and functional features shared
between them.

Figure 8. The lysozyme f-turn, showing the SASA. The position of the firmly complexed water molecule is show in W (reproduced
without permission from Rose et al., https://doi.org/10.1038/304654a0)

12



2. Computational Methods

2.1 The Perl programming language

Perl is a high-level, general-purpose,
dynamic, interpreted programming language,
introduced by Larry Wall in 1987. It was
originally developed for text processing;
however, it is now used for a variety of tasks
such as system administration, web
development, network programming and
more. Perl is an open-source software,
licensed under the GNU General Public
License (GPL), therefore, there is an
extensive variety of Perl modules accessible.

i . Figure 9. Perl language logo (reproduced without permission from
Although Perl, b9|ng an Interpl’e'[ed https://www.pngitem.com/)

programming language, does not require the

use of a compiler, it is slower compared to compiled languages. Even so, Perl’s incorporation of
regular expressions has been of great use in bioinformatics and computational biology. The various
programs developed for this project are written in Perl and take advantage of Perl’s variety of
modules and regular expressions.

2.2 Protein Data Bank

i HEADER TRANSFERASE/TRANSFERASE INHIBITOR ©1-MAR-12  4Eee
The PrOteIn Data Bank TITLE CRYSTAL STRUCTURE OF BRANCHED-CHAIN ALPHA-KETOACID DEHYDROGENASE

(PDB)18'19,20 is an online database Tite 2 KINASE/3,6-DICHLOROBENZO[B]THIOPHENE-2-CARBOXYLIC ACID COMPLEX WITH
. TITLE 3 ADP
that stores 3D biomolecular coweno mor_10: 1;

Structures Of prOteInS, nUC|EIC aCIdS Egmg:g g mg#gggé:sREiLTETHYL_Z_OXOBUTANOATE DEHYDROGENASE [LIPOAMIDE]] KINASE,

and complex assemblies, studied coMPND 4 CHAIN: A;
COMPND 5 SYNONYM: BRANCHED-CHAIN ALPHA-KETOACID DEHYDROGENASE KINASE, BCKD-
by researchers around the globe. In  coweno 6 kInase, sckomIn;

6
COMPND 7 EC: 2.7.11.4;
8

our research, we used the PDB, iN  ‘oueno s encIneeren. ves
1 1 SOURCE MOL_ID: 1;
Order tO Obtaln the prOteIn SOURCE 2 OREANISM_SCIENTIFIC: RATTUS NORVEGICUS;

structures needed. At the time this source 3 oreanzsm_comvon: RaT;
. . . . SOURCE 4 ORGANISM_TAXID: 10116;
thesis is written, PDB contains source GENE: BCKDK;
SOURCE EXPRESSION_SYSTEM: ESCHERICHIA COLI,;

6

1821624 StrUCtureS An eXampIe Of SOURCE 7 EXPRESSION_SYSTEM _TAXID: 511693;

a PDB formatted flle |S ShoWn |n SOURCE 8 EXPRESSION_SYSTEM_STRAIN: BL21GROESL;
9
]

u

. SOURCE EXPRESSTON_SYSTEM_VECTOR_TYPE: PLASMID;
Flgure 10 and a Screenshot Of the SOURCE 1@ EXPRESSION_SYSTEM_PLASMID: PTRCKHISB
PDB user interface is shown in KEYWDS GHKL PROTEIN KINASE, ALLOSTERIC KINASE INHIBITOR,BRANCHED-CHAIN
KEYWDS 2 ALPHA-KETOACID, BRANCHED-CHAIN AMINO ACIDS, MAPLE SYRUP URINE
Figure 11. KEYWDS 3 DISEASE,DIABETES AND OBESITY, BERGERAT NUCLEOTIDE-BINDING FOLD,
KEYWDS 4 PROTEIN KINASE, TRANSFERASE-TRANSFERASE INHIBITOR COMPLEX
EXPDTA X-RAY DIFFRACTION
AUTHOR S.C.TSO,J.L.CHUANG,W.J.GUI,R.M.WYNN,J.LI,D.T.CHUANG
REVDAT 1  27-MAR-13 4E@@ ]

Figure 10. Format of a PDB file
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RCSB PDB  Deposit + Search ~ Visualize + Analyze + Download ~ Learn ~ More ~ Documentation ~ Careers

e Lvns \ Vecst Celebprating CogrTh YEARS OF
T $PDE @0 ] [mme (5 moteem 7 23 protein vata Bank (YR
- S = ‘
! ’}\ Developers: Join the RCSB PDB Team |

A Structural View of Biology

This resource is powered by the Protein Data Bank archive-information about the
3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,

”» i
T Deposnt from protein synthesis to health and disease.
As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.
Q Search
The RCSB PDB builds upon the data by creating tools and resources for
research and education in molecular biology, structural biology, computational
[l Visualize biology, and beyond.
W - 4 -
£ Analyze coVID-19 (S o'
Ce »
CORONAVIRUS A
& Download Resources . oA BANK%V@
L s 7

Wl Leamn

'3 el
— Fifty Years of Open Access to PDB Structures

Figure 11. PDB user interface

2.3 PISCES culling server

PISCES??is a public protein sequence culling server from PDB by structural quality criteria
and sequence identity. PISCES can provide better lists than servers that use BLAST, since BLAST
has been found to align only well-conserved fragments, overestimating sequence identity, and is
incapable of identifying many relationships below 40% sequence identity. PISCES is a tool that
can be used to obtain lists of non-redundant (not repeating) entries from the entire PDB, using
user-provided input criteria.

A large, non-redundant sample of proteins needed to be obtained. In order to avoid false
results or artefacts, by identifying a possible conformational pattern, due to an iteration of a
sequence in many identical structures, the exclusion of PDB’s identical entries was vital. A list
containing 26388 entries was created using PISCES, using the following criteria: maximum 2.2 A
resolution, maximum R-factor 1.0 and 70% identity cut—off.

2.4 FTP: File Transfer Protocol

FTP is a network protocol for transferring computer files from a server to a client. The files
obtained from the PDB were downloaded via FTP. The list created by PISCES contains PDB IDs
in a five letter, uppercase format. Script 1 (lc.pl)(source code in Appendix) modifies the list from
PISCES and creates a new list containing names in a four letter, lowercase format. This new list
was used as input for Script 2 (ftp.pl), which downloads all the entries in the list from the PDB
server (http://ftp.wwpdb.org/pub/pdb/data/structures/all/pdb/). 24951 compressed PDB files were

14


http://ftp.wwpdb.org/pub/pdb/data/structures/all/pdb/

downloaded. The deviation in the number of files downloaded from PDB from the number of ID’s
given by PISCES, is due to multiple IDs for each polypeptide chain in the list created by PISCES
and, moreover, some files were only found in the mmCIF format.

2.5 ldentification of - and y- turns: PROMOTIF

PROMOTIF? is a program that provides information about secondary structural motifs in
the protein. Specifically, PROMOTIF can currently identify disulphide bridges, B- and y- turns, p-
strands, B-bulges, B-hairpins, B-a-f units, y loops, B-sheet topology, helical geometry, helical
interactions and main chain hydrogen bonding patterns. PROMOTIF uses a slightly modified
version of the DSSP® algorithm, in which, if possible, one extra amino acid residue is counted at
the ends of each helix or strand and designated as lowercase “h” and “e”. For this project, only the
identification of B- and y-turns was necessary, so Script 3 (promotif_results.pl) was created, which
incorporates PROMOTIF’s p_sstruc and p_turn, runs these programs using as input all the PDB
files saved in the working directory and saves the results in a personalized format. In this format
the chain ID, first and last residue and turn type are printed and, only for B-turns, whether there is
a hydrogen bond involved in the main chain.

2.6 Calculation of solvent accessibility: STRIDE

STRIDE* is an  open-source,
algorithm for secondary structure
identification from atomic resolution protein
structures. Compared to the DSSP® algorithm,

STRIDE makes combined use of hydrogen Gl (ot teou] o ek AV SR,
bonding patterns and backbone geometry. The pdbidentifier:| |

STRIDE server can be accessed from
http://webclu.bio.wzw.tum.de/stride/. Script 4
(stride_results.pl) uses the PROMOTIF® y

Stride Web interface

please specify the pdb data that is to be assigned by one of the three inputfields.

results file as input, implements the STRIDE
algorithm in order to calculate the solvent
accessible area of the residues involved in the
B- and y-turns found and saves these results in
a personalized format. Subsequently, Script 5
(chain.pl) was then used, which uses a
modification of the list made by PISCES?? and

paste your pdb data:
Run stride and produce plain text: | compute ‘
Run stride and produce visual output: | visual |
Display the contactmap .
with a threshold of ‘6 ‘0 ‘ oniaciiiap ‘
Display the ramachandran plot: ‘ Ramachandran ‘

Produce mouse-sensitive images
(this can take a while for contactmap)

extended input options

Figure 12. STRIDE web interface

only saves the chain IDs dictated. Script 6
(format.pl) was used for the modification of
the list, in order to acquire the desirable format.

2.7 Construction of histograms: Gnuplot

Gnuplot®,% is a free, command-driven, multi-platform data plotting program. Gnuplot was
used for plotting the density distributions. Script 7 (max.pl) calculates the maximum solvent
accessibility number of the residues involved in a - or y-turn and prints these numbers at a separate
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file. Script 8 (histogram_data.pl) organizes these maximum numbers in the optimal format needed
by Gnuplot for the construction of a histogram. Specifically, Script 8 first calculates the full range
of the values given and, then, this range is divided into different sub-ranges using a user-selected
bin number and calculates the sum of the values that fall into each sub-range. The output results
are printed in a “sub-range sum” format.

2.8 Hydrophobic turns: PyMOL

Script 9 (hydrophobic_turns.pl) was used in order to only locate the - or y-turns with a
maximum solvent accessibility value of 0.0. Script 9 is a variant of Script 7. At first, Script 9
calculates the maximum solvent accessibility of the residues involved in the turn, and afterwards
checks if the value is in the range 0.0-0.2 and if this condition is true, it prints the file name and
the hydrophobic turn. PyMOL?’, an open-source, user-sponsored, molecular visualization system,
was then used to study and showcase some of the found hydrophobic turns.

16



3. Results

3.1 Histograms

Four histograms with bin numbers 0.2, 0.4, 0.6 and 0.8 showing the distribution of
maximum solvent accessibility in the found turns were plotted using Gnuplot®,%. All of the
histograms plotted revealed a peak at 0.0, a drop at around 1.0, another peak at around 2.0, a
plateau from 2.0 till 60.0 and then a greater peak at around 100.0. The histograms are presented
below.

1000

o - ap—|
“outdata0.2.txt" using 2:xtic(1) m—

0
O

Figure 13. Histogram with bin 0.2, zooming at area 0.0~70.0
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“outdatal.4.txt" using 2:xtic(1) m—

Figure 15. Histogram with bin 0.4, zooming at area 0.0~70.0

“outdata0.6.txt” using 2:xtic(1) m—

Figure 14. Histogram with bin 0.6, zooming at area 0.0~70.0

18



3500

I T
“outdata0.8.txt" using 2:xtic(1) m—

Figure 16. Histogram with bin 0.8, zooming at area 0.0~70.0

3.2 Hydrophobic turns

A total of 427 B— and y—turns with a maximum solvent accessibility number of the residues
involved equal to 0.0 were found. These 427 turns involve a total of 397 proteins out of the 24921
proteins in the initial sample, i.e., an average of 1.6% of protein structures included one or more
hydrophobic turns. 26 protein structures (6.5%) were found to have multiple hydrophobic turns
(23 structures had two hydrophobic turns, 2 structures had three and 1 had four). These turns were
often found to be overlapping (e.g., residues 42-45 B-turn and residues 43-45 y-turn). A large
sample of the hydrophobic turns found were studied using PyMOL?" and 18 of them are showcased
below.
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‘Y Figure 17. 1a4s,;8-turn type VIII, involving residues 213-216 in chain A

Figure 18. 1m15, p-turn type 7" involving residues 275-278 in chain A
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Figure 19. 1w6s, B-turn type I, involving residues 388-391 in chain A
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Figure 21. 2wtl, inverse y-turn, involving residues 673-675 in chain A

/3
SR, £

Figure 22. ckc, S-turn type |, involving residues 88-91 in chain A
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Figure 23. 3kc2, p-turn type 1V, involving residues 22-25 in chain B

Figure 24. 3s8g, p-turn type I, involving residues 264-287 in chain A

23



Figure 25. 4a5s, p-turn type 1V, involving residues 652-655 in chain B

Figure 26. 4h31, inverse y-turn, involving residue 164-166 in chain A
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Figure 28. 4xpq, inverse y-turn, involving residues 335-337 in chain A
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Figure 29. 5eqv, inverse y-turn, involving residues 232-234 in chain A
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Figu}e 31. 5yrv, p-turn type VIII, involving residues 357-360 in chain J

Figure 32. 6hbe, g-turn type Il, iv‘n\’/olving residJés 244-247 in chain A
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Figure 34. 7c7d, f-turn type VIII, invoing residues 430-433 in chain B

3.3 Protein families

Table 2 shows the PDB IDs of the proteins found with hydrophobic turns and their
classification in PDB? 020 Some families seem to be overrepresented. In detail, 45% of the
proteins fall into the hydrolase family, 15% in the oxidoreductase, 13% in the transferase and 7%
in the lyase. At the time this thesis is written, a 4% of the proteins have unknown functions.
Moreover, 88% of the proteins have catalytic properties.
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OXIDOREDUCTASE

HYDROLASE

HYDROLASE

ISOMERASE

HYDROLASE

TRANSFERASE

LIGASE/RNA

LIGASE

HYDROLASE

TRANSFERASE

SERINE ESTERASE

ELECTRON TRANSPORT

HYDROLASE

OXIDOREDUCTASE

SUGAR BINDING PROTEIN

HYDROLASE

OXIDOREDUCTASE

ZINC METALLOPROTEASE

TRANSFERASE

TRANSFERASE

OXIDOREDUCTASE

OXIDOREDUCTASE

HYDROLASE

TRANSFERASE

TRANSFERASE

STRUCTURAL GENOMICS, ALDOLASE

OXIDOREDUCTASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

OXIDOREDUCTASE

HYDROLASE

ISOMERASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

TRANSFERASE

TRANSFERASE
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IMMUNE SYSTEM

HYDROLASE

HYDROLASE

LYASE

STRUCTURAL PROTEIN

TRANSPORT PROTEIN

HYDROLASE

HYDROLASE

TRANSFERASE

HYDROLASE

OXIDOREDUCTASE

LYASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

TRANSFERASE

SUGAR BINDING PROTEIN

OXIDOREDUCTASE

HYDROLASE

TRANSFERASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

OXIDOREDUCTASE

TRANSPORT PROTEIN

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

LYASE

HYDROLASE

HYDROLASE

HYDROLASE

TRANSFERASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

TRANSCRIPTION

OXIDOREDUCTASE
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HYDROLASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

LYASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

OXIDOREDUCTASE

OXIDOREDUCTASE

LYASE

CELL CYCLE

TRANSFERASE

TRANSFERASE

HYDROLASE/RNA

OXIDOREDUCTASE

OXIDOREDUCTASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

HYDROLASE

TRANSFERASE

TRANSFERASE

TRANSPORT PROTEIN

VIRAL PROTEIN

LYASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

LYASE

LYASE

HYDROLASE

HYDROLASE

ISOMERASE

TRANSCRIPTION

HYDROLASE

OXIDOREDUCTASE
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HYDROLASE

LUMINESCENT PROTEIN

LYASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

TRANSPORT PROTEIN

SUGAR BINDING PROTEIN

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

HYDROLASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

ISOMERASE

METAL BINDING PROTEIN

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

HYDROLASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

ISOMERASE

LIGASE

HYDROLASE/HYDROLASE INHIBITOR

HYDROLASE

ISOMERASE/TRANSFERASE

OXIDOREDUCTASE
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HYDROLASE

TRANSFERASE

HYDROLASE

LYASE

CELL ADHESION

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

LYASE

HYDROLASE

SUGAR BINDING PROTEIN

HYDROLASE

TRANSFERASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

LIPID TRANSPORT

HYDROLASE

HYDROLASE

ISOMERASE/DNA/ISOMERASE INHIBITOR

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

TRANSFERASE

OXIDOREDUCTASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE/HYDROLASE INHIBITOR

TRANSPORT PROTEIN

OXIDOREDUCTASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE
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HYDROLASE

TRANSFERASE

HYDROLASE

OXIDOREDUCTASE

ISOMERASE

HYDROLASE

HYDROLASE

LIGASE/RNA

HYDROLASE

ISOMERASE

HYDROLASE/TRANSFERASE

HYDROLASE

HYDROLASE

HYDROLASE

ISOMERASE

DNA BINDING PROTEIN

HYDROLASE/HYDROLASE INHIBITOR

HYDROLASE

TRANSPORT PROTEIN

TRANSFERASE/ANTIBIOTIC

LIGASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

ISOMERASE

OXIDOREDUCTASE

HYDROLASE

TRANSFERASE

LYASE

HYDROLASE

OXIDOREDUCTASE

TRANSFERASE

HYDROLASE

TRANSPORT PROTEIN

TRANSFERASE

TRANSFERASE

HYDROLASE
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HYDROLASE/HYDROLASE INHIBITOR

TRANSFERASE

ISOMERASE

SUGAR BINDING PROTEIN

METAL BINDING PROTEIN

TRANSFERASE

PLASMIN AND FIBRONECTIN BINDING
PROTEIN

ISOMERASE

LYASE

TRANSPORT PROTEIN

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

STRUCTURAL GENOMICS, UNKNOWN
FUNCTION

LYASE

HYDROLASE

SUGAR BINDING PROTEIN

TRANSFERASE

HYDROLASE

HYDROLASE

FLUORESCENT PROTEIN

OXIDOREDUCTASE

OXIDOREDUCTASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

STRUCTURAL PROTEIN

LYASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

CELL ADHESION/IMMUNE SYSTEM

STRUCTURAL PROTEIN

VIRUS

LYASE/TRANSFERASE
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HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

GENE REGULATION/RNA

TRANSFERASE

LYASE

HYDROLASE

HYDROLASE

HYDROLASE

VIRUS

HYDROLASE

HYDROLASE

HYDROLASE

LYASE/LYASE INHIBITOR

TRANSFERASE

TRANSFERASE

HYDROLASE

MEMBRANE PROTEIN

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

LYASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

TRANSFERASE

HYDROLASE

LYASE

HYDROLASE

LYASE

HYDROLASE

PROTEIN BINDING
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HYDROLASE

HYDROLASE

OXIDOREDUCTASE

TRANSFERASE

HYDROLASE

OXIDOREDUCTASE

TRANSPORT PROTEIN

LIGASE

OXIDOREDUCTASE

TRANSFERASE

OXIDOREDUCTASE

OXIDOREDUCTASE

TRANSFERASE

MEMBRANE PROTEIN

HYDROLASE

TRANSFERASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

IMMUNE SYSTEM

OXIDOREDUCTASE

LYASE

TRANSFERASE

CELL ADHESION

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

ISOMERASE

TRANSFERASE

LYASE

OXIDOREDUCTASE

HYDROLASE

STRUCTURAL PROTEIN

FLAVOPROTEIN/OXIDOREDUCTASE

TRANSFERASE
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HYDROLASE

TRANSFERASE/IMMUNE SYSTEM

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

LYASE

HYDROLASE

LYASE/LYASE INHIBITOR

HYDROLASE

TRANSFERASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

HYDROLASE

TRANSFERASE

HYDROLASE

TRANSFERASE

OXIDOREDUCTASE

HYDROLASE

METAL BINDING PROTEIN

LIPID BINDING PROTEIN

HYDROLASE

HYDROLASE

TRANSFERASE

HYDROLASE

HYDROLASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE

OXIDOREDUCTASE

HYDROLASE

HYDROLASE/HYDROLASE INHIBITOR
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OXIDOREDUCTASE
HYDROLASE/HYDROLASE INHIBITOR
TOXIN
HYDROLASE
LYASE
HYDROLASE
VIRUS
HYDROLASE
NEUROTRANSMITTER BINDING PROTEIN
TRANSFERASE
OXIDOREDUCTASE
HYDROLASE
HYDROLASE
HYDROLASE
HYDROLASE/INHIBITOR
TRANSFERASE
HYDROLASE
HYDROLASE
HYDROLASE
LIGASE
TRANSFERASE
HYDROLASE
SIGNALING PROTEIN
HYDROLASE
LIGASE/INHIBITOR
TRANSFERASE
HYDROLASE

OXIDOREDUCTASE/OXIDOREDUCTASE
INHIBITOR

OXIDOREDUCTASE
HYDROLASE
HYDROLASE

Table 2. PDB IDs of the proteins found with hydrophobic turns and their classification
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3.4 Turn types

Table 3 shows the number of turn types found in the hydrophobic turns. 60% of the turns
found are B-turns and 40% y-turns. 1V, the miscellaneous type, is the most common turn type found
in our data (56%), followed by type 1 (15%), type VIl (14%) and type Il (8%). Comparing these
frequencies with the frequencies of B-turn types found regardless of hydrophobicity (38.2% for
type 1, 31.7% for type 1V, 11,8% for type 11, 9.8% for type VIII%), types IV and VIII seem to be
more common in hydrophobic turns. For y-turns, as expected, inverse type is the most common

type (96%).

I 39 CLASSIC 7
r 4 INVERSE 163
I1 21
r 8
I\Y 144

Vlal 1

Va2 0

VIb 3

VIII 37

Table 3. Frequency of turn types
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4. Conclusions and Discussion

To conclude, turns are secondary structural motifs where the direction of the polypeptide chain
is reversed. B-turns are more commonly found than y-turns, and involve four residues, while y-
turns involve three. As a globular protein folds, a hydrophobic area gets buried in the core, while
a more hydrophilic area remains accessible by the solvent. Turns are more frequently located at
the solvent-accessible area, although there have been instances of turns found inside the
hydrophobic core. The primary aim for this project was to uncover the functional and structural
implications of the buried hydrophobic turns. For this cause, we obtained a sample of non-
redundant protein structures, searched for the motifs of interest and performed a statistical analysis
on those results.

A small percentage of proteins from our sample of protein structures obtained from the
PDB8 20 contained buried B- or y-turns. Hydrophobic B-turns were found slightly more
frequently that hydrophobic y-turns, with the predominant type for B-turns being the miscellaneous
IV type and the inverse type for y-turns, as expected with inverse being the most commonly found
y-turn type. While Rose et al.l’, only located type I or Il buried B-turns, our results clearly show
that type IV is the most common type for these motifs. Moreover, types IV and VIII are more
prevalent in hydrophobic B-turns comparing to the general pB-type frequency.

Hydrophobic buried turns were most commonly found in proteins with enzymatic properties
and, in particular, in proteins belonging in the hydrolase protein family. The proteins including
buried turns found by Rose et al., with three of them were homologous serine proteases, also
functioned as enzymes. These results may be indicative of a preserved function associated with
buried turns; however, further evaluation is necessary.

Our future intentions involve the construction of an RMSD- or TM-score-based?® distance
matrix with the aim of further reducing the structural redundancy that may be present in our data
set. Furthermore, we will analyze our data in terms of the function of the proteins that we have
identified with the aim of characterizing any putative functional significance of the buried turns.
Additionally, we will analyze the structural context within which these turns are located with the
aim of identifying any systematic trend in terms of their structural environment.
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Appendix
Script 1: lc.pl

@ARGYV == 1| die "Usage: lc.pl filename\n";

open(INFILE, "<$ARGVI0]") || die "Cannot open input file\n™;
open(OUTFILE, ">>lc.txt") || die "Cannot open output file\n";
$i=0;

while($line = <INFILE>)

if($i > 0)

{
$pdb_code = Ic substr("$line", 0, 4);
print OUTFILE "$pdb_code\n";

}

Pi++;
}
close(INFILE);
close(OUTFILE);
exit(0);

Script 2: ftp.pl
use Net::FTP;

@ARGV ==1|| die "Usage: ftp.pl filename\n";

$ftp = Net::FTP->new("ftp.wwpdb.org", Debug => 0) || die "Cannot connect to fip.wwpdb.org\n™;
$ftp->login(“anonymous™, -anonymous@") || die "Cannot login\n™;

$ftp->passive(1);

my $fetching_directory = "/pub/pdb/data/structures/all/pdb/*;

$ftp->cwd($fetching_directory);

open(INFILE, "$ARGV[0]") || die “Cannot open input file\n";

my $line;

my $file_to_transfer;

while($line = <INFILE>)

{
chop $line;
$file_to_transfer = "pdb$line.ent.gz";
print "Getting $file_to_transfer\n";
$ftp->get($file_to_transfer) || warn "Couldn't get $file_to_transfer\n”, $ftp->message;
}
$ftp->quit;
close(INFILE);
exit(0);
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Script 3: promotif_results.pl
use File::Find,;

open(PRM, ">>promotif results.txt™);

my $motifdir = "/usr/local/promotif";

system("'cp $motifdir/phipsi.mat ./phipsi.mat");
system(*'cp $motifdir/promotif2.prm ./promotif2.prm");
find(\&bturns, ".");

close(PRM);

exit(0);

sub bturns

{
my $file=$_;
if($file =~ /(w*)(\.pdb)$/ || $file =~ /(\w*)(\.ent)$/)
{

$pdb = $file;

$struc = "echo $pdb | $motifdir/p_sstruc3;
$turn = “echo $pdb | $motifdir/p_turn3’;
print "$1 $struc\n”;

print "$1 $turn\n";

if($turn =~ N\S/)

{
}
else
{
print PRM "$1 ";
open(BT, "<$1.bturns");
$i=0;
while(my $line = <BT>)
{
if($i>1)
{

if($line =~ /(Ww?)\s*(\-\d-+H\Ww?)\s*\D\s*\-2\d-+H\w?\s*\D\s*\-
Ad+HWASF\D\s*(\-2\d+\w?)\s*\D\s(\w+[\']*)\s+/)

{
$cid = $1;
$resl = $2;
$resd = $3;
$tt = $4;
if($' =~ Ns+(Y|N)/)
{
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$yn = $1;

}
if(Scid eq ™)
{
$cid ="2z";
}
}
print PRM "$cid:$resl:$resd:$yn:$tt ;
}
$i++,
}
close(BT);
open(GT, "<$1.gturns™);
$i =0;
while(my $line = <GT>)
{
if($i > 1)
{
if($line =~ /(\Ww?)\s*(\-2\d+\w?)\s*\D\s*\-2\d-+\w?\s*\D\s*(\-
Ad+H\w?)\s*\D\s(\w+)\s+/)
{
$cid = $1;
$resl = $2;
$res3 = $3;
$tt = $4;
if(Scid eq ™)
{
$cid ="z";
}
}
print PRM "$cid:$res1:$res3:",": $tt ";
}
$i++;
}
close(GT);
print PRM "\n";

system("rm $1.sst $1.bturns $1.gturns™);
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Script 4: stride_results.pl

@ARGV ==1 || die "Need input file\n";
open(PRM, "<$ARGV[0]") || die "Cannot open input\n";
open(OUT, ">>results.txt™) || die "Cannot open output file\n™;
while($line = <PRM>)
{

@prm = split("', $line);

$pdb = "$prm[0].ent™;

$stride = “stride $pdb’;

print OUT "$prm[0]";

@stride = split('\n', $stride);

$i=1,
while($prm[$i] =~ /(AWw+)\: \-2AwWH)\\-2Aw+\: ([ YIN]) *\:\w+/)
{
$cid = $1;
$resl = $2;
$b_g =$3;
foreach(@stride)
{
if($_ =~ /"ASG/)
{

@stline = split("', $);
if($stline[3] eq $resl && $stline[2] eq $cid)

{
$a = $stline[4];
$b = $a + 1;
$c=3%b+1;
$d = $c + 1;
$saa = $stline[9];
}

elsif($stline[4] == $b && $stline[2] eq $cid)
$sab = $stline[9];

}
elsif($stline[4] == $c && $stline[2] eq $cid)

{
$sac = $stline[9];
}
elsif($stline[4] == $d && $stline[2] eq $cid)

$sad = $stline[9];
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}
if($h_g =~ N\S/)
{

print OUT " $prm[$i]: $saa:$sab:$sac:$sad";
}

else

{
¥

Pi++;

print OUT " $prm[$i]:$saa:$sab:$sac";

}

print OUT "\n";
}
close(PRM);
close(OUT);
exit(0);

Script 5: chain.pl

@ARGV == 2 || die "Usage: chain.pl input results.txt\n";
open(RES, "<$ARGV[1]") || die "Cannot open results.txt\n";
open(OUT, ">>results_final.txt") || die "Cannot open output file\n";
while($res = <RES>)
{

@res = split(" ', $res);

print OUT "$res[0]";

open(IN, "<$ARGVI[0]") || die "Cannot open input file\n";

while($line = <IN>)

if($line =~ /Qw+\w+w+w+)(\w+)/)

{

$name = $1;
$chain = $2;

}
if($res[0] =~ /"pdb$name/)
{

foreach(@res)
{
if($_ =~ /"$chain/)
{
print OUT " $ ";
}
}
}
}
close(IN);
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print OUT "\n";
}
close(RES);
close(OUT);
exit(0);

Script 6: format.pl

@ARGV ==1 || die "Usage: format.pl filename\n™;

open(IN, "<$ARGV[0]") || die "Cannot open input file\n";
open(OUT, ">>format.txt") || die "Cannot open output file\n";
while($line = <IN>)

{
if($line =~ M (\Ww\w\w\w) (\w)/)
{
$lc = Ic($1);
print OUT "$lc"."$2\n";
}
}
close(IN);
close(OUT);
exit(0);

Script 7: max.pl

@ARGYV ==1|| die "Need input file\n";
open(IN, "<$ARGVI[0]") || die "Cannot open input file\n";
open(OUT, ">>data.txt") || die "Cannot open output file\n";
while($line = <IN>)
{

@prm = split("*, $line);

foreach(@prm)

If($_ =~ AwH\\-2AWAHN-2AWA Y INTH AW (d AN\ (\dH A\ (\d+H L \d*)\: (\d

{

AN\d*))

$a=9%1,;

$b = $2;

$c = $3;

$d = $4;

if($a >= $b && $a >= $c && $a >= $d)
{

$max = $a;

}
elsif($b >= $a && $b >= $c && $b >= $d)
{
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$max = $b;

}
elsif($c >= $a && $c >= $b && $c >= $d)

{
$max = $c;
}
else
{
$max = $d;
, }
elsif($_ =~ AwH\\-2Aw+HN\-2AwH N\ AwA+: (\d+H\d*)\: (\d -\ \d )\ (\d+\.\d*)/)
{
$a = $1;
$b = $2;
$c = $3;
if($a >= $b && $a >= $c)
{
$max = $a;
}
elsif($b >= $a && $b >= $¢)
{
$max = $b;
}
else
{
$max = $c;
}
}
else
{
next;
}
print OUT "$max\n";
}
}
close(IN);
close(OUT);
exit(0);

Script 8: histogram_data.pl

@ARGYV == 2 || die "Need input file and bin number\n";
open(IN, "<$ARGV[0]™) || die "Cannot open input file\n";
open(OUT, ">>outdata.txt") || die "Cannot open output file\n";
$max = 0.0;
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$min =100.0;
$bin = SARGV[1];
while($line = <IN>)

{
chomp($line);
if($line > $max)
{
$max = $line;
}
if($line < $min)
{
$min = $line;
}
}
$max = $max*10;
$min = $min*10;
$bin = $bin*10;
$i = $min;
close(IN);
while($i <= $max)
{
$k = $i + $bin;
$a=0;
i open(IN, "<$ARGV[0]") || die "$!\n";
while($line = <IN>)
{
chomp($line);
$line = $line*10;
if($line >= $i && $line < $k)
{ $at++;
}
}
print OUT $i/10,"~",$k/10," ",$a,"\n";
$i = $k;
close(IN);
}
close(OUT);
exit(0);

Script 9: hydrophobic_turns.pl

@ARGV ==1 || die "Need input file\n";

open(IN, "<$ARGVI[0]") || die "Cannot open input file\n";
open(OUT, ">>data.txt™) || die “"Cannot open output file\n";

51



while($line = <IN>)

{
@prm = split("*, $line);
foreach(@prm)
{
if($ =~ AwH\-2AWHN-2AWH LY NTH WA (\dH N\ (\d+H D\ (\d+H L \d*)\: (\d
+\.\d*)/)
{
$a=3%1,
$b = $2;
$c =$3;
$d = $4;
if($a >= $b && $a >= $¢ && $a >= $d)
{
$max = $a;
}
elsif($h >= $a && $b >= $c && $b >= $d)
{
$max = $b;
}
elsif($c >= $a && $c >= $h && $c >= $d)
{
$max = $c;
}
else
{
$max = $d;
, }
elsif($_ =~ AwH\-2Aw+H -2 AwA: (AdH )\ (\d A\ \d )\ (\d+H\.\d*)/)
{
$a = $1;
$b =$2;
$c = $3;
if($a >= $b && $a >= $c)
{
$max = $a;
}
elsif($b >= $a && $b >= $¢)
{
$max = $b;
}
else
{
$max = $c;
}
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}
}
close(IN);

close(OUT);
exit(0);

¥

else
{
next;
}
if(fmax < 0.2)
{
print OUT "$prm[0] $_\n";
}
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