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Introduction

Molecular modeling and structural characterization
of a high glycine—tyrosine hair keratin associated
proteinf

Rakesh S. Singh,® Jeremy C. Palmer,” Paul D. A. Pudney,® Prem K. C. Paul,*°
Christian Johannessen,® Pablo G. Debenedetti,® Janhavi Raut,” Ken Lee,®
Massimo Noro® and David Tiemessen®

High glycine-tyrosine (HGT) proteins are an important constituent of the keratin associated proteins
(KAPs) present in human hair. The glassy state physics of hair fibres are thought to be largely regulated
by KAPs, which exist in an amorphous state and are readily affected by environmental conditions.
However, there are no studies characterizing the individual KAPs. In this paper, we present the first step to
fill this gap by computational modeling and experimental studies on a HGT protein, KAP8.1. In particular,
we have modeled the three-dimensional structure of this 63-residue protein using homology information
from an anti-freeze protein in snow flea. The model for KAP8.1 is characterized by four strands of poly-
proline Il (or PPIIl) type helical secondary structures, held together by two cysteine disulphide bridges.
Computer simulations confirm the stability of the modelled structure and show that the protein largely
samples the PPIl and B-sheet conformations during the molecular dynamics simulations. Spectroscopic
studies including Raman, IR and vibrational circular dichroism have also been performed on synthesized
KAP8.1. The experimental studies suggest that KAP8.1 is characterised by B-sheet and PPIl structures,
largely consistent with the simulation studies. The model built in this work is a good starting point for
further simulations to study in greater depth the glassy state physics of hair, including its water sorption
isotherms, glass transition, and the effect of HGT proteins on KAP matrix plasticization. These results
are a significant step towards our goal of understanding how the properties of hair can be affected
and manipulated under different environmental conditions of temperature, humidity, ageing and small
molecule additives.

intermediate filament proteins (IFs), and the keratin associated
proteins (KAPs) also known as matrix proteins. The original

Human hair is a complex composite structure and is still not
fully understood."™ Proteins make up over 90% of the dry
weight of human hair.”> They exist in the cuticle and the cortex,
and are responsible for almost all of the physical properties of
hair fibres and consequent hair care benefits. Two of the most
important protein classes present in the hair cortex are the
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two-phase model® of hair assumes that the rod-like IFs are
embedded in a matrix of globular KAPs. Various refinements
of the two-phase model that have been proposed in order to
account for the mechanical properties of hair or wool fibres
in terms of the properties of their IFs and KAPs, has been
reviewed." The relative merits of these models are still the
subject of academic debate. It is therefore important to study
the properties of isolated hair proteins in order to understand
to what extent they can account for the physical properties of
hair fibres. While much is known about the structure of keratin
IFs,>” there has been a distinct lack of structural information
about the matrix of KAPs in which the IFs are embedded in the
hair cortex. KAPs can be classed into three main groups: high-
sulphur (HS) proteins, ultra high-sulphur (uHS) proteins and
high glycine-tyrosine (HGT) proteins. Over 56 unique KAPs
have been discovered,®® however, very little is known about
their properties. These proteins are found throughout the
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hair fibre. KAPs are thought to exist in an amorphous or glassy
state and are readily affected by heat, humidity, ageing and the
presence of small molecule actives, affecting the physical and
mechanical properties of hair. Much of the rich physics of hair
is thought to be regulated by the amorphous KAP matrix that
embeds the IFs.

HGT proteins are present in different amounts in different
keratinous substrates, giving rise to the observed differences in
mechanical and physical properties of different keratinous
materials.'® This has led to the postulation of the internal
plasticization theory'"'” that states that the presence of differing
amounts of hydrophobic HGT proteins in keratin substrates is
responsible for the different glass transitions exhibited by these
materials, and consequently their different physical and mecha-
nical properties. As HGT proteins are in the amorphous matrix
of keratin substrates that embed the IFs, knowledge of their
structural characteristics will be an important pre-requisite to
understanding the glass-state physics of hair from a molecular
standpoint. Here we have made a start by modelling the three-
dimensional structure of the 63-residue HGT protein KAPS.1
using homology information from an anti-freeze protein in
snow flea. We used molecular dynamics simulations, Raman
spectroscopy, infrared spectroscopy (IR), and vibrational
circular dichroism (VCD) to confirm the structural features of
the modeled KAP8.1. Normally, to obtain a full 3D structure
experimentally, X-ray diffraction or NMR would have been the
ideal techniques to use. However as KAPS8.1 is insoluble in
virtually all solvents, especially water, this was not possible and
thus vibrational spectroscopic techniques were chosen to char-
acterize KAPS8.1. In the future we hope to build a model of KAP
proteins that is representative of the human hair matrix, so as
to make amenable to computational modeling the rich physics
of hair, such as its glass transition as a function of moisture
content (i.e. the Fox equation’'?), its ageing and internal
plasticization, and the effects of various hair additives and
actives, as well as its water sorption characteristics as a func-
tion of temperature.

Results and discussion
Computational modelling and molecular simulation details

Initial modelling was performed on Discover™ Studio 4, using the
CHARMM force field."* The sequence of KAP8.1 was obtained
from SWISSPROT database'® and the 3-dimensional structure of
an anti-freeze protein'® from snow-flea (3BOG) was obtained
from the RCSB protein data bank.'” The rationale behind this
choice of template sequence for KAP8.1 modelling is explained in
detail in the Results section.

The molecular dynamics (MD) simulations of KAP8.1 pro-
tein in bulk water were performed using GROMACS software
package.'®2° The protein was modeled using CHARMM27
force field”" with the compatible SPC/E water model.>* All the
bonds were constrained using the LINCS (linear constraint
solver) algorithm.”>** To maintain constant temperature, the
Nosé-Hoover thermostat®*® with a 0.2 picosecond (ps) relaxation
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time was used. The desired pressure was maintained using a
Parrinello-Rahman barostat>” with a 2 ps relaxation time.
Periodic boundary conditions were applied in all the three
dimensions. The shortrange interactions were truncated at 10 A
and long range electrostatic terms were computed using the particle
mesh Ewald®® summation, with a grid spacing of 1.6 A. The standard
long-range dispersion corrections were used for the energy and
pressure.”® The leapfrog algorithm® was used to integrate the
equations of motion with a time step of 2 femtoseconds (fs). The
system was first equilibrated in the NPT ensemble at a temperature
300 K and 1 bar pressure for 400 ns, followed by a production run of
400 ns in the NVT ensemble.

Synthesis and structural characterization of KAP8.1

Synthesis of KAP8.1 protein: This 63-residue protein was synthe-
sized by Severn Biotech Ltd (Worcs, DY11 6TJ, UK). The synthe-
sized protein was supplied at a purity of 95% with analytical HPLC
and MALDI-TOF validation.

Vibrational spectroscopy (Raman, IR and VCD)

Raman spectra of the synthesized KAP8.1 samples were obtained
using a WiTec Alpha 300R Confocal Raman Spectrometer. A laser
wavelength of 785 nm and power of 50 mW were used, along with
a 100x Zeiss Objective. A total collection time of 15 minutes was
used (60 s x 15 accumulations) to obtain high signal to noise
ratio spectra. The spectra obtained were truncated to a range of
350 to 1800 cm™ ' and then baselined. Peak fitting of the amide
band was performed using GRAMS AI software. For peak fitting
of the amide I band the spectra were truncated to a range of 1560
to 1735 cm™ ' and baselined. The IR spectra were collected on a
Biorad (now Agilent) FTS 6000 spectrometer with liquid nitrogen-
cooled mercury cadmium telluride (MCT) detector at 4 cm™*
resolution and 500 scans. A micro-diamond attenuated total
reflectance (ATR) set-up was used (‘Golden Gate’, Greasby Specac
Ltd, BR5 4HE, UK). A background scan of the clean diamond was
run, then the sample was put onto the diamond and slight
pressure was applied by a screw device to ensure good contact
with the diamond surface.

IR and VCD spectra of KAP8.1 in KBr pellets were obtained
using a Biotools® ChiralIR-2X in transmission with a liquid
nitrogen-cooled MCT detector (ATR is not possible with VCD).
This was done with a rotating cell-holder and the spectra
were collected at 4 cm™ ' resolution and 20000 scans. The
KBr pellets were produced as is traditional in IR spectroscopy,
as the pure powder would adsorb too much of the IR radiation.*°
This was done by mixing 0.5% (w/w) protein with spectroscopy-
grade KBr, grinding the powder for 5 min in an agate mortar
for high macroscopic homogeneity. The dry mixture was sub-
sequently loaded into a Greasby Specac Ltd micro-anvil and
subjected to 10 Tonnes of pressure for 5 minutes in a Greasby
Specac Ltd pellet press, before transferring the pellet to a
standard pellet holder. The atmospheric background was
subtracted from the IR spectrum during measurements and a
VCD baseline was subtracted after measurement by recording a
pure KBr pellet VCD spectrum under identical experimental
conditions.

This journal is © the Owner Societies 2017
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Results
Molecular model of KAPS.1

KAP8.1 is a 63-residue protein with a high glycine (G) and
tyrosine (Y) content, the sequence of which is

MLCDNFPGAVFPGCYWGSYGYPLGYSVGCGYGSTYSPVGYGF
GYGYNGCGAFGYRRYSPFALY

This protein has 4 cysteines (C) and is possibly held together
by two disulfide linkages. The first step in the modelling was
to find structures of proteins from the RCSB protein data
bank with similar amino acid sequence to KAP8.1. No structure
with greater than 50% homology was found. However, as
KAP8.1 has high glycine content and only 4 cysteine residues,
structures with high glycine content and very few cysteine were
thought to be likely template structures for the target KAPS.1
protein. As will be shown later, a distinctive feature of this study
is the cross-validation of the modelled structure with com-
puter simulations and experiments performed on synthesized
KAPS.1.

It is anticipated that a large amount of secondary structure
would be dictated by the high glycine content of such proteins,
which are normally characterized by polyproline II (PPII) or
poly-glycine helices. A good match from the protein data bank
was indeed found and this is the anti-freeze protein from snow
flea called 3BOG, the crystal structure of which has been solved®
and is characterized by PPII (or poly-glycine) helices with (¢-/) of
(—=70°, 140°) as shown in Fig. 1.

Though the two proteins, KAP8.1 and 3BOG, have only
~40% sequence homology, it is expected that the high glycine
content and the consequent structural preference would make
3BOG a good template for the structure of KAP8.1. Moreover,
as the cysteine residues are disposed in roughly similar areas of
the protein, it is expected that the disulfide linkages for KAP8.1
would occur between similarly placed cysteine residues. This
feature is illustrated in Fig. 2.

In 3BOG the two disulfides are between residues 1-28 and
13-43. In KAPS8.1 cysteines are present at positions 3, 14, 29 and 49.
The first assumption made in the homology modelling was that the
disulphide linkages in KAP8.1 would be between 3-29 and 14-49.
This means that in the first cyclic part of the KAP8.1 structure there
would be one less amino acid and in the second cyclic part there
would be 5 more amino acid residues when compared with 3BOG
(see Fig. 2).

Thus, the model for KAPS8.1 using 3BOG as a template would
have to account for the exact number of residues in the two cyclic
structures with consistent B-turns and without introducing unstable
short contacts. This was successfully done by employing the
following steps:

(a) Starting with the structure of 3BOG, in silico mutations,
additions and deletions using Discovery Studio software were
performed to obtain the final KAPS8.1 structure.

(b) As KAPS8.1 contains many large residues, in the first
instance all residues facing away from the 3BOG protein struc-
ture were mapped and mutated to larger residues or aromatic
residues such as tryptophan, tyrosine and phenylalanine. This
was done to avoid unnecessary ring concatenations and spearing
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Fig. 1 (a) End on and (b) side on views of snow flea anti-freeze protein'®
3BOG showing clearly the PPII helices that this protein adopts. Colour
code: carbon (grey), nitrogen (blue), oxygen (red) and sulphur (yellow).
(c) Ramachandran map®! of 3BOG with the distribution of conformations
is shown. The high concentration of points near (—70°, 140°) represents
the PPII or poly-glycine helical conformation.

of the aromatic side chains within the protein bulk resulting in
unnatural structures.

(c) The previous step led to a partial disruption of the
original sequence. This was overcome by judiciously inserting
and deleting small residues such as glycine or alanine to obtain
the final correct sequence count. The structure was partially
minimized after each insertion or deletion step.

(d) The inserted small residues such as glycine or alanine
were mutated to the correct residue (serine, threonine, leucine
etc.) as per the actual sequence of KAP8.1 to obtain the full
KAP8.1 structure. Once again partial energy minimization of
the structure was performed after each mutation.

(e) Finally, all residues of KAP8.1 model were checked to have
the correct chirality (L) and all peptide bonds were ensured to

Phys. Chem. Chem. Phys., 2017, 19, 8575-8583 | 8577
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3BOG

I 1
CKGADGAHGVNGCPGTAGAAGSVGGPGCDGGHGGNGGNGNPGCAGGVGGAGGASGGTGY
L |

KAP 8.1

I 1
MLCDNFPGAVFPGCYWGSYGYPLGYSVGCGYGSTYSPVGYGFGYGYNGCGAFGYRRYSPFALY
L J

13)

' 13019)

Cysteines in 3BOG (KAP 8.1)

Fig. 2 Amino acid sequences and disulfide linkages of 3BOG and KAP8.1.
A schematic representation of KAP8.1 with the anticipated disulfide link-
ages (dashed red lines) is also shown.
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Fig. 3 (a) Model of KAP8.1 starting from 3BOG as template. This structure
is free of unstable short contacts. The ribbon depicts the protein backbone
structure. (b) Ramachandran plot showing the secondary structure con-
formations largely in the PPII helix and B-sheet (indicated by the dashed
red circle).

have the trans configuration. This required some editing and
subsequent minimizing of the KAP8.1 model structure. The final
structure of modeled KAPS8.1 is shown in Fig. 3 and was seen to
have no unstable short contacts.
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Computer simulations of the KAP8.1 model

In order to check the stability of this modeled 3D structure of
KAP8.1 in aqueous environment, molecular dynamics simula-
tions of a single protein unit in bulk water were performed. The
root mean square deviation (RMSD) was computed during the
course of the simulation. RMSD is a measure of the protein’s
structural change (usually restricted to the backbone atoms)
with respect to a reference structure in the course of the
simulation. In Fig. 4a we show the KAP8.1 backbone RMSD
fluctuation during simulation for a period of 200 ns after initial
equilibration. It can be seen that the RMSD of the KAP8.1 back-
bone is reasonably stable from around 0.25 nm. This suggests
that the modeled 3D structure of KAP8.1 is stable in aqueous
environment.

The radius of gyration (R,) of a protein is a measure of its
compactness. If a protein structure is stable, it will likely maintain
a relatively steady average value of R,. If a protein folds or unfolds
during the simulation, its R, will change over time. In Fig. 4b, we
show the radius of gyration for KAP8.1 during the simulation. We
can see from the reasonably constant R, values that the protein
remains stable and maintains globular structure during the
simulation. It should be noted that RMSD and R, provide
information about the global (not the local) structural change
of a protein during the simulation.

1_ -
0 L | L 1 1 | L 1 1
0 40 80 120 160 200
Time (ns)
120——m—1r——7——7—

1 1 1 1
9.9 160 200

| |
0 40 80 120
Time (ns)

Fig. 4 (a) Protein backbone root mean square deviation (RMSD) and
(b) radius of gyration (Ry) of KAP8.1 protein during the course of molecular
dynamics simulation at temperature 300 K and 1 bar pressure.
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Fig. 5 Ramachandran plot obtained from an equilibrated molecular dynamics
trajectory of a single KAP8.1 in bulk water at temperature 300 K and 1 bar
pressure. The secondary structures are largely in the PPII helix and B-sheet
regions (indicated by the red circle) of the Ramachandran plot.

To gain microscopic insight into the structural features of
KAP8.1, in Fig. 5 we show the Ramachandran map®" of equilibrated
protein structures in bulk water. It is evident from the map that
along with PPII helices (structural characteristics of the original
model) more conformations are being explored in the B-sheet
region with the inclusion of water in the simulations. We per-
formed a clustering analysis to gain a deeper insight on whether
each protein structure either shares the features of both PPII helix
and B-sheet, or two distinct structures — one dominated by PPII
helix and other by B-sheet, existing in dynamic equilibrium. Both of
these scenarios will give rise to a Ramachandran map similar to the
one shown in Fig. 5. Clustering analysis uses RMSD similarity as
a criterion to partition individual protein structures into clusters.
We used the g cluster tool of GROMACS™?® with the GROMOS
clustering algorithm,** with a 0.12 nm C* RMSD cut-off to deter-
mine clusters (see ESI for details). Ramachandran plots of the
central protein structures of top three most populated clusters, that
consist of >70% of the total protein structures, suggest that
dominant protein structures in water share the characteristics
of both PPII helix and B-sheet (see ESIT).

We have not used standard algorithms like DSSP** (Dictionary
of Protein Secondary Structure) and STRIDE** (Structural Identifi-
cation) to assign the secondary structure content of our modelled
KAPS.1, as these algorithms rely on protein backbone hydrogen
bond patterns and PPII helices do not contain any character-
istic hydrogen bond patterns. We also must note that defining
secondary structures from atomic resolution coordinates is not
an exact process due to differences in the definition of secondary
structures.

Vibrational spectroscopic studies on KAPS.1

The Raman spectrum of KAPS8.1 is shown in Fig. 6; the assign-
ments of the corresponding peaks are listed in Table 1. The Raman
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Fig. 6 Raman spectrum of KAP8.1 powder obtained with a WiTec Alpha

300R Confocal Raman Spectrometer. A laser wavelength of 785 nm and
power of 50 mW were used, along with a 100x Zeiss Objective.

Table1 Assigned peaks of the Raman spectrum of KAP8.1 shown in Fig. 6.
Symbols and represent (v) stretching and (4) bending modes

Assignment KAP8.1 peak (cm ™)

U(SS) (gauche-gauche-gauche) disulphide bond 505

Phenylalanine 619
Tyrosine 642
1(CS) from methionine (trans form) 723
Tryptophan 758
J(CCH) aliphatic (tyrosine) 828
J(CCH) aromatic (tyrosine) 851
1(CC) helix 933
1(CC) aromatic ring/phenylalanine 1003
1(CC) skeletal/cis conformation, phenylalanine 1031
1(CC) skeletal 1127
Tyrosine (CH) 1207
O(NH) (NC) amide III-sheet 1230
O0(NH) (NC) amide III disordered 1244
0(CH) tryptophan 1340
SCH, 1446
Indole ring (tryptophan) 1551

Aromatic (tyrosine, tryptophan, phenylalanine) 1614
(CO) amide I 1635-1700

spectrum for KAP8.1 shows a protein with a high tyrosine content
(intense peaks at 642, 828, 851, 1207, 1614 cm™ '), which is
consistent with the protein’s sequence.

What is particularly interesting in the spectrum is the Fermi
doublet ratio (Igs0/Igs0): this ratio is greater than 1, which indi-
cates®” that the tyrosine residues are exposed. This implies that
they would be pointing outwards, away from the centre of the
protein. This is consistent with the predicted structure shown in
Fig. 3, where the exposed tyrosine residues are clearly evident.
The phenylalanine-glycine ratio can be estimated from the
Raman spectrum using the following empirical formula®®

.25 lo2e _ Phe
Igas  Tyr

For KAPS8.1, the ratio calculated from the Raman spectrum
is 0.44, and the actual ratio from the known sequence is 0.42
(12 tyrosine and 5 phenylalanine).

Phys. Chem. Chem. Phys., 2017, 19, 8575-8583 | 8579
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Fig. 7 Peak fitting of amide | band of the Raman spectrum of KAP8.1
shown in Fig. 6.

The amide I band is especially sensitive to different confor-
mations.”” This is because the band arises due to the stretch of
the C=0 bond, which is involved in hydrogen bonding, as well
as a small contribution from an out-of-phase C-N stretch. The
different hydrogen bonds formed as a result of the conformation
cause the amide band to shift. Thus, the broad peaks are con-
sidered to be formed of smaller peaks, each assigned to a specific
secondary structure conformation. There is a large literature
on these assignments.*®™*! In order to determine the relative
amounts of a-helix, B-sheet, PPII and other secondary structure
elements present, the amide I band must be peak-fitted. The
amide I band with underlying fitted peaks is shown in Fig. 7.
The calculated amount of each secondary structure element is
given in Table 2.

There is some uncertainty on the assignments shown in
Table 2. The o-helix peak assignment for the amide I band is
universally stated as being at 1650 cm™ ", and there is no debate in
the literature regarding this peak assignment. This is because the
structure is well defined and regular. The B-sheet band assign-
ments depend on the various types of B-sheet present. There are
parallel, anti-parallel and extended-strand B-sheets, which all have
slightly different band assignments. Parallel B-sheet is assigned to
1635 cm™ " and anti-parallel and extended B-sheet conformations
are assigned to 1670 cm ™. The recent work by Anderson and
coworkers”? states that a strong band is only observed in the
1635 cm™ ' region when there is large coupling between multiple
B-strands. Most general B-sheet assignments in the literature®**>~**
are in the 1670 cm ™" region of the amide I band.

There is uncertainty around the amide I peak assignment
regarding the PPII structure. There is very little experimental

Table 2 Assigned peaks of the Raman amide | band shown in Fig. 7

Position (cm™") Area (%) Assignment

1627 15 B-Sheet

1646 10 o-Helix

1656 6 Random coils/PPII
1672 50 f-Sheet” (or PPII)
1692 18 Disordered/turns

“ This is confirmed to be B-sheet from the VCD results shown in Fig. 9.
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evidence for the PPII assignments. Most of the literature assign-
ments are based on theoretical calculations. In the literature there
are two regions of the amide I band associated with PPII, the
1660-1670 cm™ ' and 1675-1685 cm ™ * regions.*®3%*> Therefore,
the band centred at 1672 cm ™" could be from either p-sheet or
PPII. Further evidence supporting one assignment or the other
is provided in the next section.

IR and VCD studies of KAPS.1

In order to remove the uncertainty over assignment of -sheet
and PPII helices from the Raman spectrum additional spectro-
scopic experiments (IR and VCD) were performed on KAPS.1. The
results are shown in Fig. 8 and 9. Fig. 8 and the top spectrum
in Fig. 9 show that the IR spectrum of KAP8.1 powder taken in
attenuated total reflection (ATR) mode, and in a KBr Pellet in
transmission mode resemble each other closely. The amide I

0.3 T T T T ¥ T v T ”

0.2

Absorbance

0.0 -
L ! L ] . ! A L .
1000 1200 1400 1600 1800 2000
-1
Wavenumber (cm )
Fig. 8 IR-ATR spectrum of KAP8.1 taken on a Biorad (now Agilent) FTS
6000 spectrometer with liquid nitrogen-cooled MCT detector at 4 cm™*

resolution and 500 scans. A micro diamond ATR set-up was used (‘Golden
Gate’, Greasby Specac Ltd).

0.8
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N

NN AN A
\/“” \/\/ S

|
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AAbs (X 10°)
lbo

1
S

Fig. 9 FT-IR (top) and VCD (bottom) spectra of KAP8.1 taken on a
Biotools® Chiral IR-2X spectrometer using a liquid nitrogen-cooled MCT
detector. They were taken in transmission mode with the KAP8.1 in a KBr
pellet in a rotating cell holder. The spectra were collected at 4 cm™ resolution
and 20 000 scans.
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region of the IR spectrum, like that of the Raman spectrum, is
sensitive to the different protein conformations. It is considered
to consist of overlapping bands that come from the different
secondary structures. Thus, resemblance of spectra taken in the
two different modes clearly indicates that the protein retains its
native conformation despite being subjected to pressure during
pellet production. As with the Raman spectra, the assignment
within the amide I region is not able to clearly differentiate
between B-sheet and PPII structures. Vibrational circular dichroism
(VCD) studies provide the extra level of sensitivity needed to
distinguish these energetically similar structures. The VCD
spectrum is spectrally rich in the amide I-III regions. The VCD
spectrum of KAPS.1 (Fig. 9) clearly indicates a high proportion of
B-sheet, as the observed pattern in the amide I and II regions,
i.e., negative-positive-negative, constitutes the classical pattern
found in B-sheet-rich proteins.*’

Furthermore, the amide III region of the VCD spectrum
contains a band pattern (again negative-positive-negative) that is
also found in B-sheet proteins.*® The VCD bands in the amide III
region are usually strong, which is probably due to the restrained
dynamics of the protein under dry conditions. Although not
quantitative, the VCD result does resolve the uncertainty of
Raman and IR assignments due to overlapping band positions.
Therefore, the band at 1672 cm ™! in Table 2 from the Raman
spectrum is assigned to B-sheet as opposed to PPII. Thus, the
proportions of secondary structures present can be taken as
those given in Table 2 i.e. 65% B-sheet, 18% disordered/turn,
10%, a-helix, 6% random coil/PPII.

Discussion

This study uses computational modeling but is underpinned by
verification with experimental measurements to explore the
structure and properties of a particular keratin associated pro-
tein, KAPS8.1, which is an important constituent of KAP matrix
and about which very little is known. We have chosen to use
vibrational spectroscopy for the verification of the structural
features of the modelled KAP8.1, as it is an extremely powerful
analytical technique for determining the molecular structure of
simple and complex macromolecules. IR and Raman spectro-
scopy have been used for many years to examine the structure of
proteins, especially their secondary structures.’” These two
related vibrational spectroscopic techniques possess many advan-
tages for studying biological molecules, including having no
molecular size limitations, being label-free, and possessing wide
applicability to different sample conditions and types. As KAP8.1
is insoluble in virtually all solvents, especially water, vibrational
spectroscopy is ideal as it can look at samples in all states and
provides a large amount of structural information.***®*” Here we
use Raman spectroscopy, infrared spectroscopy (IR) and also
vibrational circular dichroism (VCD) as it gives an extra level of
differentiation among protein secondary structures.”> Hence
vibrational spectroscopy methods are particularly effective
when crystals of proteins are hard to obtain*® or when they
are quite insoluble. They have been used to study keratin*® and
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whole hairs,*>** including how their behavior changes under
various conditions.’® We have also used VCD, the chiral form of
IR spectroscopy, as it gives an extra level of sensitivity that enables
differentiation among secondary structures that are close in
frequency in the linear forms of IR and Raman. To our knowledge,
this is also the first time that VCD has been performed success-
fully on a solid protein sample in the native state.

The results of our computer simulations on the modeled
protein and of concurrent spectroscopic studies on synthesized
KAP8.1 suggest that the structure of this protein is characterized
by either PPII helices and/or B-sheet-type structures with most
of the tyrosine residues facing outwards. While the modeling
studies in vacuo and in water suggest a PPII structure with some
B-sheet content (Fig. 3b and 5), the spectroscopic studies con-
firmed by VCD suggest predominantly B-sheet content. This
slight discrepancy may be explained by the fact that these two
regions are largely contiguous in the upper left hand corner of the
Ramachandran map and conformational excursions between the
two are possible. This is even more so if the sequence includes
glycine residues and very few proline residues. As is well known,
proline is a cyclic amino acid and is constrained to have a ¢ value
close to —65°. A B-sheet ¢ value of ~—140° is impossible for
proline to adopt, and would result in a very high energy barrier
between the PPII and the B-sheet conformations if the sequence
contained a high proportion of proline residues. In KAP8.1, the
sequence in the regions that we focus on has very few proline
residues, and contains a high proportion of glycine. Moreover,
the energy difference between PPII and B-sheet for many peptide
sequences is vanishingly small’" in water, and hence in a well
equilibrated MD study we would expect both regions to be
explored during the simulation. Indeed, this small energy
difference is also the reason why these two secondary structural
elements have similar frequencies in IR and Raman spectra.
Several papers®®>° discuss the propensity of small peptides to
adopt PPII or B-sheet conformations that are influenced by the
amino acid sequence and/or the presence of water. In any
event, as the main aim of the homology model was to build a
good starting structure for large scale computational studies,
the model described in this paper with the accompanying
spectroscopic support can be considered very good indeed.

Here for the first time a model of an important KAP protein -
the HGT protein KAP8.1 has been described in such detail. This
work has highlighted that while there are many physicochemical
methods used to study and understand hair structure and func-
tion, computer simulations offer an extremely useful method,
especially at molecular length scales. In the past, most of the
modeling/simulations of hair proteins have been confined to
the study of IFs - historically because the molecular structures
were easy to build, and many template structures of coiled coils
such as vimentin®®®” are known. However, there have been no
reported papers of modeling and simulations of the hair matrix
proteins or KAPs and we hope that this will be the first of many
papers in this area.

The model of KAP8.1 protein described here and its satis-
factory confirmation from vibrational spectroscopy is an excellent
starting point for further simulation studies on the KAP matrix
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and the inherent properties of hair. For example, it is postulated
that the denaturation temperature of hair in the wet is influenced by
the viscosity of the matrix proteins.>® Also, as mentioned above, the
glass transition of hair is a matrix property and is heavily influenced
by water, ageing, and the presence of small additives. In follow-up
studies we will investigate water sorption and glass transition
phenomena of KAP8.1 using advanced simulation methods.
Finally, as mentioned previously, apart from the two-phase
model, various refinements' have been proposed to describe the
mechanical properties of hair or wool fibres in terms of the
properties of their IFs and KAPs and this continues to be a subject
of academic debate. All of these models involve o to B transitions
(i.e. the unfolding of o helical regions and formation of 3 sheets) in
the IFs above certain strain levels. For example, one model known
as the series-zone model involves a second set of o to B transitions
to explain the hardening of the fibre in the high strain regions
found in typical stress-strain curves. This model treats the matrix
as being thixotropic, affecting the ease of deformation, and oppos-
ing both folding and unfolding of the o helices. The series-zone
model does not incorporate interactions between the IFs and the
matrix proteins. However, other models involve the role of the
matrix, and the role of interactions between the matrix proteins
and the IFs. For instance, the Chapman-Hearle model" assumes
the presence of disulphide bonds between KAPs, and between
KAPs and IFs. These bonds are described as bearing a tensile stress
at strains below the strain hardening region of the fibre stress/
strain curve. This is claimed to originate from stress transfer
between IFs and KAPs. Thus, understanding the structures of
KAPs, and their contribution to the glassy state physics of hair will
shed light on questions such as the nature of KAP-IF and KAP-KAP
(both HGT-HS and HS-HS) interactions. For example, whether
covalent KAP-IF and KAP-KAP interactions are required to explain
the mechanical properties of hair fibres. Understanding the proper-
ties of the KAPs, and their interaction with each other and with IFs
would be crucial for testing the validity of some models. In
particular, this would help in understanding the role of the matrix
in the plateau, strain hardening and recovery regions of the stress
strain curve. Moreover, studying non-covalent KAP-IF interaction
may provide information on the role of KAPs in determining IF
assembly. A recent study> has demonstrated the effects of KAP8.1
on IF assembly in vitro. That study proposes that the KAP8.1-IF
interaction is involved in the formation of ortho cortex cells rather
than para cortex cells. Hence, understanding HGT KAPs and their
interactions with IFs may be important in studying the morphology
of keratin fibres, in addition to their mechanical properties. The
approach of using modelling to develop our understanding of
individual hair components and how they interact will contribute
to the aim of providing a holistic understanding of the hair fibre,
and the manipulation of its properties under different conditions.

Conclusions

In this work, a model of a HGT hair protein, KAP8.1, has been
built using an anti-freeze protein 3BOG from snow flea as a
template, which is characterized by four strands of PPII-type

8582 | Phys. Chem. Chem. Phys., 2017, 19, 8575-8583

View Article Online

PCCP

helical secondary structures held together by two Cysteine
di-sulphide bridges. The initial modeled structure of KAPS8.1
contained characteristics of both the PPII as well as B-sheet
structures. We have used this as a starting point for further
simulations and confirmed the stability of modeled structure
by molecular dynamics studies. Raman, IR and VCD spectro-
scopic studies performed on a 63-residue synthesized KAPS8.1
show that the protein is characterized by secondary structures
largely consistent with the computational modeling.

The model built in this work can be a good starting point for
simulations to study the hydration of KAP8.1, dehydration-
induced glass transition, and the influence of small molecule
additives on these processes and properties. It is hoped that
this model will enable us to gain important insights into the
glassy nature of hair matrix proteins, and how the properties of
hair can be affected under different environmental conditions
of temperature and humidity.
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