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Thermodynamic and structural analysis of
interactions between peptide ligands and SEB

Fahriye Ceyda Dudak?, Esra Acar Soykut®, Murat Erman Oguz®, Fatih Yasar®
and Ismail Hakki Boyaci®*

Staphylococcal enterotoxin B (SEB) is an exotoxin produced by Staphylococcus aureus and commonly associated with
food poisoning. In this study, SEB-binding peptides were identified by screening a phage displayed peptide library.
The binding of peptides to SEB was tested with isothermal titration calorimetry (ITC) and of the five selected peptides,
three showed affinity to SEB, with one measured to have the highest affinity constant (10° M~"). ITC revealed that the
interaction of peptide ligands with SEB was driven entropically and the binding was dominated by hydrophobic
interactions. Circular dichroism (CD) measurements and molecular dynamics (MD) simulations, together, give a
structural insight into the interaction of peptides with SEB. While SEB binding peptides showed random coil structure
before binding, after complex formation they had more ordered structures. The peptide with highest affinity to SEB
showed stable conformation during MD simulation. Taken together, our approach about thermodynamic and
structural characterization of peptide ligands can be used to develop aptamers, with high affinity and selectivity,
for biosensor applications. Copyright © 2009 John Wiley & Sons, Ltd.

Keywords: staphylococcal enterotoxin B (SEB); phage display; peptide ligands; isothermal titration calorimetry (ITC); circular
dichroism (CD); molecular dynamics (MD)
|

INTRODUCTION

Phage display technology is a combinatorial biology approach,
based on the fusion of polypeptides on bacteriophage coat
proteins and has proven to be a powerful tool for protein-
ligand interaction studies (Smith, 1985; Smith and Petrenko,
1997). Phage display provides the selection and identification of
peptides binding to a variety of proteins by screening of
extremely large and diverse libraries of DNA-encoded peptides
(Sidhu et al,, 2003). Although phage display techniques have
been used for numerous biological studies such as designing
high affinity super antigens (Enever et al, 2005), mapping
functional binding sites (Sidhu et al,, 2003), and identification
of peptide binders to inorganic materials (Sarikaya et al., 2003),
the greatest interest has been aroused for development of
peptide ligands as recognition reagents for a specific protein
target.

In conventional approach, ligand molecules, namely anti-
bodies, for target molecules are produced mostly in a host
organism. Although there have been some important improve-
ments for the production of antibodies, such as hibridoma
technologies, there are still some drawbacks such as time and
labor-intensive production and low stability. These disadvantages
of antibodies have given rise to the selection of peptide ligands,
having various advantages over antibodies (Petrenko and
Vodyanoy, 2003; Ladner et al., 2004). Phage displayed peptides
have been selected against various analytes like botulinum
neurotoxins (Zdanovsky et al, 2001), toxic shock syndrome
toxin-1 (Mourez et al., 2001), Bacillus spores (Turnbough, 2003),
and microcystin-LR (Zhao et al., 2005). Several researchers
reported the potential of peptide ligands as probes in biosensors
(Samoylov et al., 2002; Petrenko and Sorokulova, 2004).

New ligand molecules were investigated for the detection of
toxins, especially the ones which are the cause of widespread
intoxications. Staphylococcal enterotoxin B (SEB), produced by
Staphylococcus aureus, is a significant cause of food poisoning in
humans and it is considered to have a potential to be used as
biological weapon due to its high stability against heat and
proteolytic enzymes (Ler et al, 2006). Biosensors, in which
antibodies used as recognition agents, based on piezoelectric
crystal sensors (Harteveld et al., 1997; Lin and Tsai, 2003), surface
plasmon resonance (SPR) sensors (Homola et al., 2002; Naimushin
et al., 2002, Slavik et al., 2002), and fiber optic sensors (King et al.,
1999) have been developed for rapid and sensitive detection of
SEB.

Although previous applications have been successfully applied
by utilizing SEB antibodies as recognition elements, research was
directed for creating new aptamers to replace antibodies. In this
context, Goldman et al. (2000) demonstrated that 12-mer phage
displayed peptide binding to SEB with high selectivity, which can
be used in biosensor applications, and compared the affinities of
selected phage body as a whole and anti-SEB antibody in a
fluorometric immunoassay. Similarly another SEB binding
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peptide was screened and selected by Wang et al. (2004) using a
solid phase combinatorial library. The binding specificity and
affinity of this peptide was investigated by an HPLC flow analysis
and affinity purification of SEB molecule was successfully realized
in a column that SEB binding peptides used as affinity agents. In
our previous study, the thermodynamic constants of the
interaction between SEB and peptide ligand, isolated from a
12-mer phage displayed library, were determined and the
binding constant of peptide was compared with that of antibody
for the first time in the literature (Soykut et al., 2008). Comparison
of the affinity of the phage display selected peptides with the
commercially available antibodies is important to test the effec-
tiveness and usability of the novel peptide ligands. These previous
studies about developing a peptide ligand for SEB suggested
improving the affinities of the selected peptides by rational
approaches in order to use peptides in biosensors instead of
antibodies. Although there are studies for characterization of the
peptides in the literature, there is a need for a better understanding
for the mechanism of the protein-ligand interactions for a
successful redesign of the available ligand peptides.

Molecular dynamic (MD) simulation is one of the most popular
computational tools that has been widely applied to biological
macromolecules such as proteins and peptides to gain insight
into their dynamics, for studying folding/unfolding, and to
investigate secondary structures (Seibert et al., 2005; Goud et al.,
2008; Schaeffer et al., 2008). MD simulations consider small size
systems of a few nanometers and compute the interactions
between the components of a molecular system as a function of
time. Nowadays, MD simulations are used by laboratory experi-
mentalist not only to interpret experimental results but also to
find appropriate experimental conditions, and to test methods in
order to study a particular phenomenon (Klepeis et al., 2009).

In this study, SEB binding peptides were selected from a phage
display library. The thermodynamic aspects of peptide-SEB
interaction were studied by isothermal titration calorimetry (ITC).
By circular dichroism (CD) spectroscopy, the secondary structures
of selected peptides were characterized. The selected peptides
were also studied via MD method to gain insight into their
conformational structures. We presented a pioneering approach to
reveal the mechanism of the protein-ligand interaction from the
point of structure-activity relationship for phage display selected
SEB binding peptides. The results provide us a better under-
standing for the available SEB binding peptides, which will help one
to redesign available peptide ligands with superior affinities.

MATERIALS AND METHODS

Reagents

M13 phage display (PhD) library and the host organism,
Escherichia coli ER2738, were purchased from New England
Biolabs Inc. (Ipswich, MA, USA). The medium LB, used for bacterial
growth, was from Merck KgaA (Darmstadt, Germany). Monoclonal
M13 antibody labeled with horse-radish peroxide (HRP) was
obtained from Abcam Plc. (Cambridge, UK). SEB, bovine serum
albumin (BSA), glycerol, Tween 20, polyethylene glycol (PEG),
glycine, 2,2"-azino-bis (3-ethylbenziazoline-6-sulfonicacid) (ABTS),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), N-hydroxy sulfosuccinimide (NHS), 11-mercaptoundecanoic
acid (11-MUA), dimethyl sulfoxide (DMSO), and ethanolamine were
from Sigma-Aldrich Chemical Co. (St Louis, MO, USA). Na,HPO,,

KH,PQ,, Tris, and NaCl, used as PBS and TBS, were from J.T. Baker
(Netherlands).

Selection from phage display library

M13 phage display (PhD) library containing 1.5 x 10" pfuml™"
and 2.7 x 10° transformants was used to screen against SEB.
ELISA plates were coated with the target molecule SEB for
screening. The plates were prepared by incubating 150 pgml ™'
SEB overnight. After the removal of unbound and weakly bound
SEB molecules from the plate, each well was incubated with pH
8.6, 0.1 M carbonate blocking buffer containing 5mgml™" BSA.
Following the removal of blocking solution, 10 wl of aliquots from
PhD library was added on immobilized SEB molecules. After 1h
incubation unbound and weakly bound phages were removed by
washing with pH 7.5 TBST buffer (50 mM Tris-HCI, 150 mM Nadl,
0.1% Tween 20). Bound phages were eluted from the SEB surface
by using glycine-HCI solution (pH 2.2). To neutralize the well
content 1M Tris—HCI (pH 9.1) was used. Selected phage clones
were amplified by infecting liquid E. coli culture. The amplified
phage clones were separated by centrifugation at (10 000 rpm,
4°C for 10min). Separated phage clones were purified and
concentrated with PEG/NaCl. After incubation the phage clones
were pelleted by centrifugation (10 000 rpm, 4°C for 15 min). The
phage pellet was dissolved in 0.02% NaNjs in TBS buffer. Stock
solutions of the phage clones were prepared in 50% glycerol.

Phage-ELISA

Selected phage clones were incubated in SEB coated ELISA plates
for 1.5 h to determine the affinities of phages to SEB. Unbound
and weakly bound phages were removed by washing with TBST
(0.5% Tween 20) buffer. HRP-conjugated M13 antibody was
brought in contact with phage-SEB complex and then the
antibody was incubated for 1.5h. Following the incubation
non-specifically bound antibody conjugates were removed by
washing six times with TBST and 200 p.| ABST mix solution (21 ml
of ABST stock solution was mixed with 36 pl 30% H,0,) was
added to each well and the enzymatic reaction took place for
30 min. The absorbance at 405 nm was measured by BIO-TEK EL
808 microplate reader (Biotek Instruments, Winooski, VT, USA).

DNA sequencing

Phage particles purification, concentration, and DNA isolation
were carried out according to Sambrook et al. (1989). Sequencing
analysis were done using by Beckmann Coulter CEQ™ 8000 cycle
sequencer with —96 sequencing primer (New England BiolLab,
5’-GCCCTCATAGTTAGCGTAACG-3') and 5-CAGGGATAGCAAGCC
CAATA-3'. After DNA sequencing, page displayed peptides were
synthesized by solid phase peptide synthesis and purified to 95%
purity (GenScript Corp., Piscataway, NJ, USA).

ITC measurements

ITC experiments, carried out to determine the thermodynamic
properties of peptide-SEB interactions, were performed at 25°C
using a TAM |l microcalorimeter (TA Instruments, New Castle,
Delaware, USA). The solutions for the experiments were prepared
in 50mM PBS (pH 7.5) except the solutions of peptide4 and SEB
used in the titration with peptide4 which included 2% DMSO to
increase the solubility of the peptide. All solutions were degassed
in an ultrasonic water bath before ITC experiments. Peptide
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solutions (0.7 mM) were placed in 250 pl syringe and 800 pl of
SEB solution (0.035 mM) was placed in the sample ampoule while
the reference ampoule was filled with 800 wl PBS. The peptide
solutions were injected into the stirred sample ampoule
containing SEB solution in 20 injections (10 wl/injection) by a
computer-controlled pump and the heat released with each
injection was measured by the calorimeter in dynamic correction
mode. Control experiments were performed by titrating peptide
solutions into PBS and the heat of binding reaction between the
peptides and SEB was obtained as the difference between the
heat of reaction and the corresponding heat of dilution. In order
to check the specificity of SEB-binding peptides, BSA (0.035 mM)
was also titrated by peptide solutions. Binding constants (k),
stoichiometry (n), the change in enthalpy (AH), the change in free
energy (AG), and the change in entropy (AS) were determined by
using the software package of TAM Assistant supplied by TA
Instruments.

SPR measurements

Binding of peptide with SEB was investigated by Spreeta™ SPR
sensor (Texas Instruments, Dallas, TX, USA) coupled with three-
channel flow cell and 12-bit DSP electronic control box. The flow of
the reagents was controlled by syringe pumps (Goldman Syringe
Pump, Biasis Ltd. Sti., Ankara, Turkey) and four-way switching
valves (Upchurch Scientific, Oak Harbor, WA, USA).

Gold coated sensor surfaces were modified with self-
assembled monolayer (SAM) of 11-MUA by incubating the
surface with 10mM 11-MUA in absolute ethanol overnight at
room temperature. After washing the surface with ethanol and
deionized water, the sensors were activated by the solution
containing 0.2M EDC and 0.05M N-hydroxysulfosuccinimide
(NHS) for 1h. Then activated sensors were incubated with SEB
solution (0.014 mM) for 30 min and the surface was blocked with
0.5 M ethanolamine solution. After establishing the baseline with
50 mM PBS (pH 7.5), different concentrations (0.35, 0.70, 1.05, and
1.40 mM) of peptide were injected to the sensor in duplicate for
binding to the SEB coated surface.

CD spectroscopy measurements

CD measurements were performed on a JASCO J-810 using a
quartz cell of 1.0 mm path length at 25°C. Peptide solutions and
SEB solution were prepared in 50mM, pH 7.5 PBS at a con-
centration of 50 wM. The concentration of peptides and SEB was
25 uM for CD measurements of peptide-SEB mixture. Spectra
were recorded from 195 to 250 nm with a bandwidth of 1.0 nm
and a rate of 0.5nms ', Three scans were averaged and
corrected for the contribution of buffer solution.

MD simulations

The peptides that showed high affinity to SEB, namely peptide2,
peptide3, and peptide5, were constructed using the TINKER
molecular modeling package (Ren and Ponder, 2002). The MD
simulations initially started from extended (primary) geometries
without any bias where the peptides were terminated with
N-terminal NHJ and the C-terminal COO™ group. All simulations
were performed using The GROMACS molecular modeling
package (Van der Spoel et al., 2005) in conjunction with OPLS-AA
force field (Jorgensen and Severance, 1990). For each simulation,
first, peptide system was initially minimized in vacuo to remove
close van der Waals contacts. This minimization consisted from

the steepest descent to conjugate gradient mode. Afterwards,
the system was heated at high temperature and then was cooled
in constrained simulating annealing in vacuo from high
temperature to room temperature. After the starting structure
chosen from room temperature vacuum conformations, the
system was solvated with water molecules in a cubic simulation
box. The solvated configuration energy was again minimized
from the steepest descent to conjugate gradient methods and so
obtained configuration was submitted MD production simulation
after thermalization. A similar simulation protocol has been also
followed by Drabik et al. (2001).

Computational details

The initial energies of our linear peptides were minimized in
vacuo by using steepest descent and conjugate gradient
methods to obtain an energy gradient 100kJmol™" nm™",
consecutively. The optimized system was simulated at 1000 K
in 100 ps. Afterwards, the system was cooled by simulating
annealing from 1000 to 300K in 200 ps.

The starting structure of each peptide system, obtained from
vacuum simulation, was solvated by single point charge water
model (SPC) (Berendsen et al., 1981). The peptides 2, 3, and 5
contain 2303, 2053, and 2112 water molecules, respectively.
Particle Mesh Ewald (PME) summation (Darden et al., 1993;
Essmann et al.,, 1995) was adopted for long-range electrostatistic
interactions with a cut-off 0.9 nm and van der Waals cut-off radius
1.4nm. The LINCS algorithm (Hess et al., 1997) was applied to
constrain covalent bonds in the peptides. Periodic boundary
conditions were applied and chlorine ion (CI7) was added to
neutralize the peptide2 for PME methodology. The minimum
distance between any atoms of the peptides and simulation box
was 1nm. The starting structures of the peptides with solvent
were optimized by energy minimization runs using steepest
descent and conjugate gradient algorithms to obtain an energy
gradient 100kJmol 'nm~'. MD simulation was carried out
isobaric, isothermal (NPT) ensemble. Throughout the simulation
the solute and solvent were coupled to a constant-temperature
(T=300K) heat-bath and a constant-pressure (1bar) bath. All
simulations were allowed a total thermalization period of 200 ps.
The position restrained MD is carried out during this thermal-
ization. Hence, the atomic positions of the peptide were
restrained and the water molecules were allowed the equilibrate
around the peptides, to remove the solvent holes. In this step, the
temperature and pressure were controlled using v-rescale (Bussi
et al, 2007) and Berendsen baths (Berendsen et al., 1984),
respectively. Finally, we performed 30ns MD production
simulation using the time step of 2fs for each peptide. In
production runs, the temperature and pressure were controlled
using v-rescale and Parrinello-Rahman method (Parrinello and
Rahman, 1981) with coupling times 0.1 and 0.5 ps, respectively.

The structures of each peptide in water were characterized by
the secondary structure analysis using the definition of proteins
(DSSP) protocol (Kabsch and Sander, 1983). The VMD suite
software (Humphrey et al.,, 1996) was applied for visualizations.

RESULTS AND DISCUSSION

Phage-ELISA

Peptide phage display library was used to select the SEB binding
phages and the affinities of 100 purified phage clones from third
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Figure 1. Phage clones that bind to SEB in ELISA. Two hundred micro-
liters of phage clones (10'° pfuml~") were incubated in SEB coated wells
and bound phage clones were detected with HRP conjugated M13
antibody and ABST substrate. Absorbance measurements at 405 nm were
done in triplicate and error bars represent the standard deviation.

round of panning were determined by ELISA. Thirteen of the
phage clones did not appear to bind SEB. Twenty selected phage
isolates elicited high signals when compared with controls
(Figure 1). For negative control, phage clones and enzyme-
labeled antibodies were incubated in the wells which contain
only blocking agent. For positive control, enzyme-labeled
antibodies were incubated in SEB coated wells without phage
clones.

Sequence analysis

The nucleotide sequences of the random regions of 20 SEB
binding phage clones, which elicited high affinities in pha-
ge-ELISA, were determined. Of the sequenced phage clones, 16
phage clones revealed the same sequence, although they did not
show the same affinity in ELISA. Totally five different sequences
were determined as binding to SEB (Table 1). There is not any
remarkable sequence similarity between peptides, possibly
because they bind to different sites on SEB. All peptides contain
at least one positively charged residue, while only three of them
have one negatively charged amino acid and selected peptides
consist of mostly hydrophilic amino acids.

Table 1. Amino acid sequences of peptides which show high
affinity to SEB in phage-ELISA

Peptide code Amino acid sequence

Peptide1 TQNGMERVTALR
Peptide2 WAPPLFRSSLFY
Peptide3 LLADTTHHRPWT
Peptide4 FTNTSAWLVRYQ
Peptide5 LQGFWQTDASYR

ITC measurements

In order to study the thermodynamic aspects of SEB-peptide
interaction, we have used ITC which detected the heat
exchanged during the titration of SEB with peptides (Figure 2).
The heat of dilution was measured by titrating the peptide into
buffer and was subtracted from the measured heat. The single
binding site model was used to determine the binding constant
(k), stoichiometry (n), and the binding enthalpy (AH). Together
with the Gibbs free energy (AG) and binding entropy (AS), the
thermodynamic parameters of SEB-peptide interactions are
reported in Table 2.

Although the phage clone with peptide1 showed high affinity
to SEB in phage-ELISA, the peptide itself did not elicit a binding
profile in calorimetric measurement (Figure 2a). Possibly, the
synthesized peptide does not have the same affinity to SEB as
displayed in the coat protein of phage, since it may have a
different geometry when expressed on phage. Similarly, ITC could
not produce rewarding results for peptide4 as the baseline noise
precluded the measurement of heat of binding, probably due to
the low energy of binding and the interference of DMSO used in
the buffer to increase the solubility of peptide4 (Figure 2d). The
SEB binding peptide2 has an observed binding constant of
1.5 x 10*M ™" with a poor binding profile. The binding constant
of peptide5 is the same order of magnitude as that of peptide2
with a similar enthalpy value and a better binding transition. In
contrast, peptide3 has the highest binding constant value with a
very low binding enthalpy. Nevertheless, the enthalpies of
binding for all peptides are positive, implying that the complex
formation is found to be an endothermic reaction. For the
peptides, binding to SEB, the thermodynamics of interaction is
dominated by a large positive change in entropy, while the
unfavorable enthalpy is a minor component in the free energy of
interaction. The main factor giving rise to large favorable entropy
is the releasing of ordered water into solution and reduction of
water accessible surface during complex formation which
emphasizes the importance of hydrophobic residues in SEB-
peptide interaction (Jelesarov and Bosshard, 1999).

In parallel, we performed ITC studies on the interaction of SEB
binding peptides with BSA in order to check the selectivity of
peptides to SEB. Similarly, peptides were titrated into BSA
solution to obtain a binding isotherm as well as into buffer alone
to obtain heat of dilution (Figure 3). The single binding site model
was used to determine the thermodynamic parameters of
BSA-peptide interactions (Table 3).

Peptide1 showed a poor binding profile with a binding
constant of 1.0 x 10*M™", although it was found to be specific for
SEB in the control experiments of phage-ELISA. Similarly, peptide2
bound to BSA with an affinity constant of 7.0 x 10°M~".
Interestingly, the interaction of these two peptides with BSA is
dominated by favorable enthalpy suggesting a different binding
mechanism with the SEB—peptide interaction, probably, due to
the importance of different residues on binding. Data evaluation
failed for peptide4-BSA interaction as the baseline noise interfered
with the binding heat. Peptide3 and peptide5 did not show a
binding profile to BSA indicating the selectivity of peptides to SEB.

SPR measurements

In order to investigate the binding of peptide to SEB on a surface,
the interaction between SEB and peptide3, which showed the
highest affinity to SEB, was studied by SPR sensor. SEB was
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Figure 2. Calorimetric titrations of SEB with (a) peptide1, (b) peptide2, (c) peptide3, (d) peptide4, and (e) peptide5 at 25°C in 50 mM PBS at pH 7.4. The
lower curves show the titration of 0.7 mM peptide solutions into the solution of 0.035 mM SEB and the upper curves show the titration of 0.7 mM peptide

solutions into buffer.

immobilized on carboxylated thiol modified surface of the SPR
sensor. The surface density of SEB was held at a low degree to
satisfy the molecular interaction between SEB and peptide3. In
order to quantify the interaction between SEB and peptide3,
affinity constant of the peptide to SEB coated surface was
calculated. Injection of peptide3 solutions at different concen-
trations yielded the sensorgrams shown in Figure 4, indicating a
significant interaction between SEB and peptide. Although ITC
binding experiments indicated a 1:1 interaction, the binding data
of peptide3 to SEB did not fit to a simple Langmuir interaction
model, probably due to the effects of immobilization of SEB to a
surface. So, we considered a heterogeneous surface model,
including a slower and a faster adsorption site on the surface of
the SPR sensor chip. The faster adsorption rate, k,;, is found to be
3.8M~'s™" and for the slower adsorbing region k., is calculated

to be 0.03M ™' s . In contrast, we calculated the desorption rates
kqr as 0.014s " and kq, as 2 x 10°%s™", which reveals that the
slower binding region reaches the equilibrium faster than the fast
adsorbing sites of SEB on SPR surface. Based on these results, we
calculated the affinity constants of the fast and the slow
adsorption regions as 2.6 x 10% and 1.6 x 10*M ™', respectively.
Although the affinity constant of slower region is lower, the
affinity constant of faster region is comparable with the affinity
constant obtained from the ITC study.

CD spectroscopy measurements

CD experiments were performed to analyze the secondary
structure of peptides. CD measurement was not successful for
peptide4 due to the effect of DMSO used in the buffer. Far-UV CD

Table 2. Thermodynamic parameters of peptide-SEB interaction derived from ITC

of two independent titrations.

Peptide Ky (M~ AH (K mol™) AG (Kmol™) AS UK "mol™) n
Peptide1 — — —0 _ _
Peptide2 15x10%+7.2x 10° 120+1.2 —239 120.5 1.01
Peptide3 23%x10°+4.7 x 10* 56404 —306 119.8 1.19
Peptide4 — — — — —
Peptide5 82x10%+2.0x10° 15.8+0.1 —28.1 147.0 1.01

Binding constant (K,), enthalpy change (AH), Gibbs free energy (AG), entropy change (AS), and binding stoichiometry (n) are the mean values
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Figure 3. Calorimetric titrations of BSA with (a) peptide1, (b) peptide2, (c) peptide3, (d) peptide4, and (e) peptide5 at 25°C in 50 mM PBS at pH 7.4. The
lower curves show the titration of 0.7 mM peptide solutions into the solution of 0.035 mM BSA and the upper curves show the titration of 0.7 mM peptide

solutions into buffer.

spectra, recorded for peptides under the same buffer conditions,
are shown in Figure 5a. Negative ellipticity band at around
198 nm, found in the spectra of all peptides, indicates random coil
structure as expected for such short peptides (Greenfield and
Fasman, 1969). Peptide2 shows a positive band at 228 nm,
characteristic of poly-proline Il helix respecting the two
consecutive proline residues in the peptide. The secondary
structure contents of peptides, namely a-helix, g-strand, B-turn,
and random coil, were calculated by CONTIN program available in
the CDPro software package, using the reference set of 37
proteins (Sreerama and Woody, 2000). The estimation of the
fraction contents of secondary structures are reported in Table 4.
For all peptides, random coil and g-strand structures are
dominant, while the proportional content of a-helix is too small.
The B-strand content of peptide2 and peptide5 is slightly higher
than that of peptidel and peptide3. The high proportion of

B-strand content may be the result of the inadequacy of fitting
method for short peptides as the reference set used in the
method consists of high molecular weight proteins (Majava et al.,
2008). Neverthless, the CD spectra of peptides alone show a
shape typical of random coil.

In order to analyze the structural effects of complex formation
on the SEB binding peptides, the spectra obtained for peptides,
incubated with SEB, were compared to that obtained for peptides
alone. The difference spectrum obtained by subtracting the SEB
spectrum from that of SEB-peptide1 complex is slightly different
from the spectrum of peptidel alone, referring no major
conformational change occurred after the incubation. This
conformational stability of peptide1l may be due to the low
affinity of the peptide to SEB. When compared with the spectra of
peptide2, peptide3, and peptide5, the difference spectra of
peptides show considerable variations in the intensity and shape

Table 3. Thermodynamic parameters of peptide-BSA interaction derived from ITC

of two independent titrations.

Peptide Ky (M) AH (KJmol™) AG (Kmol™) AS UK "mol™) n
Peptide1 1.0x10*+7.7 x 10° —220+29 —22.8 22 0.96
Peptide2 7.0x10%+£9.1 x 102 —2234+18 —220 -1.1 0.99
Peptide3 — — — — —
Peptide4 — — — — —
Peptide5 — — — — —

Binding constant (K,), enthalpy change (AH), Gibbs free energy (AG), entropy change (AS), and binding stoichiometry (n) are the mean values
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Figure 4. SPR sensorgrams (dashed lines) obtained for the binding of
peptide3 in PBS at pH 7.4 to the SEB immobilized surface, fit to the
heterogeneous binding model (solid line). All runs are overlaid for peptide
concentrations at 0.35, 0.70, 1.05, and 1.40 mM.

of the ellipticity bands due to the complex formation (Figure 5c).
The ellipticity bands centered at 198 nm show positive values
indicating the loss of random coil structure. Fitting of the CD
spectra using the program CONTIN (Table 5) also indicates a
significant decrease in random coil structure and increase in
B-strand and S-turn content, suggesting that the peptides gain
more ordered structures during the interaction which provide the
formation of a stable complex.

MD simulations

While CD gives overall proportions of the main conformational
types, it does not specify where in a sequence the particular
elements occur. The employing of computational molecular
modeling of these peptides from their amino-acid sequences
may contribute to understanding their conformational structures.
For this reason, MD was performed to the peptides which show
high affinity to SEB molecule. Investigation of the time evolution
of the secondary structure elements of the peptides for all
trajectories is depicted in Figure 6. For all peptides, the first and

o
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Table 4. The average estimation of secondary structure
fractions of peptides with the usage of CDPro software
package

Random
Peptide  «a-Helix B-Strand Turn coil NRMSD?
Peptidel 0.07 0.33 0.22 0.38 0.039
Peptide2 0.05 0.38 0.23 0.34 0.046
Peptide3 0.09 0.33 0.22 0.36 0.047
Peptide5 0.05 0.37 0.23 0.35 0.087

@ Normalized Root Mean Square Deviation.

Table 5. The average estimation of secondary structure
fractions of peptides, after interact with SEB, with the usage of
CDPro software package

Random
Peptide  «a-Helix B-Strand Turn coil NRMSD?
Peptide1 0.05 0.35 0.28 0.32 0.218
Peptide2 0.02 0.39 0.53 0.06 0.312
Peptide3 0.02 0.52 0.24 0.22 0.461
Peptide5 0.09 0.44 0.46 0.01 0.275

?Normalized Root Mean Square Deviation.

last residues have random coil structures during the whole
simulation. This can be expected due to fact that these terminal
residues are in zwitterionic form. For peptide2, it can be seen
from Figure 6a, while the initial and final residues (1-2 and 11-12)
have random coil structure and around residue 3 the bend
structure is dominant, the middle residues are less stable during
the simulations. Peptide2 includes two proline residues at
positions 3 and 4, which may be the reason for a stable bend
structure at this segment as DSSP algorithm does not give an
output for the polyproline Il helix structure. The middle segments
(5-10) have mainly turn and random coil structures as well as a
little bit 3-helix during the 3 ns, and then these segments recover
the bend and coil structure after 3-7 ns. Although the 3-helix

1 15 20
(a) (b) (c)
° 101 s 15 —— Peptidet
4 ey —~ — SEB-peptide3 complex epti
- == Peptide?
2 =
— = S
= o =
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Figure 5. CD spectra of free and bound peptides and SEB. (a) Spectra of free peptides (50 M) in 50 mM PBS at pH 7.4. (b) Spectra of free peptide3
(25 wM), free SEB (25 M) and 25 M SEB incubated with 25 uM peptide3 in 50 mM PBS at pH 7.4. (c) Spectra of bound peptides obtained by subtracting

the SEB spectrum from that of SEB-peptide complex.
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Figure 6. Secondary structure assignment per residue of (a) peptide2,
(b) peptide3, and (c) peptide5 plotted versus time for all trajectories.

structure mostly appears, especially at residues 8-10 between 7
and 14 ns, these residues adopt turn between 14 and 19 ns as the
serine residues, at positions 8 and 9, prefer to be in turn structure.
On the other hand, after 19 ns, while residues 9-10 have bend
and coil structures, residues 5-8 have turn and 3-helix structure
with a little bit a-helix at the rest of simulation. In Figure 6b, for
peptide3, during the whole simulation, the residues 1, 6, and
11-12 adopt completely random coil structure. On the other
hand, while the segments 2-3, having leucine and alanine
residues, and 7-8, having two histidine residues, adopt turn
structures, segments 9-10 have mainly bend structure. For the
segments 4-5, the bend structures appeared at the beginning of
simulations, these are destroyed and a mixture of turn and bend
structures are formed at the rest of the simulation. For peptide5,
residues 1-2, 4, and 11-12 mainly adopt random coil structure.
The residue 3 has bend structure during the whole simulation.
The residues 5-7 and 9-10 have a mixture of turn, 3-helix, and
bend structures, but, it can be seen from the Figure 6¢, the
portions of turn structures is more than 3-helix and bend ones.
Although the residues 8 and 11 have g-bridge structure (single
pair B-sheet hydrogen bond formation) at the beginning of the
simulation, their structure is rapidly replaced with the coil, bend,
coil and 3-helix structures after 1.5 ns, respectively. On the other
hand, after 21 ns, some conformations show 3-sheet structures at
the residues 3-4 and 7-8, and B-bridge at residue 3 and 8.
Although CD spectroscopy measurements reveal that these
peptides exist mainly as random coil, B-sheet, and turn
conformations in aqueous solution, no B-sheet structure is
observed for peptide2 and peptide3 sequences. For visualiza-
tions, the initial structures of each peptide and the snapshots of
their final structures in water are also shown in Figure 7.

Figure 7. Representative structures of (a) peptide2, (b) peptide3, and
(c) peptide5 for initial (left) and final (right) structures obtained during
30ns simulations. The residues involved in the turn, random coil, and
3-helix are shown by yellow, white, and gray newcartoon, respectively.
Atoms are colored red for oxygen, blue for nitrogen, white for hydrogen,
and cyan for carbon.

CONCLUSIONS

Phage display selected SEB binding peptides were analyzed for
their binding affinity using ITC and SPR. These binding affinity
studies were coupled with secondary structure studies. First ITC
was employed to understand the binding energetic of the
peptide ligands for their binding to SEB molecule. Among the
peptides tested, peptide3 was found to have the highest affinity
for SEB, also peptide2 and peptide5 seemed to have strong
interaction with the SEB molecules. But the other peptides,
peptide1 and peptide4, did not show a significant heat signature
during the ITC experiments. Since all of these peptides screened
on phages were selected as the best binders from ELISA
experiments, it is clear that the peptide in a framework such as
the coat protein of the phage body may not have the same
binding activity as its free peptide form. Not only the binding
affinity, but also the selectivity of the peptide ligands for their
target molecules is crucial for their utilization in actual
applications. The cross specificity of the SEB binding peptide
ligands toward a commonly used protein, BSA, was tested.
Peptide1 and peptide2 showed some degree of affinity toward
BSA. The affinity of peptides1 was significant compared to its
non-binding to SEB. On the other hand the other two peptides,
peptide3 and peptide5, do not show a significant heat signature
for their interaction with BSA molecule. SPR experiments with the
best binder, peptide3, reveals a two stage binding. Due to the
immobilization of SEB on SPR chip surface, sites of SEB exposed to
the interaction with peptide ligand may not be homogenous.
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This makes the available sites of SEB limited, so the peptide
interacts faster and desorbs faster at some of the sites, as it was
adsorbed slowly and desorbs slowly at different binding sites.
However, the desorption of the peptide3 at the slow interacting
sites of SEB is remarkably slow, compared to the fast adsorption
sites. This is may be due to the structural rearrangement of the
peptide at these sites, which directs a tighter binding of the
peptide on SEB molecule.

Besides the affinity studies, structural properties of the peptide
ligands are playing a crucial role for the molecular recognition. As
stated earlier the peptides are expected to have a random
secondary structure in solution, which may increase their
capability to interact with the target protein easily. The high
content of the random coil type secondary structure in the
peptides is expected as these peptides cannot fold into more
structured orientations because of their short amino acid chains.
Not surprisingly all of the peptides have the same secondary
structure elements at almost same ratios. So this result does not
support any correlation between the binding activity of the
peptides and structural properties of the peptides. There is barely
a difference between a good binder peptide3 and non-binding
peptide, peptide 1, by means of the ratio of the secondary
structure elements. However, after the interaction of the peptides
with the SEB molecule, there is a remarkable decrease in the
random coil content of the peptides which is a signature for the
formation of the more ordered assembly of the peptide ligand on
the surface of SEB molecule. However, the decrease in the
random coil content is not same for all of the peptide ligands. The
random coil content of peptide2 and peptide5 decreased
dramatically, but the decrease in the random coil content of
the peptide3 is less remarkable compared to the other peptides.
Secondary structure rigidity of peptidel, with only a slight
decrease in the random coil content, may be responsible for the
non-binding of this peptide. Another significant increase is in the
turn content of the peptide2 and peptide5, which is not the case
for the peptide3. The change in the sheet content during the
interaction with SEB is only remarkable for peptide3. For the SEB
binding peptides, it seems that peptide2 and peptide5 have the
similar binding pattern, however, the peptide3 does not resemble
to these peptides. This may be the reason for the better binding
of the peptide3 compared to the peptide2 and peptide5. This
peptide does not have a significant increase in the turn content
and the sheet structure seems to be more favorable for a tighter
binding to SEB molecule.

The results of the MD simulations support the outcomes of CD
as the peptides show mainly unordered structures. MD results
state that while the residues in the N- and C-terminal of the
peptides show mainly random coil structure, the middle parts are
dominated by turns and bends. Those turns may be responsible
for the specific binding of peptides to SEB and the random coil
structures at the two terminals may provide flexibility to peptides
which increases the affinity.

Our results demonstrate the importance of hydrophobic
residues for affinity of SEB binding peptide ligands. In addition,
the unstable structures of peptides, before binding to SEB,
negatively impacts binding, which may provide evidence to
support the importance of secondary structures of aptamers on
binding affinity, even in such short peptides. Furthermore,
interaction of peptide3 to SEB can be fine-tuned by modifications
at contact residues that contribute energetically to the binding,
while keeping the structural epitopes stable. In the light of our
findings, a more detailed analysis is needed to determine the core
amino acids which are responsible for the binding of the peptides
to SEB. To carry out this, point mutations by changing positions of
amino acids and replacing certain amino acids will be carried out
which we suppose will lead us to engineer superior binding
peptides with high selectivity.

The structure-activity relationship is the key for the under-
standing of the molecular recognition mechanism of the peptide
ligands. To design more robust peptide aptamers, one can use
the clues from the affinity and structure experiments and can
tune the mode of binding for tighter binding of the peptides. The
control of the structure of the available immunologic agents
needs complex tools, which makes it hard to tune their binding
capabilities on a biosensor surface. However, peptide aptamers
promise a more robust and controlled detection of their target
agents as a good candidate of molecular recognition elements of
a biosensor through supramolecular interactions.
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