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Abstract

Fusarium virguliforme is a soil borne pathogen that causes sudden death syndrome (SDS) in soybean
plants. This pathogenic disease may result in severe soybean yield suppression and can cause serious
economic harm. It has been shown that the FvTox1 toxin produced by the pathogen may be the root cause
of foliar SDS. Anti-FvTox1 single-chain variable fragment antibody expressed in transgenic soybean
plants was shown to neutralize the FvTox1 toxin involved in foliar SDS development. Here we have
investigated the binding affinities of FvTox1 with four FvTox1-interacting peptides of 7 to 12 amino
acids identified from phage display libraries using both bioinformatics based molecular simulations and
label-free bioassays with a unique photonic crystal biosensor. Results from the molecular simulations
have predicted the interaction energies and 3-dimensional (3D) structures of FvTox1 and FvToxl-
interacting peptide complexes. Our label-free binding assays have further provided the interaction
strength of FvTox1 with four different FvTox1-interacting peptides and experimentally confirmed the

simulation results obtained from bioinformatics based molecular calculations.

Key words: protein-protein interaction; label-free biosensor; bioinformatics based calculation.

1
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

INTRODUCTION

The United States leads the world in soybean production, yielding over $38 billion worth of soybean
crops annually. However, pathogenic diseases, such as sudden death syndrome (SDS), can cause
soybeans to suffer serious yield suppression.! Foliar SDS, a major threat to soybean production, is caused
by Fusarium virguliforme, a soil-borne pathogen that produces FvToxl toxin. Recent gene knockout
experiments revealed that FvTox1 is a major virulence factor for foliar SDS.? Compared to the wild type
isolate, Mont-1, it was discovered that F. virguliforme mutants lacking the FvTox! gene have reduced
foliar SDS by approximately 3-fold.> Furthermore, expression of a single chain variable fragment (scFv),
Anti-FvTox1-1 antibody, in transgenic soybean plants was demonstrated to be effective for enhancing
foliar SDS resistance.’ However, because the antibody gene was created from a mammalian hybridoma
cell line, it is not suitable for human consumption. Recently, four FvToxI-interacting peptides were
identified from three M13 phage libraries.* In an M13 phage library, synthetic oligonucleotides were
fused with a coat protein gene to have a library of recombinant fusion peptides displayed on the surface of
the engineered bacteriophage. The FvTox1-interacting peptides may strongly bind to FvTox1 altering its
function to cause foliar SDS. In this investigation we studied the interactions of the isolated FvToxI-
interacting peptides with FvTox1 using a bioinformatics-based molecular simulation method and an

experimental binding assay with a label-free biosensor.

To understand the molecular basis of protein interactions and its functions, the 3D structure of a protein is
of critical importance. Experimentally solving protein structures according to a protein sequence is a long
and expensive process. Computational prediction of structures from a sequence of amino acids is now
emerging as a promising alternative method. This method is showing huge potential to predict the
structures of newly acquired sequences. This method is generated based on crystal structures of proteins
to predict structures of proteins with similar sequences.”” Based on the predicted structures, the protein-

protein and protein-peptide interaction energy can be calculated.

To verify the prediction of protein-protein interactions from computational methods, one can
experimentally investigate protein-protein/peptide interactions using traditional assay technologies with
fluorescence labeling or affinity tags. Although these methods are of high sensitivity, they are generally
time consuming and may possibly alter molecular functions due to the addition of fluorescent tags.
Alternatively, label-free methods that allow direct measurements of molecular bindings without
fluorescent tags may be utilized to study protein-protein interactions.** The most successfully
commercialized label-free technologies are surface plasmon resonance (SPR) based bioassays, although

they still face challenging issues in achieving sufficiently high sensitivity for certain applications.'” The

2
ACS Paragon Plus Environment

Page 2 of 16



Page 3 of 16

©CoO~NOUTA,WNPE

Analytical Chemistry

photonic crystal structure based technology utilized in this paper offers superior detection sensitivity as
demonstrated in our previous studies.™™* A detection limit of 6x10 nm for an averaged molecular layer
thickness, or 0.06 pg mm analyte molecules, or a refractive index resolution of 3x10® refractive index
unit (RIU) has been achieved with our biosensor based on a Photonic Crystal structure used in a Total-
Internal-Reflection (PC-TIR) configuration, which shows over ten-fold higher sensitivity compared with
an SPR sensor."”” The increased sensitivity stems from the sharp resonant condition of the open optical
microcavity that is formed with the PC-TIR configuration.'*** In this paper, we report the binding
affinities of FvTox1 with four peptides identified as FvTox1-interacting peptides from phage display
libraries using both bioinformatics based molecular simulations and label-free bioassays with the PC-TIR

S€nsor.

SIMULATION AND EXPERIMENTAL METHODS

Bioinformatics based Molecular Calculation

Since experimentally solving structures of biological molecules to identify interacting peptides can be a
long and expensive process, we have utilized an alternate bioinformatics approach to predict the
structures of FvTox1l and FvToxl-interacting peptides, as well as their interaction energies. The
sequences of FvTox1 and the four peptides as listed in Table 1. DNA molecules encoding each of the four
peptides viz. Pep 1, Pep 2, Pep 3 and Pep 4 were cloned in the expression pET 41(a+) vector and

expressed in E. coli as fusion proteins.

Table 1: Sequences of FvTox1 and Four FvTox1-interacting Peptides.

Name Sequence of the Recombinant Protein Mw pl
(kDa)
FvToxl MKSTFTLAALSLFASQCLAASVDMWSAPLSARSAARYEPIDPEV | 18.8 | 4.63

IKSRLGTTPEEYDPENRHAGMVYFCREENWGPPCFVYYPELEYT
CSELGPELAGHVGSVFVEAGAICRMATLSAQDRCAPIEFFAWPE
TAAGWPDLLQRDGPDGKGKLGDETAHFTCAECTNCVRNPQ

FvToxI-Protein 1 | MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSGGGG | 6.9 5.99
SGGGGSGGGGSSYLPETIYEYRLGGGGS

FvTox1-Protein 2 | MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSGGGG | 6.9 6.34
SGGGGSGGGGSVENKTRYHDREVGGGGS

FvToxI-Protein 3 | MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSGGGG | 6.8 6.41
SGGGGSGGGGSHEGAWHNYARSVGGGGS

FvTox1-Protein4 | MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSGGGG | 6.1 6.25
SGGGGSGGGGSSNGRVADGGGGS

FvTox1-Protein 1, recombinant protein containing FvTox1-interacting Pep 1, SYLPETIYEYRL (shown

in bold font); FvToxl-Protein 2, recombinant protein containing FvToxl-interacting Pep 2,
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VENKTRYHDREYV (shown in bold font); FvTox1-Protein 3, recombinant protein containing FvTox1-
interacting Pep 3, HEGAWHNYARSYV (shown in bold font); Protein 4, recombinant protein containing
FvTox1-interacting Pep 3, SSNGRVAD (shown in bold font). The recombinant proteins were expressed
in E. coli using the expression vector of pET 41(a+). Individual recombinant proteins were purified using

a GST column followed by digestion with thrombin (Novagen, Madison, Wisconsin, USA).

We first used (PS)?, an automatic protein structure prediction server,® to calculate the 3D molecular
structures of FvTox1 and the four peptides directly from their amino acid sequences. The (PS)? server
uses a computationally effective consensus strategy in two ways: a template selection combining PSI-
BLAST (Position-Specific Iterative Basic Local Alignment Search Tool) and IMPALA (Integrating
Matrix Profiles and Local Alignments), and a target-template alignment integrating PSI-BLAST,
AMPALA and T-Coffee (a multiple sequence alignment package). This server was tested for all
comparative modeling targets in CASP6 (Critical Assessment of Techniques for Protein Structure
Prediction),'® and its predictions has been proven to be more accurate when compared to other automatic
servers based on GDT_TS (Global Distance Test Total Score) Score.” Structures with expectation values
(E-value) of less than 102 and ultimately selecting predicted structures with the lowest E-value allowed

the selected structures to be more accurate.

The structures of the protein FvTox1 and FvTox1-interacting peptides fusion proteins (Table 1) were used
to calculate docking strengths in order to predict the putative structures of FvTox1 —FvToxI-protein
complexes. The FvTox1 with FvTox1-protein docking was performed on the ClusPro server, which offers
one of the best methodologies for predicting protein-protein docking.!”** For each FvTox1—FvToxl-
protein pair, the top 20 ranked predicted putative complex structures based on cluster sizes were selected
for calculations of their interaction energies to further optimize the prediction of the structures. We
utilized FoldX,*'*>* a molecular modeling algorithm, to compute the interaction energies of FvTox1 with
different peptides. FoldX allows one to obtain the interaction energy of an FvTox1-Peptide (F-P) complex

by calculating the Gibbs energies of both the complex (AGrp) and the two separated molecules.
The formula for Gibbs free energy of a protein complex is:
AG =a 'AGVdW + b'AGsolvﬂ + C'AGSOIVP + A(}wb + Ghbond + AGel + dTASmc + e'TASsc,

where the van der Walls contributions is represented by AGuaw, While AGsnn is the solvation energy
change for hydrophobic groups. AGswe denotes polar groups during a protein’s transition from an

unfolded to folded state. Gupona signifies hydrogen-bond energy. AGws stands for water bridge energy. AGei
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corresponds with the electrostatic interaction contribution. ASyc is the phi-psi contribution from a
statistical analysis, while AS, represents the entropic cost of fixing a side-chain in a particular
conformation. The parameters, a, b, ¢, d, and e are weighting factors applied to raw energy terms. The

interaction energy is then given by: AGyinding = AGrp — (AGr + AGp).

In calculating Gibbs free energy, a room temperature of 298 K and an ionic strength 0.5 of the ‘buffer’
surrounding the protein were adopted. In order to correct the torsion angles and van der Waals clashes
that may exist in the residues, a repair function from FoldX was used to further optimize the modeled
structures. This facilitates the identification of other rotamers possible for the same residue. A new
rotamer was kept only if FoldX predicted a more stable molecule, which avoided steric clashes in a

specific position.

Label-Free Binding Assays

We further carried out binding assays based on a unique label-free biosensor to study the interactions
between FvTox1 with different peptides. The biosensor utilizes a Photonic Crystal structure in a Total-
Internal-Reflection (PC-TIR) configuration, which has been demonstrated in our recent studies to offer

ultrahigh detection sensitivity for quantifying molecular binding affinities.****

Fabrication of PC-TIR sensors

Conventionally, a sharp resonant condition can be achieved with a high-Q optical microcavity with a
cavity layer sandwiched by two pieces of PC structures. However, this conventional microcavity with a
closed configuration is not suitable for biosensing, because it is difficult for analyte molecules to reach
the sensing layer (cavity layer). For real-time binding assays, we open up the closed microcavity by using
only one piece of the PC structure to form a cavity. Interestingly, we have obtained a sharp resonant
condition by placing the single PC structure in a TIR configuration. Since there is a mirror image of the
PC structure due to TIR, a microcavity is formed between the PC structure and its imaginary part. This
unique configuration forms a PC-TIR sensor with an open sensing surface, which allows for easy
immobilization of ligand molecules on the sensing surface and direct exposure of the functionalized
sensor surface to analyte molecules for real-time bioassays.!'!> In this study, PC-TIR sensors were
designed and fabricated with electron beam physical vapor deposition. Each sensor consists of five
alternating 89-nm TiO; and 305-nm SiO; layers coated on a BK-7 glass substrate. Above this periodic
structure, a cavity layer was formed with 382 nm of SiO; and 10 nm of Si. When binding occurs on the
PC-TIR sensor surface, the resonant angle of a probe laser beam will change accordingly, allowing for

sensitive label-free binding assays.
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Fabrication of a microfluidic system

The open-cavity PC-TIR sensor offers a flat and smooth sensing surface, which allows for synergistic
integration with a microfluidic system for injecting analyte samples onto the sensor chip.
Polydimethylsiloxane (PDMS) microchannels were designed and fabricated using photolithography and
replica molding. First, photoresist SU8-2025 (MicroChem) was spin coated on a clean silicon wafer to
form a film thickness of 80 pum. A Microfluidic Channels  Dark line image

PC-TIR
photomask with a pattern of five channels, Sensor

Inlet

each being 400 um wide and 6 mm long, was
then transferred onto the photoresist coated  Cylindrical
silicon wafer with a photolithography
method to form a mold for making PDMS
microchannels. A mixture of PDMS base and
curing agents (Sylgard184, Dow Corning) at

Fig. 1. Schematic diagram of the experimental setup. A

a ratio of 10:1 was degassed in a vacuum microfluidic system is coupled with a PC-TIR sensor.
Resonant dark lines of a reflected probe laser beam from the

sensor corresponding to the five microchannels can be
mixture before being cast on the mold. monitored with a CCD camera.

chamber to get rid of bubbles from the

Microchannels were formed after the PDMS

was cured overnight at 60°C and separated from the mold. The PDMS microfluidic channels and a PC-
TIR sensor chip were further processed with O, plasma for 30 seconds, producing hydrophilic surfaces
for a tight and irreversible seal of the microchannels on the surface of the sensor chip. A syringe pump
with five syringes was connected to the microchannels with Teflon tubing to control the flow rate of

protein samples in TBS (Tris-buffered saline) or TBS buffer solutions onto the sensor chip.

Binding experimental setup

To measure the binding interaction of protein FvTox1 and putative FvTox1-interacting peptides (FvTox1-
Protein; Table 1), the FvTox1 was first immobilized onto the surface of a sensor chip through electrostatic
interactions, and fusion FvTox1-Protein solutions were then flowed through the microfluidic channels. A
Helium-Neon laser was used as a probe light to monitor the change in the resonance condition of the
functionalized PC-TIR sensor due to biomolecular bindings. The probe laser beam was first expanded to
10 mm with a pair of lenses before it was focused with a cylindrical lens into a line crossing the five
microchannels on the sensor surface. The reflected beam was collimated with another cylindrical lens
and imaged onto a CCD camera (Fig. 1). Five dark lines were observed in the image, which correspond to
the resonant angle of the probe beam for each of the five microchannel of the PC-TIR sensor. When the

analyte fusion FvTox1-Protein solutions flow through the channels and peptides interacted with the
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FvTox1 molecules immobilized on the sensor surface, the positions of the dark lines shifted accordingly

based on the binding strengths.

To correlate the shifts of the dark lines in pixel numbers with the changes of the resonant wavelength
of the sensor, we compared the results of standard solutions measured by the angular modulation mode
with that from a spectral modulation mode. For the measurements of the resonant wavelength, a
broadband white light source was coupled to a single-mode optical fiber, and the output light from the
fiber was collimated with an aspherical lens and passed through a linear polarizer to select s-
polarization.?* The light had an incident angle of 64° to a PC-TIR sensor, and the spectra of the beam
reflected from the sensor were measured with a high-resolution spectrometer (HR4000, Ocean Optics) to
monitor the resonant wavelength. Mixtures of ethylene glycol and water at different ratios were used as
standard solutions and injected into microchannels on the sensor. The changes in the resonant wavelength
were recorded and compared to the shift in the dark line positions obtained from the imaging setup to

convert the dark line position changes to resonant wavelength shifts.

The angular-modulation of the label-free bioassay setup (Fig. 1) was used to measure the
interactions of FvTox1 with different fusion FvTox1-Protein samples according to the protocol described
below. First, Tris-buffered saline (TBS, pH 7.4) solution was flowed at a speed of 5 pL/min in all
microchannels on the sensor chip. The dark line position for each channel was recorded to establish the
corresponding detection baseline. Secondly, the TBS buffer solutions in four channels were replaced with
FvTox1 solutions in TBS (0.8 uM, 200 pL), while the fifth channel served as the reference with
continuous flow of a TBS solution. The shifts of dark lines for different channels were recorded in real-
time, which reflect the amount of FvTox1 molecules immobilized on the sensor surface. Thirdly, the
sensor surface was washed by flowing TBS through the channels. The positions of the dark lines were
recorded again. By comparing the net shifts of the dark lines with the detection baseline, the amount of
FvTox1 molecules immobilized onto the sensor surface was quantified. Finally, the four channels were
flowed with the fusion FvTox1-Protein solutions in TBS (2.9 uM, 200 uL), while keeping the reference
channel flowing with a TBS buffer solution. The amount of peptide molecules captured by the FvTox1

bound to the sensor surface can be obtained by calculating the shifts of the dark lines.

7
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

RESULTS AND DISCUSSION

Bioinformatics calculation results
FvTox1

The molecular structures of FvToxl and the four fusion

FvTox1-Proteins, each containing an unique putative

FvTox1-interacting peptides isolated by screening a phage
display library calculated with (PS)? server based on their

amino acid sequences (Table 1) are shown in Fig. 2.

To further predict the complex structures due to the

interaction between FvTox1 and the four FvTox1-Proteins,
we utilized the ClusPro server, which allows predicting the Protein 1
putative structures of FvToxl —FvTox1-Protein complexes
by calculating the docking strengths. Because there is no
prior knowledge of what forces dominate in the FvTox1 —

FvTox1-Protein complexes, we utilized the -calculation

option supported by ClusPro, which assumes balanced i ,
Protein 3 Protein 4

coefficients for taking into account of different
Fig. 2. Calculated molecular structures of
FvTox1 and four interacting FvTox1-Proteins
with evaluating over billions of putative complexes to  (Table 1). Different regions A-E of FvTox1 are
marked with dashed lines for easy discussion in
narrow down to a number (typically 2,000 to 20,000) of  the next section about the bindings between
FvTox1 and the proteins containing FvTox1
interacting peptides.

intermolecular forces. The ClusPro docking algorithm starts

structures with favorable surface complementarities. A free
energy filtering algorithm is then applied to this set of
structures to select those exhibiting favorable electrostatic and desolvation free energies. The selected
energetically favorable structures are further clustered to generate a short list of putative complexes,
ranked based on cluster sizes. The ClusPro algorithm is one of the most powerful approaches for
predicting protein-protein docking.'”?° Nevertheless, the accuracy of theoretical predictions of
complicated protein complexes based on bioinformatics calculations is generally limited. This is because
bioinformatic methods typically have to utilize different assumptions in calculations that may
oversimplify molecular structures and interactions. For example, it may include the assumption that the
similar types of chemical bonds have equal strength and there are no intra-aggregate reactions yielding
cyclical structures.?>” At present, there is no a single bioinformatics model by which one could predict
precisely the structure of a protein complex from a mixture of its component proteins. Therefore, for each

FvTox1 — FvTox1-Protein binding pair, we selected the top 20 ranked putative complex structures
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predicted with the ClusPro algorithm to further calculate their binding energies, thus optimizing the

prediction of the FvTox1-FvTox1-Protein complexes.

We utilized the FoldX modeling algorithm?'?* to compute the Gibbs free energies of different putative
FvTox1 —FvTox1-Protein complexes (Fig. 3). It can be seen that among the top 20 ranked putative
complexes of FvTox1 and FvTox1-Protein 3, nearly 50% of the complexes are of positive Gibbs free
energies; and therefore, half of these complexes are not stable. While 70% and 75% of FvTox1 and
FvTox1-Protein 1 complex and FvTox1 and FvToxl1-Protein 4 complex, respectively, are of negative
Gibbs free energies, indicating the possible stable complex structures. Especially, for the FvTox1-Protein
2 interactions, the number of the stable complexes reaches 85%, which suggests the highest possibility for

a strong binding between FvTox1 and FvTox1-Protein 2.

N
[&)]
1

- FvTox1-Proteinl
I FvToxl-Protein2

FvTox1-Protein3
Bl rvTox1-Proteind

N
o
1

]
[&)]
1

N
o
1

FvTox1-P3

Interaction energy (kcal/mol)
o

N
o

FvTox1-P1 FvTox1-P2 FvTox1-P4

Fig. 3. Calculated interaction energies of FvTox1 interacting with four different putative FvTox1-Proteins
(Table 1). For each interacting pair, top 20 ranked complexes obtained from ClusPro predictions were
selected for calculation of the interaction energies of the putative structures. P1, Protein 1; P2, Protein 2;
P3, Protein 3; P4, Protein 4.

The ranking of the putative complexes predicted with the ClusPro docking algorithm is based on
minimization of cluster sizes. To balance the interplay between structure and energy, for FvToxl
interacting with each FvTox1-Protein, the most favorable complex was selected from the top five ranked
putative complexes predicted by the ClusPro algorithm and having the lowest interaction energy. The
final results of the predicted structures and interaction energies of FvTox1-FvTox1-Protein complexes are
summarized in Fig. 4. The interacting regions of FvTox1 with FvTox1-Protein 1 are located at regions A
and C of FvToxl (the regions of FvTox1 are marked in Fig. 2). The interacting region of FvTox1 and
FvTox1-Protein 2 fully covers areas B, D and E, thereby illustrating that almost a half side area of
FvToxl is interacting with FvTox1-Protein 2. The interacting area of FvTox1 with FvTox1-Protein 3 just
covers area B and a small section of D area. As for FvTox1 and FvTox1-Protein 4, the interacting region

covers area A, B, C and D. Obviously, the interacting area of FvTox1 and FvToxl1-Protein 3 is the
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smallest among these four FvTox1—FvTox1-Protein complexes, suggesting a weakest binding interaction.
The calculated interaction energy corresponding to the most stable structure for each complex is also
shown in Fig. 4. The interaction energy of FvTox1 and FvTox1-Protein 2 is the lowest one with a value
of only -15.80 kcal/mol, while that of FvTox1 with FvTox1-Protein 1, 3, and 4 are -13.92 kcal/mol, -7.93
kcal/mol, and -14.81 kcal/mol, respectively. These results indicate that the binding strength between
FvToxl and FvTox1-Protein 2 is the strongest, while that of FvToxl and FvToxl1-Protein 3 is the

weakest.

FvTox1-Protein 1 FvTox1-Protein 2

Interaction energy:
-15.80 kcal/mol

Interaction energy:
-13.92 kcal/mol

FvTox1-Protein 4

FvTox1-Protein 3
Interaction energy:
Interaction energy: -14.81 kcal/mol

-7.93 kcal/mol

Fig. 4. Structures and interaction energies of the complexes between FvTox1 and the four FvToxl-
interacting peptides as fusion FvTox1-Proteins (Table 1). The results indicate that FvTox1 and FvTox1-
Protein 2 containing FvTox1-interacting Peptide 2 form the most stable structure compared with the other

three complexes.

Experimental results of FvToxI—-FvToxI-Protein interactions

To validate the bioinformatics prediction of FvToxl —FvTox1-Protein interacting energies, we have
conducted binding assays of FvTox1l with the four FvTox1-Proteins using our PC-TIR label-free
biosensor system. In order to obtain the baseline data, TBS buffer solutions were first injected into all the
five microchannels on the surface of a PC-TIR sensor chip. An image of the resonant dark lines of a probe

laser beam reflected off the PC-TIR sensor is shown in Fig. 5(a), which indicates the detection baseline
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for the five microchannels. FvTox1 solutions in TBS were then used to replace the buffer solutions in
four microchannels to immobilize FvTox1 onto the sensor surface, thereby forming a targeting layer for
FvTox1-Proteins, while leaving one channel as the reference with continuous flow of TBS. After washing
away the excess FvTox1 from the channels with TBS, we injected the four different FvTox1-Proteins
(Table 1) containing FvToxl1-interacting peptides as fusion FvTox1-Proteins into the channels. The

resonant dark lines start shifting with time.

Figure 5(b) shows a representative image

14

s, '
= ] - AT d
_‘% 0 i : _'ll— 107.‘21 I I I I
[

1

of the dark lines. In order to find out the

precise amount of shifts relative to the R
baseline, we plotted the intensity profile of 2 11
© ~——darkline shif :.:ez.usi_ P ;
each dark line and fit the curve with a %?J R
=z
Lorentzian function (Fig. 5c¢). The 70 350 420 550 620 750 850 920
Pixel

resonant dark line of the reference channel
Fig. 5. (a) An image of resonant dark lines of a probe laser beam

reflected from the PC-TIR sensor with five microchannels
attributed to a combined effect due to  flowing TBS buffer solutions. (b) An example image showing
that the dark lines corresponding to four channels shifted after
they were treated with FvTox1 solutions and bound with four

drifting problems. The net changes of the different peptides. (c) Example intensity profiles of the dark
lines corresponding to the five channels before (black) and

signal ~ channels were obtained by  ,fier the bindings (red). Lorentzian functions were used to fit
subtracting the reference shift. the curves and obtain the precise values of the shifts.

had a shift of 12 pixels, which may be

temperature fluctuations and mechanical

Figure 6 summaries the binding assay results of FvTox1 with four fusion FvTox1-Proteins containing
four FvTox1-interacting peptides. The shifts in pixel numbers were converted to the changes in resonant
wavelength in nanometers based on the measurements of standard solutions using both the angular
modulation and spectrum detection.!! The curves of Stage I in Fig. 6 show the detection baseline of the
PC-TIR sensor when TBS were flowing in the microfluidic channels on the sensor chip surface. Stage II
shows the results of the process of immobilizing FvTox1 on the chip surface, while Stage III shows that
the net binding shift of FvTox1 is about 3.2 nm after TBS wash. Stage IV shows large shifts when the
fusion FvTox1-Proteins containing FvTox1-interacting peptides were injected onto the sensor surface
through the microchannels. The shifts are in part due to the binding of the FvTox1-Proteins onto the
functionalized sensor surface and in part due to the bulk solution effect as the peptide solutions have
higher refractive indices than that of TBS. TBS buffer solutions were then injected into the microchannels
to replace the FvTox1-interacting peptide solutions to wash away the loosely bound peptide molecules.
Since the refractive index of the bulk solution returned to that of TBS, the net shifts shown in Stage V
were due to the binding of the FvTox1-Protein with FvTox1. The interaction of FvTox1 and FvToxI-

Protein 3 is obviously much weaker than those of the other three FvTox1-Proteins with FvTox1. The
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interaction strength of FvToxl and
FvTox1-Protein 2 containing
FvTox1-interacting Peptide 2 is the
strongest among the four fusion
FvTox1-Protein carrying FvToxl-

interacting peptides.

The objective of this study is to
identify an FvTox1-Protein that
shows strongest interaction with
FvTox1l in order to open up the
possibility for partially neutralizing

the toxic effect of FvTox1 in planta

for  generating SDS  resistant
transgenic  soybean plants. As
indicated by our  molecular

simulations, the interaction energy of
FvToxl with FvToxl1-Protein 2
containing FvTox1-interacting
peptide 2 has a value of -15.80

kcal/mol, the lowest one among the

four peptides under study. Thus, both the label-free binding assays and the molecular simulations revealed
that the binding strength of FvTox1 with FvTox1-Protein 2 is the strongest. However, as in the molecular
simulation study, the interactions of FvToxl with FvToxl1-Proteins 1 and 4 were very comparable;
whereas, interaction of the FvToxl toxin with FvTox1-Protein 3 is the weakest. The molecular

simulations and the label-free binding assays cross-validated each other with a significantly strong
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Fig. 6. Label-free binding assay results of FvTox1 interacting with the four
fusion proteins carrying peptides of interest. Stage I: TBS buffer solution
baseline; Stage II: Immobilization process of FvTox1l onto the sensor
surface; Stage I1I: Net binding shifts due to immobilized FvTox1 after TBS
wash; Stage IV: FvTox1-peptide binding kinetics; Stage V: Net binding
shifts of the peptides with FvTox1 after TBS wash. The concentration of
FvToxl used was 0.8 uM and its total volume was 200 pL. The
recombinant FvToxl1-proteins 1 through 4 (Table 1) used had a
concentration of 2.9 uM and a volume of 200 puL. The flow speed for all the
samples was 5 pul/min.

association (7 = 0.99) between the outcomes of the two approaches (Fig. 7).

It is however essential to cross validate the in vitro interaction of FvTox1 with the identified peptides in

an additional quantitative in vitro binding assay, where dissociation constants (Kq) between FvTox1 with

Page 12 of 16

four FvTox1-Proteins can be determined using a range of uM solutions.?® Unfortunately, due to lack of

sufficient amounts of the purified fusion FvTox1-Proteins containing the FvTox1-interacting peptides, we

were not able to conduct such an assay.
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The in vitro interaction data presented here indicate the candidate FvTox1-interacting peptides that are
suitable for further evaluation to determine their possible role in neutralizing the FvToxl toxin in
transgenic soybean plants. We anticipate that since FvToxl is the major toxin for foliar SDS
development, strong FvTox1-interacting peptides expressed in transgenic soybean plants will be able to

neutralize FvTox]1 resulting in SDS resistant soybean cultivars.?
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g 4 y = -3.7808x - 5.7329
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Fig. 7. Relationship between interaction energy calculated by bioinformatics approaches and binding shift
measured by a PC-TIR biosensor as interaction strengths of FvTox1 interacting peptides with FvTox1.
The data for this association are taken from Figs. 4 and 6. The association (r) between the two sets of data

is 0.99. Asterisk means statistical significance.

Conclusions

The interactions of FvTox1 with four fusion proteins FvTox1-Proteins 1, 2, 3 and 4 containing four
distinct synthetic peptides (Table 1) screened from phage peptide libraries were predicted by
bioinformatics molecular simulations and then investigated with a label-free photonic crystal biosensor.
Both the theoretical and experimental results indicate that, among the four FvToxl-proteins, the
interaction of FvTox1 with FvTox1-Protein 3 is the weakest, while the interaction strength of FvTox1
with FvToxl1-Protein 2 is the strongest. Although bioinformatics calculations alone may not be
overwhelmingly convincing in the prediction of protein-peptide interactions, the presented information
regarding interaction of FvTox1 with FvTox1-Proteins in vitro obtained from our label free protein-
protein interaction assays corroborated with the bioinformatics-based calculations. These results indicated
that it is most likely FvTox1-Proteins 1, 2 and 4 are suitable to explore for their possible in planta
interactions with FvTox1 following F. virguliforme infection in transgenic soybean lines. A strong in

planta interaction between FvTox1 with any of these three FvTox1-Proteins may result in foliar SDS

13
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resistance in transgenic soybean cultivars. This study also implies that bioinformatics-based prediction of
protein-peptide interaction could be considered for evaluating of a large number of protein-protein

interactions.
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