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ABSTRACT: Molecular recognition by synthetic peptides is growing in importance in the design of biosensing elements used in
the detection and monitoring of a wide variety of hapten bioanlaytes. Conferring specificity via bio-immobilization and subsequent
recovery and purification of such sensing elements are aided by the use of affinity tags. However, the tag and its site of placement
can potentially compromise the hapten recognition capabilities of the peptide, necessitating a detailed experimental characterization
and optimization of the tagged molecular recognition entity. The objective of this study was to assess the impact of site-specific
tags on a native peptide’s fold and hapten recognition capabilities using advanced molecular dynamics (MD) simulation approach
involving bias exchange metadynamics and Markov state models. The in-solution binding preferences of affinity tagged NFO4
(VYMNRKYYKCCK) to chlorinated (OTA) and non-chlorinated (OTB) analogues of ochratoxin were evaluated by appending
hexa-histidine tags (6% His-tag) to the peptide’s N-terminus (NterNFO4) or C-terminus (CterNFO4), respectively. The untagged
NFO4 (NFO4), previously shown to bind with high affinity and selectivity to OTA, served as the control. Results indicate that the
addition of site-specific 6x His-tags altered the peptide’s native fold and the ochratoxin binding mechanism, with the influence of
site-specific affinity tags being most evident on the peptide’s interaction with OTA. The tags at the N-terminus of NFO4 preserved
the native fold and actively contributed to the non-bonded interactions with OTA. In contrast, the tags at the C-terminus of NFO4
altered the native fold and were agnostic in its non-bonded interactions with OTA. The tags also increased the penalty associated
with desolvating the peptide-OTA complex. Interestingly, the tags did not significantly influence the non-bonded interactions or the
penalty associated with solvating the peptide-OTB complex. Overall, the combined contributions of non-bonded interaction and
solvation penalty were responsible for the retention of the native hapten recognition capabilities in NterNFO4 and compromised
native recognition capabilities in CterNFO4. Advanced MD approaches thus provide structural and energetic insights critical to
evaluate the impact of site-specific tags, and may aid in the selection and optimization of the binding preferences of a specific bio-
sensing element.

INTRODUCTION 48 conjugation of the molecular recognition peptide to achieve
49 its immobilization on or within the biosensing element or
A major percentage of the pesticides, herbicides, toxins, 50 bioassay was enabled by the use of site-specific affinity tags.
metals and allergens for which there is need to design and 51 The tags of the conjugates were essential to ensure the immo-
fabricate biosensors are potential haptens.' Haptens are a class 52  bilization, efficient hapten recognition, recovery, stability, and
of low molecular Weight chemicals that are inherently not 53 cost-effective operation of the detection platform. In this re-
antigenic but can elicit an immune response when conjugated 54 gard, affinity tags are a very popular type of tag as they allow
to serum proteins or low molecular Weight peptides_l Pro- 55 for orientation of the recognition peptide and possible reusa-
longed exposures to some haptens have been linked to multi- 56  bility of the biotransducer platform.'"
ple health risks including organ failure, increased cancer risk,
genotoxicity, autoimmune disorders, and hypersensitive reac- 57 The introduction of affinity tags generally involves the co-
tions.” During the last decade a wide range of sensing and 58 valent conjugation of contiguous amino acids, peptides, en-
detection platforms involving the use of synthetic peptides 59 zymes, and protein domains to specific sites of the molecular
have been developed against a variety of haptens such as 60 recognition entity. These tags then bind with high specificity
ochratoxin-A (OTA), 2, 4, 6 trinitrotoluene, and 2,4 dichloro- 61 to a target biological or a chemical ligands on the adsorbent
phenoxyacetic acid.”'® In all these applications, site-specific 62 phase, In so doing the tag facilitates the immobilization of the
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molecular recognition entity on the detection platform while
optimally orienting it towards the solution phase for hapten
capture.13 Furthermore, immobilization aids in the cost-
effective usage of the molecular recognition platforms, by
facilitating the recovery, stability, and possible reusability of
the detection platform from the bioanalyte matrix. However, a
major challenge in the design of biosensing elements pertains
to the selection and location of affinity tags, so as not to com-
promise the inherent activity, specificity, and selectivity of the
molecular recognition entity. Ideally, affinity tags are ex-
pected to be small in size to prevent or minimize direct inter-
action with the biosensing elements or with the analyte of
interest. Direct interactions of tags with the biorecognition
peptide can also affect the orientation and the molecular
recognition properties of the sensing element. Tagging the
molecular recognition entity is particularly more challenging
when the tags and sensing elements are of comparable size
and chemistry.

Hexahistidine tag (6xHis-tag) is one such example of an af-
finity tag that binds with high affinity to substrates coated
with metal ions, specifically zinc.* ' Because of its short
length and relative ease of synthesis and removal, 6xHis-tags
are widely used in protein purification and immobilization."™
"7 The introduction of 6xHis-tag may have either positive or
negative effects on the biochemical properties of a molecular
recognition entity of a sensing element.” * '*** For example,
the addition of 6xHis-tags has been found to increase the sen-
sitivity of binding assays with tagged ScFv.”’ But, in case of
glycine N-acyltransferase GNAT peptides from Pseudomonas
aeruginosa, the 6xHis-tags were found to act as weak com-
petitive inhibitors and interfered with the intrinsic activity of
the peptide.” In addition to the type of tag, the site of tag con-
jugation may also affect the intrinsic biochemical activity of
the molecular recognition entity of a sensing element." For
example, drugs conjugated to antibodies via glutamine tags
showed differences in their pharmacokinetics depending on
the location of the drug on the heavy and light chains of the
antibodies.”* Similarly, on solid platforms, a synthetic peptide
(12 amino acid long) oriented with 6x His-tag on the N-
terminus was found to be significantly better at hapten recog-
nition than those oriented with the affinity tags on the C-
terminus of the peptide.” * Clearly, the impact of site-specific
tags on the biological recognition capabilities of sensing ele-
ments is non-trivial, especially when the tags are of compara-
ble size and chemistry and must be thoroughly assessed be-
fore being reliably applied for biosensing applications.

One approach to identifying a site-specific tag suitable for
peptide immobilization involves cyclic testing of known tags
at different sites using routine experimental biophysical tech-
niques, such as equilibration dialysis® *® or surface plasmon
resonance.”” ** Unfortunately, these techniques lack the reso-
lution of sub-molecular events and the likelihood of such an
approach leading to an optimized design is extremely small. A
sub-molecular understanding of the impact of tags on the pep-
tide-hapten binding is essential because of the dynamic nature
of the peptide. At equilibrium, peptides exist in an ensemble
of conformational states with their respective probabilities.””
> Within this ensemble of peptide conformations, haptens
bind with high affinity to conformations that produce the
bound state of the peptide, while weakly interacting hapten-
peptide pairs are associated with other conformational states.
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It is important to note that this may not be a single confor
mation but in fact a smearing of energetically similar confor
mations or an alternate minimum. Consequently, haptens that
bind to the peptides with high affinity tend to shift the popula
tion distribution favoring the bound states of the peptide
hapten complex; and haptens that bind to the peptides with
low affinity tend to skew the equilibrium towards the unbound
states.’” ** The foregoing requires that a clear energetic dis-
tinction be established between bound and unbound states. In
essence, the impact of tags on a peptide’s hapten binding
properties, including its affinity, specificity and selectivity,
can be thoroughly assessed, or even engineered, by consider-
ing the population distribution and redistribution of a pep-
tide’s conformational states, in tandem with the structure-
energetic characteristics of the bound states. Undoubtedly, in
silico techniques like molecular dynamics (MD) are the best
tools for visualizing such sub-molecular events.

However, regular molecular dynamics (MD) approaches
alone are inept in generating thermodynamically favored con-
formations of peptide-hapten complexes or in describing the
kinetics of peptide-hapten binding.”” ** Regular MD simula-
tions typically capture biophysical phenomena occurring on
the order of hundreds of nanoseconds, while the unbinding
kinetics of a peptide-hapten system with high affinity would
involve time scales often exceeding several hours. As an al-
ternative, the authors have recently demonstrated the capabili-
ties of advanced MD simulations involving accelerated con-
figurational search and Markov state models (MSM) to assess
the mechanism involved in the binding of synthetic peptides
to a hapten such as ochratoxin.**

The objective of the current study was to assess the impact
of dimensionally and chemically comparable site-specific tags
on a peptide’s fold and hapten recognition. For this purpose,
the impact of 6x His-tag and its site of placement on the na-
tive fold of NFO4 and its native in-solution binding behavior
were assessed using an in silico approach involving enhanced
MD sampling in conjunction with MSM. NFO4, a dodecamer
(VYMNRKYYKCCK), was previously shown to bind with
high affinity and selectivity to the chlorinated analogue
(OTA) of a hapten like ochratoxin as opposed to a non-
chlorinated analogue (OTB) (Figure 1).***”° The affinity tags
were “covalently conjugated” via peptide bond formation to
the N-terminus (NterNFO4) and C-terminus (CterNFO4) of
the peptide. Untagged NFO4 served as the control. All bind-
ing energy calculations were carried out in explicit solvent
with the solution pH mimicking wine (pH 3-4), a matrix of
concern for the presence of ochratoxins. Advanced sampling
was performed using bias-exchange metadynamics (BEMD),
which involves the introduction of time dependent bias poten-
tials to sample rare events and generate experimentally rele-
vant biomolecular conformations.*® The equilibrium dynamics
of the system was then predicted based on the conditional
transition probability of diverse peptide conformations using
MSM functionalities provided within HTMD.”’
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(a) (b) 45

Figure 1: Chemical structure of (a) ochratoxin-A (OTA), (b) 59
ochratoxin-B (OTB), (c) the dodecapeptide NFO4, (d) NterN- 60
FO4 and (e) CterNFO4. The structural analogues of ochratox- 61
ins (i.e. OTA and OTB) differ in the ‘Cl’ moiety highlighted 62
in red. Similarly, the peptides differ in the location of 6x His- 63
tags with the NFO4 lacking a tag, NterNFO4 having a tag at 64
the N-terminus of NFO4 (blue dotted box), and CterNFO4 65
having a tag at the C-terminus of NFO4 (red dotted box). 66

* EXPERIMENTAL PROCEDURES 68

Model Setup: Linear structures of VYMNRKYYKCCK 69
(NFO4), HHHHHH-VYMNRKYYKCCK (NterNFO4) and 70
VYMNR KYYKCCK-HHHHHH (CterNFO4) were generat- 71
ed from the primary sequence of the respective peptides using 72
Visual Molecular Dynamics (v 1.9.2).°® The initial coordi- 73
nates of ochratoxins (OTA and OTB) were obtained from the 74
ZINC database; and the topology and parameters for the 75
ochratoxins were generated through the automated topology 76
builder (ATB) and repository 2.1.°> ** The amino acids and 77
the hapten were modeled with the likely protonation state ina 78
wine-like matrix of pH 3-4. Consequently, the N-termini, 79
histidines, arginines, and lysines within the peptide were pro- 80
tonated, and the C-termini, aspartic and glutamic acids, and 81
the ochratoxins were modeled as uncharged or neutral. 82

The simulation procedure was previously described in de- 83
tail** Briefly, MD simulations were carried out in a 84
GROMACS (v 5.0.4) simulator.”’ GROMOS 54A7 force field 85
and SPC water model was used to describe the molecular 86
mechanics of the modelled system.*” * Long-range electro- 87
static interactions (real-space truncation at 1.4 nm and grid 88
spacing of 0.12 nm) was handled using periodic boundary 89
conditions with particle mesh Ewald summation, and was 90
updated every 10 fs, together with the pair list generation. The 9]
Lennard—Jones 6—12 potential was used to evaluate the van 92
der Waals interactions within a cutoff distance of 1.4 nm and 93
was updated at every step. The LINCS algorithm was used to 94
constrain the lengths of covalent bonds and the geometry of 95
the water molecules. A coupling scheme using velocity rescal- 96
ing with a stochastic term was applied to maintain the temper- 97
ature at 298 K with the modified Berendsen coupling method 98
and a relaxation time constant of 0.1 ps. The pressure of the 99
system was maintained at 1 bar using Parrinello-Rahman cou- 100
pling method with a time step of 2 fs and a relaxation time 101
constant of 2.0 ps. The starting atomic velocities were gener- 102

103

ated randomly using Maxwell-Boltzmann distribution at 298
K.

Sampling of Kinetically Relevant Peptide and Pep-
tide-Hapten Configurations. Prior to binding simulations,
the peptide configurations were sampled using BEMD.** *
All BEMD simulations were performed in the NPT ensemble
at 298K and 1 bar using GROMACS (v 5.0.4) compiled with
the PLUMED (v 2.2.2) plugin.*® Three independent BEMD
simulations were initialized from random configurations of
the peptide. For each BEMD simulation of peptide folding,
three replicas were used. Each of the first two replicas was
biased by a different collective variable (CV), namely, main

chain radius of gyration (R,), and number of hydrogen bonds
(Ny) within the peptide main chain. The third replica was
simulated without any bias. From the peptide folding simula

tions, four macrostates were identified and were used in the
binding simulations. For each of the sampled peptide configu

rations, binding simulation was initiated by biasing five dif

ferent CVs. The first four replicas were biased by main chain
R,, Ny, between the peptide and haptens, degree of similarity
between the torsional angles traversed by the peptide and hap

ten (®..r), and the distance between the center of mass of the
hapten and center of mass of the peptide (d,). The fifth replica
was simulated without any bias.

The convergence and equilibrium state of the BEMD trajec
tories were verified by calculating the potential of mean force
(PMF) along different CVs (Figure S1). The evolution of each
replica in the free energy landscape was further monitored and
traced using the replica index. For the peptide folding and
binding simulations, all CVs could reconstruct similar PMF
profile. However, there were differences in the convergence
time. In general, the simulation using CVs such as R,, Ny,
and d; reached convergence in relatively similar simulation
time (<30 ns). PMF took longer to converge (>40 ns) when
biased along ®.,,. When all four CVs were used, the average
replica exchange probability was ~0.26. After equilibration
and convergence, the simulations were extended for an addi
tional 100 ns.

MSM Construction for Predicting Folded Confor-
mations and Binding Kinetics. MSM construction, anal-
ysis and validation were achieved using the functionalities
provided with HTMD (v 1.7.0).>”*”* It should be pointed out
that the main goal of the application of the MSM analysis in
the current study was to obtain the population distribution of
the macrostates of each molecular system rather than the tran-
sition rates among these macrostates. Also, the terminology
‘macrostates’ was adopted from the HTMD documentation to
indicate the metastable states of the peptide. Distinct folded
conformations of the peptide were identified from MSM by
featurizing the intramolecular contacts made by the alpha
carbon atoms of the peptide. For the binding simulations, all
the distances between the heavy atoms of the hapten and the
peptide were used as the metric to resolve the conformational
space. For the current study, the unbiased replica from three
independent simulations was used for the MSM model con-
struction .Two atoms were in contact if their distance was less
than 5 A. Time-lag independent component analysis (IC) was
performed on the featurized trajectories to find the slow linear
sub-space of the input features. IC components that accounted
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for > 90% of the total kinetic variance in the configurations
were retained for projection and analysis. For binding simula-
tions, dimensionality reduction was achieved by projecting
the IC components onto five dimensions. Each IC component
was subsequently scaled according to its corresponding ei-
genvalue to obtain a kinetic map in which Euclidean distances
were proportional to kinetic distances, providing an optimal
space to perform clustering. Mini batch k-means clustering
method was employed to obtain 100 microstates.

Markov model was constructed by the analysis of the im-
plied time scales (ITS) (Figure S2). The validity of the Mar-
kov model was verified using Chapman—Kolmogorov. The
robustness of MSM was also assessed by increasing the num-
ber of clusters and projected dimensions. The number of
macrostates was determined by the separation of the transi-
tions in the ITS plot. Macrostates were identified by lumping
kinetically close microstates using the Perron cluster cluster
analysis (PCCA+) lumping algorithm. For each macrostate,
the binding free energy (equation 1) and the equilibrium dis-
tribution of the peptides were computed from the reversible
transition matrix by comparing the probabilities of bound to
unbound states. The reversible transition matrix was estimated
using the maximum likelihood estimator. The binding free
energies of the peptide-hapten complex at equilibrium were
calculated with the following equation

BG pinaing = —kT In (L2ont), (1)
where puoung 1S the equilibrium probability of the complex in
the bound state, pumound 18 the equilibrium probability of the
unbound state of the complex with no peptide-hapten con-
tacts.

Trajectory Analysis. Trajectories were visualized using
Visual Molecular Dynamics (VMD v 1.9.8). Analysis tools
provided with GROMACS were used for estimating the radial
distribution function of water (RDF) around the peptide and
the hapten, root-mean-squared fluctuation (RMSF), the H-
bond profile, and for generating the contact maps."’ DSSP
analysis provided with MDtraj (v 1.7.2.) was used for second-
ary structure analysis.”

The binding free energy of the individual macrostate was
further decomposed as a cumulative sum of three main ener-
getic components: non-bonded energetic contributions, solva-
tion penalty, and conformational entropy. The non-bonded
energetic contributions and solvation penalties of the peptide-
hapten complex (associated with solvating the polar and non-
polar groups within the bound complex) were estimated using
g mmpbsa, a GROMACS-based plugin for high-throughput
MM/PBSA calculation.”’ Penalties involved in conformation-
al entropy were obtained by quasi-harmonic mode analysis,
using the functionalities provided in GROMACS.

= RESULTS AND DISCUSSION

Site-Specific 6x His Tag Influence NFO4 Folding.
BEMD was applied to fully explore the conformational space

of NFO4 to identify the conformations relevant to hapten |

binding. For this purpose, all simulations were initiated from
fully extended conformations of the peptides, and were car-

57 wure S1). To assure equilibrium, the simulations were extended

58 for an additional 100 ns. Once the peptide conformations were
59 sampled, the lowest energy conformations were identified
60 using MSM. Figure 2 represents the free energy surface (FES)
61 and the population distribution of each conformation follow
62 ing the projection of the two major IC components (represent
63 ed by IC1 and IC2). Within the FES, the four low free energy
64 basins were designated as ‘1°, ‘2°, ‘3°, and ‘4’ and the equilib
65 rium distribution of each of these peptide conformations were
66 also provided. The peptide structure that was representative of
67 each basin is shown in the adjacent panel. Table 1 summarizes
68 the structural and energetic attributes of these four
69 macrostates of the peptides. Figures S3-S6 provide infor
70 mation on the RMSF, secondary structure preference, contact
71 map, and the average number of intramolecular H bonds for
72 each state of the peptides, respectively. In general, discussion
73 will be limited to the peptide conformation represented by
74 basin ‘4’, the dominant conformation in each of the peptide
75 system.

76 (a) NFO4: Structural characteristics of the most dominant 77
conformation in NFO4 (NFO4 ‘4°, 99%, Figure 2a) indicated 78 a
bent structure, with the constituent residues being rigidly 79 held
(RMSF < 0.2 nm) (Figure S3a). In the bent structure, 80 residues
1 4 formed the trailing segment, residues 5 8 formed 81 the loop
structure and residues 9 12 formed the leading seg 82 ment of the
peptide. At least 4 of the 12 residues (Met3, Asn4, 83 Lys8 and
Cys9) within the bent were involved in intramolecu 84 lar H
bonding (Figure S4a). Secondary structure analysis of 85 the
sampled NFO4 conformations indicated a general prefer 86 ence
towards B turn (33%) and coiled like (67 %) structures. 87 The
proximity of the neighboring residues and the potential 88
intramolecular contacts might be responsible for the reduced 89
flexibility of the residues (Figure S5a). Overall, the folded 90
conformation of the peptide was relatively stable compared to 91
its unfolded conformation by 4.5 k,T.

92 (b) NterNFO4: Of the 18 residues in NterNFO4, residues 1
93 6 represent, the 6x His tag appended to the N terminus, and
94 residues 7 18 represent the NFO4 peptide. Within the domi
95 nant peptide population (NterNFO4 ‘4’, 99%, Figure 2b),
96 residues 1 5 were flexible (RMSF > 0.3 nm) and unstructured
97 while the remaining residues were involved in a compact bent
98 structure formation that was relatively less flexible than the
99 N terminus end of the peptide (Figure S3b and S4b.). In the
100 bent structure, the trailing and the leading segments in the -
101 turn were composed of residues 6-10 and residues 13-18 re-
102 spectively. The residues 11-12 formed the peptide’s loop. The
103 proximity of several residues (distance < 0.5 nm, Figure S5b),
104 especially within the bent structure resulted in at least 9 in-
105 tramolecular H-bonds between Val7, Tyr8, Met9, Asnl0,
106 Tyrl3, Tyrl4, Lysl5 and Cysl0. The peptide’s structures
107 were additionally stabilized by H-bonding with the solvent
108 (Figure S6b). Overall, the introduction of 6x His-tags at the
109 N-termini of NFO4 preserved the native peptide fold and did
110 not shift its overall stability (<0.5 k,T), despite altering some
111 of the intrinsic contact network within the native NFO4 pep-
112 tide.

(¢) CterNFO4: CterNFO4 represented C-termini modified
114 NFO4 with residues 1-12 representing the native NFO4 pep-



Ju—
SO0 WN DKW —

Ll
W N -

tide and residues 13-18 representing the 6x His-tag appended
to the C-terminus of the peptide. Unlike NFO4 and NterN-
FO4, CterNFO4 favored a broader distribution of the peptide
conformations (Figure 2¢)). With the C-terminus tag in place
many of the peptide segments were too far apart (> 0.5 nm) to
make intra-molecular contacts. The drop in ordered structure
was an additional indicator of the disruptive influence of 6x
His-tags on the intrinsic contact network of NFO4. The dis-
ruption in the contact network also explains the peptides’
enhanced flexibility (> 0.6 nm) (Figure S3c). Interestingly,
the dominant conformation of CterNFO4 was relatively more
stable (> 1.0 k,T) than NFO4 and NterNFO4 and favored
ordered structure, with 17% B-turn and 83% coil. This is an
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interesting dichotomy, a broader distribution of states but with
the dominant state being more stable. Overall, the addition of
6% His tag at the C termini of NFO4 reduced the secondary
structure content, disrupted the native contacts and increased
the residue flexibility, all of which compromised the native
fold.

The combined assessment of the above results suggests that
the site specific placement of the affinity tags can affect the
native fold of the NFO4 peptide. While 6x His tags at the N
terminus of NFO4 showed a general tendency to preserve the
native peptide fold, the tags at the C terminus of the NFO4
had a disruptive influence on the peptide’s native fold.

Table 1: Structural and Energetic Preferences of the Folded Peptides

Recognition Number of ) ) 3 Secondary Structure Pr.-Pr. Pr.-Solv.
) . Pref. Macro. Basin Depth 4 5 p
Molecule Residues Preference H-bonds H-bonds
NFO4 12 ‘4 4.5 kT 33% B-turn, 67 % Coil 4 38
NterNFO4 18 ‘4 4.7 kT 44% B-turn, 56 % Coil 9 58
CterNFO4 18 ‘4 5.4k, T 17% B-turn, 83% Coil 8 60

"Number of Residues refers to the total number of amino acids constituting the peptide.

2 Pref. Macro. refers to the preferred macrostate which was most populated at equilibrium as determined by the MSM analysis..

* Basin depths refer to the free energy associated with the most preferred model, as determined from the MSM analysis.

4 Secondary structure preference refers to the average secondary structure content of the most preferred model.

> Pr.-Pr. H-bonds refer to the average number of peptide-peptide hydrogen bonds (H-bonds) within the most preferred macrostate.

8 Pr.-Solv. H-bonds refer to the average number of hydrogen bonds (H-bonds) between the peptide and the solvent within the most

preferred macrostate.

(a) NFO4

(b) NterNFO4

(c) CterNFO4

5.4
48
42
36
30
24

18

12
0.6

0.0

m~ 8%

m~7% T~ 69%

Figure 2. Illustration of the free energy landscape, the representative peptide configurations for each macrostate, and the equilibri-
um distributions associated with (A) NFO4, (B) NterNFO4, and (C) CterNFO4 as identified from MSM analysis of the trajectories
obtained in BEMD accelerated sampling simulations. IC1 (x-axis) and IC2 (y-axis) represent the dimensional projection along the
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top two components of the IC analysis. Peptide conformations corresponding to the four low free energy basins were identified as
‘1°, 2%, °3’, and ‘4’, and its equilibrium population distribution were designated as ‘m’. m < 1% were considered statistically insig
nificant peptide conformations. The scale bar indicates the free energy surface (FES, units of &, T) associated with the peptide fold
ing, with blue (higher number) indicating the least favorable configuration and red (lower number) indicating the most favorable
configuration. Peptide segment similar toNFO4 were represented as ribbons (colored in grey), while the His residue side chains

were displayed in licorice (colored by atom name).

62
Site-Specific 6% His Tag Influenced the Hapten Bind- 63
ing Properties of the NFO4 Peptide. Binding affinities 64
and the equilibrium population distributions of the peptides 65
bound to OTA and OTB were predicted using BEMD and 66
MSM analysis. The FES associated with ochratoxin binding to 67
the peptides are provided in Figure S7. The regions that are 68
more intensely blue within the FES correspond to the less en- 69
ergetically favorable peptide-hapten configurations while the 70
regions that were more intensely red correspond to the more 71
energetically favorable configurations. The macrostates identi- 72
fied for each peptide-hapten configurations were represented 73
by an individually colored marker. The placement of each 74
colored marker within the FES represents the microstates from 75
where the specific peptide-hapten configurations were sam- 76
pled. For this study, peptides were considered bound to the 77
haptens when the haptens were within 0.5 nm of the peptide. 78
Based on the peptide-hapten contacts, at least two macrostates 79
representing the bound and unbound states of the peptide were 80
identified. The most populated bound and unbound states are 81
shown in Figure 3. Table 2 summarizes the structural and g»
thermodynamic preferences for the untagged and tagged g3
NFO4 when bound to OTA and OTB. For each of the discrete g4
macrostates identified from the FES maps, residue flexibility g5
(Figures S8 and S9), water density surrounding the complex gg
(Figures S10-S15), secondary structure preference (Figures g7
S16 and S17), peptide-hapten contact maps (Figures S18 and gg
S19), H-bonding profiles (Figures S20 and S21), energetic gg
contribution to peptide-hapten binding (Tables S1-S2), and g
residue-level energetic breakup (Tables S3-S5) were evaluated g1
to better understand the molecular-level processes involved in gy
peptide binding to ochratoxins. As the binding energy esti- 93
mates determined in this study were based on the definition g4
provided in equation (1), most of the ensuing discussion is g5
limited to the structural and energetic characteristics of the gg
most dominant states. 97

(a) Site-Specific 6x His Tag Significantly Influenced the 98
Native Peptide’s Interaction with OTA. Figures 3a, 3¢ and 99
3e represent the most dominant equilibrium distributions of100
NFO4, NterNFO4 and CterNFO4 when bound and unbound to101
OTA, respectively. Table S1 provides an overview of the en-102
ergetic breakdown for the peptide interactions with OTA, and103
Tables S3a, S4a, and S5a provide a residue-level energeticl04
breakdown for peptide-OTA interaction. The combined datal05
suggests that the presence of the tag significantly influenced106
the predicted in-solution binding affinities of the peptide to107
OTA. 108

Previous studies using experimental and simulation tech-109
niques had established that NFO4 binds with high affinity and!10
selectivity to OTA.>* In line with these results, NFO4 shows111
higher affinity and selectivity to OTA. Three macrostates werel 12
identified in NFO4-OTA system (Figure S7a): NFO4-OTA-1°113
represented the unbound state of the peptide and NFO4-OTA-114
‘0’ and NFO4-OTA-2’ represented the bound state of thell5
peptide-hapten complex. The bound configurations represent-116

ed by the NFO4-OTA-2” were energetically favored (APMF
~ -10.4 kcal/mol) and dominated (> 99%) the sampled config-
urations. The unbound NFO4 peptides were relatively ordered
(33% B-turn, 67% Coil) (Figure S16a), with a dense water
layer surrounding the peptide and OTA (Figure S11). Howev-
er, post-binding to OTA, both the NFO4 and the OTA under-
went desolvation (Figure S12) and broke most of its intrinsic
internal contacts (Figures S16, S18, and S19) to form new
contacts with OTA. Contact map indicates that at least seven
of the 12 residues (2-4, 6-8, and 10) were within 0.35 nm of
OTA, among which at least three of the contacts were likely
mediated via H-bonding. The disruption in the peptide’s inter-
nal contacts resulted in a loss of its secondary structure. The
loss in internal contacts, however, did not increase the average
fluctuations of the individual residues but rather decreased
them, probably due to the tight interactions between the resi-
dues in the peptide and OTA. Consistent with our previous
reports, the higher affinity and selectivity of NFO4 to OTA
stems from the lower solvation penalty associated with the
NFO4-OTA complex.*

The addition of 6x His-tags at the N-terminus generally pre-
served the affinity and selectivity of NFO4 to OTA (Table 2).
Two distinct macrostates (Figure. S7c) were identified:-
NterNFO4-OTA-0’ (16% of the sampled conformations) and
NterNFO4-OTA-‘1" (84% of the sampled conformations)
which represented the unbound and the bound states of the
peptide respectively (Figure 3c). Among these two states, the
bound state was energetically favored (APMF = -9.8
kcal/mol). The addition of affinity tags at the N-terminus of
NFO4 reduced the number of water molecules surrounding the
peptide. But the NterNFO4 peptide interaction with OTA,
induced more extensive desolvation in the hapten than the
peptide (Figure S11). The peptide interaction with OTA dis-
rupted many of the native contacts within the peptide (Figure.
S18.b) to form new intra-molecular and peptide-hapten con-
tacts (Figure. S20.b) all of which disrupted the peptide’s or-
dered structure. Within the bound complex, OTA was found to
be in contact with 12 of the 18 residues (residue numbers 2-6,
8, 11, 13-17) of which at least four of the contacts were medi-
ated by H-bond interaction (Figure S19b). The intra-molecular
and the peptide-hapten contacts were additionally responsible
for the lowered residue fluctuations within the bound complex.
In fact, the extensive increase in the non-bonded interactions
with OTA was accompanied by an increase in the solvation
penalty of NterNFO4-OTA complex. Despite the increase in
solvation penalty for NterNFO4-OTA complex, the favorable
interaction of histidine residues at the N-terminus with OTA
(Table S4a), was the primary factor responsible for preserving
the binding preference of the native peptide.

The addition of 6x His-tags at the C-terminus radically al-
tered the binding behavior of the peptide, by effectively elimi-
nating the native peptide’s affinity and selectivity to OTA.
Unlike other peptide systems, the peptide configurations cor-
responding to the unbound state (75%) were sampled more
than the bound state (Figure 3¢). The remaining configurations
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represented the bound configurations, with CterNFO4-OTA- 39
‘2’ representing the dominant configuration (Figure S7¢). Both 40
the unbound and bound states were sampled from the redder 41
regions of the FES, with the bound state being slightly more 42
energetically favored than the unbound state (APMF ~ -2.0 43
kcal/mol). When the Cter NFO4 were bound to OTA, the pep- 44
tide and OTA underwent desolvation with the hapten desolva- 45
tion being more prominent than the peptide desolvation. Also, 46
the OTA interaction did not induce any significant secondary 47
structural shift or significantly alter the native internal network 48
within the peptide. At least one of the contacts between the 49
CterNFO4 (residue numbers 5 and 6) and OTA was likely 50
mediated via H-bond interaction. However, the contribution of 51
non-bonded interaction within the CterNFO4-OTA system to 59
the overall binding energetics was the least among all the OTA 53
systems (Table S1). The residue-level assessment of the bind- 54
ing energetics, further indicated that the 6x His-tag in the 55
CterNFO4 barely interacted with OTA. The positioning of the 5¢
6x His-tags significantly influenced the non-bonded contribu- 57
tion to the overall binding energetics (compare Tables S4a and 5g
Table SSa). 59

(b) Site-Specific 6x His Tag Did Not Significantly Influence 60
the Native Peptide’s Interaction with OTB: Figures 3b, 3d 61
and 3f represent the most dominant equilibrium distributions 62
of NFO4, NterNFO4 and CterNFO4 when bound and unbound 63
to OTB, respectively. In general, diverse and broader distribu- g4
tions of conformational states were identified in the peptide g5
interaction with-OTB system (Figures 3b, 3d, and 3f) as op- ¢¢
posed to the peptide’s interaction with OTA. Table S2 provide g7
an overview of the energetic breakdown for the peptide inter- gg
actions with OTB, and Tables S3b, S4b, and S5b provide a gg
residue-level energetic breakdown for peptide-OTB interac- ()
tion. As evident, the combined data suggests that the tagging 7
process did not significantly affect the predicted in-solution 75
affinities to OTB. 73

Similar to OTA, the binding interaction of NFO4 with OTB 74
also involved desolvation of the peptide and OTB (Figures 75
S13b-S15b), and disruption in the peptide’s inherent contacts

(a) NFO4-0TA (C) NterNFO4-OTA

e

AG~-42.0 o (kJ/mol) h (kJ/mol)
(kJ/mol) kS
— e
[r— o <
Unbound Bound Unbound Bound Unbound
7T<1% > 99% m~ 16% ™~ 84% m~75%

(b) NFO4-OTB (d) NterNFO4-OTB

AG° ~-37.0

(Figures S17, S19, and S21) to form new contacts with OTB.
The loss in intrinsic contacts compromised the 2° structural
integrity of the NFO4 peptide, and was expected to increase
the residue fluctuation. However, the increase in residue fluc
tuation was primarily limited to the terminals of the peptide,
with the other segments of the NFO4 peptide remaining rela
tively intact. A probable reason for the lack in residue fluctua
tion could be due to the new contacts formed between the res
idues 3 9 in NFO4 and OTB. Of these new contacts, at least
three contacts were mediated via H bonding. As it could be
seen from the Tables S1 and S2, NFO4 shows a higher in-
solution affinity and selectivity to OTA than OTB, despite the
non bonded contributions for both systems being similar.

The addition of 6x His tags at the N terminal end of NFO4
(Figure 3d) also involved the formation of new peptide hapten
contacts via the desolvation of the peptide and the hapten, and
the disruption in the native contact network (Figures S14 and
S19b). Although the disruption in the native contact network
induced a loss in ordered secondary structure, the residue flex
ibility in the bound state was lower than the unbound state,
probably due to the peptide hapten contacts and the more ex
tensive intra molecular contact network (Figures S17b, S19b,
and S21b). The desolvation process however, promoted the
non bonded interactions with OTB while increasing the solva
tion penalty associated with the NterNFO4 OTB system.

In case of the CterNFO4 OTB system (Figure 3f), the
desolvation process was accompanied by less extensive pep
tide hapten contacts (Figures S14, S16c, and S18c). Further
more, the relatively minor change in the internal contacts did
not change the secondary structure of the peptide or alter the
flexibility of the residues. In fact, the contribution of non
bonded interaction and the solvation penalty within the
CterNFO4 OTB system to the overall binding energetics was
the least among all the OTB systems. (Tables S1 and S2). The
residue level assessment of the binding energetics, further
indicated that the 6x His tag in the CterNFO4 barely interact
ed with OTB.

(e) CterNFO4-OTA

(f) CterNFO4-0OTBE

AG® ~ -23.0 ﬁf $+5-  AG°~-19.0 R BG°~-170
L (kJ/mol) aox 5 sgfe®  (kJ/mol) ; , (kJ/mol)
o —_— ‘“‘ ; R AR A ; o & —
S = IBe MR = 5 =
b /
Unbound Bound Unbound Bound Unbound Bound
m~ 8% m~49% m~ 6% m~74% m~7% m~74%

Figure 3. The representative states for unbound and bound peptide, equilibrium probabilities of these states (), and free energies of
binding (designated as AG®° (kJ/mol)) (a) NFO-OTA, (b) NFO4-OTB, (c) NterNFO4-OTA, (d) NterNFO4-OTB, (¢) CterNFO4-
OTA, and (f) CterNFO4-OTB, identified from MSM analysis of the trajectories generated in BEMD enhanced sampling. ‘n’ repre-
sent the distribution of the most populated bound or unbound macrostates (the sums of probabilities of all bound, py,,.4» and all un-
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bound states, p,,poume Were used for binding free energy calculations in Equation 1). Peptides were depicted with the translucent
molecular surface (in grey) and the ochratoxins were shown in licorice (colored by the default atom color except for carbon which

was colored as magenta (for OTA) and orange (OTB)).

Table 2. Structural and thermodynamic characteristics of the peptide-hapten complex

Recognition Molecule Complex Dist.' (%) Str. Shifs? Cont. Freq.’ RMSF Shift* AG° (kJ/mol)’
NFO4-OTA >99 Yes 7/12 Decreased -42.34 (6.2)
NFO4-OTB >99 Yes 6/12 Increased -22.76 (5.52)
NterNFO4-OTA ~84 Yes 12/18 Decreased -36.92 (7.92)
NterNFO4-OTB ~94 Yes 6/18 Decreased -19.07 (1.69)
CterNFO4-OTA ~25 No 2/18 Decreased -9.16 (2.42)
CterNFO4-OTB ~93 Yes 5/18 Decreased -17.74 (2.34)

" Complex Dist. refers to the overall bound fraction (%) of the peptide-hapten complex.

2 Str. Shifts refers to the secondary structure shifts within the Pref. State relative to the unbound macrostate.

3 Cont. Freq. refers to the average number of residues within 0.35 nm of the hapten within the Pref. Macro.

4 RMSF Shift refers to the structural fluctuation within the Pref. State relative to the unbound macrostate.

5 AG® refers to the average equilibrium binding free energy. The values in the parenthesis provides the statistical error associated with AG®

estimates by block averaging the data over 20 ns.

Validation of Results and Implications for Computer-
Aided Design of Sensing Elements. Table 3 compares the
simulated in-solution affinity and selectivity with the immobi-
lized state binding properties of the tagged and untagged pep-
tides Previous studies using experimental and simulation tech-
niques have established that NFO4 binds with high affinity
and selectivity to OTA.>* In line with these results, NFO4
showed higher affinity and selectivity to OTA than OTB.
Though at least three different structural variants of ochratoxin
are known to naturally occur, only OTA and OTB are found
prevalently in food, feed and beverages.* Of these two ochra-
toxins, OTA is more toxic ° and has been known to bio-
accumulate in the consumer, necessitating strict regulatory
oversight. > **"** In this regard, biosensing platforms based
on immobilized 6x His-tag conjugated NFO4 provide a cost-
effective alternative to antibody based bioassays for the im-
munocapture of OTA in the detection and monitoring of OTA
over OTB. But, a main challenge in the design of biosensing
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

elements for OTA pertains to the selection and location of 66
affinity tags, so as not to compromise the inherent activity of 67

the molecular recognition entity. The choice of tag is particu-
larly more challenging when the tags and sensing elements are
of comparable size and chemistry.

In the current study, only the in-solution affinities of the 6x
His tagged NFO4 were assessed. Our study indicated that the
addition of affinity tags at either ends of the NFO4 favored
solvation more than the untagged peptide Also, OTB is more
hydrophilic than OTA and the improved solvation from the
affinity tag placement at either ends of the peptide minimized
the peptide interaction with OTB (Tables S1 and S2). The site
of 6x His-tag placement influenced the native fold, with the
tags at the Nter preserving the native fold and those at the Cter
altering the fold. The alteration in the fold further affected the
NFO4’s interactions with OTA, with the NterNFO4 retaining

68
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70
71
72
73
74
75
76
77
78
79
80
81
82

the general affinity and selectivity to OTA while the CterN-
FO4 lacking any ochratoxin-specific recognition capabilities
(by comparing the AG®4ine in Table 2). Infact, among the
tagged peptides, the affinities of NFO4 and NterNFO4 to-
wards OTA were not significantly different but the affinity of
CterNFO4 was ~4x lower than that of the native peptides. In a
recent experimental study, involving the immobilization of 6x
His tagged NFO4, Soleri et al. had demonstrated that the dense
layers of immobilized NFO4 peptides were significantly bet-
ter(2x) at OTA recognition when oriented on Zn""-laden chi-
tosan foams via N-terminus modification as opposed to C-
terminus modification.” ® While it is certainly encouraging to
observe that the in-solution predictions from simulations gen-
erally followed the experimental data on immobilized system,
a direct comparison of these results is challenging. For exam-
ple, experimental studies on the immobilized hexamer
(SNLHPK) on a wide range of substrates indicate that the pep-
tide’s affinity to OTA on solid phase (Kp ~ 0.01 uM — 1.00
uM) were drastically different from those in-solution (Kp ~ 29
uM).*> > These observed differences in affinity would suggest
that in addition to the molecular recognition entity, the surface
may also have an active role in the hapten recognition, even
though the exact mechanisms are currently unknown. Future
studies could also explore and validate strategies that would
minimize the direct interaction between the peptide and the
tags by introducing more flexible spacers like polyethylene
glycol (PEG) so as to assess if such modification could recov-
er the native binding properties of the NFO4 irrespective of
the site of modification. Nevertheless, the results presented in
this study are in line with those and other studies that demon-
strated the negative impact of 6x His tags on the binding prop-
erties of peptides especially when the tags were placed at the
C-terminus of peptides/proteins.'™ ** > > Based on these ra-
tionale, the current simulations were considered representative
of the real-world binding interactions within an affinity tagged
NFO4.
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Table 3. Binding properties (mean £95% C.I.) of synthetic peptides to ochratoxins in a wine-like solution pH.

Recognition  AG°gra-pre AG°orgpre  Kp-ora(UM)

Selectivity

) 5 Comments
Molecule (kJ/mol) (kJ/mol) Pred. Pred.
NFO4 -42.3 (6.2) -22.8(5.5) 0.038 ~1.9 Immobilized NFO4 - 3x more selective to OTA than OTB*
NterNFO4 -36.9 (7.9) -19.1(1.7)  0.338 ~1.9 Immobilized NterNFO4 were 2.5x more effective at OTA
CterNFO4  -9.2(2.4) -17.7(2.3) 24353 ~0.5 detection than CterNFO4*

! The dissociation constant (Kp) for ochratoxins was estimated from the average AG’ estimate using the equation K, =

=0.00831 kJ mol ' K 'and T =298 K.

1
——ac, where R
RT

2 Selectivity-Pred was based on the relative ratios of AG°gra_pre t0 AG°o1R-PRE

? See Ref 6 Estimate using HPLC-FLD.
4 See Ref 8 Estimate using fluorescence.

CONCLUSIONS

Advanced sampling and MSM were used to assess the im-
pact of site-specific 6x His tags on the in-solution binding
properties of NFO4 to ochratoxins in a wine-like matrix envi-
ronment. The in-silico framework outlined in the current study
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facilitated structural and thermodynamic characterization of 57

the sensing elements with tags of comparable size and chemis-
try in detail that were otherwise not obtainable using routine
experimental biophysics techniques or regular MD simula-
tions. Results showed that the 6x His tag placement influenced
the folding and binding behavior of the peptides. While the 6x
His tags placed on the N-terminus of the NFO4 generally pre-
served the native fold of the peptide the tags altered the intrin-
sic contact network and actively interacted with OTA. The
overall affinity and selectivity of NterNFO4 was driven by the
combined influence of the non-bonded interactions involving

58
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68

OTA with the His residues and the higher solvation penalty of 69

peptide-OTA complex. In contrast, the 6x His tags placed on
the C-terminus of the NFO4 improved the stability of the na-
tive peptide by altering the native fold and the intrinsic contact
network within the peptide. These His residues did not con-
tribute significantly to the overall non-bonded energetics, and
also introduced a higher solvation penalty for solvating the
peptide-OTA complex as opposed to peptide-OTB complex.
The non-bonded interactions and the solvation penalties asso-
ciated with the NFO4 interaction with OTB were relatively
unaffected by the site-specific placement of the tags. Conse-
quently, the NterNFO4 preserved the generally affinity and
selectivity of NFO4 while the CterNFO4 eliminated the OTA-
specific binding capabilities of NFO4. However, the binding
mechanisms of the NFO4 and NterNFO4 to OTA were differ-
ent. The OTA-specific binding behavior of NFO4 was entirely
driven by the lower solvation penalty of the NFO4-OTA, as
opposed the OTA-specific binding by NterNFO4 that was
driven by the interplay of non-bonded interactions and solva-
tion penalty associated with the peptide-OTA complex.

While further work is certainly needed before the in-silico
platforms presented in the current study could be reliably used
to engineer peptides or direct peptide modifications with de-
sired sensing efficacies to a target hapten, the mechanistic
insights gained from the approach presented in this work can
facilitate the selection and placement of affinity tags or the
modification of the molecular recognition entity at least in a
solution environment. In a broader sense, the methods outlined
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92

in the current study can be extended to virtually any peptide-
based system so as to assess the impact of tags or site-specific
tags on the peptide’s intrinsic activity.
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