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Abstract

The binding of the iminium and alkanolamine forms of chelerythrine to lysozyme (Lyz) was
investigated by spectroscopy and docking studies. The thermodynamics of the binding was
studied by calorimetry. Spectroscopic evidences suggested that Trp-62 and Trp-63, in the B-
domain of the protein are closer to the binding site; the binding site was at a distance of 2.27
and 2.00 nm, respectively form the iminium and alkanolamine forms as per Forster theory of
non-radiation energy transfer. The equilibrium binding constants for the iminium and
alkanolamine forms at 298 K were evaluated to be 1.29x10° and 7.79x10° M, respectively.
The binding resulted in alteration of the secondary structure of the protein with a distinct
reduction of the helical organization. The binding of the iminium was endothermic involving
electrostatic and hydrophobic interactions while that of the alkanolamine form was
exothermic and dominated by hydrogen bonding interactions. Docking studies provided the
atomistic details pertaining to the binding of both forms of chelerythrine and supported the
higher binding in favour of the alkanolamine over the iminium. Furthermore, molecular
dynamics study delivered accurate insights about the binding of both the chelerythrine forms
in accordance with obtained experimental results. Overall, chelerythrine binding pocket
involves catalytic region and aggregation prone K-peptide region which are well sandwiched
between one another. Taken together, these results suggest that both forms of the alkaloid
bind to the protein but the neutral form has higher affinity than the cationic form.

Keywords: Chelerythrine alkaloid, Lysozyme, Interaction, Spectroscopy, Calorimetry,

Molecular modelling
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Introduction

Development of natural products as drug candidates has immense advantage due to their high
abundance, relatively low toxicity, and excellent biocompatibility. They have an
incomparable success rate as lead drug candidates over synthetic compounds. Many of the
currently used drugs are essentially from natural sources.' Benzophenanthridine alkaloids are
a group of molecules with versatile chemistry and diverse biological utility. Chelerythrine
(1,2-dimethoxy-12-methyl[1,3]benzodioxolo[5,6-c]phenanthridin-12-ium) (Fig. 1) is an
alkaloid of this group isolated from a natural herb called greater celandine Chelidonium
majus L. It is a potent, selective, and cell permeable protein kinase C (PKC) inhibitor that
does not inhibit tyrosine protein kinases, cAMP-dependent protein kinase, or
calcium/calmodulin-dependent protein kinases.” The therapeutic potential of chelerythrine in
cancer research has also been well documented. It has promising role as antineoplastic
growth inhibitor against various tumor cell lines like human breast cancer (MCF-7), human
uveal melanoma (OCM-1), human neuroblastoma, colon carcinoma (HCT116) cell lines and
neonatal rat cardiac myocytes.”” Recent studies have implicated that PKC-independent
mechanism may also be responsible for its potential anticancer property.*’ This might
include binding to duplex and quadruplex nucleic acid structures that has been very recently
reported.'*!?

One of the remarkable structural features of the benzophenanthridines is their ability to
exhibit pH dependent structural transition between the iminium and alkanolamine forms."
This has been very well demonstrated in the case of sanguinarine,' a close analogue of
chelerythrine, studied recently for its binding to lysozyne."” Although there are only small
structural differences between sanguinarine and chelerythrine large functional differences
have been observed. For example, sanguinarine is a potent suppressor of NF-kB activation

but chelerythrine has no effect.'® They bind to different regions of Becl(XL)' and
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chelerythrine has been identified as an inhibitor of BclXL-Bak BH3 peptide binding.18
Therefore, we felt it necessity to examine in depth the binding aspect of chelerythrine with
lysozyme.

Lysozyme (N-acetylmuramide glyconohydrolase) is an antimicrobial protein present in
abundance in various protective fluids and lymphatic tissues of most animals. It is known for
the unique ability to damage bacterial cell wall, by cleaving the -linkages between the N-
acetyl-muramic acid and N-acetyl- glucosamine of the peptidoglycan thereby protecting
against bacterial infections. Lysozyme is also widely used as a food preservative and as an
antimicrobial agent.'”?' Other activities include anti-inflammatory, antiviral, antiseptic,
antihistamine and antineoplastic effects. Due to its small size, high stability, natural
abundance, propensity to undergo amyloid aggregation and ability to carry drugs, Lyz has
been preferred as a model protein in many studies to understand protein folding, structure-
function, dynamics and ligand interactions.”*? The details on the structure of Lyz, domains
and amino acids in the protein were described in details in our recent study.'® The binding of
sanguinarine to lysozyme has identified the buckled alkanolamine to bind stronger than the
planar iminium." Recently, the binding studies of a number of small molecules, alkaloids,
nano particles and model membranes to lysozyme were reported.”=* Such studies are
important for developing small molecules that can act as effective inhibitors of aggregation of
amyloidogenic proteins.”~°

In the present contribution we describe the binding interaction of the two forms of
chelerythrine, viz. the iminium and alkanolamine with chicken egg white lysozyme. Initially
we used spectroscopy techniques to analyze the binding affinity of the interaction followed
by thermodynamic analysis by calorimetric techniques on the energetic aspects. Subsequently
molecular modeling and simulation approaches were used to gain deeper insights on the

binding site and interactions which govern the binding. This multifaceted approach enabled
4
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us to provide a detailed molecular basis for chelerythrine-Lyz interaction. The results may be
helpful to understand the protein binding properties of chelerythrine for use in drug

development.
Experimental

Materials

Chicken egg white lysozyme (> 98 purity, M = 14.3 kDa), chelerythrine (CAS No. 92-31-9,
purity > 95%) were from Sigma—Aldrich LLC (St. Louis, MO). The molar absorption
coefficient (¢) and other optical properties of the alkaloid are listed in Table S1. All other
materials and chemicals used in this study were of analytical grade. Deionized water from a
Milli-Q water purification system (Millipore, USA) was triple distilled and filtered through
0.22 um Millipore Millex-HV PVDF filters for buffer preparations.

Sample preparation

The protein sample was purified on a CM-cellulose (Sigma-Aldrich) column as reported in
the literature.’’ The sample was then desalted on a Sephadedx G-50 column, dialyzed
(SpectraPor MWCO, 3500 membrane) and lyophilized. Citrate-phosphate (CP) bufter, pH 6.4,
and carbonate-bicarbonate (CB) buffer, pH 9.2, respectively, with 10 mM Na' ion
concentration were used for the studies with the iminium and alkanolamine forms. The
protein sample was dissolved in these buffers for further studies. In these pH conditions the
alkaloid solution remained stable as iminium and alkanolamine forms in 100% population.
The concentration of the alkaloid in each experiment was kept at the minimum required to
prevent aggregate formation and adsorption to the cuvette walls.

The lysozyme concentration was determined using the molar absorption coefficient (g) value
of 37,750 M cm™ at 280 nm.** The alkaloid concentration was estimated using € values of

30,700 M em™! for the iminium and 21,600 M ¢cm™ for the alkanolamine forms at 327 nm.
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Equipments and measurements

pH measurements were made on a Sartorius high precision bench pH meter with a
microelectrode (Sartorius GmBh, Germany). The absorption spectra were recorded at 25+1.0
°C on Jasco V660 unit (Jasco International Co., Hachioji, Japan) using matched 1.0 cm quartz
cuvettes.

Steady-State fluorescence measurements

Steady state fluorescence spectra were measured on either a Shimadzu RF-5301 PC
(Shimadzu Corporation, Kyoto, Japan) or a Hitachi F4010 (Hitachi Ltd., Tokyo, Japan)
fluorescence spectrophotometer in fluorescence free quartz cuvettes of 1 cm path length. The
excitation and emission slit widths for all measurements were set up at 5 and 10 nm,
respectively. The sample temperature was maintained at 25+1.0 °C using Eyela UniCool U55
water bath (Tokyo Rikakikai Co. Ltd., Tokyo, Japan).

Intrinsic fluorescence was measured by exciting Lyz at 295 nm because tryptophan
fluorescence is generally used as a probe of local environment changes of protein structure,

dynamics as well as ligand binding as this exclusively excites the intrinsic tryptophans (Trp).

Chelerythrine iminium and alkanolamine forms were excited at 338 and 318 nm, respectively.

Temperature dependent fluorescence spectral studies were performed on the Hitachi F4010
unit. Synchronous fluorescence was measured in the excitation range of 220-380 nm keeping
A set at 15 and 60 nm, respectively.

Time resolved fluorescence lifetime measurements

The lifetime measurements were performed using time-correlated single photon counting
(TCSPC) technique in a Horiba Jobin Yvon FluoroCube fluorescence lifetime systemt at
25+1.0 °C. The excitation was done at 295 nm using a pico second diode laser (IBH N-295)

in an IBH fluorocube apparatus. The emission data were collected at a magic angle (54.7°)
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relative to the excitation. The instrumental response function was determined experimentally
on the basis of light signal scattered from Ludox (colloidal silica in water) and was used for
subsequent deconvolution of the fluorescence signal. The decays were deconvoluted using
IBH DAS6 decay analysis. The fits was judged by y* criteria and visual inspection of the

residuals of the fitted function to the data. The fluorescence decay was described as a sum of

exponential functions as follows®

F (t) =X a; exp (—t/17) (D)

Here, F(t) is the fluorescence intensity at time ¢ and ai is the pre-exponential factor
corresponding to the ith decay time constant,ti. For multi exponential decays, the average
lifetime T,y, was calculated from the following relation™

Tavg = 2 AT )

Here, ti is the fluorescence lifetime and a; the relative amplitude with i variable from 1 to 2.
Hydrophobic probe displacement study

For extrinsic ANS displacement study, in the first series of experiments, the Lyz
concentration was kept fixed at 1.0 pM, the chelerythrine/ANS concentration was varied
from 1.0 to 10 uM, and Lyz fluorescence was monitored (Aex = 295 nm, Aem = 339 nm). In the
second series of experiments, chelerythrine was added to solutions of Lyz and ANS held in
equimolar concentration (1.0 uM each); the concentration of chelerythrine was also varied
from 1.0 uM to 10 pM and the fluorescence of Lyz was recorded (Aex = 295 nm, Aep, = 339
nm).

Circular dichroism spectroscopy

Secondary and tertiary structural changes (CD spectra) in the protein on interaction with
chelerythrine were measured on a Jasco J815 spectropolarimeter (Jasco International Co,
Hachoji, Japan). A Peltier cell holder and temperature controller PFD 425 L/15 maintained

the cuvette temperature at 25°C. The CD spectra were acquired with sensitivity set to 10 milli
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deg and a scan speed of 50 nm/min with step size of 0.5 nm. The time constant was 1 sec and
bandwidth was 0.2 nm. Five successive scans were performed to improve the signal-to-noise
ratio, smoothed within permissible limits and base line corrected. The molar ellipticity values
were expressed in terms of the mean residue molar ellipticity (MRE), in units of deg cm®
dmole™.

Isothermal titration calorimetry

A VP ITC unit (MicroCal, Inc., Northampton, MA, USA) was used for calorimetric
experiments. Lyz and alkaloid solutions were degassed on the Thermovac unit. The rotating
syringe of the unit was filled with a solution of the Lyz (0.8 mM for iminium and 0.5 mM for
alkanolamine). Programmed injections of 10 pL aliquots of Lyz solution were effected into
the iminium and alkanolamine solutions of alkaloid in the calorimeter cell. The data were
corrected for the heats of dilution of the protein and the alkaloid, which were determined in
separate set of experiments under identical buffer conditions and temperature.

The “one set of sites” model yielded the best fit curve for the obtained experimental data
points in all the cases. Equilibrium association constant (Ky), enthalpy change (AH°) and
entropy contribution (7AS°) of the interactions were determined by fitting the isotherms to the
model. Standard molar Gibbs energy (AG®) was calculated using the equation

AG® = AH°-TAS°® 3)

where T is the absolute temperature in Kelvin and R is the gas constant (1.9872041 cal. mole
LK.

Molecular modeling study

Binding mode analysis of iminium and alkanolamine forms of the alkaloid was undertaken
using Induced Fit Docking (IFD) technique from Schrodinger Maestro-v96012 9.6 suite.™*
Crystal structure of Lyz was obtained from RCSB Protein Data Bank (PDB 2LYZ, with

resolution of 2.0 A).*> We performed in vacuo docking by removing all the water molecules
8
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from the crystal structure. The ligand structures for alkanolamine and iminium forms were
built with Maestro. To obtain stable structures from built structures we performed simulated
annealing and energy minimization. Ligand and protein were subjected for preparation using
LigPrep and Protein Preparation Wizard. During protein preparation, hydrogens were added
considering the correct bond orders. Two different protein states were generated considering
pH condition of 6.4 and 9.2, respectively. Obtained structures were subjected for restrained
minimization with OPLS-2005 force field and convergence criterion of 0.30 A,

During ligand preparation, ionization states were assigned using ionizer module to set pH
condition of 6.4 and 9.2, respectively, for iminium and alkanolamine forms. Previously
known sanguinarine binding site was defined for these close analogs guided by previous

133639 Box of 24 A was defined for Glide grid setup. Box centre was

experimental reports.
defined with the centroid of residues, Arg-45, Asn-46, Arg-61, Trp-62, Trp-63, Trp-108, Val-
109 and Ala-110, which form this binding site. Glide soft potential docking was carried out
using van der Waals radii scaling of 0.7 for receptor and 0.5 for ligands respectively. Side
chains of the residues were trimmed based on automatic B-factor values to maximize the
interaction probability. This step generated 20 ligand poses with SP (Single Pricision) mode.
Prime induced fit refinement was employed for the residues within 24 A of the ligand poses
using OPLS parameters. Glide XP (Extra Precision) redocking was performed for 20
obtained protein conformations with default hard potential function and van der Waals radii
scaling of 1.0. Final selection of best pose was performed on top ranked poses keeping in
mind the presence of important interactions. In order to check the reproducibility of obtained
results we repeated same IFD experiment for four times for each form, giving in total 5 runs

for each of the forms. In all the cases we found presence of our selected pose. Further we

took binding free energy scores (GlideScore) for all the generated poses in five IFD runs for
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each of the cases and performed cluster analysis to find Lyz-ligand complexes with minimum
Glide Score.

1,** Discovery Studio 4.0° and Swiss PDB viewer.*"!

Result visualization was done with Pymo
Molecular dynamics simulation studies

We performed molecular dynamics (MD) studies on the above selected poses for the dynamic
considerations. We carried out all atom molecular dynamic simulations using Gromacs
4.6.7* with GROMOS 53a6™ force field. Three systems were prepared consisting each of
the Lyz-apo, Lyz-iminium and Lyz-alkanolamine forms. Topology and charge information
for the ligands was obtained from Automated Topology Builder version 2.1**. Systems
were solvated using SPC*® water model in a cubic box of size ~ 72.3 x 72.3 x 72.3. Then it
was neutralized to final physiological concentration of 100 mM by adding Na" and CI”
counter-ions. Energy minimization of 5000 steps was employed with steepest descent
method. Both NVT followed by NPT equilibration was performed for 100ps using position
restrained protein and protein-ligand complexes, for apo and bound complexes respectively.
During NVT, v-rescale’’ temperature coupling was employed at 300 K. NPT was performed
with parrinello-rahman48 pressure coupling with isotropic scaling at 1 bar pressure.
Electrostatic treatment for long range interactions was taken care by Particle Mesh Ewald
sum method.* For constraining all the heavy atoms including heavy atom hydrogen LINCS™
algorithm was employed. Neighbor searching was performed using verlet cut-off scheme”
having short range electrostatic cut-off of 1.2 nm. In unrestrained systems production runs
were performed using NPT ensemble and with time step of 2 fs. In total 300ns data was
generated for all three systems. Initial 10ns data was taken as equilibration period and

remaining 90ns data was considered for performing the analysis.
Results and discussion

UV-vis absorption spectroscopy study
10

Page 10 of 55



Page 11 of 55

Physical Chemistry Chemical Physics

Detailed absorption spectral characterization of chelerythrine was described in our earlier
studies with nucleic acids.’> Briefly, the visible absorption profile of the iminium and
alkanolamine forms are characterized by distinguishable absorption spectral patterns (Fig. 1).
The iminium form (pH 6.4) has peaks at 273, 328 and 469 nms while the alkanolamine (pH
9.2) has peaks at 234, 283 and 326 nms. The protein, on the other hand, at both pH
conditions is characterized by two absorption maxima, one strong peak around 200 nm and a
weak peak around 281 nm.?” Absorption spectral changes were used to explore the binding of
the alkaloid to the protein and the same are presented in Fig. 2A,B. The characteristic
absorption peak around 200 nm arises due to the peptide bonds of the protein while the 281
nm peak is due to the aromatic amino acids (Trp and Tyr). In the presence of increasing
concentration of chelerythrine, there was a decrease of the intensity of the peaks, with a red
shift of the 281 nm peak for both the forms. Similar type of results were reported15 for Lyz on
binding of sanguinarine and other small molecules.'>*” This change indicates that the binding
of the alkaloid forms induced an unfolding of the protein backbone. It is likely that an
increase in the hydrophobicity of the microenvironment of the aromatic amino acids occurs
on chelerythrine interaction.

The absorbance data were analyzed by the Benesi-Hildebrand equation,™

I/AA= (1/AAmax ) + {(1/KprAAmax ) (1/[M])} 4)

where Kz is the binding constant and [M] is concentration of the quencher (chelerythrine).
Fitting to this equation gave linear plots (inset of Fig. 2A and 2B) in both the cases with Ky
values of 1.19 x 10° and 5.85 x 10° M, respectively, for the iminium and alkanolamine
forms. This result clearly suggests that the affinity for Lyz is higher for the alkanolamine
form compared to the iminium form.

Fluorescence spectral studies: alkaloid induced fluorescence quenching of lysozyme

11
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Fluorescence emission profile of the fluorophore of the protein can provide detailed
information on the binding of small molecules in terms of the nature and mode of the
interaction.”*> A detailed description of the Trp residues present in Lyz and their locations
were described in our earlier report on sanguinarine binding."” The excitation of the protein
was performed at 295 nm exciting the Trp moieties, particularly Trp-62 and 63, giving
emission spectrum with maximum around 340 nm. Figure 3A, B portrays the fluorescence
spectral changes of Lyz in the presence of iminium and alkanolamine forms. Increasing
concentration of the alkaloid leads to quenching of the fluorescence of Lyz, the effects
reaching saturation eventually in both cases. A bathochromic shift of the fluorescence peak
was observed that may be assigned to the exposure of the Trp side-chain(s) to a more
hydrophilic environment due to the slight unfolding of lysozyme from binding of the
alkaloid.’®>” A correction for the inner-filter effect of chelerythrine on Lyz was performed
before analysis of the data. The inner filter effect was corrected as described by MacDonald et
al.”® using the equations described in details recently.>

To distinguish between the collisional quenching (dynamic) and binding-related quenching
(static)”® temperature dependent studies were performed at three temperatures viz., 288, 298
and 308K. It is known that at higher temperatures larger diffusion coefficients occur and the
dynamic quenching constants will increase. On the other hand, in the case of static quenching
temperature increase may lead to decreased stability.

The data were analyzed by the classical Stern-Volmer equation

F
FO=1+quo[Q]=1+KSV[Q] &)

where F, and F are the fluorescence intensities at the wavelength maxima in the absence and
in the presence of chelerythrine, kg is the bimolecular quenching constant, K, is the Stern-

Volmer quenching constant, T, is the average life time of the protein in the absence of

12
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quencher which is taken to be 2.08 ns at pH 6.4 and 1.95 ns at pH 9.2 and [Q] is the
concentration of the quencher, respectively.” Figure S1 shows the linear Stern-Volmer plots
of Fo/F versus [Q] at the three temperatures and the calculated K, and kq values are
summarized in Table 1. The results revealed that the values of K, and kq decreased with
increasing temperature, and the k; values are > 2.0x10" M s, This data suggests that
quenching mechanism is clearly due to static quenching for both iminium and alkanolamine
forms of chelerythrine.®® In other words, the protein fluorescence quenching in the presence
of chelerythrine is due to specific complex formation at the ground state. Similar result was
observed for the binding of sanguinarine also."

Chelerythrine iminium and alkanolamine forms exhibit emission spectra with maxima at 551
nm and 419 nm, respectively, when excited at 338 and 316 nms (Fig. 4A). We studied the
effect of Lyz on the fluorescence of chelerythrine (Fig. 4B). Quenching of the fluorescence
intensity was higher in the case of alkanolamine form compared to iminium form suggesting
stronger interaction of the former with Lyz. This result also suggested better binding of the
alkanolamine form compared to the iminium and is similar to that observed for
sanguinarine. 13

Binding constants and number of binding sites of chelerythrine-Lyz complex

The above fluorescence quenching results indicated specific interaction between the alkaloid
and the protein leading to strong complex formation. So assuming binding of the alkaloid
independently to a set of equivalent sites on the protein the equilibrium binding constant (K4)

and the number of binding sites (n) can be determined from the following equation®’

log (FOF_ b logKa +nlog[Q] (6)

where K is the binding constant to a site and n is the number of binding sites on the protein.
From the linear plots of log (F,-F/F) versus log[Q] (figure not shown) for iminium and

13
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alkanolamine, binding affinity values to Lyz at the three temperatures are presented in Table
1. A higher binding affinity of the alkanolamine (7.26x10° M™") compared to the iminium
(1.21x10° M™") was apparent from this data. The magnitude of the values of K, suggests the
occurrence of a moderate interaction between chelerythrine with Lyz and the alkanolamine
form has a higher affinity to the protein. The numbers of binding sites obtained from the
magnitudes of ‘n’ values were found to be around unity suggesting that there is only one kind
of binding site for these two forms, most likely around the Trp residue of the protein. The 1:1
binding of these alkaloids on Lyz was further confirmed from Job’s plot analysis by
fluorescence spectroscopy data by varying the alkaloid: protein molar ratio while keeping the
total molar concentration constant. The difference in fluorescence at 339 nm versus mole
fraction of alkaloids (y) (Fig. S2) crossed at 0.49 and 0.485, respectively, for the iminium and
alkanolamine forms of chelerythrine yielding the number of each of these molecules binding
on the protein to be around 1.

The quenching data was also analyzed by the Lineweaver-Burk equation27

1 — L + ; (7)
(Fo-F) Fo KusFo[Q]

where the quenching constants (K;g) were obtained from the ratio of the intercept to slope of
the Lineweaver-Burk plot, describing the efficiency of quenching at the ground state. The
plots of Lyz-chelerythrine interactions at three temperatures are presented in Fig. S3
(Supporting Information). The data depicted in Table 1 revealed that alkanolamine form has
the higher affinity to Lyz than the iminium. Furthermore, the variation of K; g with increasing
temperature was similar to those of Ksy values and is consistent with the static quenching
mechanism.

Energy transfer from Lyz to the bound chelerythrine

14
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It is well-established that a strong ligand-protein complexation may lead to transfer of excited
energy from the donor (protein) to the acceptor (ligand). Apart from divulging on the binding
aspects measurement of energy transfer efficiency can provide an idea about the distance of
separation between the bound ligand and the site of interaction on the protein.27 The
proximity of the ligand molecule to the Trp moiety of the protein can be determined through
fluorescence resonance energy transfer (FRET) study. By Forster theory the efficiency
depends on the extent of overlap of the donor emission and acceptor absorption, orientation
of the transition dipole of the donor and the distance between the donor and acceptor which
must be within 2-8 nm.”” The efficiency (E) of the FRET process depends on the inverse
sixth power of the distance between donor and acceptor (r) and of the critical energy transfer
distance or Forster radius (Ro). When the efficiency of transfer is 50%, a condition of 1:1
situation of donor to acceptor concentration prevails and E, the energy transfer efficiency, is

expressed by the equation

6
gy b _ Ro )
Fo Ro®+1°

Ry can be calculated using the relation

R{ =8.8x10k*n"*oJ 9)
[EQ)eu dn
Where, J=24—
[F()ar
0

here «* is the space factor of orientation, n is the refractive index of the medium, ¢ is the
fluorescence quantum yield of the donor. F(L) represent the fluorescence intensity of the
donor and g(A) the molar absorption coefficient of the acceptor, respectively, at the

wavelength A. Using the values of ¥’=2/3, n = 1.336 and ¢=0.14 for Lyz,” the values of E, J,

15
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Ro and r have been calculated to be 0.49, 2.36x10" " em’.L. mol_l, 2.69 nm and 2.70 nm for

iminium-Lyz and 0.73, 8.54x10" cm’.L.mol”, 2.27 nm and 2.0 nm for alkanolamine-Lyz
interaction from the overlap of the absorbance spectra of the alkaloid with the emission
spectrum of Lyz (Fig. S4). The distance between the ligands and the amino acid residue Trp
in Lyz is far lower than 8§ nm, the upper limit indicating high probability of energy transfer
from the Trp residues of the protein to the alkaloids.”” Moreover, it demonstrates that all the
conditions of energy transfer theory are obeyed; (i) Lyz can produce fluorescence light (Fig.
3), (i1) sufficient overlap is observed between the fluorescence spectrum of Lyz and the
UV-—vis spectra of chelerythrine forms (Fig. S2), and (iii) the value of the distance in both
systems is less than 8 nm. The results highly support that the binding of chelerythrine to Lyz
is through energy transfer, leading to formation of ground-state complexes. Hence, further
analysis to determine the parameters such as the binding constant and number of binding sites
of chelerythrine-Lyz complexation is feasible.

Fluorescence lifetime study

Time resolved fluorescence decay of Lyz was recorded in the presence of chelerythrine to
understand the effect of the alkaloid on the protein dynamics. From the time-resolved
fluorescence decay profiles of Lys in the absence and presence of chelerythrine (not shown)
the fluorescence lifetime values and their amplitudes were calculated. The decay curves fitted
well to a bi-exponential function with an emerging average fluorescence lifetime values of 1
= 2.08 ns and t = 1.95 ns, respectively, for Lyz at pH 6.4 and 9.2. After the addition of
maximum concentration of chelerythrine iminium and alkanolamine forms (100uM) to Lyz,
the observed average fluorescence lifetime values were T = 1.81 ns and 2.07 ns, respectively.
Trp residue is known to divulge multi exponential decays, but a clear allocation of the
perceived separate fluorescence lifetime components to the disparate fluorescent Trp residues

is hard to determine for lysozyme with multiple Trp residues.®’ Consequently we have not
16
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tried to designate the individual components; conversely, the average fluorescence lifetime
has been exploited to gain a qualitative analysis. The average fluorescence lifetime of Lyz did
not alter significantly at the maximum concentration of chelerythrine. The static quenching
mechanism is generally associated with stable fluorescence life time values while in dynamic

3 The time resolved

quenchingthe fluorescence life time values alter significantly.
fluorescence results clearly indicated that the fluorescence lifetime of Lyz complexed with
both iminium and alkanolamine forms of chelerythrine was almost unperturbed. This result
confirms that the quenching of Lys-chelerythrine emission is primarily static in nature and
due to complex formation at for both iminium and alkanolamine forms.®"®

Steady-state fluorescence anisotropy study

Steady state anisotropy data may provide valuable information on the degree of motional
restriction of the fluorophore and is used as a probe to assess the extent of flexibility or
tumbling of small molecules after binding. The basis of fluorescence anisotropy to interpret
on the environment in the immediate vicinity of the fluorophore is based on the fact that
larger molecules tumble more slowly while smaller molecules tumble faster. An increase in
fluorescence polarization anisotropy of chelerythrine on binding to Lyz is as a result of
increased motional restriction of chelerythrine consequent to strong binding. On binding, the
anisotropy value of the alkanolamine form increased from 0.01 to 0.04. The anisotropy
change in the case of iminium was only marginal suggesting that the motional rigidity
imposed here is much less than that of the alkanolamine form. This data provided information
on the stronger interaction of the alkanolamine to the protein compared to the iminium.
Hydrophobic probe ANS displacement study

The fluorescent dye 8-anilino-1-naphthalenesulfonic acid (ANS) is a hydrophobic probe

sensitive to microenvironment changes and has often been used to extract information on the

hydrophobic binding regions on the protein surfaces.®* The goal of executing the ANS studies
17



Physical Chemistry Chemical Physics

was to further confirm the region of chelerythrine binding on the protein Lyz. According to
the protocol, binding studies were executed in the presence of ANS under identical
conditions, and the relative fluorescence (F/Fy) against ligand concentration was plotted, as
shown in Fig. 5. Evidently, at a ligand concentration of 10 uM, chelerythrine had a better
quenching effect on fluorescence of the protein than ANS, i.e. chelerythrine could quench
about ~96%, and ANS approximately 28%. When chelerythrine was added to the ANS-Lyz
complex, the fluorescence of ANS—Lyz decreased by nearly 75 %. Stryer®*® has described
that interaction of ANS with solvent exposed hydrophobic clusters of a protein would result
in a considerable augmentation of fluorescence of ANS. Here, the fluorescence intensity of
ANS-lysozyme complex was reduced by 75% by chelerythrine, indicating that chelerythrine
can compete with ANS very moderately for its binding site leading to a decrease of the ANS—
Lyz fluorescence.

Conformational studies: synchronous fluorescence spectroscopy

Conformational changes during ligand binding to protein can be determined using
synchronous fluorescence.®® According to the theory of Miller,*” when the difference values
between the excitation and emission wavelengths (AL) are stabilized at 15 or 60 nm, the
synchronous fluorescence spectra of the protein provides characteristic information about Tyr
and Trp residues. The quenching of protein fluorescence caused by the ligand then implies
alteration of the polarity around these amino acid residues. The effect of chelerythrine on the
synchronous fluorescence of Lyz with AL = 60 nm revealed that the fluorescence intensity
diminished systematically with a large red shift of the emission maximum by 8 nm for
iminium and 7 nm for alkanolamine binding to Lyz (Fig. S5). A large red shift is indicative of
the change of Trp residues to a more hydrophilic environment and more exposed to solvent in
both the cases. Comparatively, there is almost no shift in the maximum emission wavelength

using AL = 15 nm for both iminium and alkanolamine forms showing that little
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transformation takes place in the microenvironment around tyrosines. This indicates that in
the presence of both the forms of chelerythrine, Trp residues are more exposed to solvent
compared to the tyrosines. Therefore, the binding of the chelerythrine changed the polarity
around the Trp residues, and most likely that around Trp-62 and Trp-63, while that around
Tyr residues was unaffected in agreement with the results from fluorescence quenching and
FRET experiments. This result implicates, unequivocally, the involvement of Trp residue in
the binding process.

Conformational studies: circular dichroism spectroscopy

Evidence for conformational changes in Lyz upon interaction of chelerythrine was obtained
from the change in the CD spectra. Chicken egg white lysozyme is an a + 3 protein with a
large a-domain containing four a-helices and a 3;¢-helix and a smaller B-domain consisting of
a triple-stranded anti-parallel B-sheet, an irregular loop containing two disulphide bridges and
a 3j0-helix. The deep active cleft of the protein divides the enzyme into two domains, one of
them is mostly P sheet structure and the other contains N and C-terminal segments that is
mostly alpha helical. The far ultraviolet CD spectrum of native Lyz contained two minima at
208 nm and 222 nm, characteristic of a predominantly a-helical structure and is in agreement
with previous observations.”’ The 208 nm band corresponds to m—m* transition of the a-helix
and the 222 nm band due to n—m* transition for both the a-helix and random coil. Upon
titration with increasing concentrations of alkaloids, the far-UV CD spectrum of Lyz
decreased in intensity without any shifts in the peaks, indicating a decrease in the helical
structure (Fig. 6 A, B) suggesting that the binding of the two form of the alkaloid induced
secondary structural changes in the conformation of Lyz. Both alkaloid forms are optically

inactive and hence do not posses any CD spectra in the region of the study. The helical
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content of the free and bound Lyz molecules were calculated in terms of mean residue
ellipticity (MRE) (deg.cm”.dmole™) as reported.”’

The alpha helical content of the free and alkaloid bound Lyz was calculated from the
ellipticity value at 222 nm. The helical content of Lyz was calculated according to the
equation given in the literature’’ and it was found to be 35.99% and 36.15%, respectively, in
pH 6.4 and 9.2 buffers and close to that reported in earlier observations.

At saturation, corresponding to 30 uM, for both cases, the a-helical content was reduced to
25% and 22%, respectively. Thus, the unfolding and loss of the helical stability has been
observed on binding inducing strong secondary structural changes in the protein. It appears
that interaction with the chelerythrine leads to an unfolded conformation of Lyz exposing the
hydrophobic cavities with concomitant exposure of the aromatic amino acid residues and the
observed change is more in case of the alkanolamine form.

In order to understand any changes in the tertiary structure of Lyz induced by the binding of
these forms of the alkaloid, we carried our near-UV CD spectral experiments. The CD spectra
in the in the near-UV region (250-300 nm) arises due to the presence of disulphide bonds and
the aromatic chromophores (Trp, Tyr, Phe).”” The CD signals at 283, 289 and 295 nm of Lyz
are assignable to transitions of the Trp residues.”’ In the presence of the alkaloids there were
very small changes in the spectral pattern (Fig. S6 A,B) in this region indicating that changes
in the environment of the aromatic amino acid side chains due to binding with the indole
rings of the tryptophan residues, 62, 63 or 108, the former two lying on the molecular surface
and the latter at the end of the cleft leading to a small unfolding of the tertiary structure of the

protein and/or enhanced flexibility. It appears that the alkaloid binding does not induce major

tertiary structural changes, which is understandable as no break in the disulphide bonds occur.

Although the interpretation of the changes is not conclusive, in conjunction with the far UV

spectral changes and other spectroscopic results it gives some indication on the strong
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Page 20 of 55



Page 21 of 55

Physical Chemistry Chemical Physics

interaction of the alkaloids with the protein. It is worth mentioning here that the alkaloids did
not acquire any induced optical activity on binding to Lyz molecules.

Thermodynamics of the binding from isothermal titration calorimetry

Comparative analysis of the binding of chelertyhrine with Lyz will help us to visualize the
energetic scenario. Representative thermograms for titration of the iminium and alkanolamine
forms to Lyz at 25 °C are shown in Fig. 7 A, B and the corresponding dilution profile in
proper scale are depicted in Fig. S7 (A, B). The results obtained from these thermograms are
summarized in Table 2. The observations from the figure and the data presented in Table 2
could be summed up as follows. The binding is an endothermic process for the iminium form
while it is exothermic for the alkanolamine form. The endothermic reaction may arise
essentially from hydrophobic interactions while the exothermic one may be arising from
electrostatic interactions; the former is weaker than the later.®® It is likely that the charged
protein interacts with the cationic ligand through predominantly hydrophobic interactions. A
positive value of AH° demonstrates the existence of hydrophobic interactions. On the other
hand, the neutral protein and neutral ligand (alkanolamine) interaction may take place
predominantly via hydrogen bonding interactions and the exothermic nature of the reaction
suggests this. Similar parameters were reported from our laboratory for the association of
sanguinarine with Lyz. The binding constant of iminium at 298 K was evaluated to be (1.29 +
0.08) x 10° M "' while the same for the alkanolamine form was (7.79 + 0.08) x 10° M. This
trend is consistent with the earlier report for sanguinarine, but the magnitudes are higher,
particularly in the case of alkanolamine the affinity is twice higher than sanguinarine. The
higher binding of the alkanolamine over the iminium to Lyz was evident from the
calorimetric data was also obtained from fluorescence studies and the binding affinity values
from both techniques are in excellent agrrement. Both iminium and alkanolamine forms bind

to Lyz in a 1:1 ratio as revealed from the N values. It may be recalled that the binding
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stoichiometry for chelerythrine was around 1.0 from Job plot data (Fig. S2). In both the cases
reaction was entropy driven, but with a small favorable entropy change in case of
alkanolamine form. The favorable negative enthalpy contributions make the association
tighter in this case. On the other hand, the iminium binding was entropy driven with a small
unfavorable enthalpy contribution. The forces driving the interaction between the alkaloid
and the protein were examined as a function of temperature (288-308 K). Overall, with
increase in the temperature, the affinity values decreased. The negative enthalpy of binding at
all the temperatures indicated favorable exothermic binding of the alkanolamine form with
Lyz. With increase of the temperature, the entropy contributions decreased but enthalpy value
becomes more negative, so AG° remained more or less invariant. This suggests that the
binding is driven by dominant enthalpy contributions for alkanolamine form. In the case of
iminium, the entropy contributions decreased with increasing temperature but remained a
favorable factor to the binding as positive enthalpy of binding decreased with temperature
i.e., the reaction is endothermic at higher temperatures due to the structural reorganization of
the protein.

The heat capacity changes (AC,”) accompanying the binding can valuable insights into the
type and magnitude of binding forces involved in the interaction. The heat capacity change
was obtained by the first derivative of temperature dependence of enthalpy change and the
data were plotted as AH° versus temperature (Fig. S8). The AC,® values for the binding of
iminium and alkanolamine to Lyz are -5.72 and -30.3 cal/mole-K, respectively. The values
indicate that the binding is specific and accompanied by the burial of non polar surface area.®”
The observed enthalpy values varied linearly in the experimental range 288—308K studied
(Fig. S8), indicating that there is no measurable shift of the pre-existing equilibrium between
the conformational states of the protein in the temperature span studied. A high AC,° value is

usually associated with changes in hydrophobic or polar group hydration due to dominant
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hydrophobic effect in the binding process. Here the magnitude of AC,° value for Lyz-iminium
interaction is relatively small and negative, whereas that for Lyz-alkanolamine interaction is
higher in magnitude. This indicates the involvement of a hydrophobic desolvation effect in
the protein upon ligand binding; hydrophobic interactions between the ligand and the active
site may also play a major role for alkanolamine binding. Enthalpy-entropy compensation
was observed in both the cases in the temperature range studied.

Binding modes from docking studies

Information about putative binding pocket for benzophenanthridine alkaloids have been
reported earlier.'> This orthosteric site is situated near the catalytic region involving residues
Glu-35, Asn-44, Asn-46, Thr-47, Asp-52, GIn-57, Trp-62, Trp-63, Ala-107, Trp-108 and Val-
109. Docking experiments were performed on Lyz and benzophenanthridine derivatives
iminium and alkanolamine form at pH value of 6.4 and 9.2, respectively. Alkanolamine form
exists in two enantiomeric states due to the carbon which holds -OH group. We performed
IFD on both R and S enantiomers to check their binding preferences.

Lysozyme protein contains six Trp residues out of which three have role in the formation of
chelerythrine binding pocket. Residue Trp-63 marks the starting of substrate-binding hinge
region and exhibit lesser solvent accessibility compared to the fully exposed Trp-62 (Fig. 8A,
B). Trp-108 is buried and forms core of hydrophobic pocket. Hydrophobic pocket is further
contributed by residues Ala-107 and Val-109 which are situated at helix-loop junction. Apart
from Trp-62/63 the solvent exposed side of binding pocket involves residue Glu-35, Asp-52
Asn-44, GIn-57. Asp-52 is the counterpart of Glu-35, the catalytic diode of Lyz active site.
The catalytic diode performs catalytic hydrolysis of B-1,4 glycosydic bond of peptidoglycans

from gram positive bacterial cell wall.”’
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Molecular recognition event involves H-bonding (classical and non-classical), electrostatic
interaction and hydrophobic interaction. Results are presented in the same order to explain
the contribution of each of them for binding of benzophenanthridine alkaloids (Fig. 9 A, B).
Based on our modeling study we found more H-bond interactions for alkanolamine over the
iminium form. Trp-63 mediated H-bond was present for both the alkanolamine and iminium
forms (distance of 1.88 and 1.93, respectively) indicating need for Trp-63 as a crucial binding
partner. For alkanolamine form two more (altogether 3) H-bonds were present at Glu-35 and
Arg-114. Hydroxyl group mediated H-bond at the catalytic diode with Glu-35 seems to be
required for higher activity as it was only present for alkanolamine which is in accordance
with our activity data (1.29x10° and 7.79x10° M, respectively, for the iminium and the the
alkanolamine forms. Other non-classical carbon mediated (C-mediated) H-bonds were also
found. They are a kind of weaker H-bonds compared to the classical ones and they are known
to have a role in binding.”" We witnessed such large number of H-bonds for alkanolamine
over iminium form. In the case of alkanolamine, those were present for both the important
residues Asp-52 and Trp-108 along with hydrophobic Ala-107 residue. However, for the
iminium, it was present only for GIn-57.

Hydrophobic and electrostatic interactions for both the forms are shown in Figure 8.
Hydrophobic surface comparison at the binding site suggests two methoxy groups of
alkanolamine form are placed deeply inside the hydrophobic pocket showing maximum
occupancy. However, for alkanolamine one of the methoxy groups is placed outside the
hydrophobic pocket with shallow positioning and reduced occupancy. Chelerythrine iminium
holds hydrophobic interactions with Trp-62, Ala-107 and Val-109 while for alkanolamine it
exists at central Val-109 and Asn-46 residue.

Solvent exposed side permits electrostatic interaction at Asp-52 and is present for both forms

of the alkaloid. It is a key interaction that affects catalysis of Lyz protein. Asp-52 mediated
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interactions are present across majority of the alkanolamine ring system which place it
correctly thereby allowing Glu-35 H-bond on one side and well distributed electrostatic
interactions on another side. Interactions at catalytic diode, Glu-35 and Asp-52, can directly
affect the catalytic function of Lyz; our data support its prominent presence for alkanolamine
over the iminium form.

Our analysis indicates that for proper binding, dimethoxy side of benzophenanthridine
alkaloid has to orient towards the hydrophobic pocket while the opposite side remains facing
the solvent exposed area. Functional group in the middle of the ring system must remain
facing the binding pocket in order to facilitate maximized interactions.

The binding interactions along with the docking scores have been shown in Table 3. Based on
our in vacuo modeling and IFD docking we found maximum interactions for alkanolamine-
at the orthosteric site than for the iminium form. GlideScore based cluster analysis of Lyz-
ligand complex structures revealed the presence of selected poses in one cluster of minimum
GlideScore out of 3 clusters in each case.

We explored results of static docked poses to obtain their dynamic level information using
molecular dynamics (MD) simulation.

Dynamic view from MD studies

The static docked complexes were further evaluated for stability and structural changes using
MD simulations to sample the relevant conformational space. The first measure of stability is
root mean square deviation (RMSD) calculations considering the backbone atoms (shown in
Fig. 10).

For most of the simulation time RMSD ranges near ~ 0.35 nm for all three systems. When we
focus on first 40ns run, Lyz-iminium form complex carries marginally less RMSD than the
apo state showing stability imparted due to iminium form binding. However, for Lyz-

alkanolamine form complex RMSD tend to rise up sharply reaching the max value of 0.4 nm
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for a fraction of time followed by stable value at 0.35 nm. Up to this point alkanolamine form

binding triggers the maximum possible Lyz structural changes, reflected as high RMSD value.

As we move further, overall stable and overlapping RMSD for all three systems is apparent.
RMS deviation between starting and end structure at 100ns (for backbone atoms) was found
to be 1.60, 1.62, and 1.73 for Lyz-apo, Lyz-iminium form and Lyz-alkanolamine form
complexes, respectively. It indicates higher structural perturbation after alkanolamine form
binding.

To report the compactness of Lyz structure we calculated radius of gyration (Rg) for ligand
unbound and bound states (Fig. 11). Rg values for all the three systems lie within 1.38 - 1.46
nm. This indicates along the entire trajectory Lyz structure for both unbound and bound states
remain largely the same without any significant conformational change.

To locate the region of structural fluctuations, Root Mean Square Fluctuation (RMSF)
calculations were carried out (shown in Fig.12). RMSF for Lyz-apo state provides baseline
for comparing the fluctuations with iminium or alkanolamine form bound complexes.
Analysis result indicates that there are two distinct regions to consider, which have changed
after ligand binding. First region includes residues 64-76 that shows high fluctuations and it
is comparable in both the ligand bound states. Second region (residues 99-112) indicates high
fluctuations specifically associated with alkanolamine form binding and not seen for iminium
form. Our data suggests that this second region distinguishes alkanolamine form induced
structural changes from that of iminium form.

We found more structural changes in Lyz structure due to alkanolamine binding than the
iminium binding from both MD and circular dichroism studies. Accordingly these binding
differences might result in varied activity profile of two forms as reported form our

experimental findings.
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Next, we performed H-bond analysis to find the number of H-bonds between ligand and Lyz
protein. Along the trajectory (10-100ns) average number of H-bonds for Lyz-iminium form
complex was found to be 0.50 while 3.19 for Lyz-alkanolamine form complex per time frame.
These values indicate more H-bonds and hence more binding between Lyz and alkanolamine
form over Lyz and iminium form.

During 100ns simulation run both the chelerythrine forms remain associated with Lyz protein
and have not come out of the binding pocket. Therefore, we analyzed all such interactions
responsible for the binding. We found following pairs play important role in placing ligand in
the binding pocket along the entire length of simulation (Table 4).

Both the chelerythrine forms have H-bond interaction with Trp-63 which plays a vital role in
holding the ligand at its binding site. Alkanolamine form showed presence of more
interactions where maximum stabilization was achieved from all the available functionally
interacting groups. On one side both di-methoxy groups made H-bonds with Trp-63 while on
another side dioxolo ring oxygen formed H-bond with GIn-57 and Asn-44. Middle -OH
group which was initially forming H-bond with Glu-35, during simulation it orients towards
Asp-52 and forms H-bond with it continuously, assisted partially by Asn-59 and Asn-46 H-
bonds.

Iminium form has less than one H-bond per time-frame, out of which Trp-63 (-NH) formed
H-bond with both the -OCH3 groups. The interaction with inner -OCH3 group was more
prominent in both the forms. Overall, along the trajectory we witnessed iminium form
binding was largely driven by hydrophobic interactions while alkanolamine form binding was
largely from hydrogen bonding. This observation is in agreement with our calorimetric
results.

Then we checked H-bond occurrence between ligand and water, which revealed average of

0.817 and 0.362 number of H-bonds per timeframe for alkanolamine form and iminium form
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complexes, respectively. We also checked total number of H-bonds of water with both the
Lyz-ligand complexes and found average value of 254.248 and 249.630 per time frame for
lyz- alkanolamine form and lyz-iminium form complexes, respectively. Results indicate
overall higher interactions with water for alkanolamine form complex than that for iminium
form complex. MD analysis result goes hand in hand with our experimental findings to
further support the higher affinity of alkanolamine than that of iminium form.

Comparing aggregation prone region with chelerythrine binding region

Human lysozyme is known to form amyloid fibrils in patients suffering from hereditary
amyloidosis.”*”* For studying amyloid fibril formation Hen egg white lysozyme (HEWL) is
already a proven model.” Studies on small molecules which involve targeting of
amyloidogenic protein like Lyz are prevalent.”* Considering this fact we have compared the
chelerythrine binding region to that of the amyloidogenic aggregation prone region. Out of
the several known regions chelerythrine binding occurs at some of the key aggregation prone
residues. Previously 16 amino acids have been reported essential for aggregation activity, >
amongst them 9 amino acids are known to be very important and carry the ability of self-
fibrillation called as K-peptide.75’77'78

Binding pocket of chelerythrine consists of the following important residues: Glu-35, Asn-44,
Asn-46, Asp-52, GIn-57, Trp-62, Trp-63, Ala-107, Trp-108, Val-109 and Arg-114. Most of
them are known to have either direct or indirect contribution in fibril formation, coming from
K-peptide (54-62)" or amyloid state protelytically resistant (32-108)” regions, respectively.
Trp-62 is thought to be the vital residue governing fibril formation.” %%

Chelerythrine binding pocket and K-peptide region nests well sandwiched between one
another (Fig. 13). Contribution from both the regions is indispensible in the formation of

chelerythrine binding pocket. Structurally, these two separate regions are inseparable and

form the overall chelerythrine binding pocket.
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The binding of iminium takes place at this key aggregation residue via Pi-sigma hydrophobic
contact. Accordingly, iminium binding is expected to affect the aggregation event more
intensely than alkanolamine binding.

Comparison of chelerythrine binding with sanguinarine

Chemically chelerythrine and sanguinarine share the common skeleton. Hence their
molecular binding comparison has strong relevance to be addressed here in particular
reference to our earlier report on sanguinarine.'” Both compounds effected quenching of the
protein fluorescence that was found to be due to the formation of specific complexes at the
ground state. The Kj, vales were however higher for chelerythrine over sanguinarine. Both
chelerythrine analogs were bound closer to the site compared to the sanguinarine based on
FRET distances. The binding affinity values from calorimetry experiment also revealed that
chelerythine analogues were bound more strongly than sanguinarine. Molecular docking
experiment revealed preferably more binding of chelerythrine compared to sanguinarine,
which was in accordance with our activity data. Comparative molecular recognition clearly
demonstrated: 1) The location of putative binding site for benzophenanthridine alkaloids, was
situated near the catalytic region 2) Binding event is pH dependent, where alkanolamine form
always has higher binding than the iminium form. 3) The fate of higher binding depends on
direct interactions at catalytic diode residues Glu-35 and Asp-52 of Lyz that affects the
catalysis. 4) For good binding ligands with centrally located —OH group facing the binding
pocket carry edge for binding over any other functional groups. The higher strength of

binding of chelerythrine over sanguinarine was thus corroborated from modelling studies also.
Conclusions
Chelerythrine binds to lysozyme through ground state complex formation with affinity of the

order of 10° M™'. The binding affinity of the neutral alkanolamine form was stronger than that

of the charged iminium form, which is similar to that observed for the binding of
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sanguinarine. Fluorescence techniques predict that the interaction involves close contact with

Trp-62 and 63 residues at the cleft region of the protein. Thermodynamics of the interaction

revealed that the binding is endothermic for the iminium and exothermic for the alkanolamine.

Hydrophobic interaction plays major role in the binding of the iminium and hydrogen
bonding interaction in the case of the alkanolamine. Binding leads to strong secondary
structural changes in the protein structure and this was confirmed from synchronous
fluorescence and 3D fluorescence and circular dichroism data. Stronger conformational
changes were induced in Lyz upon binding of the alkanolamine rather than the iminium.
Binding mode analysis guided by docking studies confirmed that binding pocket resides at
Glu-35, Asn-44, Asn-46, Asp-52, GIn-57, Trp-62, Trp-63, Ala-107, Trp-108, Val-109 and
Arg-114 residues of Lyz protein. Amongst these residues rests two distinctly significant sites,
one is orthosteric catalytic site and other is amyloidogenic aggregation prone region. Thus
chelerythrine binding is expected to affect these two distinct and important activities.
Simulations further provided dynamic view and evidences that are corroborating well with
our spectroscopic and calorimetric observations. Mostly it answered how ligand binding,
occupancy and associated structural changes happens over the time.

Binding at orthosteric site renders catalytic site unavailable for binding, leading to the
inhibition of catalysis affecting normal Lyz function. Other important effect would be the
inhibition of fibril formation, as caused by preoccupied chelerythrine, resulting in out of
stock aggregation prone region. It projects the possible role of chelerythrine as a therapy for
amyloid-related diseases. Collectively, the pharmacological actions of chelerythrine carry
tremendous future, with the realization of mandatory further validation to establish

chelerythrine as a novel drug.
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Figure legends

Fig. 1 Chemical structures of two forms of chelerythrine. The lower panel shows the
corresponding absorption spectra of the iminium and alkanolamine form in 10 mM citrate-
phosphate (pH 6.4) and 10 mM carbonate-bicarbonate (pH 9.2) buffer, respectively.

Fig. 2 Representative absorption spectra of Lyz (1.07 uM) treated with (A) 0, 1, 2, 3, 4, Sand
7 uM (curves 1-7) of iminium and (B) 0, 1, 2, 3, 4, Sand 7 pM (curves 1-7) of alkanolamine
form of chelerythrine. Inset represents the corresponding Benesi-Hildebrand plots.

Fig. 3 Lyz (1uM) treated with various concentrations of (A) iminium and (B) alkanolamine
form in 10 mM citrate-Phosphate buffer, pH = 6.4 and 10 mM carbonate-bicarbonate buffer,
pH= 9.2, respectively. In panel (A) curves (1-12) denote 0, 0.5, 1,2, 3, 4,5, 6,7, 8,9 and 12
uM of iminium and (B) curves (1-12) denote 0, 0.5, 1, 2, 3,4, 5,6, 7, 8, 9 and 11 uM of
alkanolamine form of chelerythrine, respectively.

Fig. 4 (A) Steady state fluorescence spectra of 1pM chelerythrine iminium and alkanolamine
form. (B) Relative fluorescence intensity plot for the iminium (closed square) and
alkanolamine (closed circle) form treated with different concentration of Lyz.

Fig. 5 ANS displacement assay for the Lyz treated with different concentration of (A)
iminium and (B) alkanolamine form of chelerythrine at different Lyz:ANS ratio.

Fig. 6 Intrinsic circular dichroism (far UV CD) spectra of Lyz (5 uM) treated with various
concentrations of (A) iminium and (B) alkanolamine form of chelerythrine. In panel (A)
curves (1-6) denote 0, 5, 10, 15, 20 and 30 uM of iminium and (B) curves (1-6) denote 0, 5,
10, 15, 20 and 30 uM of alkanolamine form of chelerythrine, respectively.

Fig. 7 ITC profiles for the binding of chelerythrine to Lyz. Top panels present raw results for
the sequential injection of Lyz of 0.5 mM and 0.8 mM into solutions of (A) iminium (50 uM),

and (B) alkanolamine (50 uM) at 298 K, and dilution of Lyz into respective buffer (not in
37
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scale). The bottom panels show the integrated heat results after correction of heat of dilution
against the mole ratio of Lyz/chelerythrine. The data points were fitted to one site model and
the solid lines represent the best-fit data.

Fig. 8 Crucial H-bond interactions both classical and non-classical for A) iminium and B)
alkanolmine (R). Black dotted line for classical H-bonds and blue for non-classical.

Fig. 9 Surface representation showing hydrophobacity and electrostatic interactions for A)
iminium and B) alkanolmine (R). Hydrophobic scale -3 to 3, showing hydrophilic (blue) to
hydrophobic (gray). Pink dotted line for Pi-hydrophobic contacts for: alkanolamine Val-109
and iminium Ala-107, Val-109. Purple for Pi-sigma at Trp-62 in iminium form. Orange
dotted line represents electrostatic interactions.

Fig. 10 Backbone RMSD Plot for apo, Lyz-iminium and Lyz-alkanolamine bound states.

Fig. 11 Radius of gyration plot for apo, Lyz-iminium and Lyz-alkanolamine forms. (analysis
form 10-100ns MD simulation run).

Fig. 12 Residue-wise root mean square fluctuations for apo, Lyz-iminium and Lyz-
alkanolamine forms. (analysis form 10-100ns MD simulation run).

Fig. 13 Surface representation of chelerythrine binding pocket and aggregation Prone K-
peptide region: Showing bound iminium form, purple for K-peptide residues (dark purple for

crucial Trp-62), blue solely for binding pocket residues.
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Table 1. Binding Data Derived for

Chelerythrine

Spectrofluorimetric Studies at Different Temperatures®

Binding to Lyz from

chelerythrine temp. 10° (Ksy) 10 (k) 107 (Ka) n 10
(K) /M M's! M (KigpyM'!
288 1.7240.16 8.27 1.67+0.11 1.014£0.02  1.65+0.19
iminium 298 1.2340.03 591 1.2140.11 1.03+0.03  1.21£0.08
308 0.98+0.09 4.71 0.95+0.06 1.05+0.04  0.95+0.07
288 10.5+1.92 53.8 10.2+41.2 1.0140.01 10.2+1.56
alkanolamine 298 7.4240.84 38.1 7.26+0.78 1.01£0.02  7.18+0.80
308 4.08+0.66 20.9 3.96+0.55 1.00£0.03  3.81+0.52

*(1p=2.08 ns at pH 6.4 and 1.95 ns at pH 9.2). The data presented are averages of four determinations.

K, is the Stern—Volmer quenching constant, K, is the binding constant, and K;p is the static

quenching constant from Lineweaver—Burk equation.

deviations.
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Table 2. Thermodynamic Parameters for the Binding of Chelerythrine with Lyz from

ITC at Different Temperatures”

binding (AH") (TAS®) (AG®) (AC,")
chelerythrine temp(K) constant kcal/ kcal/ kcal/ (cal/mole.
(Kp) (M™) ; mole mole mole K)

288 (1.84+ 27)x10° 0.80 0.64+0.13 7.58 -6.93+0.13

iminium 298 (1.29+ .08)x10° 0.87 0.62 +0.98 7.60 -6.98+0.98 -5.72
308 (1.04£.05)x10°  0.94 0.52+1.06 7.61 -7.08+1.06
288 (1.44% 33)x10° 1.17 -0.94+0.09 7.17 -8.11+0.09

alkanolamine 298 (7.79+ .08)x10°  0.87 -1.26+0.06 6.77 -8.03+0.06 -30.3
308 (4.06£.18)x10° 129 -1.55+0.09 6.35 -7.89+0.09

* The data presented are averages of four determinations. All the data in this table are derived from

ITC experiments conducted in either 10 mM [Na! of CP buffer, pH 6.4 or CB buffer, pH 9.2 and are

averages of four determinations. K, and AH® values were determined from ITC profiles fitting to

Origin 7.0 software as described in the text.
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Table 3. Results from Molecular Docking Studies: For the Binding of Alkanolamine

and Iminium at Lyz Protein

chelerythrine glide H-bonds  H-bonds electrostatic ~ hydrophobic
Score classical ~ Non- interactions  interactions
classical
alkanolamine -9.796 Glu-35 Asp-52 Asp-52 Asn-46
Trp-63 Ala-107 Val-109

Arg-114  Trpl08

iminium -6.368 Trp-63 GIn-57 Glu-35 Trp-62
Asp-52 Ala-107
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Table 4. H-bond Interaction Analysis from MD Studies for 10-100ns Run

chelerythrine H-bonding partner from avg. number of H-bonds
residue Ligand per time-frame

Trp-63 (-NH) -OCH3 (outer) 0.388

Trp-63 (-NH) -OCH3 (inner) 0.661

alkanolamine Asp-52 (COO) -OH 1.000

Asn-44 (-NH2) -O- of dioxolo ring 0.198

GIn-57 (-NH2) -O- of dioxolo ring 0.653

o Trp-63 (-NH) -OCH3 (outer) 0.060
iminium

Trp-63 (-NH) -OCH3 (inner) 0.355
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Fig. 1 Chemical structures of two forms of chelerythrine. The lower panel shows the corresponding
absorption spectra of the iminium and alkanolamine form in 10 mM citrate-phosphate (pH 6.4) and 10 mM
carbonate-bicarbonate (pH 9.2) buffer, respectively.
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Fig. 2 Representative absorption spectra of Lyz (1.07 uM) treated with (A) 0, 1, 2, 3, 4, 5and 7 uM (curves
1-7) of iminium and (B) 0, 1, 2, 3, 4, 5and 7 UM (curves 1-7) of alkanolamine form of chelerythrine. Inset

represents the corresponding Benesi-Hildebrand plots.
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Fig. 3 Lyz (1uM) treated with various concentrations of (A) iminium and (B) alkanolamine form in 10 mM
citrate-Phosphate buffer, pH = 6.4 and 10 mM carbonate-bicarbonate buffer, pH= 9.2, respectively. In panel
(A) curves (1-12) denote 0, 0.5, 1, 2, 3,4, 5,6, 7,8,9 and 12 uM of iminium and (B) curves (1-12)
denote 0, 0.5, 1, 2, 3,4, 5,6, 7,8,9 and 11 uyM of alkanolamine form of chelerythrine, respectively.
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Relative fluorescence intensity plot for the iminium (closed square) and alkanolamine (closed circle) form

treated with different concentration of Lyz.
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Fig. 5 ANS displacement assay for the Lyz treated with different concentration of (A) iminium and (B)
alkanolamine form of chelerythrine at different Lyz:ANS ratio.
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Fig. 6 Intrinsic circular dichroism (far UV CD) spectra of Lyz (5 uM) treated with various concentrations of
(A) iminium and (B) alkanolamine form of chelerythrine. In panel (A) curves (1-6) denote 0, 5, 10, 15, 20
and 30 uM of iminium and (B) curves (1-6) denote 0, 5, 10, 15, 20 and 30 puM of alkanolamine form of
chelerythrine, respectively.
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Fig. 7 ITC profiles for the binding of chelerythrine to Lyz. Top panels present raw results for the sequential
injection of Lyz of 0.5 mM and 0.8 mM into solutions of (A) iminium (50 pM), and (B) alkanolamine (50 pM)
at 298 K, and dilution of Lyz into respective buffer (not in scale). The bottom panels show the integrated
heat results after correction of heat of dilution against the mole ratio of Lyz/chelerythrine. The data points
were fitted to one site model and the solid lines represent the best-fit data.
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Fig. 8 Crucial H-bond interactions both classical and non-classical for A) iminium and B) alkanolmine
(R). Black dotted line for classical H-bonds and blue for non-classical.
273x115mm (96 x 96 DPI)
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Hydrophobicity B

Fig.9

Fig. 9 Surface representation showing hydrophobacity and electrostatic interactions for A) iminium and B)
alkanolmine (R). Hydrophobic scale -3 to 3, showing hydrophilic (blue) to hydrophobic (gray). Pink dotted
line for Pi-hydrophobic contacts for: alkanolamine Val-109 and iminium Ala-107, Val-109. Purple for Pi-
sigma at Trp-62 in iminium form. Orange dotted line represents electrostatic interactions.
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Fig. 10 Backbone RMSD Plot for apo, Lyz-iminium and Lyz-alkanolamine bound states.
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Fig. 11 Radius of gyration plot for apo, Lyz-iminium and Lyz-alkanolamine forms. (analysis form 10-100ns
MD simulation run).
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Fig. 12 Residue-wise root mean square fluctuations for apo, Lyz-iminium and Lyz- alkanolamine forms.
(analysis form 10-100ns MD simulation run).
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Fig. 13

Fig. 13 Surface representation of chelerythrine binding pocket and aggregation Prone K-peptide region:
Showing bound iminium form, purple for K-peptide residues (dark purple for crucial Trp-62), blue solely for
binding pocket residues.
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