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ARTICLE INFO ABSTRACT

Keywords: Protein misfolding can facilitate a protein damaging process and makes it susceptible to a series of events such as
Benzoquinone unfolding, adduct formation, oligomerization, or aggregation. Loss of a protein’s native structure may result in
Lysozyme its biological malfunction and/or cellular toxicity that could cause associated diseases. Several factors were

Protein aggregation identified for causing structural changes of a protein, however quinone-induced protein modifications received

very little attention whether for amyloidal or non-amyloidal proteins. In this paper, we report our investigation
on lysozyme modifications upon treatment with selected benzoquinones (BQs), utilizing fluorescence spectro-
scopy including anisotropy determination, UV-Vis spectroscopy, and SDS-PAGE. Lysozyme was reacted with
substituted BQs in order to examine substituent effects on protein modifications. In addition, we evaluated
lysozyme modifications induced by 1,4-benzoquinone in concentration-, pH-, temperature-, and time-dependent
studies. Our study shows that all BQs can readily modify lysozyme in a complex manner through adduct for-
mation, oligomerization, polymeric aggregation, and/or fibrilization. Electrochemical properties of selected BQs
were monitored using cyclic voltammetry in phosphate buffered aqueous solution, and it was found that quinone
reduction potentials correlate well with their reactivity trend toward lysozyme.

1. Introduction

For many eukaryotes and prokaryotes, proteins’ integrity and their
biological functions rely greatly on their structures, with exceptions on
intrinsically disordered proteins which are known to be relatively un-
structured [1-5]. It is well-known that the free energy difference be-
tween the folded and the unfolded form of a protein is small enough to
allow a protein to undergo a reversible change in a conformational or
structural equilibrium in order to interact with substrates or other
biological molecules [2,5-7]. This reversible equilibrium or the subtle
balance between the fully folded form in a native state and the partially
unfolded form of a protein can be affected by various factors such as
pH/temperature changes, denaturing chemicals, and mutagenic sources
available in the surrounding setting [2,8-13]. In a healthy cell, the
reversible balance of proteins is known to be regulated by two main
pathways: (i) chaperones which refold partially-misfolded proteins and
(ii) proteasomes which degrade damaged proteins [1,14-16]. When a
stress factor dictates the structural stability of a protein, it could lead to

formation of a potentially toxic protein such as a covalently modified
protein, an oligomer precursor, disordered aggregates, and/or ordered
aggregates. Such cases have been observed with amyloidal proteins that
are known to associate with degenerative diseases such as Alzheimer’s,
Parkinson’s, and hereditary lysozyme amyloidosis [2,3,5,17-19].

It was revealed that the formation of insoluble toxic proteins re-
quires that a protein undergoes conformational/structural changes to
form an initiating precursor, whether in a monomeric or an oligomeric
form [2,3,5,17,18,20,21]. However, only few studies were dedicated to
identifying the contributing factors that would lead to the formation of
toxic proteins in their non-native states. In this regard, we explored
lysozyme (LYZ) modifications induced by selected benzoquinones (BQs)
under various conditions. Recently, interest on BQs and their biological
roles increased since BQs are available ubiquitously in the environment
as free quinones, protein cofactors, and the metabolites of polycyclic
aromatic hydrocarbons [22-25]. BQs are expected to be reactive due to
their redox ability and the existence of two carbonyl groups on the
cyclic ring [22,23]. Previously, we reported the nature of ribonuclease
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A (RNase) modifications induced by 1,4-benzoquinone (PBQ), 2-me-
thyl-1,4-benzoquinone (MBQ), and 2-chloro-1,4-benzoquinone (CBQ)
utilizing SDS-PAGE, fluorescence spectroscopy, and LC-MS analysis
[26-28]. In this previous work, we demonstrated that the selected BQs
can modify RNase in a complex manner through a combination of ad-
duct formation, oligomerization, and/or polymerization/aggregation.
We also revealed that BQ substituent effects played an important role in
RNase modifications [26-28]. Since RNase is a non-amyloidal protein,
it was our next interest to extend our investigation to an amyloidal
protein and to examine the nature of BQ-induced protein modifications.
Quinone-induced protein modifications received little attention, in
particular for amyloidal proteins. Amyloidal proteins are known for
being responsible for several diseases once a protein undergoes a series
of misfolding processes leading to defective structures, followed by
protein aggregation or fibrillogenesis [2,3,17,18,21,29]. However,
many details remain to be investigated in terms of the nature of mod-
ifications and the factors contributing to these modifications. LYZ, an
amyloidal protein, was chosen for the current study because: (i) its
native form is relatively stable and the structural information is avail-
able, (ii) only two tryptophan residues (W) out of the total of six W are
known to be mainly responsible for the fluorescence emission [30-32],
which simplify fluorescence investigation of protein modifications, and
(iii) it has already been used in several other studies focusing on protein
modifications related to aggregation, whether occurring in an ordered
or in a partially-ordered manner [19,21,33-35].

As shown in the proposed mechanism (Fig. 1), BQs may modify a
target protein in various ways which can be influenced by redox cycling
of BQs and the attached substituents on the ring. The outcomes of BQs’
action on a target protein can be complex, including adduct formation
(path A), oligomer formation whether through noncovalent interactions
(path B) or through cross-linkage (path E), lysine oxidation (path C),
and oxidative damage (path D). Then, the formed oligomers can serve
as precursors for formation of polymers or insoluble plaques.

In this paper, we discuss LYZ modifications induced by PBQ and
other selected BQs using fluorescence spectroscopy, anisotropy, UV-Vis
spectroscopy, and SDS-PAGE. We evaluated BQ substituent effects on
LYZ modifications by treating LYZ with PBQ, MBQ, CBQ, 2-phenyl-1,4-
benzoquinone (FBQ), and 2,3,5,6-tetrachloro-1,4-benzoquinone (TBQ),
respectively. In addition, we carried out fluorescence and anisotropy
determinations of LYZ modified by the presence of PBQ in a con-
centration-, pH-, temperature-, and time-dependent manner, respec-
tively. Separately, we examined the redox behaviors of selected BQs in
phosphate buffered aqueous solution using cyclic voltammetry (CV) in
an effort to correlate quinone modification efficiency with their re-
duction potential trend. This study offers better insight on under-
standing the intricate nature of quinone-induced protein modifications
of amyloidal proteins, using LYZ as an amyloidal model protein.
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Fig. 1. Proposed modification mechanism of a protein induced by quinones.
BQ, benzoquinone in an oxidized form; RQ, benzoquinone in a reduced form; Q,
a quinone derivative covalently linked to the protein target.
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2. Materials and methods

All chemicals were purchased from Fisher and were of reagent grade
unless specified otherwise. The water used in the study was deionized
water (dl-water) purified by a Millipore system (Milli-Q water). LYZ
was purchased from Sigma. Electrophoresis units for minigels were
purchased from Fisher. Dialysis was carried out using a 10-mL Float-A-
Lyzer with a molecular weight (MW) cutoff of 3.5kDa, which was
purchased from Spectrum Laboratories. For CV experiments, ceramic
patterned Pt electrodes (RRPE2001PT-6) and a reference electrode
(RRPEAGCL) were purchase from Pine Research Instrumentation.

2.1. LYZ modifications detected by fluorescence spectroscopy

Fluorescence spectra and anisotropy values were obtained at 37 °C
using a Horiba Jobin Yvon Fluorolog-3 spectrophotometer with a
fluorescence polarization accessory and a full-spectrum, xenon-source
lamp. The samples were recorded ina 1 cm X 1 cm quartz cuvette using
an excitation wavelength of 280 nm. All fluorescence spectra were re-
corded over the 290-550 nm range in increments of 1 nm, with a band
pass of 2nm for both excitation and emission, and were intensity cor-
rected. The unmodified and modified LYZ samples obtained post-dia-
lysis were recorded with an integration time of 0.2 s, while the spectra
of LYZ-BQ reaction mixtures were recorded with an integration time of
0.1s. The spectra of the unmodified and the post-dialysis LYZ were
normalized in the 500-550 nm range, where the protein fluorescence is
negligible. The anisotropy values were determined with a band pass of
5nm for both excitation and emission and with an integration time of
5s.

All fluorescence studies were carried out in a 50. mM phosphate
buffer solution. The pH of the solution was 7.0 except for the pH de-
pendence studies where pH values were set at 6.0 and 8.0, respectively.
The concentration of LYZ in the reaction mixtures was always
0.010mM and was obtained by transferring aliquots of a LYZ stock
solution. The BQ concentration was 0.050 mM (for a [BQ]:[LYZ] ratio
of 5:1) for most studies, however other concentrations were used as
well. A fresh BQ stock solution was prepared for each incubation and
was used immediately after a 10 min sonication. For most studies, the
fresh PBQ stock solution was prepared by dissolving PBQ in 50 mM
phosphate buffer, except for the study of various BQs in which, due to
solubility issues of some BQs, a solution mixture of phosphate buffer:-
methanol (90:10 by volume) was used. The reaction was initiated by
adding the appropriate volume (always less than 100 uL) of fresh BQ
solution to a solution containing LYZ that was equilibrated at 37 °C in
the temperature-controlled cell holder of the fluorimeter for 15 min,
except for temperature-dependent study in which 27 °C and 24 °C were
employed. The LYZ modifications in the reaction mixture were mon-
itored every 1 h for 24 h. These hourly scans of the reaction mixture are
complex because the reaction mixture contains both modified and un-
modified protein as well as BQs and BQ metabolites and are not pre-
sented in this study.

Following the 24-h fluorescence monitoring, the reaction mixture
was dialyzed against phosphate buffer (50 mM, pH same as the reaction
mixture, 4 X 1L per 3mL sample) at 4 °C for 24 h. Control LYZ was
subjected to the same procedure except the addition of BQ.

2.2. LYZ modifications detected by UV-Vis spectroscopy

UV-Vis spectra were obtained in a 1 cm X 1 cm quartz cuvette using
a Shimadzu Biospec-1601 spectrophotometer and UV Probe 2.3
Software with a jacketed (temperature controlled) cell compartment to
maintain the physiological temperature. The samples used in UV-Vis
analysis were the same samples as described in the fluorescence ana-
lysis.
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2.3. LYZ modifications detected by SDS-PAGE

Aliquots of LYZ stock solutions were diluted to have a final con-
centration of 0.10mM LYZ and treated with each BQ (3.0 mM) in
phosphate buffer (50 mM, pH 7.0), unless otherwise specified. Then,
each solution was incubated at 37 °C at varied incubation time inter-
vals, followed by immediate cooling at 0°C to stop further protein
modifications. For the pH-dependent experiments, LYZ was incubated
with PBQ in 50 mM phosphate buffer at pH 6.0 and 8.0, respectively.
For the temperature-dependent experiments, LYZ was incubated with
PBQ under pH 7.0 at 27 and 42 °C, respectively.

For the SDS-PAGE analysis of modified LYZ, all proteins were se-
parated on a 10% SDS-PAGE gel except the concentration dependent
experiments for PBQ-treated LYZ which were separated on a 12% SDS-
PAGE gel, according to the method of Laemmli [36]. Electrophoresis
was performed for 2.5h at 100 V and 30 mA per gel. Pierce Blue Pre-
stained Protein Molecular Weight Marker Mix (Cat. # 26681) was used
as a reference to determine molecular mass (MM) of protein bands.
Protein bands were visualized by staining the gels with 0.1% coomassie
brilliant blue G-250 blue. MM of each protein band was determined by
plotting the mobility (i.e. represented in the distance each band tra-
veled) against the logarithm of the proteins' MM using the Protein
Molecular Weight Marker [37]. The stained gel images were submitted
to quantitation using ImageJ Software to compare the distribution of
monomer, dimer, trimer, and/or smearing band upon modification. The
intensity values of each band corresponding to the distribution is listed
under Supplementary Material section.

2.4. LYZ structure modeling and solvent accessibility scoring

The structure of LYZ was generated using the LYZ sequence ob-
tained from the protein data bank (PDB ID: 5K2K) and viewed with the
DeepView/Swiss-PdbViewer v4.1.0 [38] available at the Swiss-Prot
server [39]. In order to predict the solvent accessibility of amino acid
residues in LYZ, we submitted the LYZ sequence in the FASTA format to
the I-TASSER on-line platform [40]. Then, a LYZ solvent accessibility
scale plot was constructed with the solvent accessibility scale on y-axis
and the amino acid residue number on x-axis, where the scale 9 is for a
highly exposed residue and 0 is for a highly buried residue.

2.5. CV of selected BQs in phosphate buffer

CV experiments were performed with a Pine Research
Intrumentation potentiostate with portable USB Wavenow equipped
with a ceramic patterned Pt electrode. A Ag/AgCl electrode was used as
a reference electrode (RE) for all CV measurements. Solutions were
prepared at 3.0mM for MBQ, PBQ, and CBQ in phosphate buffer
(50 mM, pH 7.0) or at 1.0 mM for FBQ and TBQ due to solubility issues.
The solutions above were purged with argon for 5 min and the RE was
equilibrated in the buffer solution for 60 s prior to each measurement at
a scan rate of 50 mV/s. For PBQ, additional measurements were carried
out at scan rates of 10, 25, 75, and 100 mV/s, respectively, with 3.0 mM
PBQ in phosphate buffer (50 mM, pH 7.0) at room temperature.

2.6. Reactions of LYZ and RNase with PBQ under higher-concentration
conditions

To a solution of each protein (0.050mM) in phosphate buffer
(50 mM, pH 7.0) equilibrated at 37 °C, was added an aliquot of freshly
prepared PBQ stock solution to achieve a final PBQ concentration of
1.5mM. Then, each solution was scanned under fluorescence spectro-
scopy every hour for 24 h at 37 °C.
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Table 1
Reaction conditions and properties of the modified LYZ.
Quinone [BQL:[LYZ]* pH T(°C) time(h) NIFI Anisotropy” Asse
None 0:1 7.0 37 24 100  0.064 0.00
MBQ 5:1 7.0 37 24 62 0.065 0.02
FBQ 5:1 7.0 37 24 39 0.067 0.04
PBQ! 5:1 7.0 37 24 46 0.062 0.08
CBQ 5:1 7.0 37 24 34 0.067 0.12
TBQ 5:1 7.0 37 24 22 0.076 0.17
None 0:1 7.0 37 24 100  0.064 0.00
PBQ 1:1 7.0 37 24 71 0.065 0.04
PBQ 5:1 7.0 37 24 43 0.068 0.09
PBQ 10:1 7.0 37 24 35 0.068 0.13
PBQ 30:1 7.0 37 24 19 0.075 0.13
None 0:1 6.0 37 24 89 0.032 0.02
PBQ 5:1 6.0 37 24 52 0.058 0.05
None 0:1 7.0 37 24 100 0.064 0.00
PBQ 5:1 7.0 37 24 43 0.068 0.09
None 0:1 8.0 37 24 87 0.065 0.01
PBQ 5:1 8.0 37 24 24 0.071 0.17
None 0:1 7.0 27 24 86 0.056 0.01
PBQ 5:1 7.0 27 24 54 0.069 0.03
None 0:1 7.0 37 24 100  0.064 0.00
PBQ 5:1 7.0 37 24 43 0.068 0.09
None 0:1 7.0 42 24 69 0.075 0.06
PBQ 5:1 7.0 42 24 32 0.092 0.12
None 0:1 7.0 37 24 100 0.064 0.00
None 0:1 7.0 37 0 109  0.065 0.00
PBQ 5:1 7.0 37 0 111 0.064 —0.01
PBQ 5:1 7.0 37 1 117 0.063 —0.01
PBQ 5:1 7.0 37 2 114 0.062 —0.01
PBQ 5:1 7.0 37 3 101 0.063 0.01
PBQ 5:1 7.0 37 24 43 0.068 0.09

? [LYZ] = 0.010 mM.

> Reported values were obtained by averaging the anisotropy values de-
termined at 330, 340, and 350 nm.

€ Asqe represents the absorbance at 346 nm.

4 To be consistent with the other quinones, the stock solution of PBQ used in
this reaction was dissolved in a mixture of 50 mM phosphate buffer:-
methanol = 90:10 by volume.

3. Results
3.1. Fluorescence and UV-Vis spectroscopy analysis of LYZ modifications

The LYZ modifications induced by various BQs were detected using
fluorescence and UV-Vis spectroscopy, by treating LYZ (0.010 mM)
with each BQ of interest (MBQ, FBQ, PBQ, CBQ, and TBQ at 0.050 mM),
respectively. Additionally, we examined fluorescence behavior of
modified LYZ obtained upon treatment with PBQ at various PBQ con-
centrations (0.010, 0.050, 0.10, and 0.30 mM at pH 7.0 and 37 °C),
different pH conditions (pH 6.0, 7.0, and 8.0 at 37 °C), different in-
cubation temperatures (27 °C, 37 °C, and 42 °C at pH 7.0), and various
incubation time intervals (0, 1, 2, 3, and 24 h at pH 7.0 and 37 °C). The
results of all these studies are summarized in Table 1.

All fluorescence spectra were normalized in the 500-550 nm range
prior to data analysis. The fluorescence intensity was monitored using
normalized integrated fluorescence intensity (NIFI) values. NIFI values
were obtained by calculating the area under the curve of each fluor-
escence spectrum and by comparing, as a percentage, this area to the
area obtained for LYZ unmodified by BQs but subjected to same reac-
tion conditions. For data analysis, we examined two different integra-
tion ranges: the region of 300-400 nm encompassing the entire fluor-
escence area and the region of 320-360 nm focusing on the LYZ
maximum fluorescence intensity. The difference between the integra-
tion results over the two regions was insignificant, therefore all the NIFI
values reported here represent the data obtained over the wider range
of 300-400 nm. A LYZ sample (0.010 mM) monitored for 24 h at 37 °C
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Fig. 2. (A) Fluorescence spectra and (B) UV-Vis spectra of LYZ (0.010 mM) and
the post-dialysis LYZ (0.010 mM) after reacting with 0.050 mM of MBQ, FBQ,
PBQ, CBQ, and TBQ, respectively, for 24 h at pH 7.0 and 37 °C.

in pH 7.0 followed by a 24-hour dialysis in phosphate buffer is con-
sidered to be the reference for all other LYZ samples, and it has a NIFI
value of 100. Anisotropy values are also reported in Table 1. The listed
anisotropy values were determined by averaging the anisotropy values
measured at three different wavelengths: 330 nm, 340 nm, and 350 nm,
respectively.

3.1.1. LYZ modifications induced by various BQs

In order to evaluate BQ substituent effects, LYZ (0.010 mM) was
treated with MBQ, FBQ, PBQ, CBQ, and TBQ, respectively, at 0.050 mM
in phosphate buffer (50. mM, pH 7.0) for 24 h at 37 °C. The reactions
were allowed to undergo for 24h while being monitored every 1h
under fluorescence spectroscopy. Then, dialysis against phosphate
buffer (50. mM, pH 7.0) was performed for an additional 24 h to re-
move the excess unbound small molecules such as BQ and its metabo-
lites that might interfere with protein fluorescence or UV-Vis spectrum.
These post-dialysis samples of LYZ or modified LYZ, denoted as
LYZ + BQ, were characterized by fluorescence spectroscopy including
anisotropy determination and UV-Vis spectroscopy. Fig. 2A and B il-
lustrates the fluorescence and UV-Vis spectra, respectively, of LYZ and
LYZ + BQ samples obtained as described above.

Fig. 2A shows that there was a decrease in fluorescence intensity of
LYZ + BQ compared to control LYZ. LYZ + MBQ exhibited the smallest
decrease in fluorescence intensity, while LYZ + TBQ exhibited the
largest decrease in fluorescence intensity. The rank order of BQ effi-
ciency of inducing decrease in fluorescence intensity is MBQ <
PBQ < FBQ < CBQ < TBQ, with TBQ being the most efficient BQ in
modifying LYZ. To further quantify the degree of modification of LYZ
induced by BQ substituent effects, NIFI values were compared to the
NIFI of unmodified LYZ (0.010 mM) as the reference (i.e., NIFI value of
100). As presented in Table 1, NIFI value typically decreased as each
substituent becomes more electron withdrawing. For example, NIFI
values for LYZ treated with each BQ were 62 for LYZ + MBQ, 39 for
LYZ + FBQ, 46 for LYZ + PBQ, 34 for LYZ + CBQ, and 22 for
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Fig. 3. (A) Fluorescence spectra and (B) UV-Vis spectra of LYZ (0.010 mM) and
the post-dialysis LYZ (0.010 mM) after reacting with PBQ (0.010, 0.050, 0.10,
and 0.30 mM) for 24 h at pH 7.0 and 37 °C. Graphs of NIFI and Az46 versus PBQ
concentration, respectively, are shown as insets.

LYZ + TBQ, respectively. It is interesting to note that anisotropy values
reported in Table 1 for the modified LYZ tend to increase as the
fluorescence intensity decreases indicating also a more significant
modification of LYZ, most likely associated with an increase in protein
size through oligomerization. A correlation graph between anisotropy
and NIFI is included in the Supplementary Material.

Fig. 2B shows that control LYZ exhibited the maximum absorption
at 280 nm, while LYZ + BQ samples exhibited an additional distinctive
chromophore ranging in the 300 to 400 nm region. The absorbance
values at 346 nm (As4e) were 0.0 for LYZ, 0.02 for LYZ + MBQ, 0.04 for
LYZ + FBQ, 0.08 for LYZ + PBQ, 0.12 for LYZ + CBQ, and 0.17 for
LYZ + TBQ, respectively. An increase in the As4¢ for all BQs was ob-
served in conjunction with a decrease in NIFI compared to control LYZ.

3.1.2. LYZ modifications induced by PBQ at various concentrations

For PBQ concentration-dependent LYZ modification study, LYZ
(0.010 mM) was treated with PBQ at various concentrations at 0.010,
0.050, 0.10, and 0.30 mM, respectively, in phosphate buffer (50. mM,
pH 7.0) at 37 °C for 24 h. Each reaction was monitored using fluores-
cence for 24 h, followed by 24 h dialysis and the final spectroscopic
analysis. Fig. 3 shows the fluorescence and UV-Vis spectra of control
LYZ and LYZ modified by PBQ at various concentrations. As presented
in the Fig. 3A, the fluorescence intensity decreased as PBQ concentra-
tion increased from 0.010 mM to 0.30 mM. NIFI values (Table 1) were
found to be 100 at 0mM, 71 at 0.010 mM, 43 at 0.050 mM, 35 at
0.10 mM, and 19 at 0.30 mM of PBQ, respectively. The NIFI show that
the increase in PBQ concentration resulted in the decrease of LYZ
fluorescence emission. As PBQ concentration increased from 0.010 mM
to 0.30 mM, the absorbance in 300-400 nm range increased (Fig. 3B).
The As46 values with increasing PBQ concentration are 0.00 at 0 mM,
0.04 at 0.010 mM, 0.09 at 0.050 mM, 0.13 at 0.10mM, and 0.13 at
0.30 mM of PBQ, respectively.
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Fig. 4. (A) Fluorescence spectra and (B) UV-Vis spectra of LYZ (0.010 mM) and
the post-dialysis LYZ (0.010 mM) after reacting with PBQ (0.050 mM) at pH 6.0,
7.0, and 8.0 for 24 h at 37 °C.

3.1.3. LYZ modifications induced by PBQ at different pH values

For pH-dependent LYZ modification study, LYZ (0.010 mM) was
incubated for 24 h in the absence and the presence of PBQ (0.050 mM)
at pH 6.0, 7.0, and 8.0, respectively. All reactions were performed in
50 mM phosphate solutions at 37 °C. Following the 24 h incubation and
24 h dialysis, the samples denoted LYZ or LYZ + PBQ, respectively,
were characterized by fluorescence and UV-Vis spectroscopy. Fig. 4
shows the fluorescence and UV-Vis spectra of control LYZ and LYZ
modified by PBQ at different pH conditions. As presented in Fig. 4A, the
fluorescence spectra of LYZ at different pH conditions, in the absence of
PBQ are consistent with the previously reported studies [41,42]. Fig. 4A
also shows the fluorescence intensity of LYZ + PBQ decreased as pH
increased from 6.0 to 8.0, rather than having a maximum at pH 7.0 as
seen for control LYZ. Even though the fluorescence of unmodified LYZ
also varies with pH, NIFI values for LYZ + PBQ of 52 at pH 6.0, 43 at
pH 7.0, and 24 at 8.0, respectively, show that the increase of solution
pH results in a decrease the fluorescence intensity of modified LYZ,
consistent with enhanced protein modifications. Fig. 4B shows that the
absorbance in the 300-400 nm region for LYZ + PBQ increased as the
solution pH increased. As presented in Table 1, Asse values of
LYZ + PBQ were 0.05 at pH 6.0, 0.09 at pH 7.0, and 0.17 at pH 8.0,
respectively.

3.1.4. LYZ modifications induced by PBQ at different temperatures

For temperature-dependent LYZ modification study, LYZ
(0.010 mM) was treated with PBQ (0.050 mM) in phosphate buffer (50.
mM, pH 7.0) and allowed to react at 27 °C, 37 °C, and 42 °C, respec-
tively, while being monitored by fluorescence spectroscopy for 24 h.
Following the 24 h dialysis, the final spectroscopic analysis of control
LYZ and LYZ + PBQ was carried out at 37 °C. Fig. 5 shows the fluor-
escence and UV-Vis spectra of control LYZ and LYZ modified by PBQ at
different temperatures. As seen in Fig. 5A, the fluorescence intensity for
LYZ + PBQ decreased as temperature increased from 27 °C to 42 °C.
NIFI values of 54 at 27 °C, 43 at 37 °C, and 32 at 42 °C, respectively,
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Fig. 5. (A) Fluorescence spectra and (B) UV-Vis spectra of LYZ (0.010 mM) and
the post-dialysis LYZ (0.010 mM) after reacting with PBQ (0.050 mM) at 27 °C,
37 °C, and 42 °C for 24 h at pH 7.0.

show that the increase of reaction temperature causes a decrease in the
fluorescence emission due to more LYZ modifications by PBQ at higher
temperatures. Fig. 5B shows the UV-Vis spectral feature of LYZ + PBQ
at 27°C, 37°C, and 42°C, respectively. The absorbance in the
300-400 nm region increased as the temperature of the reaction in-
creased. Table 1 presents Az4¢ values of 0.03 at 27 °C, 0.09 at 37 °C, and
0.12 at 42 °C, respectively, for LYZ + PBQ.

3.1.5. LYZ modifications induced by PBQ over various incubation times

For time-dependent LYZ modification study, LYZ (0.010 mM) was
treated with PBQ (0.050 mM) in phosphate buffer (50 mM, pH 7.0) at
37 °C and allowed to react while being monitored using fluorescence for
0, 1, 2, 3, and 24 h. Following each incubation, dialysis was performed
for 24 h prior to submission to a final spectroscopic measurement of
modified LYZ. Fig. 6 illustrates the fluorescence and UV-Vis spectra of
control LYZ (24 h monitoring at 37 °C) and post-dialysis LYZ + PBQ for
various reaction times. Both Fig. 6A and the NIFI values in Table 1
shows that the fluorescence intensity of LYZ + PBQ samples for the
reactions under the shorter incubation intervals was higher than those
of control LYZ at 0 h (not shown in the figure) as well as control LYZ at
24 h. NIFI values in Table 1 are 109 for control LYZ at Oh, 100 for
control LYZ at 24 h, 111 for LYZ + PBQ at Oh, 117 for LYZ + PBQ at
1h, 114 for LYZ + PBQ at 2h, 101 for LYZ + PBQ at 3h, and 43 for
LYZ + PBQ at 24h. Fig. 6B also shows that, as the incubation time
increased from 1 to 24 h, the absorbance at 346 nm increased. For ex-
ample, As46 values were found to be —0.01 at 1 and 2h, 0.01 at 3h,
and 0.09 at 24 h, respectively.

3.2. SDS-PAGE analysis of LYZ modifications induced by various BQs

In an effort to investigate LYZ oligomerization and polymerization
induced by BQ substituent effects, SDS-PAGE experiments were per-
formed. Typical SDS-PAGE analysis was carried out by incubating LYZ
(0.10mM) and each BQ (3.0mM) up to 24h in phosphate buffer



J. Kim et al.
4
_ 4x10 (A)
3 —Lyz
8 3x10°f ——LYZ+PBQ,0h
3 LYZ +PBQ,1h
< LYZ+PBQ,2h
4 ——LYZ+PBQ,3h
@ 2x10 ——LYZ+PBQ,24h
o
e 4
3 1x10°F
™
ot 1 1 1 1 1 1
300 350 400 450 500 550
Wavelength (nm)
05} (B)
o 04F
o L
& 03}
go.
S L
9
2 0.2}
< L
01}
0.0}

200 300 400 500 600 700
Wavelength (nm)
Fig. 6. (A) Fluorescence spectra and (B) UV-Vis spectra of LYZ (0.010 mM) and

the post-dialysis LYZ (0.010 mM) after reacting with PBQ (0.050 mM) for 0, 1,
2, 3, and 24 h at pH 7.0 and 37 °C.

(50 mM, pH 7.0) at 37 °C unless otherwise stated. Note that [LYZ] in
SDS-PAGE experiments is 10-fold bigger than [LYZ] in fluorescence/
UV-Vis experiments.

Fig. 7 represents the gel features of LYZ treated with selected BQs,
each labelled as LYZ + MBQ (A), LYZ + FBQ (B), LYZ + PBQ (C),
LYZ + CBQ (D), and LYZ + TBQ (E), respectively. Both LYZ + MBQ
and LYZ + FBQ incubations exhibited a simple gel feature with two
major bands around 14 and 29 kDa as incubation time increased, except
for 24 h samples where a band around 43 kDa and some smearing bands
appeared (Fig. 7A/B). In contrast, incubation of LYZ with PBQ, CBQ,
and TBQ resulted in the formation of multiple bands around 14, 29, and
43 kDa, respectively, together with smearing bands at the high MW
region (Fig. 7C-E). The formation of smearing bands started as early as
30 min for all three PBQ, CBQ, and TBQ, with CBQ and TBQ being more
efficient in smearing-induction over a span of incubation time intervals.
The estimated band intensity at 29 kDa for 30 min incubation is ap-
proximately 0% for both MBQ and FBQ, 41% for PBQ, 28% for CBQ,
and 30% for TBQ, respectively. The estimated band intensity at 43 kDa
for 30 min incubation is approximately 0% for both MBQ and FBQ, 14%
for PBQ, 15% for CBQ, and 20% for TBQ, respectively. The estimated

(A)LYZ + MBQ (B) LYZ + FBQ

(C)LYZ + PBQ
MU12345678 MU12345678 MU12345678 MU12345678MU12345678
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band intensity of smearing band for 30 min incubation is approximately
9% for PBQ, 24% for CBQ, and 37% for TBQ, respectively. All these
band intensities are tabulated in the Supplementary Material. The
smearing bands faded out at 24 h for PBQ, CBQ, and TBQ-treated LYZ.
The weakening of the smearing bands was accompanied by formation
of fibrillous LYZ plaques that were insoluble in loading buffer and the
plaques precipitated out of the solution.

3.3. SDS-PAGE analysis of LYZ modifications induced by PBQ

For investigating the influence of various reaction conditions, LYZ
(0.10 mM) was incubated with PBQ while varying PBQ concentration
(0.10, 0.50, and 1.0 mM, respectively, under pH 7.0 and 37 °C), pH
conditions (pH 6.0, 7.0, and 8.0, respectively, under 3.0 mM PBQ and
37°C), and incubation temperatures (27 °C, 37 °C, and 42 °C, respec-
tively, under 3.0 mM PBQ and pH 7.0).

Fig. 8 shows the gel features of LYZ + PBQ where LYZ (0.10 mM)
was reacted with PBQ (0.10, 0.50, and 1.0 mM) up to 24 h at pH 7.0 and
37 °C. The band formation at 29 kDa became obvious around 3h at
0.10 mM, 30 min at 0.50 mM, and 10 min at 1.0 mM PBQ, respectively.
The estimated band intensity at 29 kDa is approximately 13% for 3 h at
0.10 mM, 6% for 30 min at 0.5 mM, and 17% for 10 min at 1.0 mM PBQ,
respectively. The formation of the band around 43 kDa followed a si-
milar trend, appearing as a noticeable band at 24 h for 0.10 mM, 3 h for
0.50 mM, and 1 h for 1.0 mM PBQ, respectively, as PBQ concentration
increased from 0.10 mM to 1.0 mM. The estimated band intensity at
43kDa is approximately 7% at 24h for 0.10mM, 8% at 3h for
0.50mM, and 11% at 1h for 1.0mM PBQ, respectively (see
Supplementary Material). For 1.0mM PBQ-treated LYZ, fading of
smearing bands with mild plaque formation was observed as incubation
time increased.

Fig. 9 illustrates the gel features of LYZ + PBQ in pH 6.0, 7.0, and
8.0 upto 24 h at 37 °C, respectively. As pH increased from 6.0 to 8.0, the
degree of modification intensified based on the formed bands around 29
and 43 kDa including smearing bands. The band at 29 kDa appeared as
early as 30 min for all three examined pH conditions, however the band
at 43 kDa appeared at 3 h for pH 6.0, 30 min for pH 7.0, and 10 min for
pH 8.0. The estimated band intensity at 29 kDa for 30 min incubation is
approximately 19% for pH 6.0, 37% for pH 7.0, and 28% for pH 8.0,
respectively. The estimated band intensity at 43 kDa is approximately
6% at 3 h for pH 6.0, 11% at 30 min for pH 7.0, and 8% at 10 min for pH
8.0, respectively. Formation of smearing bands appeared at 24 h for pH
6.0, 60 min for pH 7.0, and 10 min for pH 8.0. The smearing feature was
observed over a range of incubation time intervals for both pH 7.0 and
8.0, then it faded out at 24 h. LYZ plaque formation was observed as the
smearing bands faded out.

Fig. 10 shows the gel features of LYZ + PBQ at 27 °C, 37 °C and
42°Cup to 24 h at pH 7.0, respectively. The band at 29 kDa appeared as
early as 10 min for all three temperatures, however the band at 43 kDa
became obvious at 1 h for 27 °C, 30 min for 37 °C, and 10 min for 42 °C.
The estimated band intensity at 29kDa for 10min incubation is

(D) LYZ + CBQ (E) LYZ + TBQ
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Fig. 7. SDS-PAGE of LYZ (0.10 mM) upon exposure to each quinone (3.0 mM): (A) LYZ + MBQ, (B) LYZ + FBQ, (C) LYZ + PBQ, (D) (C) LYZ + CBQ, (E) LYZ + TBQ.
Reactions were carried out at pH 7.0 and 37 °C for 10, 30, 60, 120, 180, 240, 300 min, and 24 h. Each lane denotation represents MM, protein standard molecular
marker; U, unmodified LYZ; 1, lane 1 for 10 min; 2, lane 2 for 30 min; 3, lane 3 for 1 h; 4, lane 4 for 2 h; 5, lane 5 for 3 h; 6, lane 6 for 4 h; 7, lane 7 for 5 h; 8, lane 8 for

24h.
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Fig. 8. SDS-PAGE of LYZ (0.10 mM) + PBQ for 24 h at pH 7.0 and 37 °C: (A) [PBQ] = 0.10 mM, (B) [PBQ] = 0.50 mM, (C) [PBQ] = 1.00 mM. Each lane denotation

is same as Fig. 7.

approximately 14% for 27 °C, 27% for 37 °C, and 46% for 42 °C, re-
spectively. The estimated band intensity at 43 kDa for 1 h incubation is
approximately 8% for 27 °C, 12% for 37°C, and 16% for 42°C, re-
spectively (see Supplementary Material). The smearing feature was
observed as early as 2h for 27 °C, 1h for 37 °C, and 30 min for 42 °C.
Fading of the smearing bands became obvious around 24 h for 37 °C and
42 °C and was accompanied by LYZ plaque formation.

3.4. LYZ structure modeling and solvent accessibility scoring

In an effort to better understand the roles of key amino acid residues
on LYZ modifications as well as its spectroscopic behavior, we visua-
lized the locations of lysine (i.e., K; residue numbers: 1, 13, 33, 96, 97,
116), tryptophan (i.e., W; residue numbers: 28, 62, 62, 108, 111, 123),
and tyrosine (i.e., Y; residue numbers: 20 and 23) residues in LYZ, using
DeepView-SwissPDB Viewer (Fig. 11). In addition, we evaluated the
solvent accessibility (SA) of all 129 amino acid residues in LYZ
(Fig. 12). The SA profile was generated by the on-line format I-TASSER
[40], on the scale of 0-9, where the value O represents a buried residue
and the value 9 represents a highly exposed residue to solvent. In the
rendered view, it appears that most of K residues are located at the
surface of LYZ rather than being buried inside the protein, however
Fig. 12A revealed that only K1 and K116 have a reasonably good sol-
vent accessibility with the value of 7 and 5, respectively, while the
averaged SA value for other four lysine’s were 3. On the rendered
structure (Fig. 11A), there are two subgroups of K, W, and Y residues;
the first subgroup (SG1) includes K1, K13, K33, K96, K97, K116, W62,
W63, and Y53 which are located at the relatively exterior of LYZ, while
the second subgroup (SG2) includes Y20, Y23, W28, W108, and W111
which are in proximity to each other, and mostly located inside LYZ
except K116. The rendered locations of W and Y are consistent with low
SA values (< 1) except Y20, Y23, and W62 with SA values of 3. There
are three hydrogen bonds between C=0 of W108/NH,, of W111, C=0
of Y20/NH,, of Y23, and C=0 of W111/NH,, of K116, in addition to
multiple hydrogen bonds present over other regions of LYZ.

Fig. 11C illustrates the zoom-in view of W and Y residues in SG2
where these residues form a pocket, having the C,-C, distance of 3.8 A
for W62/W63, 5.3A for W108/W111, 5.5A for Y20/Y23, 7.5A for
W28/Y23, 10.2 A for Y23/W111, 10.3 A for W108/W28, and 13.3 A for
W108/W62, respectively. The N—H (indole) distances between two W

(A) LYZ + PBQ at pH 6.0

(B) LYZ + PBQ at pH 7.0

residues in SG2 are 5.9 A for W62/W63, 9.5 A for W108/W111, 10.0 A
for W108/W28, and 12.7A for W108/W62, respectively. The
OHg~NHindole distal})ces between W and Y residues in SG2 are 6.9 A for
W111/Y23 and 8.7 A for W28/Y23. Thg OHy—NHjpdole distanceso be-
tween W and Y residues in SG2 are 6.9 A for W111/Y23 and 8.7 A for
W28/Y23. Finally, the OH distance between two Y residues in SG2 is
12.3 A for W28/Y23. It is interesting to note that these distances be-
tween each pair of W/W, W/Y, and Y/Y in SG2 fall within the typical
range for the Foster distances for energy transfer whether hetero-
transfer (Y-to-W or W-to-Y) or homotransfer (W-to-W or Y-to-Y) [43].
The location of phenylalanine was not considered since W and Y rather
than phenylalanine contribute to the intrinsic fluorescence in many
proteins.

3.5. CV of selected BQs in phosphate buffer

In an effort to understand how each quinone’s electrochemical
properties correlate to BQ’s efficiency on modifying LYZ, we carried out
CV experiments on selected BQs containing various substituents. For
the measurements, each quinone (3.0 mM) was dissolved in phosphate
buffer (50 mM, pH 7.0), except FBQ and TBQ which were set at 1.0 mM
due to their solubility issue. Then, each solution was submitted to CV
measurements at a specified scan rate.

Fig. 13A illustrates the key feature of a typical cyclic voltammogram
of BQ, specifically for PBQ (3.0 mM) in phosphate buffer recorded at a
scan rate of 50 mV/s. BQ is going through its reduction and oxidation,
where the working electrode (WE) starts at high potential with respect
to the RE (region I, Fig. 13A). The two arrows represent the movement
of sweeping potentials from high to low and back to high values. As the
system reaches the negative potential reducing BQ to the corresponding
reduced quinone (RQ) due to 2 e transfer from WE to BQ, the cathodic
current increases until BQ is consumed, resulting in the cathodic peak
current (I,.). Once passing I, there is current decay as all BQ around
WE is depleted (region II, Fig. 13A), therefore the detected current at
WE at this point is limited by the diffusion rate of BQ in the non-Nernst
diffusion layer (ie., the bulk solution [44]) and the current decays
depending on time ~'/2, As the potential increases back at the region III
and IV, RQ is oxidized back to BQ with the potential increase. Si-
multaneously, the backward potential sweep results in the anodic peak
current (I,.), while 2 e~ were transferred back to WE and 2 H* moved

(C) LYZ + PBQ at pH 8.0
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Fig. 9. SDS-PAGE of LYZ (0.10 mM) + PBQ (3.0 mM) for 24 h and 37 °C: (A) at pH 6.0, (B) at pH 7.0, (C) at pH 8.0. Each lane denotation is same as Fig. 7.
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(A) LYZ + PBQ at 27 °C (B) LYZ + PBQ at 37 °C (C)LYZ + PBQ at 42 °C
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Fig. 10. SDS-PAGE of LYZ (0.10 mM) + PBQ (3.0 mM) for 24 h and pH 7.0 (A) at 27 °C, (B) at 37 °C, (C) at 42 °C. Each lane denotation is same as Fig. 7.

back to the buffer.

Fig. 13B illustrates overlaid cyclic voltammograms of MBQ, FBQ,
PBQ, CBQ, and TBQ, respectively, in phosphate buffer, recorded at a
scan rate of 50 mV/s. The difference value between the anodic (oxi-
dative) peak potential (E,,) and the cathodic (reductive) peak potential
(Epo), AE = |Ep, — Ejl|, varied among BQs, as the substituent on each
quinone varied. A CV feature of a reversible electron transfer was ob-
served for MBQ, FBQ, PBQ, and CBQ, with a calculated apparent half-
wave potential (E;,») of 54, 70, 83, and 98 mV vs. Ag/AgCl, respec-
tively, while a quasi-reversible CV feature was observed for TBQ with
an approximated E;,, value to be higher than 300 mV. The reversible
feature for the four BQs except TBQ was further evaluated by examining
the dependence of the peak current height (I,) on the square root of the
scan rate (v), following Randles-Sevcik equation below (Eq. (1))
[44,45], where I, = peak current in Ampere, n = number of electrons,
R = electrode area (cm?), C = concentration (mol/cm®), D = diffusion
coefficient (cm?/sec), v = scan rate (typically V/sec):

I, = (2.69 X 10%)n*/2RCDY/2y1/2 6

In order to determine the linearity of I, vs. v1/2 for PBQ over a range

of scan rates, CV scans were collected at varied scan rates of 10, 25, 50,
75, and 100 mV/s, respectively, then, the anodic and the cathodic I,
values were plotted against 1'% Fig. 13C shows the overlaid CV scans
where both I, increased as v increased, and Fig. 13D shows linear re-

lationships observed for the plots of I, vs. v*/2.

4. Discussion

In our previous work, we reported BQ-induced ribonuclease A
(RNase) modifications which occurred in a complex manner involving
adduction formation, crosslinking, and/or polymerization [22,26,27].
To extend our investigation on the role of BQs toward proteins, we
carried out the present study focusing on modifications of an amyloidal
protein LYZ induced by various BQs. In addition, we investigated the
effects of other factors on protein modification such as quinone con-
centrations, pH, and temperature when LYZ was treated with PBQ.

An important objective of the current study was to investigate if and
how various BQs modify LYZ. In addition to PBQ, MBQ and FBQ were
chosen as BQs with electron-donating groups, while CBQ and TBQ were

chosen as BQs with electron-withdrawing groups. The presence of an
electron-withdrawing substituent is expected to decrease the electron
density and to make the carbon of C=O0 in the BQ more electrophilic,
therefore more susceptible to reactions with nucleophilic amino acid
residues. However, the presence of an electron-donating substituent
would have the opposite effect.

The fluorescence study of LYZ modified by MBQ, FBQ, PBQ, CBQ,
and TBQ, respectively, supports the idea of BQ substituent effects in-
fluencing LYZ modification. It appears that electron-donating groups on
BQ caused less LYZ modification, while electron-withdrawing groups
resulted in greater modification. The degree of LYZ modification was
confirmed by comparing NIFI values (Table 1) of 62 for LYZ + MBQ
and 22 for LYZ + TBQ as an example. As mentioned earlier, a large NIFI
value represents a higher fluorescence intensity therefore less protein
modification, while a low NIFI value represent a decrease in fluores-
cence intensity and more significant protein modifications. Overall, the
rank order of NIFI values is as follows: MBQ > PBQ > FBQ >
CBQ > TBQ. One exception was FBQ, with an electron-donating
group, however with a NIFI lower than PBQ. It is possible that even
though the modifications induced by FBQ are not as significant as those
induced by PBQ, they are associated with smaller fluorescence in-
tensity. Due to the large size of a phenyl group at the carbon-2 position,
adduct formation involving FBQ would probably change the protein
conformation to a greater extent than PBQ adduct formation. A lower
quantum yield, therefore lower fluorescence intensity, is also possible
for FBQ-induced LYZ modifications compared to PBQ-induced mod-
ifications.

UV-Vis data (Fig. 2B) confirms that absorption in the 300-400 nm
region increased for LYZ modified by all five BQs under examined
conditions. Control LYZ had maximum absorption at 280 nm without
any significant absorption in the 300-400 nm region, while BQs absorb
in this range. Since the UV-Vis spectra reported in this paper were
obtained after 24 h dialysis, any unbound, free quinones or their me-
tabolites were removed through dialysis at this stage [26-28]. There-
fore, the observed absorption in the 300-400 nm region corresponds to
LYZ modified by BQ being covalently bonded (i.e., adduct formation),
without the contribution from unbound quinones. It is interesting to
point out that the As4g values are consistent with electronic effects of
the substituent, with BQs with electron-donating substituents (MBQ and
FBQ) having small Az4g values and BQs with electron-withdrawing

Fig. 11. Model structure of LYZ rendered by DeepView/Swiss-PdbViewer. K, lysine; W, tryptophan; Y, tyrosine. Dashed lines represent hydrogen bonds. (A) LYZ in a
ribbon structure with K, Y, and W, (B) K, Y, and W in SG1 and SG2; green dotted lines represent hydrogen bonds, (C) K, Y, and W in SG2.
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substituents (CBQ and TBQ) having larger As4g values.

SDS-PAGE experiments were carried out to investigate LYZ mod-
ification through aggregation, whether oligomerization or polymeriza-
tion. As shown in the proposed mechanism (Fig. 1), the condensation
reaction of a lysine residue in a LYZ molecule and an oxo-lysine residue
in another modified LYZ is expected to lead to formation of oligomers
such as dimer (29kDa) and trimer (43 kDa), followed by further ad-
vance to polymerization. In a previous study, we reported the detection
of the formed oxo-lysine by trapping it as a hydrazone analog after
treating modified and post-dialyzed RNase with 2,4-dinitrophenylhy-
drazine [28]. Furthermore, an LC-ESI*-QTOF-MS investigation on
RNase control, PBQ-modified RNase, and CBQ-modified RNase revealed
that RNase underwent complex modifications including adduct forma-
tion as well as oligomerization upon treatment with BQs [26]. These
two findings serve as the evidence of lysine being a target for BQs in
RNase, and LYZ is expected to undergo similar types of modifications.
The formation of a dimer band, appearing at the slightly higher MW
than the 25 kDa marker region, was observed in Fig. 7 for LYZ modified
by all five BQs, as incubation time increased from 10 min (lanes 1) to
24 h (lanes 8). MBQ and FBQ, both with electron-donating substituents,
exhibited lower reactivity, inducing mild level of LYZ dimerization over
10 min-5 h incubation time, followed by LYZ polymeric aggregation at
24 h. CBQ and TBQ exhibited significant reactivity toward LYZ, indu-
cing dimerization as early as 10min (lanes 1 for LYZ + CBQ and
LYZ + TBQ, Fig. 7) and oligomerization appearing as multiple bands as
early as 30 min. In case of LYZ + TBQ at 24 h (lane 8 for LYZ + TBQ),
severe LYZ modifications were detected with formation of LYZ plaques
which were insoluble in solubilizing buffer. This finding suggests that
chemico-physical property of quinones might be one of the contributing
factors for inducing plaque formation, since the plaque formation was
more evident for CBQ- and TBQ-treated LYZ compared to MBQ or FBQ-
treated LYZ. Also, it implies that the nature of covalently linked BQ to
LYZ might play an important role in plaque formation as well as adduct
formation, oligomerization, and/or polymerization.

To correlate LYZ modification with BQ substituent effects measured
by BQ electrochemical properties, CV experiments were performed with
MBQ, FBQ, PBQ, CBQ, and TBQ in phosphate buffer. It was found that
the redox cycling of MBQ, FBQ, PBQ, and CBQ are electrochemically
reversible, while TBQ exhibited quasi-reversibility. Similar to PBQ, the
linearity feature of I, vs. v'/2 was observed for MBQ, FBQ, and CBQ but
not TBQ (data not shown). Quinones are expected to go through redox-
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cycling involving 2 e~ and 2 H between BQ and RQ (Eq. (2)) in
buffered aqueous solution, while the cycling mechanism could be more
complex in either un-buffered or aprotic solutions [46]. A large peak-to-
peak separation was observed for MBQ, FBQ, PBQ, and CBQ, as the scan
rate increased. This is a typical indication for a slow electron-transfer
process [46]. Unlike other BQs which underwent a simple E mechanism
where E represents an electron-transfer step at the electrode (Eq. (2)),
TBQ appeared to exhibit a quasi-reversible feature. The CV behavior of
TBQ implies that TBQ follows an EC mechanism where the first E step is
followed by a C step in which a chemical reaction generates probably a
dechlorinated species (Z in Eq. (3)) which is electrochemically inactive
under the examined conditions in the scanned potential range
[44,45,47].

BQ + 2e~ + 2H" = RQ for MBQ, FBQ, PBQ, and CBQ 2

3

CV experiments together with the other findings suggest that the
higher the BQ reduction potential given by E; ,,, the more modifications
were induced in LYZ. For example, MBQ and FBQ have the E; » values
of 54 and 70 mV, respectively, and both were found to be less efficient
in modifying LYZ based on fluorescence and SDS-PAGE data, while both
CBQ and TBQ, with E; , values higher than 90 mV, resulted in severe
decrease in fluorescence intensity and higher level of LYZ polymeriza-
tion accompanied also by visually observed plaque formation.
Therefore, this correlation study shows that the electrochemical profile
of BQs may serve as a marker for predicting BQs’ biological activities
toward protein modifications. The correlation between BQ reactivity
and the electrochemical profile might provide some answers to why
certain quinones could inhibit amyloidosis rather than inducing amy-
loidosis. For example, catechol-type flavonoids such as taxifolin and
balcalein are reported as amyloidosis inhibitors [48-50]. Considering
the structural difference between these flavonoids having a bigger ring
and more OH groups and PBQ and the likely different electrochemical
properties, it should not be surprising that these substances could have
opposite effects on amyloidosis.

Another important objective of the current study was to investigate
how various reaction conditions influence LYZ modifications by PBQ.
As expected, by increasing the concentration of PBQ, more significant
LYZ modifications are observed. As PBQ concentration increased from
0.010mM to 0.30mM, the fluorescence intensity of LYZ + PBQ de-
creased (Fig. 3A), NIFI values decreased (Table 1) and Asz4¢ increased

TBQ +2e~ +2H" = TRQ = Z
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Fig. 13. (A) Cyclic voltammogram of PBQ (3.0 mM) in phosphate buffer (50.
mM, pH 7.0) recorded at a scan rate of 50 mV/s, (B) Cyclic voltammograms of
MBQ, FBQ, PBQ, CBQ, and TBQ in phosphate buffer (50. mM, pH 7.0) recorded
at a scan rate of 50 mV/s at 3.0 mM (for MBQ, PBQ, and CBQ) or at 1.0 mM for
FBQ and TBQ), (C) Cyclic voltammograms of PBQ (3.0 mM) in phosphate buffer
(50. mM, pH 7.0) recorded at a scan rate of 10, 25, 50, 75, 100 mV/s, (D) I, vs.
scan rate’’? and I, vs. scan rate'/2.

almost 3-fold (Fig. 3B and Table 1). Table 1 shows that the anisotropy
values also increased with the increase in PBQ concentration, indicating
substantial structural changes to LYZ, most likely protein size increase
due to oligomerization. In Fig. 8, SDS-PAGE results also show that as
the PBQ concentration increases, the degree of LYZ modification in-
tensified. For example, the dimer band appeared noticeably at 120 min
for PBQ at 0.10 mM, 30 min for 0.50 mM, and 10 min for 1.0 mM, re-
spectively. Similar PBQ-concentration dependency of protein mod-
ifications was also observed for RNase in our previous studies [26,27].

As expected, increasing the reaction temperature lead to more sig-
nificant LYZ modifications. Fluorescence intensity (Fig. 5A) and the
NIFI values (Table 1) decreased as incubation temperature increased
from 27 °C to 42 °C. The PBQ-adduct formation, monitored by the in-
creased absorption in the 300-400 nm range, also increased as the
temperature increased from 27 °C to 42 °C (Fig. 5B). SDS-PAGE features
presented in Fig. 10 show more significant LYZ modifications at higher
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temperature as the formation of smearing bands corresponding to
polymeric aggregates occurred earlier. For the reaction at 42 °C, LYZ
plaque formation was visibly recognizable especially at 24 h, resulting
in less solubilization of modified LYZ for SDS-PAGE analysis (lanes 8 in
Fig. 10).

Investigating LYZ modifications by PBQ at different pH conditions
showed that more significant modifications occur at higher pH condi-
tions. Fig. 9 shows that SDS-PAGE band corresponding to dimer appear
at shorter incubation times at higher pH values than at lower pH con-
ditions. Also, at higher pH conditions, formation of smearing bands
corresponding to polymeric aggregates occurred earlier. For the in-
cubation at pH 8.0, LYZ plaque formation was clearly visible especially
at 24 h, resulting in less solubilization of modified LYZ for SDS-PAGE
analysis (lanes 8 on Fig. 9). Fig. 4 also shows lower fluorescence in-
tensity (Fig. 4A) and higher absorption in the 300-400 nm range
(Fig. 4B) at pH 8.0 than at pH 6.0 consistent with more significant LYZ
modifications at higher pH conditions. As seen in Table 1, NIFI values
decreased and Asyg increased for LYZ + PBQ as the pH of solution in-
creases.

For the pH-dependent study of the control LYZ, the highest fluor-
escence intensity of unmodified LYZ in phosphate buffer was obtained
at pH = 7.0, while the lowest fluorescence intensity was obtained at
pH = 8.0 (Fig. 4A). The W-related fluorescence peaking feature at pH 7
for proteins, particularly focused on LYZ, was explained by the
quenching effect of protonated carboxylic group (COOH) on W at the
acidic pH and the quenching effect of ionized Y residue at the basic pH
[41-43,51]. However, one cannot completely exclude quenching pos-
sibilities by other sources such as the local amide backbone, water,
lysine, and tyrosine, possibly involving excited-state proton transfer as
well as excited-state electron transfer of W [43,52-56].

The pH-dependent LYZ modifications in the presence of PBQ can be
understood, considering that increasing the pH will lead to more acti-
vated amino acid residues such as lysine and arginine by shifting the
equilibrium from -NHs " group toward —-NH, through deprotonation.
This shifting will increase the concentration of -NH, groups which are
more nucleophilic and more prone to adduct formation (Path A, Fig. 1)
and lysine oxidation (Path C). If lysine oxidation is a key step leading to
polymerization as well as oligomerization, a decrease in fluorescence
intensity of LYZ + PBQ would be expected as pH increases. The possi-
bility of Y residue forming unprotonated Y, therefore leading to fluor-
escence quenching, is less likely in the studied range of pH 6.0 to 8.0,
since pK, of OH on the phenol ring is 10.06 and the ionization of the OH
is negligible in the range [57]. The UV-Vis spectra of LYZ + PBQ
suggest that adduct formation amplified as pH increased from 6.0 to 8.0
based on the increase in As46. Taken together with fluorescence data,
the fluorescence intensity decrease for LYZ + PBQ may be due to do-
nor-acceptor energy transfer (ET) between a covalently-bound PBQ and
W in LYZ. Since ET typically occurs when there is spectral overlap
between the fluorescence region of a donor and the absorption region of
an acceptor [41,43], this interpretation on the fluorescence reduction is
reasonable. Typically BQs including PBQ and their reduced form absorb
at 280-290 nm region in addition to the visible region [26-28], which
overlaps with the W fluorescence region. Once the donor W in LYZ
emits energy at a shorter wavelength upon excitation, the acceptor PBQ
can absorb the transferred energy, leading to non-radiative ET. In this
regard, PBQ or other BQs can be included to the list of W quenchers.
This finding is also consistent with the broad understanding on why W,
a single fluorophore, can have such complex photo-physics with mul-
tiple fluorescence lifetimes or diverse fluorescence behavior that can be
affected by slight changes in the surrounding environment.

Another aspect investigated by fluorescence and UV-Vis spectro-
scopy was the LYZ modification at various incubation time intervals.
This time-lapse fluorescent study for LYZ + PBQ revealed that the NIFI
values for control LYZ changed from 100 for LYZ subjected to reaction
conditions except the presence of PBQ (i.e., incubation for 24 h at 37 °C
and hourly irradiation scans) to 109 for the LYZ subjected directly to



J. Kim et al.

dialysis. This decrease of a NIFI value by 9 upon 24-h incubation is most
likely due to photo-damage caused by hourly irradiation of LYZ, even in
the absence of PBQ. In addition, the other time-lapse NIFI values for
LYZ + PBQ exhibited an interesting feature with an initial increase in
NIFI for 1h and 2h of incubation followed by slight decrease for 3h
and a significant decrease for 24 h exposure to PBQ. The slight increase
in fluorescence intensity for LYZ + PBQ at early stages of reaction (1 or
2 h exposure to PBQ) in comparison to control LYZ (either at 0 h or 24 h
incubation) is probably due to creation of modified protein species with
higher fluorescence intensity most likely through adduct formation or
crosslinking. The adduct-formation stage of protein modification in-
volves the covalently bonding of one PBQ molecule to the protein.
Through redox cycling this attached PBQ can be transformed into hy-
droquinone (HQ), which is fluorescent unlike PBQ. Therefore, the in-
crease in fluorescence emission may be due to the presence of fluor-
escent HQs that are covalently linked to LYZ. It is also possible that the
early stages of protein modification (i.e., the adduct formation or di-
merization) is accompanied by conformational changes of LYZ leading
to increase quantum yield and therefore increased fluorescence in-
tensity. The monitoring of LYZ + PBQ reaction mixtures show some-
times an increase fluorescence intensity upon hourly fluorescence scans
but these mixtures also contain unreacted PBQ, fluorescent HQ species
formed by reduction of PBQ, and other small molecules that may in-
terfere with the protein fluorescence. The increase of fluorescence in-
tensity for a reaction mixture cannot be undoubtedly assigned to the
protein modification until dialysis is performed and the interfering
small molecules are removed, as it was done in this study. It is inter-
esting to point out that these protein modifications in initial stages al-
though are accompanied by an increase fluorescence intensity, they are
not associated with an increase in the absorbance at 346 nm in the
UV-Vis spectra. As shown in Fig. 6B, time-dependent UV-Vis spectra
showed that there is no significant absorption in the 300-400 nm region
within two hours of incubation when LYZ was reacted with PBQ at
various incubation times. This study suggests that PBQ-adduct forma-
tion at detectable levels take as long as 3 h under the diluted conditions
used here. However, the 24 h-scan clearly shows adduct formation,
with the Az, value of 0.09.

Another challenge while investigating the LYZ modifications by BQs
was the plaque formation under harsh conditions which disrupted
monitoring LYZ modifications using fluorescence and UV-Vis spectro-
scopy. As shown in Fig. 14, when both LYZ (0.050 mM) and RNase
(0.050 mM) were reacted with PBQ (1.5mM), both LYZ + PBQ and
RNase + PBQ started as colorless solutions at time Oh (Fig. 14A). As
time progressed, the color of both reactions changed into orange while
LYZ + PBQ exhibited opaque orange color as early as 2h (see
Supplementary Material). At 24 h, LYZ plaque formation was clearly
visible with crystalline-like aggregates for LYZ + PBQ, while

Fig. 14. Reactions of LYZ + PBQ (Left cuvette) vs. RNase + PBQ (Right cuv-
ette). All reactions were carried out by incubating each protein (0.050 mM)
treated with PBQ (1.5 mM) in phosphate buffer (50. mM, pH 7.0) at 37 °C. (A)
Reactions at Oh, (B) reactions at 24h, (C) Emptied cuvettes after 24h in-
cubation.
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RNase + PBQ exhibited transparent dark reddish brown color
(Fig. 14B/C). The amyloidal plaques for LYZ + PBQ were sticking to the
cuvette surface (Fig. 14C, cuvette on the left), while the emptied cuv-
ette for RNase + PBQ (Fig. 14C, cuvette on the right) at 24 exhibited
clear surface. In order to clean the LYZ + PBQ cuvette, it had to be
treated with concentrated HNO; for 48 h.

LYZ used in this study has a MM of 14,388 Da, 147 amino acid re-
sidues, and pI value of 11.0 [58-60]. RNase used in the previous studies
has a similar MM value of 13,682 Da, 124 amino acid residues, and a pI
value of 9.4 [60,61]. The number of lysine, serine, threonine, and cy-
steine, respectively, are 6, 9, 7, and 8 for LYZ and 10, 15, 10, and 8 for
RNase. LYZ has 4 tyrosine and 7 tryptophan, while RNase has 6 tyrosine
and 0 tryptophan. Considering the similarity between LYZ and RNase in
terms of MM, pI values, and types of amino acid residues each contains,
it is interesting to observe such vast outcomes under treatment with
PBQ, with LYZ leading to formation of insoluble plaques under high
PBQ concentrations. In order to circumvent plaque formation, more
diluted LYZ solutions were used for studying fluorescence behavior of
LYZ in the presence of BQs.

To compare modifications of LYZ and RNase under same reaction
conditions using fluorescence and UV-Vis spectroscopy, we carried out
reactions of RNase (0.010 mM) with PBQ at three different concentra-
tions (0.010 mM, 0.050 mM and 0.10 mM, respectively) in a phosphate
buffer (50. mM, pH 7.0) for 24 h at 37 °C (see Supplementary Material).
Compared to a NIFI of 100 for the protein with no PBQ, the NIFI values
of 71, 43, and 35 for LYZ were smaller than the NIFI values of 86, 64,
and 49 obtained for RNase at PBQ concentrations of 0.010 mM,
0.050 mM and 0.10 mM, respectively. A4 values for RNase were also
greater that the values for LYZ implying more significant modifications
for LYZ than RNase under same reaction conditions, even in the absence
of plaque formation.

In order to better understand LYZ modifications from a structural
standpoint, we rendered LYZ structure using DeepView-SwissPDB
Viewer (Fig. 11). As shown in the proposed mechanism (Fig. 1), lysine
oxidation in LYZ is expected to serve a key role in oligomerization and
polymerization of LYZ through protein cross-linking. Therefore, we
examined the locations of all lysine residues (residues 1, 13, 33, 96, 97,
and 116, respectively) in LYZ. Previously published reports regarding
the positions of W residues are consistent with our rendered model of
LYZ (PDB ID: 5K2K), revealing three W residues (W62, W63, W108)
located at the binding site for LYZ substrates, with two of the W re-
sidues buried in the hydrophobic pocket (W108, W111) while W123
distanced from other W residues [30-32]. It is known that the LYZ
fluorescence predominantly relies on W62 (more exposed with SA value
of 3) and W108 (less exposed with SA value of 1). W62 is generally
viewed as a major contributor although this is still debated [30,62],
while the fluorescence contribution from other W residues well as Y
residues was found trivial [30,31]. Regarding, Foster energy transfer
(FET) possibility, Y-to-W energy transfer was suggested insignificant
[63], while a direct, non-radiative, homo-tryptophanyl transfer was
strongly suggested from the donor W108 to the acceptor W62 [30,31].
The idea of inter-tryptophanyl energy transfer through W63 was not
supported based on fluorescence lifetime experiments upon varying pH,
and this might be due to less interaction between W62 and W63 as both
residues are exposed to solvent [30,31]. With LYZ fluorescence relying
mostly on W62, it is expected to see greater decrease in fluorescence
intensity for LYZ than other proteins under similar conditions. Indeed,
the decrease in LYZ fluorescence intensity was more significant com-
pared to that of RNase in similar conditions.

Separately, the I-TASSER SA profile of lysine residues in LYZ sug-
gests that quinones can easily oxidize lysine 1 and 116 into oxo-lysine
and probably convert other lysine residues as well as soon as there is a
conformational change in LYZ. Then, the formed oxo-lysine can react
with an unmodified lysine from other LYZ resulting in crosslinking and
this hypothesis is confirmed by our observation on SDS-PAGE. The
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oxidation of lysine playing a critical role becomes apparent as seen in
the pH varying incubations monitored both at SDS-PAGE as well as
fluorescence studies.

5. Conclusions

In the present study, we evidenced LYZ modification caused by a
series of BQs and evaluated BQ substituent effects in protein mod-
ifications. Our findings suggest that BQ substituent effects plays a role
in LYZ modification, with CBQ and TBQ being more efficient, while
MBQ and FBQ being less efficient in LYZ modification. This efficiency
rank order of MBQ < FBQ < PBQ < CBQ < TBQ was in good
agreement with the trend in reduction potentials of BQs. In addition, we
found out variation in pH, temperature, and PBQ concentrations af-
fected the degree of LYZ modification, with more LYZ modification
occurring in higher pH, temperature, and PBQ concentrations.
Comparatively to RNase, LYZ modification was more complex accom-
panying adduct formation, oligomerization, polymerization, and plaque
formation.
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