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Abstract

Due to its symmetric structure and abundance of carboxyl groups, mellitic acid (MA-benze-
nehexacarboxylic acid) has an uncommon capacity to form highly ordered molecular net-
works. Dissolved in water, MA dissociates to yield various mellitate anions with pronounced
tendencies to form complexes with cations including protonated amines. Deprotonation of
MA at physiological pH produces anions with high charge densities (MA®” and MA®") whose
influence on co-dissolved proteins has not been thoroughly studied. As electrostatic attrac-
tion between highly symmetric MA® anions and positively charged low-symmetry globular
proteins could lead to interesting self-assembly patterns we have chosen hen egg white
lysozyme (HEWL), a basic stably folded globular protein as a cationic partner for mellitate
anions to form such hypothetical nanostructures. Indeed, mixing of neutral HEWL and MA
solutions does result in precipitation of electrostatic complexes with the stoichiometry
dependent on pH. We have studied the self-assembly of HEWL-MA structures using vibra-
tional spectroscopy (infrared absorption and Raman scattering), circular dichroism (CD),
atomic force microscopy (AFM). Possible HEWL-MA® molecular docking scenarios were
analyzed using computational tools. Our results indicate that even at equimolar ratios (in
respect to HEWL), MA® and MA® anions are capable of inducing misfolding and aggrega-
tion of the protein upon mild heating which results in non-native intermolecular beta-sheet
appearing in the amide I’ region of the corresponding infrared spectra. The association pro-
cess leads to aggregates with compacted morphologies entrapping mellitate anions. The
capacity of extremely diluted mellitate anions (i.e. at sub-millimolar concentration range) to
trigger aggregation of proteins is discussed in the context of mechanisms of misfolding.

Introduction

Mellitic acid is a remarkably stable intermediate product of oxidation of polycyclic aromatic
hydrocarbons and graphite. MA has several interesting molecular and physicochemical prop-
erties barely explored in the context of interactions with biomolecular systems. The stability
and non-volatile character of MA have made it one of the key reporter molecules for organic
matter in astrochemistry [1-3]. In aqueous solutions, MA undergoes gradual dissociation with
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the corresponding pK, values spread in the range between approximately 1 and 7 [4-6]. The
high symmetry of MA molecule, the chemical uniformity of carboxyl groups with their capac-
ity to form, depending on pH, hydrogen bonds and salt bridges, underlie the significant poten-
tial of MA and its derivatives as building blocks for self-assembled molecular networks [7-12]
and as substrates for chemical cross-linking and polymerization [13-14]. Various mellitate
anions exhibit pronounced propensity to form complexes with cationic species including tran-
sition metals (e.g. [15-16]) and protonated amines [7, 10]. However, there are no systematic
studies on such complexes when the cationic component is a basic protein. Several groups
have employed MA either for covalent modification of enzymes aimed at achieving a higher
degree of thermal stability [17], or to modulate oxygen affinity of hemoglobin [18]. Elsewhere,
it was suggested that the vast spread of pK, values of MA and its large buffer capacity would
make it advantageous as an ingredient of media used for in vitro growth of bacterial cultures
[19]. Whitesides et al. showed that several proteins modified by covalent attachment of mellitic
acid form charge ladders visible in capillary electrophoresis [20].

At neutral pH, an electrostatic attraction between highly symmetric MA® anions and posi-
tively charged low-symmetry globular proteins could lead to self-assembly patterns distinct
from the molecular networks of MA and symmetric organic cations studied so far. The initial
motivation of our study was to verify this possibility by matching mellitate with a basic stably
folded globular protein. For this task hen egg white lysozyme (HEWL) was selected. While we
have observed formation of electrostatic complexes of lysozyme and MA which initially
retained the native structure of the protein, we noticed that HEWL molecules involved in
these assemblies have a strong tendency to misfold and aggregate, even at very low concentra-
tions of MA. We have discussed our results in the context of mechanisms of protein
aggregation.

Materials and methods
Samples

HEWL, MA, Thioflavin T (ThT) and other chemicals were purchased from Sigma, USA.
Deuterated compounds: D,0, NaOD, and DCI were purchased from ARMAR Chemicals,
Switzerland. As Fourier-Transform Infrared (FT-IR) spectroscopy in the region of amide I/T’
vibrations was used to probe HEWL conformation, in most cases H,O was replaced with D,0
to prevent spectral overlap of this band with bending vibrations of H,O molecules. Unless oth-
erwise stated in figure captions, the following protocol of preparation of aggregates was
employed. Fresh 3 wt. % solutions of HEWL and MA in D,0 were pD-adjusted with diluted
NaOD or DCl to specified values, typically, in the range of 7.4-7.6 where MA is effectively
deprotonated and MA®" and MA® anions are abundant; ‘pD’ corresponds to uncorrected pH-
meter readout. Precipitating aggregates were subjected to prolonged incubation at specified
temperatures (typically at 65 °C) using Eppendorf Thermomixer Comfort accessory. Subse-
quently, aggregates were subjected to spectroscopic and microscopic measurements.

FT-IR spectra

For acquisition of FT-IR spectra, 32 interferograms of 2 cm™' nominal resolution were co-
added. The spectra were acquired using a CaF, transmission cell and 0.025 mm Teflon spacers
on Nicolet iS50 FT-IR spectrometer (Thermo, USA) equipped with a DTGS detector. During
measurements, the spectrometer’s sample chamber was continuously purged with dry air.
Spectra were collected under ambient temperature conditions. Solvent spectra subtraction,
baseline correction and intensity normalization were performed using GRAMS software (from
Thermo, USA).
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AFM

Collected samples of aggregates were initially diluted 250 times with H,O (pH 7). A 10 ul drop-
let of aggregate’s suspension was swiftly deposited onto freshly cleaved mica and left to dry for
24 hours. AFM ScanAsyst (R) tapping-mode measurements were carried out using Dimension
Icon atomic force microscope (Bruker, USA) and ScanAsyst-AIR sensors, res. frequency 70
kHz (Bruker, USA).

CD

Samples for CD measurements were prepared by mixing equal volumes of HEWL dissolved in
D,0, pD 7,4 at 2-107° wt. % concentration and sodium mellitate solution in D,0 of the same
molar concentration and pD as the HEWL solution. A quartz cuvette with a 10-mm-optical
pathway placed in a PC-controlled Peltier unit was used to collect spectra on Jasco J-815 S
spectropolarimeter (Jasco, Japan). Each spectrum was obtained through the accumulation of
five independent scans at selected temperature. The temperature in the cell was increased
through the Peltier module in a stepwise manner (typically at the rate of 10°C/ 15 min). After
reaching the highest temperature (85 °C) cell was gradually cooled down to 25 °C within 30
minutes and the final CD spectrum was collected.

Raman measurements

Raman spectra were collected on DXR Raman Microscope from Thermo Scientific equipped
with a 532 nm laser operating at 2 mW power output. For each spectrum 5 independent scans
were averaged yielding final spectral resolution in the range between 5.5 and 8.3 cm ™. All spec-
tra were corrected for residual background fluorescence using a 4™ order polynomial function.

Fluorescence of thioflavin T (ThT), static light scattering

Aggregates formed through the mixing of 3 wt. % stock solutions of HEWL and MA at speci-
fied pD values and at various MA:HEWL molar ratios were incubated for various periods of
time and subsequently diluted to 0.01 (for ThT fluorescence measurements) or 0.06 (for light
scattering measurements) protein wt. % concentration with H,O. For ThT fluorescence emis-
sion measurements, the dye was added to the final concentration of 25 uM; ThT fluorescence
was excited at 440 nm. After a brief incubation, fluorescence measurements were carried out
using 10 mm quartz cuvettes on an AMINCO Bowman Series 2 luminescence spectrometer.
Measurements of static light scattering at 532 nm were conducted using the same cuvette and
spectrometer setup but in the absence of ThT.

Simulation of docking interactions and prediction of aggregation-prone
fragments in HEWL

For the assessment of HEWL-mellitate docking interactions, a 3D structure of HEWL from
Protein Data Bank (PDB entry 2VB1) was used. Water and ligand molecules were deleted using
Chimera software. Structure of MA”” ion was obtained from ZINC database (ZINC23329815
record). Structure of MA® was obtained from CDS database (mellite crystallographic structure,
SOGGEAOL1 record [21], CCDC number 1052513). Dockings were performed using Autodock
4.2.6 software [22]. Autogrid 4 application was run using default parameters. Autodock 4 appli-
cation was run using default parameters of Genetic Algorithm (Maximum Numbers of evalua-
tions set as ‘long’ (25-10°); number of GA runs was set to 100). Among the resulting structures
of HEWL-mellitate complexes, several recurring docking modes (referred to as ‘clusters’) were
identified. For each cluster, mean interaction energy and respective standard deviations (SD)

PLOS ONE | https://doi.org/10.1371/journal.pone.0187328 October 30, 2017 3/17


https://doi.org/10.1371/journal.pone.0187328

@° PLOS | ONE

Mellitate-induced misfolding and aggregation of lysozyme

were calculated. Aggregation propensities of HEWL sequence fragments were determined by
Tango algorithm [23-25]. Sequences with AGG score larger than 1 were considered as aggrega-
tion-prone regions.

Results and discussion

HEWL is a stable basic protein with the net electric charge of approximately +7 in the neutral
environment [20], i.e. where MA dissociation equilibrium is shifted toward MA® and MA®
anions [4, 5]. For the initial assessment of HEWL-MA electrostatic interactions, pH of 7.4-7.5
was selected to ensure, on the one hand, a possibly narrow distribution of mellitate anions
with highest net negative charges and, on the other hand, to maintain both positive charge and
structural stability of HEWL molecules. Fig 1A shows how mixing of such MA and HEWL
solutions leads to immediate formation of insoluble electrostatic complexes which manifest by
increased light scattering. It requires only a single mellitate ion per HEWL molecule to initiate
formation of larger aggregates with a strong tendency to sediment. At approximately 3 melli-
tate anions per protein molecule, light scattering intensity reaches plateau and further increase
of MA:HEWL ratio does not seem to either increase the signal or solubilize the pellet suggest-
ing a rather defined stoichiometry of HEWL-MA complexes at least at this particular pH.

Compensation of surface electric charges on a globular protein could change (e.g. increase)
the level of thermodynamic stability of the native state. We intended to verify this by subjecting
HEWL-MA complexes (in comparison to HEWL in the absence of MA) to increasing tem-
perature. As infrared absorption is less vulnerable than electronic circular dichroism (CD) to
optical artefacts resulting from light scattering on insoluble particles we have selected FT-IR
spectroscopy as an initial conformational probe of HEWL-MA complexes. While different
mellitate species absorb near the conformation-sensitive amide I/T’ region of HEWL [26], they
do not overlap this band in a manner preventing spectral analysis (Fig 1B), especially given the
fact that these anions are effective in causing lysozyme precipitation already at very low con-
centrations. Fig 2 shows stacked FT-IR spectra of HEWL (A) and HEWL-mellitate (B-D) com-
plexes formed at different molar ratios and subsequently subjected to prolonged incubation at
65 C. Because bending vibrations of H,O molecules would overlap this spectral region, all
samples were prepared in D,0. The remarkable stability of native HEWL at neutral pD is
reflected by the fact that the main component of amide I’ band at 1644 cm™" (the wavenumber
corresponding to the predominantly o-helical native structure of HEWL [27]) remains intact
at least for the first 72 hours of incubation. However, in the spectrum collected after 1 week,

a pair of peaks at 1617 cm™ (strong) and 1684 cm™ (very weak) attributed to exciton-split
amide I component corresponding to the intermolecular B-sheets typically found in amor-
phous protein aggregates, becomes visible (Fig 2A). While we were expecting that this type of
slow structural degradation of HEWL may be prevented in HEWL-MA complexes, the ensu-
ing measurements proved this assumption to be wrong.

The pair of peaks hallmarking formation of non-native intermolecular -sheets is slightly
red-shifted (1615 cm™ (strong) and 1683 cm™ (weak)) in all HEWL aggregates formed in the
presence of mellitate anions (Fig 2, panels B-D). More importantly, misfolding sets in very
early during the incubation and even at the lowest MA concentration considered (when both
HEWL and MA are at approximately 0.7 mM concentration-spectra in Fig 2B) the infrared
features characteristic for the aggregated lysozyme are found within the first 10 minutes of
incubation. When the MA:HEWL molar ratio is increased to 21:1 (Fig 2D), the intermolecular
B-sheet forms already after 5 minutes and the transition appears to be complete within 1 hour.
In the spectra corresponding to mature aggregates, the 1615 cm™ band is somehow overlapped
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Fig 1. Co-precipitation of MA and HEWL. (A) Light scattering on HEWL-MA complexes formed at different
molar ratios, HEWL wt. concentration was kept constant at 0,06%, pH was set at approx. 7,4; Inset shows
magnification of the scattering dependency for the lowest MA:HEWL molar ratios; The photo shows 1 wt. %,
pH 7,4 solutions of HEWL (left), MA (right) and their 1:1 mixture (middle); the molecular structure of MA is
placed above the inset plot. (B) Infrared spectra of HEWL and MA dissolved in D,O at pD approx. 4 and 8
(solvent subtracted).

https://doi.org/10.1371/journal.pone.0187328.9001

by 1588 cm™' band originating from antisymmetric stretches of -COO groups on both protein

and mellitate anions.
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Fig 2. Time-dependent MA-induced misfolding of HEWL at 65°C probed by FT-IR spectroscopy. FT-IR spectra were
acquired in the absence (A) and presence (B-D) of MA at different MA:HEWL molar ratios: 1:1 (B), 5,25:1 (C), and 21:1 (D).
Concentration of HEWL in all samples was kept constant at 2 wt. %, pD of HEWL and MA solutions prior to mixing was adjusted
to 7,5. The D,O-subtracted spectra correspond to pure precipitates (pellets) separated from the bulk sample on a centrifuge and

re-suspended in D,0.
https://doi.org/10.1371/journal.pone.0187328.g002

The time-lapse FT-IR spectra shown in Fig 2 reflect on a very powerful and unexpected
effect of MA® and MA®” anions which promote aggregation and misfolding of HEWL mole-
cules. Tapping-mode AFM measurements were used to characterize morphologies of aggre-
gates of misfolded HEWL formed under various conditions. The images shown in Fig 3
capture a significant difference between aggregates formed by HEWL in the absence and pres-
ence of mellitate anions.

Without MA, heating of HEWL results in small scattered aggregates with a diffuse appear-
ance. Regardless of the length of incubation at 65 °C, samples of HEWL aggregates are amor-
phous and heterogeneous in terms of size (left column in Fig 3). On the other hand, in the
presence of MA, HEWL converts into densely-packed brick-like forms. There is no evidence
of the small scattered aggregates characteristic for lysozyme undergoing aggregation in the
absence of mellitate. The inset AFM image placed between the center and right columns corre-
sponds to fresh, unheated precipitate from 21:1 MA:HEWL sample. Its diffuse morphology is
clearly reminiscent of HEWL-only aggregates implying that the formation of brick-like struc-
tures requires temperature-induced unfolding of the protein.
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65°C, 2 h

65°C, 72 h

65°C, 168 h

Fig 3. AFM images of representative specimen of HEWL and HEWL-MA aggregates obtained through
prolonged incubation at 65°C. AFM images of representative specimen of HEWL aggregates obtained
through prolonged incubation in the absence (left column) or presence (center and right columns) of MA under
different conditions (2 wt. % HEWL-MA complexes in D,O under essentially the same conditions as used for
the preparation of samples for the IR spectroscopic examination reported in Fig 2). The scale bar corresponds
to all images. Inset image corresponds to fresh room temperature precipitate from 21:1 MA:HEWL sample
before incubation at 65°C.

https://doi.org/10.1371/journal.pone.0187328.g003

Although no fibrillar amyloid-like entities were observed in these samples, the pronounced
agglomeration could obscure an AFM-based detection of such structures. Hence, we used
ThT: an amyloid-reporting fluorescent dye, to probe various aggregates [28-29]. In Fig 4,
emission spectra of ThT added to HEWL-MA samples at different stages of incubation are pre-
sented. Clearly, even short 2h-long incubation at 65 °C of 21:1 molar ratio complex causes a
strong increase of fluorescence intensity at approx. 482 nm (Fig 4A). A slightly less pro-
nounced effect is noted for the equimolar MA:HEWL sample, where the emission band is
partly overlapped by the Rayleigh scattering of the broad excitation wavelength (centered
around 440 nm). No similar increase of ThT fluorescence intensity is observed when the dye is
added to HEWL aggregates formed after week-long incubation at 65 °C without mellitate
(inset in panel B). The ThT fluorescence data seems to suggest that the self-assembly of brick-
like aggregates in HEWL-MA samples could be accompanied by formation of amyloid-like
fibrils trapped in the matrix of less-ordered forms and therefore undetectable by AFM. Amor-
phous protein aggregates are expected to exhibit lower stability than fibrils (e.g. [30-31]). Such
HEWL-MA aggregates are likely to trap ThT causing a moderate increase in quantum yield of
its fluorescence following from a partial restriction of dye’s intramolecular rotational freedom
which would be entirely unrelated to and independent of presence of amyloid fibrils. Such sce-
nario is possible in light of the molecular-rotor-like photophysical behavior of ThT [32-33]. It
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Fig 4. Fluorescence emission spectra of ThT-stained aggregates obtained through mixing of MA and
HEWL solutions in D,0. Complexes were prepared by mixing samples at pD 7.6 and 21:1 (A) and 1:1 (B)
MA:HEWL molar ratios. Prior to measurements, aggregates were incubated at 65 C / 300 rpm for specified
periods of time (RT denotes spectra of freshly prepared samples). Inset in panel B shows emission spectra of
ThT-stained HEWL samples in the absence of MA. All spectra shown were collected for identical ThT and
protein concentrations, and using identical optical pathways and photomultiplier gain (voltage) settings; Aexc. =
440 nm.

https://doi.org/10.1371/journal.pone.0187328.9004

is known that certain amorphous aggregates can enhance ThT emission to a limited degree
[34]. Still, it cannot be entirely ruled out that HEWL-MA aggregates do contain tiny fractions
of fibrils which cannot be detected by AFM due to trivial dilution.

Strong electrostatic attraction between mellitate anions and HEWL cations is arguably the
main driving force of the self-assembly. In the system where HEWL and MA"™ co-precipitate
at sub-millimolar concentrations, the reminder of dissolved salt (ClI" and Na" are necessarily
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Fig 5. Dependency of HEWL-MA complex stoichiometry on pD. Approximate stoichiometries of
HEWL-MA complexes precipitating from D,O-based mixtures of MA and HEWL (at the initial 21:1 molar ratio)
at different pD (black squares connected with straight lines). Samples of freshly mixed MA and HEWL were
subjected to 30 min incubation at 65°C and subsequently centrifuged; pellets were alkalized with a portion of
diluted NaOD to pD = 12 resulting in solubilization of aggregates. Ratio of IR absorption at 1590 and 1650 cm"
" was used to estimate MA:HEWL molar ratio in the precipitate. The overlaid plot (black dots) corresponds to
“theoretical” stoichiometry obtained as a molar ratio of MA and HEWL ions required to give neutral net charge
of the complex in the absence of other ions (based on pH-dependent protonation equilibria of both HEWL and
MA uncorrected for isotopic effects).

https://doi.org/10.1371/journal.pone.0187328.g005

introduced with pD-adjusted stock solutions of HEWL and MA, respectively) is, at most, at
sub-millimolar level and as such cannot significantly perturb the electrostatics of the self-
assembly nor drive the association by enhancing hydrophobic effect. In fact, the removal of
traces of salt from both fresh and temperature-annealed HEWL-MA aggregates through exten-
sive dialysis against deionized water does not affect their constitution (S1 Fig, panel A). On the
other hand, upon the addition of 0,2 M NaCl fresh precipitates dissolve immediately, although
this treatment has a quite limited effect on HEWL-MA aggregates subjected to 1-hour-long
incubation at 65 °C (S1 Fig, panel B). This outcome is understandable in light of the fact that
electrostatic interactions (which are most important for stabilization of fresh precipitates) are
sensitive to high ionic strength whereas aged aggregates are additionally stabilized by hydrogen
bonding of intermolecular B-sheets which are much less affected by ionic strength. Early form-
ing precipitates in HEWL-MA samples trap mellitate anions, and the stoichiometry of pro-
tein-mellitate binding depends on pH (pD) of aggregation in a rather intuitive manner: the
more acidic environment (the less negative charge on MA™ anions) the higher is the number
of mellitate anions required to compensate for increasingly positive charge on a lysozyme
monomer (Fig 5). A naive “theoretical” plot predicting stoichiometry of HEWL-MA com-
plexes at various pH (pD) calculated for known pKa values of MA and simulated net electric
charges of HEWL may only explain the general trend visible in the experimental data. There
are several reasons for that; for example pKa values of protonable groups change upon forma-
tion of salt-bridges and subsequent burial in solvent-sequestered clefts.
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In the case of amyloidogenic self-assembly of certain proteins, pH conditions promoting
aggregation-prone intermediate states often render dissolved protein highly charged which
decelerates aggregation due to repulsive electrostatic interactions [35]. In such situations, pres-
ence of dissolved salts providing Debye screening of these unfavorable interactions strongly
accelerates transition of singly dispersed monomers into aggregates. This is well exemplified by
the case of insulin aggregation at low pH in the presence of NaCl (e.g. [35]). While chloride
anions shield positively charged insulin monomers and dimers and enhance formation of insulin
fibrils, they are not trapped within the growing amyloid [36]. The fibril is ultimately stabilized by
non-ionic interactions. Through the removal of chloride anions, structural mismatches that
could weaken these interactions are avoided (at the expense of limited electrostatic frustration).
Thus, it was interesting to see whether MA®” and MA® anions are trapped within the mature
aggregates of HEWL, or, just like chloride ions in the case of insulin fibrillation, are ultimately
pushed out of the proteinaceous aggregate. Because Raman spectra of mellitate anions feature a
strong and narrow band at approximately 1460 cm™ assigned to symmetric stretches of -COO™
groups [37], we have used Raman spectroscopy to detect MA trapped within HEWL aggregates.
Raman scattering at 1460 cm™' stemming from protein’s ionized carboxyl groups is relatively low
due to dilution, whereas, in contrast to proteins, none of mellitate species exhibits any Raman
scattering at 2900 cm™ due to the lack of C-H bonds (Fig 6A). Hence the ratio of Raman intensi-
ties at 1460 and 2900 cm ™' was used to quantify residual MA. The histograms in Fig 6B show
how following rounds of elution of aggregates with water affect this ratio. For freshly precipitated
aggregates from 21:1 MA:HEWL sample the ratio is clearly higher than for the neat protein, but
even with a single round of rinsing with water (volume of rinsing water was twice the volume of
the MA:HEWL sample) the intensity ratio drops back to the levels obtained for HEWL indicat-
ing depletion of MA. This outcome contrasts with the case of aggregates incubated at 65 C for 20
minutes, implying a firm entrapment of mellitate anions within the aggregate.

There are several possible mechanisms through which mellitate anion may facilitate aggre-
gation of HEWL. For example, direct protein-mellitate interactions may destabilize the native
state of HEWL increasing the pool of partly unfolded aggregation-prone intermediates. Alter-
natively, the role of mellitate may be confined to overcoming barriers (of both entropic and
enthalpic nature) of drawing several protein molecules in direct vicinity of each other through
electrostatics-mediated sandwiching of MA>/MA® between HEWL monomers. In order to
address this uncertainty, we have carried out a comparative characterization of HEWL'’s sec-
ondary structure in the presence and absence of mellitate anions (at the 1:1 MA:HEWL molar
ratio) using far-UV CD (Fig 7). Samples for the measurements were prepared at low concen-
tration typically required for far-UV CD and significantly below those used for FT-IR / AFM
experiments. In this way, at least on the experimental time-scales used here, the freshly pre-
pared HEWL-MA samples did not exhibit strong light scattering suggesting that local protein-
anion interactions did not translate into cascade self-assembly leading to precipitation. This,
in turn, allowed us to obtain high-quality far-UV CD spectra and focus on the interactions of
singly dispersed HEWL molecules and mellitate anions. CD spectra in Fig 7 reveal a gradual
denaturation of native lysozyme at increasing temperature. On the whole, the process consist-
ing in slow flattening of helical signals at 208 and 222 (broader and poorly resolved) nm takes
a similar course independent of whether MA was added to the sample. The apparent irrevers-
ibility of temperature-induced denaturation of HEWL is likewise unaffected by the presence of
mellitate anions. However, the plotted dependencies of molar ellipticities of HEWL on temper-
ature (inset in Fig 7B) reveal a sharper decrease of CD signals at 55 °C in the presence of MA.
Hence, while binding of mellitate to HEWL at ambient conditions does not appear to promote
denaturation per se (the starting absolute ellipticity values at 25 °C are very similar), it may
make the protein more susceptible to subsequent thermal denaturation.
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Fig 6. Raman spectroscopic detection of MA trapped within aggregated HEWL. (A) Raman spectra of
HEWL, MA, and their mixture. (B) Ratio of Raman intensities at 1460 cm™ and 2900 cm™ of HEWL-MA
complexes before and after rinsing with water and neat HEWL; values above 0.25 reflect the overlapping
Raman band of trapped MA. Molar ratio MA:HEWL in the samples was 21:1. Incubation at 65°C was
conducted for 20 minutes.

https://doi.org/10.1371/journal.pone.0187328.9006

In order to shed light on possible scenarios of HEWL-mellitate docking interactions, Auto-
dock software was employed [22]. Fig 8A presents one of the typical results of docking simula-
tion involving clusters of positively charged amino acid residues (here: Lys116 and Argl12) on
the surface of HEWL and MA®". The simulations yielded three cases of most energetically-
favored docking modes (Fig 8B). The residues involved in these cases are: Arg5, Lys33, and
Argl25 (Clusterl); Arg45, Arg68 (Cluster 2); Arg21, Argl12, and Lys116 (Cluster 3). In each
case, replacing MA” with MA® strengthens the binding. Because there are at most only three
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and of HEWL in the presence of MA at 1:1 molar ratio (B) at increasing temperatures and after cooling to 25
°C, pD of samples was 7.4. Inset shows quantitative plots of ellipticity at 208 and 222 nm for either case.

https://doi.org/10.1371/journal.pone.0187328.9007

positively charged residues binding a mellitate anion with twice larger negative charge this
could provide a route for “dimerization” of HEWL monomers through a negatively-charged
patch of a sandwiched MA®>" (MA®") anion. In Fig 8C, the amino acid sequence of HEWL is
displayed with the regions of mellitate-binding clusters marked in bold with the number in
superscript corresponding to the cluster number, as defined above. Aggregation-prone regions
of the HEWL sequence were selected according to TANGO-a statistical-mechanics-based
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Fig 8. Hypothetical docking interactions between HEWL and MA® and MA®" anions. (A) Visualization of
docking MAS" anion on HEWL native monomer involving residues Lys116 and Arg112 (according to
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AutoDock). (B) Binding energies of MAS~ and MA®" to three different clusters of positively charges amino acid
residues on the native HEWL molecule: Cluster 1: Arg5, Lys33, Arg1250; Cluster 2: Arg45, Arg68; Cluster 3:
Arg21, Arg112, and Lys116. (C) Primary structure of HEWL with aggregation-prone segments (according to
TANGO) marked in yellow and the MA® / MA® —binding clusters (residues) in bold (number in superscript
corresponds to the cluster number).

https://doi.org/10.1371/journal.pone.0187328.9008

algorithm [23-25] and were highlighted in yellow. We note, that some residues belonging to
clusters 1 and, especially, cluster 3 lie within, or in proximity of, aggregation-prone regions
placed close to the C-terminal part of HEWL sequence. While this approach offers only a very
hypothetical idea of how MA>/MA® ions may trigger aggregation of lysozyme, it does provide
a potentially verifiable scenario of molecular events leading from the folded native state to
amorphous aggregate. Such a scenario appears to resonate with the experimental data gathered
in this work showing that presence of highly diluted tiny, but extremely charged anions can
lead to misfolding of otherwise stable folded globular protein.

The fact that mellitate anions precipitate native HEWL through a direct binding and at sub-
millimolar concentrations proves that this effect is different from those of the Hofmeister series
[38]. It is well established that surface charged residues play an important role in maintaining
protein stability [39] and an approach based on increasing the surface charges (“supercharging”
proteins) has been successfully utilized in engineering of misfolding-resistant protein variants
(e.g. [40]). As surface binding of MA® and MA® anions works exactly in the opposite direction,
destabilization of the native structure observed for HEWL complexated by MA can be rational-
ized. Importantly, for HEWL in particular, the long-range of electrostatic interactions within
the native state appear to play a key role in maintaining its stability [41-42], thus binding of a
multivalent anion with high charge density could perturb the native balance of these interac-
tions and result in populating partly disordered and possibly aggregation-prone states.

Conclusions

Extremely charged mellitate anions strongly bind to chicken lysozyme under non-denaturat-
ing conditions and in the sub-millimolar concentration range causing its precipitation and
facilitating misfolding and aggregation upon subsequent heating. The capacity of MA>" and
MA® anions to cause salting-out of soluble globular protein at such a low concentration
through formation of a network of ionic interactions is very interesting, although so far practi-
cally unexplored. From the standpoint of biophysical studies on protein stability and misfold-
ing, mellitate anions may provide possibly an interesting tool to access the aggregated state
even under quasi-physiological conditions and without the need to introduce high concentra-
tions of chemical denaturants or salts. As electrostatics play the key role in mellitate-protein
interactions, it is interesting to see whether similar molecules could be used for therapeutic
selective targeting of basic protein in vivo [43].

Supporting information

S1 Fig. Additional data on effects of ionic strength on MA-HEWL aggregates. (A) Light
scattering at 532 nm on precipitates of MA-HEWL complexes formed at 21:1 molar ratio and
subsequently heated for 1 h at 65 oC (red), or kept at ambient conditions (RT / blue) before
(w/0) and after 30-min-long dialysis against 25-fold volume of deionized water. (B) Light scat-
tering at 532 nm on precipitates of MA-HEWL complexes formed at 1:1 molar ratio and sub-
sequently heated for 1 h at 65 oC (red), or kept at ambient conditions (RT / blue) before (w/0)
and after addition of NaCl to its final concentration of 0,2 M. The results clearly indicate that
presence of tiny residual concentrations of NaCl is not required for stabilization of fresh and
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heated MA-HEWL precipitates (A), and that high ionic strength has the capacity to dissolve
fresh precipitates while heat-annealed aggregates withstand high NaCl concentration.
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