Fingerprinting the Tertiary Structure of Electroadsorbed Lysozyme at Soft Interfaces by Electrostatic
Spray lonization Mass Spectrometry

Eva Alvarez de Eulate,” Liang Qiao,b Micheal D. Scanlon,” Hubert H. Girault ®,* and Damien W. M. Arrigan®,*

# Nanochemistry Research Institute, Department of Chemistry, Curtin University, GPO Box U1987, Perth, Australia. E-
mail: d.arrigan@curtin.edu.au; Fax: +61-8-9266-2300.

® Laboratoire d'Electrochimie Physique et Analytique, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 6,
CH-1015 Lausanne, Switzerland. E-mail: Hubert.Girault@epfl.ch; Fax: +41 21 6933667.

Lysozyme can be electrochemically detected after adsorption at an electrified gel-water interface. Ex-situ
characterization by electrostatic spray ionization mass spectrometry provides insights into the interfacial
detection mechanism by allowing changes to the tertiary structure of electroadsorbed lysozyme to be
fingerprinted for the first time.

Adsorption of protein at the interface between two immiscible electrolyte solutions (ITIES) was first reported in 1984 by
Vanysek et al., when bovine serum albumin was observed to interfere with ion transfer across a water-nitrobenzene interface.'
Subsequently, several reports have addressed the electroactivity of biomacromolecules at the ITIES from different
perspectives, €.g. mimicking the cell membrane, DNA hybridization, label-free detection and adsorption studies.’

Recently, electrochemistry of lysozyme (from hen egg white) at the ITIES was characterized by Scanlon et al.,> who
proposed that its behavior comprised adsorption and facilitated ion transfer from the organic phase to the aqueous via
interfacial complexation of the anion by the cationic protein.” The proposed mechanism was exploited to achieve nanomolar
limits of detection (LODs) for both lysozyme®* and haemoglobin® in a label-free detection format. This consisted of pre-
concentrating the protein at the gelled ITIES at its optimum adsorption potential, for a period of time, followed by stripping
voltammetry.

The study of interfacial protein-anion complexes and interfacial adsorption at the ITIES is a challenging task. To date,
predominantly electrochemical methods" ® have been used to evaluate the capacitive properties of soft interfaces in the
presence of adsorbed protein. However, information on the chemical composition of adsorbed layers at the ITIES, and in
particular the nature of the tertiary structure of the interfacial protein after adsorption and interaction with the organic
electrolyte anions, is not available from these methods.

Electrospray ionization-mass spectrometry (ESI-MS) is a highly sensitive strategy which can ionize macromolecules and
provide information about protein molecular weight, tertiary structures, post-translational modifications, amino acid sequence
and non-covalent interactions.” Biphasic electrospray ionization (BESI)-MS was implemented to investigate non-covalent
interfacial complexes that are formed at the ITIES between lysozyme and organic electrolyte anions® as well as between
peptides, such as melittin,” and phospholipids.'® Recently, electrostatic spray ionization mass spectrometry (ESTASI-MS) was
developed by Qiao et al. in a variety of experimental arrangements.'' The advantages of this technique over conventional ESI-
MS include the ability to ionize analytes directly from a soft surface and to use a contactless approach, which avoids
electrochemical reactions at the electrospraying electrode.'> ESTASI-MS has proven to be successful in the analysis of
materials on the surface of, or within, a porous gel.13

Herein, we use ESTASI-MS to probe the tertiary structure of electroadsorbed lysozyme at the gelled ITIES as a function of
surface coverage. This allows, for the first time, the detection of incremental changes in the degree of unfolding/folding of the
protein with proximity to the interface. The interfacial surface coverage of electroadsorbed protein was varied incrementally by
(1) increasing the applied interfacial potential, (ii) increasing the concentration of free lysozyme in the aqueous phase and (iii)
applying longer pre-concentration times for the adsorption step.

Electroadsorption of lysozyme at a gelled ITIES with an estimated geometric area of 0.035 cm® (assuming a perfectly
hemi-spherical droplet of organogel at the tip of a glass pipette) was achieved by applying a set potential for a fixed pre-
concentration time (Fig. 1 and Scheme 1).* After pre-concentration of lysozyme at the gelled ITIES, the organogel was cut
from the end of the glass pipette and fixed onto a 0.2 mm thick insulating plastic substrate (GelBond®PAG, Lonza). For
ESTASI-MS analysis, the organogel was placed close to the MS inlet (“L” shaped ion transfer capillary)'* and a gold electrode
was positioned underneath the insulating plastic substrate. Drops (1-2 pL) of an acidic solution [1% (v/v) acetic acid in 50:50
water:methanol (v:v)] were placed on top of the organogel. These drops of acidic solution enable protonation of the protein and
also facilitate its transfer into the gas phase. Following the deposition of acidic solution, a pulsed direct current high voltage
(see ESIt for more details) was immediately applied on the gold electrode to induce ESTASI for MS analysis of adsorbed
proteins."® Thus, this methodology uniquely enables the direct analysis of the electroadsorbed protein at a gelled ITIES."



Prior to characterization of the organogel with electroadsorbed protein, separate control experiments were performed to
identify the ESTASI-MS peaks of (i) the organic phase electrolyte salt bis(triphenylphosphoranylidene) tetrakis(4-
chlorophenyl)borate
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Fig. 1. Characterization of electroadsorbed lysozyme at the organogel (o) — water (w) interface via ESTASI-MS involves: 1)

electrochemical pre-concentration with a three electrode set-up, 2) gel removal from the glass pipette and 3) fixation of the

hydrophobic gel on the insulating substrate for ESTASI-MS. Step 1 inset shows the onset potential applied for

ﬁlect)roadsorption, E,qs, similar to adsorptive stripping voltammetry (although no electrochemical stripping step is applied
ere).
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Scheme 1. Schematic of the electrochemical cell where x is the concentration of lysozyme dissolved in the acidic
aqueous phase.

(BTPPATPBCI) (Fig. S1, ESIt) and (ii) lysozyme molecules at different concentrations in a drop of acidic solution (Fig. S2,
ESI).

Lysozyme has been reported to show several protonated states, depending on the unfolding conformation of the protein (i.e.
tertiary structure).”” Higher charge states have been reported when the four disulfide bonds in lysozyme molecules were
reduced by dithiothreitol, which leads to unfolding of the protein and consequent exposure of the chargeable residues buried
within the protein’s native compact structure."™® A study on lysozyme fibril formation reported protonated states of lysozyme
with up to +15 charges when lysozyme was denatured at a low pH and high temperatures (65°C for 14 and 96 h)."*® These
reports indicate that the lower charge states of lysozyme correspond to the retention of native conformation, whereas higher
charge states indicate an increased degree of protein unfolding. Thus, it can be inferred that the lysozyme molecules, when
sprayed directly from solution, retain their native configuration during ESTASI, as the dominant mass-to-charge ratio (m/z)
values correspond to low charge states of the protein (Fig. S2, ESIf). A final control experiment excluded the possible
adsorption of lysozyme in the absence of an applied potential at the gelled ITIES. Immersion of the organogel in a 10 uM
lysozyme aqueous solution for 30 minutes at open circuit potential failed to produce a detectable protein signal in the ESTASI-
MS spectrum (Fig. S3, ESIY).

The surface coverage of electroadsorbed lysozyme at organogel-water micro-interface arrays is tuneable’ via the
concentration of lysozyme in the aqueous phase ([lysozyme],, / tM), the pre-concentration time applied (t.sor, / min), and the
magnitude of the interfacial applied potential (A¥¢ / V (vs. Ag/AgCl)). Surface coverage values vary from 1 to 550 pmol-cm™,
and span the sub-monolayer to ~ 40 monolayers surface coverage range.* Hence, each of these controllable variables was used
to systematically increase the quantity of lysozyme adsorbed at the interface and the resultant effects this had on the spectra
following ESTASI were probed. Briefly, [lysozyme]., was varied from 0.5 to 5 pM (tasors = 30 min; Ag'¢p = 1.0 V, Fig. 2A),
tagsor Was varied from 5 to 30 min. (X = 10 uM; A¥¢ = 1.0 V, Fig. 2B) and Af ¢ was varied from 0.8 to 1.0 V (X = 10 uM;
tagsory = 30 min.; Fig. 2C). Immediately following electroadsorption, the organogel, plus any adhered protein, was removed
from the cell and placed onto the insulating film for ESTASI-MS analysis. The ranges chosen for each parameter were
previously shown to be suitable for studying the transition from low to high electrochemical detection signals as increased
quantities of aqueous lysozyme adsorb and facilitate the transfer of the organic electrolyte anion, TPBCI, across the interface.*
In this regard, the onset potential of 0.85 V (vs. Ag/AgCl) for the detection of the first clear peaks in the ESTASI-MS spectra
from t}le organogel (Fig. 2C) are in perfect agreement with the onset potential for substantive stripping peaks in our previous
study.

Under conditions where prominent peaks were obtained in the spectra, each peak was assigned to one of the four charge
states of the protonated lysozyme, as discussed above regarding the spectrum for an acidic solution of lysozyme following
ESTASI. What is remarkable, however, is not that we can detect different charged states of lysozyme but that the relative
intensities of these signals shift in a reproducible manner as the surface coverage of lysozyme was incrementally increased at
the gelled ITIES. These trends are clearly highlighted in Fig. 2 with the m/z values corresponding to [Lysozyme+10H]"",
[Lysozyme+9H]", [Lysozyme+8H]™ and [Lysozyme+7H]"" clearly labelled in each spectrum as a function of increasing



surface coverage, i.e. as [lysozymel.q., tusors OF Ay'¢ were varied incrementally. The peak intensities were normalized by
assigning a value of 100% relative intensity to the peak with the strongest signal in each spectrum. The lowest charge state (i.e.
least unfolded), [Lysozyme+8H]™®, is entirely absent or of low relative intensity under conditions corresponding to low
adsorbed lysozyme surface coverage but becomes the dominant signal at higher surface coverage. Conversely, the highest
charge state (i.e. most unfolded), [Lysozyme+10H]"'°, appears under conditions of low surface coverage but dramatically fades
in prominence as the surface coverage increases. Finally, the intermediate charge state, [Lysozyme+9H]™, also typically
appears under conditions of low surface coverage and fades in prominence compared to the signal for [Lysozyme+8H]™® with
increasing surface coverage, but to a less dramatic extent than [Lysozyme+10H] ™. It is worth noting that even higher charge
states, e.g. +15 charges, are only observable under extreme denaturing conditions leading to disulfide bond cleavage, which
were absent in these experiments. Additionally, various [lysozyme],q were analyzed directly from the plastic film by ESTASI-
MS. The data (Fig. S2, ESIt) demonstrate that the changes in the spectra following electroadsorption (Fig 2) were not a matrix
effect due to the amount of protein analyzed.

Furthermore, the sensitivity of ESTASI-MS was investigated in terms of LODs in an attempt to characterize the interfacial
coverage at the gelled ITIES. Picomole and femtomole amounts have been detected by chromatography-ESI-MS.'® Similarly,
isoelectric focusing-ESTASI-MS, which is the closest experimental approach to that reported here, gave a LOD in the
picomole range.'” If a monolayer of lysozyme (surface coverage: 13 pmol-cm?)* is adsorbed on the gel surface, then the total
amount of lysozyme will be 0.45 pmol, assuming that a perfect hemispherical organogel area (0.035 cm?) is completely
exposed to ionization. This means that a monolayer of lysozyme on the hemispherical organogel (0.45 pmol) is below the LOD
for this technique (1.63 pmol)."” As a result, detection by ESTASI-MS requires that multilayers of lysozyme are adsorbed; this
is reflected in the high [lysozyme],q (0.5 to 10 uM) and long tygsn (30 min) required before MS signals appear following
electroadsorption (Fig. 2). Indeed, multilayer formation is corroborated from previous experimental data where the maximum
surface coverage (550 pmol-cm™) calculated from the voltammetric desorption peak charge was 19 pmol of lysozyme (ca. 40
monolayers).

A clear image of the electroadsorption process for proteins at a gelled ITIES emerges when the trends in the change of the
tertiary structure of adsorbed lysozyme with proximity to the gelled ITIES (Fig. 2) are taken into consideration with the
demonstrable evidence for protein multilayer formation by ESTASI-MS and previous adsorptive stripping voltammetry
studies.* Firstly, lysozyme adsorbed in the monolayer directly in contact with the organogel is the most unfolded, with the
highest charge. Secondly, lysozyme adsorbed in the outer layers becomes progressively more compact and less charged with
increased distance from the gelled ITIES, eventually maintaining its native form. The outermost layer of lysozyme is adsorbed
as its native form since it absorbs onto a barrier of other lysozyme molecules, thus not contacting the organogel or participating
in facilitated ion transfer. These results are in agreement with observations from adsorption studies on solid substrates.'®

Finally, it is interesting to note the complete absence of any prominent MS peaks due to complexation of TPBCI™ by
protonated lysozyme at the interface, as shown by previous BESI-MS studies.® The detection of these complexes was likely
inhibited and below the LOD of ESTASI-MS due to (i) the buried nature of these complexes in the monolayers of lysozyme
beneath the “native” lysozyme outer layers, and (ii) the viscous nature of the organogel onto which these complexes were
adsorbed. In contrast, the outer layers of lysozyme were less tightly bound to the organogel, or buried, reflecting their
dominance in the MS spectra.
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Conclusions

Electroadsorption of biomacromolecules, such as the protein lysozyme, at soft interfaces (i.e. water/oil’,
water/gel* or water/RTIL'?) forms the basis of an emerging approach to sensitive biosensors that do not rely on
electron transfer for signal generation. Herein, we showcase the capability of a recently developed ex-situ
technique, ESTASI-MS, to probe the nature of electroadsorbed lysozyme at a soft gel-water interface. In
agreement with previous electrochemical studies, the application of ESTASI-MS indicated the formation of
multilayers of adsorbed lysozyme at the soft interface. Multiplexing of electroadsorption and ESTASI-MS
provides a unique method for fingerprinting the degree of unfolding of a protein’s tertiary structure as a function
of position within the adsorbed multilayer film (i.e. proximity to the soft interface). The inner layers, interacting
closely with the soft interface, correspond to the most unfolded lysozyme conformation, while the outer layers,
adsorbing onto previously electroadsorbed protein, present a more compact or “native” structure. Consequently,
our findings provide a new level of detail on the nature of electroadsorbed biomacromolecules at soft interfaces
and open up a new strategy to probe the tertiary structure of biomacromolecules that interact with soft
interfaces. This is expected to impact biointerface development for diverse applications and to provide a new
platform for mechanistic studies involving protein adsorption at soft interfaces.
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