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Abstract

Hydrophobic ion-pairing is an established solubility engineering technique that uses
amphiphilic surfactants to modulate drug lipophilicity and facilitate encapsulation in
polymeric and lipid-based drug delivery systems. For proteins, surfactant
complexation can also lead to unfolding processes and loss in bioactivity.
Rationalising surfactant selection and how these impact protein structure and function
is key to designing superior biotherapeutics with predictable performances. In this
study, we investigated the impact of two surfactants, sodium dodecy! sulphate (SDS)
and dioctyl sulfosuccinate (DOSS) on lysozyme’s solubility, activity, and structure.
SDS and DOSS were combined with lysozyme at increasing charge ratios (4:1, 2:1,
1:1, 1:2 and 1:4) via hydrophobic ion pairing at pH 4.5. Maximum complexation
efficiency at the 1:1 charge ratio was confirmed by protein quantitation assays and
zeta potential measurements, showing a near neutral surface charge. Lysozyme
lipophilicity was successfully increased, with log D n-octanoipas vValues up to 2.5 with SDS
and 1.8 with DOSS. Bioactivity assays assessing lysis of M. lysodeikticus cell walls
showed up to a 2-fold increase in lysozyme’s catalytic ability upon complexation with
SDS at ratios less than stoichiometric, suggesting favourable mechanisms of
stabilisation. Secondary structural analysis using Fourier-transform infrared
spectroscopy (FT-IR) indicated that lysozyme underwent a partial unfolding process
upon complexation with low SDS concentrations. Molecular dynamic simulations
further confirmed that at these low concentrations, a positive conformation was
obtained with the active site residue Glu 35 more solvent-exposed. Combined, this
suggested that sub-stoichiometric SDS altered the active site’s secondary structure
through increased backbone flexibility, leading to higher substrate accessibility. For
DOSS, low surfactant concentrations retained lysozyme’s native function and
structure while still increasing the protein’s lipophilic character. Our research findings
demonstrate that modulation of protein activity can be related to surfactant chemistry
and that controlled ion-pairing can lead to re-engineering of lysozyme solubility,
activity, and structure. This has significant implications for advanced protein
applications in healthcare, particularly towards the development of formulation
strategies for oral biotherapeutics.

Keywords: Hydrophobic ion pairing, lysozyme, ionic surfactants, sodium dodecyl
sulphate, docusate sodium, protein engineering, structure-activity relationships.
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1. Introduction

Protein therapeutics have revolutionised the treatment of cancer, infectious diseases,
and various metabolic disorders. More than 40 years after the approval of Humulin,
the first clinically approved therapeutic protein, protein-based pharmaceuticals now
account for two-thirds of the top-selling drugs.(1,2) In 2023, leading the sales were
Keytruda (pembrolizumab, Merck) used in cancer immunotherapy and the glucagon-
like peptide-1 (GLP-1) receptor agonist Ozempic (semaglutide, Novo Nordisk).(2)
Despite growing success, more than 90% of biotherapeutics are still administered
parenterally.(3,4) Although effective, frequent injections can be inconvenient and
painful, thereby impacting patient compliance. Additionally, parenteral administration
often involves higher healthcare costs due to the need for trained medical personnel.
Clinical translation of oral biotherapeutics remains a significant challenge due to poor
intestinal absorption and enzymatic instability in the gastrointestinal tract.(5,6) A
notable example is Rybelsus (Novo Nordisk), an oral formulation of semaglutide with
a bioavailability of < 1%, further highlighting the obstacles in developing oral protein
formulations.(7,8)

One approach favoured for successful development of oral biotherapeutics is
the use of lipid-based nanocarriers, including liposomes, self-emulsifying drug delivery
systems, solid lipid nanoparticles and nanostructured lipid carriers.(6,9-11) These
lipid-based formulations protect proteins from enzymatic degradation, improve their
transmucosal transport and provide controlled release. Ongoing research within this
landscape has resulted in the approval of oral peptide drugs such as Neoral
(cyclosporine A, Novartis) and Mycapssa (octreotide, Chiasma), with several more
currently under clinical evaluation.(9,12,13)

To facilitate the solubilisation (or encapsulation) of hydrophilic proteins into
lipid-based carriers, hydrophobic ion-pairing (HIP) is often employed to enhance
protein lipophilicity.(14—16) At a molecular level, HIP involves the stoichiometric
association between the protein’s ionisable groups (e.g., basic amino acids, such as
lysine or arginine residues) with oppositely charged surfactants at a suitable pH. The
increased lipophilicity stems from the reversible neutralisation of the protein’s charge
and is dependent on surfactant chemistry and structure. For example, sulphonate- and
sulphate-based surfactants have been shown to substantially increase the lipophilicity
of insulin, bovine serum albumin and horseradish peroxidase.(17) In addition to the
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surfactant headgroup, the structure and flexibility of the hydrophobic tail are also
important factors, with rigid alkyl moieties resulting in lower protein lipophilicity
enhancements in contrast to more flexible, linear surfactant analogues. Pre-clinical
studies have also shown that surfactant type impacts oral bioavailability, with
increased lipophilicity leading to improved intestinal absorption. (18)

Paradoxically, surfactant complexation can also lead to unfavourable unfolding
processes, which disrupt the protein’s structure and lead to a loss of bioactivity and
reduced therapeutic efficacy.(19) Electrostatic and hydrophobic interactions drive
surfactant complexation, with the mode and strength of these interactions resulting in
altered protein structures and dynamics, and consequently, function.(20) Above the
surfactant’s critical micellar concentration, hydrophobic interactions dominate, causing
proteins to unfold. However, at surfactant concentrations similar to those used in HIP,
complexation can yield protein conformations with favourable activities and/or
stabilities. We hypothesised that by adjusting the type and concentration of surfactants
during the HIP process, we can achieve a spectrum of protein structures, each with its
own customised lipophilicity and activity characteristics.

In this study, we investigated the impact of two anionic surfactants, sodium
dodecyl sulphate (SDS) and dioctyl sulfosuccinate (DOSS) on the structure and
activity of lysozyme. Lysozyme, an antimicrobial enzyme, and an important
component of the innate immune system, has been commonly used in formulation
studies, including for hydrophobic ion pairing. It has a well characterised three-
dimensional structure and an established enzymatic assay.(21-23) These factors
make lysozyme an ideal model to unravel the effects of surfactant complexation on
protein structure and function. Initially, we ion-paired lysozyme with either SDS or
DOSS at increasing surfactant concentrations. We then assessed the lipophilic
properties of the resulting complexes using a shake-flask method. The catalytic activity
of lysozyme and lysozyme-surfactant complexes was measured using a M.
lysodeikticus cell wall degradation assay. We then correlated activity data with
changes to lysozyme’s secondary structure, as determined by Fourier-Transform
Infrared Spectroscopy (FT-IR), and thermal resistance, as measured by differential
scanning calorimetry (DSC). To gain further insight, we compared wet-lab findings

with molecular dynamic simulations. These simulations were performed with lysozyme
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and lysozyme-surfactant complexes at surfactant concentrations that produced
optimal lipophilicity and activity profiles.

2. Experimental

2.1. Materials

Lysozyme from chicken egg white (lyophilized powder, protein 290 %, 220,000
units/mg dry weight), Micro BCA™ Protein Assay Kit and dimethylsulfoxide (DMSO)
were purchased from ThermoFisher Scientific (United Kingdom). Micrococcus
lysodeikticus lyophilized cells, sodium dodecyl sulphate (SDS), dioctyl sulfosuccinate
(DOSS), sodium acetate, acetic buffer =2 99%, potassium phosphate monobasic and
dibasic solutions, and phosphate buffered saline (PBS) tablets were obtained from
Sigma-Aldrich. All chemicals were used without further purification. Buffers were
filtered through 0.2 ym PES membrane before use. Deionized water was used for all

the experiments.

2.2. Lysozyme-surfactant ion-pairing process

Lysozyme solution (5 mg/mL, as determined by spectrophotometry at 280 nm, £'%2g0
26.4(24)) was prepared with 10 mM acetate buffer pH 4.5 to achieve a net positive
charge. SDS solution was dissolved in deionised water (20 mg/mL) while DOSS
solution was prepared as an aqueous solution with 2% DMSO (15 mg/mL) to ensure
sufficient solubilisation. Surfactant aqueous solutions (1 mL) were then added,
dropwise at room temperature, to the lysozyme solution, to achieve the desired
surfactant: lysozyme ratios (Table 1) in separate vessels and allowed to mix for 20 min
at 550 rpm (Eppendorf 5382 ThermoMixer C v.3.5.0).
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Table 1 Surfactant concentration, molar and charge ratios used for lysozyme ion pairing in this study.

Surfactant Molar ratio Charge ratio
(mM) (lysozyme: surfactant) (lysozyme: surfactant)
0.8 4:9 8:1
1.6 2:9 4:1
3.1 1:9 2:1
6.3 1:18 1:1
12.5 1:36 1:2
25.0 1:72 1:4

White precipitates in solution indicated HIP complexation. Complexes were recovered
by centrifugation of cloudy solution at 13,500 rpm for 10 min at 4 °C (AXYSPIN
Refrigerated microcentrifuge). The obtained precipitates were washed with deionised
water, followed by lyophilisation (Edwards Modulyo Freeze Dryer) and stored at -20 °C.
Complexation efficiency was determined by quantification of non-complexed
lysozyme in supernatant with MicroBCA assay (Table S1) and Equation (1):

Complexation Ef ficiency (%) = 100 X (1 _ Liysozyme after ion—patring ) (1)

Clysozyme beforeion—pairing

2.3. Characterisation of lysozyme-surfactant complex

2.3.1. Zeta potential determination

Zeta potential measurements were conducted according to previously described
methodology by J.Griesser and co-workers. (16) Native lysozyme and lysozyme-
surfactant complexes were prepared at 10 mg/mL, filtered using 0.45 ym hydrophilic
polytetrafluoroethylene (PTFE) syringe filters, and measured by laser Doppler micro-
electrophoresis using a Zetasizer NanoZS (Malvern Instruments, UK). Samples were
measured in triplicate at 25 °C. Data was analysed with Prism 10.2.3., with zeta

potential values plotted against surfactant concentration.

2.3.2. Determination of Log D
Distribution studies using 1-octanol and PBS was adapted from Phan and co-workers.
(25) 1-Octanol was saturated with PBS by mixing of both solvents for 24 hours at 25 °C.
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After this time, the organic phase was separated by centrifugation under 4,000 rpm for
20 min (SIGMA® Laboratory Centrifuge 6-15 H). Each lysozyme-surfactant complex
(1 mg) was dissolved in 500 yL of PBS saturated 1-octanol. Subsequently, the same
volume of the PBS aqueous phase was added to the organic phase, after which the
mixture was mixed at 550 rpm for 3 hours at 37 °C. After this time, aqueous and
organic phases were separated by centrifugation at 13,500 rpm for 10 min. Lysozyme
concentration in the aqueous phase was determined by Micro BCA assay and the

partition coefficient Log D was determined based on equation (2):

Clysozyme in 1-octanol

Log Dl—octanol/PBS = LOg C
lysozyme in PBS

(2)

2.3.3. Lysozyme activity assay

Lysozyme activity measured by the lysis of Micrococcus lysodeikticus cell walls.(21)
Absorption at 450 nm of suspended M. lysodeikticus (800 uL, 0.3 mg/mL) in 50 mM
phosphate buffer, pH 6.5 was measured by UV spectroscopy (Thermo Scientific
Multiskan SkyHigh Microplate Spectrophotometer) at room temperature. Native
lysozyme or dissociated lysozyme (80 uL, 0.35 M in 50 mM phosphate buffer, pH 6.5)
was added and the change in absorbance at 450 nm at room temperature was

monitored.

2.3.4. Fourier Transform Infrared spectroscopy (FTIR)

Lysozyme-surfactant complexes (0.35 mM lysozyme solution; surfactant
concentration 1.6-12.5 mM) were scanned between 4000 - 650 cm™" with a diamond
attenuated total reflectance FTIR (Agilent Technologies Cary 630 FTIR). Native
lysozyme was performed as control.

The inverted second-derivative spectra were obtained from the derivative
function of peak analysis and fitted with Gaussian band profiles(26) with OriginPro
2023b. The fraction of a-helix in infrared second-derivative amide spectra was
determined by computing the area of the component peak divided by the sum of areas
of all the component peaks of the amide | band around 1650 cm'.

2.3.5. Steady-state fluorescence measurements

https://doi.org/10.26434/chemrxiv-2024-b76v4-v2 ORCID: https://orcid.org/0000-0003-3436-4745 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-b76v4-v2
https://orcid.org/0000-0003-3436-4745
https://creativecommons.org/licenses/by-nc-nd/4.0/

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

Fluorescence was measured in a HITACHI F02710 fluorescence spectrophotometer
with the methodology adapted by Sun, Y. et al. (19) The excitation was set at 290 nm
with the emission range between 300-500 nm. Both excitation and emission slits
widths were set at 5 nm. Measurements were performed in a 10 mm quartz cuvette at
room temperature. The emission wavelength and tryptophan intensity were tested for
both lysozyme-surfactant complex suspensions and protein concentration was kept
constant at 5 mg/ml for all the samples. Native lysozyme was used as negative control.

2.3.6. Differential Scanning Calorimetry (DSC)

To investigate the impact of surfactant complexation on lysozyme thermal stability, the
melting temperature of complexes and native lysozyme was determined using
differential scanning calorimetry. DSC measures the change of enthalpy change of
protein that initially in its native conformation. The mass (mg) of empty and sample-
containing DSC aluminium pans were weighed and recorded, after which they were
placed on the TA® DSC Q20. Each pan was kept isothermal at -20 °C for 10 min
before a 10 °C/min ramp to 200 °C. The melting point of each endothermic peak was
analysed using OriginPro 2023b. Samples were measured in triplicate and results
were plotted with Prism 10.2.3.

2.3.7. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (HITACHI TM3030 Tabletop Microscope) was used to
visualise the morphological features of lyophilized lysozyme-surfactant complexes.
The images of freeze-dried powers, including complex and dissociated lysozyme were
taken on a vacuum stage at an accelerating voltage of 25 KV. Native lysozyme was
performed as comparison.

2.4. Molecular Dynamics Simulation

The starting structure for lysozyme was obtained from the protein data bank (PDB ID
6LYZ). Protein protonation at pH 6.5 was determined using PDB2PQR continuum
electrostatics.(27) Surfactant structures were built in Avogadro and energy-minimized
using the Universal Force Field. Lysozyme was modelled with the CHARMM C36m
force field with WYF parameters for cation-pi interactions using CHARMM GUI in a
water box fitted to the protein size (~66-68 A). (28-30) SDS and DOSS topologies
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files were generated using CGenFF parameters.(31,32) Protein structures were
solvated with TIP3 explicit solvent, and the system was neutralized using 50 mM K*
and POs? ions to better represent experimental settings.

Molecular dynamic simulation was run on GROMACS 2020.1.(33,34) The
protein structure was energy minimized using the steepest descent approach
consisting of 5,000 steps followed by NVT equilibration with Nose-Hoover temperature
coupling for 125 ps. Simulations for lysozyme with and without the addition of
surfactant were run for 35 ns with an NPT ensemble using Nose-Hoover temperature
coupling and Parrinello-Rahman isotropic pressure coupling at 293.15 K.
Electrostatics were modelled using the Particle Mesh Ewald method in an
automatically generated grid. The production run was analyzed for root-mean-squared
deviation (RMSD) and radial probability distribution (G(r)) using VMD.(35) The
averaged PDB structure in each 5 ns simulation sequence was exported and
visualized in Biovia Discovery Studio (Dassault Systems) for secondary structure
analysis and solvent-accessible surface area (SASA) analysis.

3. Results and Discussion

3.1. Preparation and optimisation of lysozyme-surfactant ion pairs

Lysozyme is a small globular protein consisting of 129 amino acids cross-linked with
four disulphide bridges.(22) Due to its high isoelectric point (pl 11.35), lysozyme’s
acidic groups (7 aspartic acid and 2 glutamic acid residues) remain non-ionised and
its basic groups (11 arginine, 1 histidine and 6 lysine residues) become protonated at
low pH. As a result, these 18 positively charged residues can non-covalently interact
with negatively charged surfactants (Figure 1). In this study, lysozyme was ion paired
with anionic sodium dodecyl sulphate (SDS) and dioctyl sulfosuccinate (DOSS) at pH
4.5. These two surfactants were selected due to their similar, stabilising kosmotropic
headgroups (SO4™ and SO3', respectively) and distinct hydrophobic, tail groups (linear

vs. branched).
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Figure 1 A At low pH conditions, lysozyme is positively charged and can associate with anionic surfactants primarily
through non-covalent electrostatic interactions, forming lysozyme-surfactant complexes; B Chemical structures of
surfactants sodium dodecyl sulphate (SDS) and dioctyl sulfosuccinate (DOSS) used in this study; C Impact of
surfactant concentration on lysozyme-surfactant complexation efficiency; D Apparent surface charge variation as
a function of surfactant concentration complexed to lysozyme; E Impact of surfactant concentration on lysozyme
hydrophobicity as determined by the partition coefficient (Log D) of lysozyme following surfactant addition.

3.1.1. Complexation Efficiency

The gradual addition of SDS and DOSS to the lysozyme solution increased its turbidity
and led to the formation of precipitates due to surfactant complexation. We observed
near quantitative complexation efficiency at the stoichiometric charge ratio 1:1. At this
ratio, we expected 18 surfactant molecules to bind to 1 lysozyme molecule, which
corresponds to a surfactant concentration of 6.3 mM. When surfactant concentration
exceeds this binding saturation point, micelles form, and proteins can be re-
solubilised.(36) We experimentally determined the CMC values for SDS and DOSS
under the conditions used in this study and found them to be 7.2 and 4.8 mM,
respectively (Supplementary Figures S3 and S4). This further confirmed that the
observed decrease in both complexation efficiency and solution turbidity above the
surfactant concentration of 6.3 mM led to protein re-solubilisation. These results are
also in agreement with previous studies that have shown that a stoichiometric or
slightly higher binding ratio is optimal for hydrophobic ion pairing.(16)
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Both SDS and DOSS have negatively charged head groups that can interact
ionically with the basic residues of lysozyme, as shown in Figure 1 B. However, SDS
and DOSS have distinct chemical and structural properties. SDS has a linear structure,
while DOSS is a branched and more lipophilic surfactant, with Log P 3.86 and 4.36,
respectively (calculated by ALOGPS 2.1).(37) We hypothesized that these chemical
and structural differences would affect how the surfactants interact with the surface of
lysozyme, with DOSS involving more hydrophobic interactions. To further understand
this, we used zeta potential as a proxy for surface charge. We noted a decreasing
trend with increasing surfactant concentration for both SDS and DOSS, as shown in
Figure 1D. This trend suggests that the primary mode of interaction for both
surfactants is ionic. At the stoichiometric binding point, we observed an apparent
charge neutralisation effect due to near complete complexation at all positively
charged residues of lysozyme. Beyond this point, an overall negative surface charge
was observed, attributed to the presence of excess anionic surfactants.

3.1.2. Lipophilic Properties

We next determined the partitioning of the prepared lysozyme-surfactant
complexes in a 1-octanol/PBS system to confirm their enhanced lipophilic character
(Figure 1 E). The solubility of free lysozyme in 1-octanol was initially 1.0 mg/mL, which
increased nearly three-fold when bound with SDS. For lysozyme-DOSS complexes,
an increase in lipophilicity was also observed, although to a lesser extent. Prud’homme
and researchers, have previously reported that counterions with higher molecular
weight, hydrophobicity, and stronger acidity (lower pKa values) facilitate the ion-
pairing process.38 We anticipated that the complexation with DOSS, due to its higher
lipophilicity and size, would augment lysozyme lipophilicity further than SDS. However,
predicted pKa values indicated that the stronger acidic form of SDS (pKa -3.50) in
comparison to DOSS (pKa 0.1) allowed for stronger ionic interactions, forming
stronger complexes, and consequently, with increased lipophilicity.39 Both surfactants
were, however, able to effectively increase the hydrophobic character of lysozyme.

3.1.3. Morphology Changes
We also investigated the impact of hydrophobic ion-pairing on the shape and

size of lysozyme using scanning electron microscopy. From SEM analysis, we
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observed that native lysozyme initially displayed a spherical and smooth shape (Figure
2 A). In contrast, complexes formed with SDS or DOSS at the 1:1 ratio, as shown in
Figure 2 B, C, exhibited a more rigid and rough surface texture. Moreover, upon
surfactant dissociation, we noted that this rigidity was maintained, indicating that
surfactant complexation had irreversibly altered lysozyme’s morphology (Figure 2 D,

Figure 2 A SEM image of Native lysozyme; B SDS/HEWL complex at the charge ratio of 1:1; C DOSS/HEWL
complex at the charge ratio of 1:1; D Dissociated lysozyme from the SDS/HEWL complex; E Dissociated lysozyme
from the DOSS/HEWL complex. Sample was freeze-dried before testing at the magnitude of 250x. Images were
processed with Fiji Imaged 1.54h.

3.2. Impact of surfactant complexation on lysozyme bioactivity

An important aspect of hydrophobic ion pairing with proteins is to ensure functional
integrity. During complexation, lysozyme precipitation may result in enzyme
deactivation due to irreversible aggregation. Moreover, ionic surfactants, such as SDS
and DOSS, are usually associated with protein denaturation due to their charged head
groups, but in some cases, they can promote modulation in activity, where partially
unfolded proteins retain their overall native shape, and consequently function.(40)

To investigate how surfactant complexation impacted on lysozyme function, we
measured lysozyme’s bacterial cell wall lysis ability, following surfactant dissociation
(Figure 3A). For both SDS and DOSS, lysozyme showed a catalytic enhancement at
low surfactant concentrations. For lysozyme-SDS complexes, a near two-fold
enhancement was observed when a maximum of 9 surfactant molecules were bound

to 1 molecule of lysozyme (0.8 — 3.1 mM SDS concentration). For DOSS complexes,
12

https://doi.org/10.26434/chemrxiv-2024-b76v4-v2 ORCID: https://orcid.org/0000-0003-3436-4745 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-b76v4-v2
https://orcid.org/0000-0003-3436-4745
https://creativecommons.org/licenses/by-nc-nd/4.0/

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

this increase in activity was less accentuated. At higher concentrations, complexes
formed with SDS and DOSS led to a loss in activity. This can be attributed to protein
unfolding due to micelle formation and the loss of lysozyme’s positive charge in the
active site, leading to alterations in substrate recognition.

To better understand whether this heightened activity was due to surfactant
complexation and favourable interactions at the surface of lysozyme, we conducted
control studies measuring the activity of lysozyme in the presence of SDS and DOSS
at a concentration of 1.6 mM (Figure 3 B). We selected this surfactant concentration
as these complexes displayed similar activity profiles. Results showed that the activity
of pre-formed SDS complexes (L-SDS) was significantly different from that of native
lysozyme (L) and lysozyme in the presence of SDS (C-SDS). This indicated that ion-
pairing with 1.6 mM SDS, and the subsequent increase in activity, was due to
surfactant complexation which may have induced positive conformational changes. In
contrast, for the DOSS complex (L-DOSS), no statistically significant difference was
observed between native lysozyme (L) and lysozyme in the presence of 1.6 mM DOSS
(C-DOSS). This suggested DOSS complexation did not impact lysozyme’s catalytic
activity, retaining its original native function. Previous reports have shown that the
increase in lysozyme’s bacteriolytic activity can be related to increased hydrophobic
interactions between lysozyme and the cell substrate.(41) Our findings are consistent
with these reports, with SDS complexes showing increased lipophilicity and activity
properties.
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Figure 3 A Impact of SDS and DOSS concentration on lysozyme lytic activity; B Comparative study between native
lysozyme (L), lysozyme pre-complexed with 1.6 mM SDS or DOSS (L-SDS and L-DOSS, respectively) and control
samples with lysozyme in the presence of 1.6 mM SDS or DOSS (C-SDS and C-DOSS, respectively). Shown are
three individual experiments + SEM. *p < 0.05 by ordinary one-way ANOVA (Sidak's multiple comparisons test)

To gain further insight into the source of lysozyme’s catalytic enhancement
upon surfactant addition, we used molecular dynamics (MD) to simulate our
experimental system with 9 molecules of either SDS or DOSS interacting with
lysozyme at pH 6.5. Analysis of the MD trajectory showed a higher degree of backbone
flexibility of the active site residues throughout the simulation time, particularly for SDS
molecules. Conformational flexibility has been shown to correlate strongly with
bioactivity, which for lysozyme may also relate to increased substrate access.(42)

Increasing protein hydrophobicity can also lead to partial unfolding, with
lysozyme’s active site residues Glu 35 and Asp 52 slightly more solvent-exposed,
contributing to an apparent catalytic enhancement.(43) Solvent accessibility
calculations showed that lysozyme with 9 molecules of surfactant led to an increase
in exposure of Glu 35 but not for Asp 52, suggesting the enhanced activity effect
primarily stemmed from conformational changes in Glu 35. A closer analysis revealed
that at 3.1 mM surfactant concentration, Glu 35 was predominately located in a -turn
secondary structure, while at concentrations where activity was lost, an a-helix
structure was observed. The B-turn structure has been shown to increase protein

stability and dynamics and increased solvent exposure.(44) Interestingly, no
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difference in secondary structure was observed for the catalytic residue Asp 52.
Combined, these findings suggest that sub-stoichiometric concentrations of SDS likely
altered the secondary structure of the lysozyme active site by modulating the active

site’s backbone flexibility, leading to higher substrate accessibility.

3.3. Impact of surfactant interactions on lysozyme structure

After determining how the catalytic activity of lysozyme varies with surfactant type and
concentration, we now sought to explore how the structure of lysozyme changes upon
hydrophobic ion-pairing. We first used FTIR spectroscopy to investigate changes to
lysozyme’s secondary structure upon surfactant association. We focused on analysis
of the amide | band (1600 - 1700 cm'), which is due to C=0 stretching vibrations of
peptide bonds and is influenced by the secondary structure.(45)

As shown in Figure 4 A, both SDS and DOSS association led to distinct
modifications in lysozyme’s secondary structure. For SDS, lysozyme complexes
initially underwent a partial unfolding process, as observed by a decrease in a-helical
content. This was followed by an increase in helical structure at higher surfactant
concentrations. Quantitative analysis of the deconvoluted amide | band revealed that
the native lysozyme contained approximately 41.8% a-helix content, which increased
to 57.3% in the presence of excess SDS. This observation aligns with previous studies,
where SDS binding has been found to induce a molten globule state, characterised by
high a-helical content but lacking tertiary structure.(46)

In contrast, lysozyme-DOSS complexes at low surfactant concentrations
retained their a-helical content (41.8%), possibly due to predominant electrostatic
interactions between DOSS’s negatively charged headgroup and lysozyme’s cationic
residues. However, in the presence of excess DOSS, hydrophobic interactions can
also occur, which was observed by a significant loss in a-helical content (19.9 %).

Analysis of the variation of intrinsic fluorescence properties of lysozyme in the
presence of surfactant also provided us with some further insight into the observed
conformational changes. Tryptophan fluorescence is dependent on the polarity of its
local environment, with changes in wavelength maximum and fluorescence intensity
roughly correlated to solvent exposure. Lysozyme contains 6 tryptophan residues, with
Trp 62 and 108 responsible for most of the protein’s emission.(47)
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with increasing concentrations of SDS and DOSS; C The effect of surfactant complexation on lysozyme’s thermal
resistance.

Figure 4 B shows the wavelength maximum (Amax) of lysozyme at a fixed lysozyme
concentration (5 mg/mL) with increasing surfactant concentrations. For both SDS and

DOSS, a shift in Amax Was observed, further confirming the occurrence of protein
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conformational changes. For lysozyme-SDS complexes, the Amax first underwent an
increasing blue shift until reaching the surfactant concentration up to 12.5 mM. These
findings indicate that the tryptophan residues in lysozyme may have experienced a
more hydrophobic microenvironment, in agreement with our complexation and
lipophilicity results shown in Figure 1 C and E. Above the SDS concentration of 12.5
mM, a red shift in the wavelength maximum back to 337 nm was noted for lysozyme,
corresponding to the re-solubilisation of lysozyme and SDS micellar re-folding. For
lysozyme-DOSS complexes a similar trend was initially observed, albeit without the
complete red shift in the presence of excess surfactant, suggesting that DOSS leads
to a distinct unfolding pathway, without the formation of a molten globule state.

3.4. Impact of surfactant complexation on lysozyme thermal stability
Previous studies have established a connection between protein stability, thermal
resistance, and factors such as protein electrostatics, hydropathy and core
packing.(48) Hyperthermophilic proteins are characterised by enhanced hydrophobic
interactions and salt bridge formations which are important in their ability to withstand
elevated temperatures.(49) Since surfactant complexation increased lysozyme’s
hydrophobicity, we now aimed to understand the impact on lysozyme’s thermal
stability. We characterised lysozyme and resulting complexes’ thermal properties
using differential scanning calorimetry, analysing thermal resistance, defined by the
melting temperature (Tm).

Figure 4 C illustrates how the melting temperature of lysozyme fluctuates with
the concentration of SDS and DOSS. Typically, a higher T value indicates a more
stable protein structure.(50) In the case of lysozyme-SDS complexes, a significant
drop in the melting temperature was noted initially. However, this was followed by a
rise at 3.1 mM, bringing it close to the original melting temperature of native lysozyme
(Tm = 111.23 £ 2.5 °C). Subsequently, we observed a slow decline in thermal
resistance. Previous studies have demonstrated a connection between protein helicity
and thermal stability.(51) A detailed examination of the variations in thermal resistance
and helical content in lysozyme-SDS complexes indeed confirms this correlation. The
initial decrease in helicity coincides with the same concentration range as the
reduction in lysozyme’s melting temperature. Upon reaching an SDS concentration of
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3.1 mM, we observed an increase in thermal resistance, which corresponds with the
rise in helical content due to SDS-induced helical folding.

Furthermore, we noted that the initial decline in thermal stability was linked to
an increase in lysozyme’s catalytic activity. SDS has been shown to stabilize the B-
strand secondary structure at low concentrations.(52) Our MD studies revealed that
the active site residue, Glu 35, was in a 3-turn secondary structure at concentrations
where lysozyme remained functional. Therefore, we hypothesise that at sub-
stoichiometric ratios, SDS enhances lysozyme’s catalytic activity while reducing its
thermal stability, exemplifying a typical ‘stability-activity trade-off’.

Analysis of thermal resistance of lysozyme-DOSS complexes showed a subtle
stabilisation effect at a concentration of 0.8 mM. This was subsequently followed by a
steady decrease, reaching its maximum at 3.1 mM. After this point, we observed an
increase in the melting temperature, which remained close to the original T of native
lysozyme. As mentioned previously, changes in protein solubility can often suggest a
variation in the protein’s melting temperature. For lysozyme complexes with DOSS,
lipophilic and Tm changes were less pronounced in comparison to lysozyme-SDS
complexes, further highlighting the dependency of both parameters.

4. Conclusion

In this study, we formed ion pairs between lysozyme and two surfactants, SDS and
DOSS, at various charge ratios. This resulted in a variety of lysozyme-surfactant
complexes, each with unique characteristics in terms of lipophilicity, activity, and
structure. Surfactant complexation increased hydrophobicity, and controlled additions
of surfactant in sub-stoichiometric amounts led to the formation of complexes with
favourable conformations and positive activity profiles. Low concentrations of SDS
during complexation led to an increase in activity, which was attributed to partial
unfolding and greater exposure of the active site, thereby enhancing substrate
accessibility. Simultaneously, under similar conditions, complexation with DOSS
preserved the native enzymatic functions of lysozyme. Our study underscores that
surfactant chemistry can influence protein activity and that controlled ion-pairing can
modify lysozyme solubility while enhancing bioactivity. These insights are currently
being applied in the development of lipid-based formulation strategies for oral
biotherapeutics, potentially leading to more effective, and patient-friendly treatments.
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