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Abstract: Amphiphilic structured PEG derivatives consisting of octa(ethylene glycol) chains
connected with aromatic vertices inhibited the thermally-induced lysozyme aggregation even when
present at below 0.1 mM concentration. This concentration range is close to a 1:1 molar ratio with
the additive and lysozyme, and was completely inaccessible for previously reported stabilizers. The
possible mechanisms of the stabilizing actions revealed that the PEG-based amphiphiles do not in
fact prevent aggregation at the molecular level, as assumed before, but rather prevent macroscopic
precipitation of the denatured protein molecules and enable dissolution of them to the native, folded
state at ambient temperature. The stabilizers do not interact with properly folded native lysozyme
and therefore do not affect its natural catalytic properties, indicating a potential for practical use in
protein-based therapeutics.

Proteins realize numerous biochemical roles in an extremely precise manner thanks to their intricate
molecular structures. Linear polypeptide chains in aqueous environment organize spontaneously
into three-dimensional self-assemblies—spatially organized dynamic frameworks, exhibiting unique
binding and catalytic properties. However, their metastable structure also makes them prone to
various forms of chemical and physical degradation.

Protein aggregation is arguably the most common process leading to the loss of the protein original
properties.” Protein aggregation occurs naturally in vivo, leading to development of various
diseases,? and in vitro, interfering with manufacturing and storage of therapeutic macromolecules.?

Undoubtedly suppression of protein aggregation both in vivo and in vitro is recognized as a vital yet
challenging goal for basic and applied biosciences. A glimpse into nature’s solution to this issue, as
usual, reveals an attractive perspective for scientists. In cells, a class of molecular chaperone
proteins called chaperonins is known to accommodate unfolded proteins in their hydrophobic cavities
to protect the proteins from aggregation and promote ATP-driven refolding into stable folded
structures, using spatially organized hydrophobic residues inside its cavity.* A single molecule of
molecular chaperon complex stabilizes and refold one molecule of a guest protein. In sharp contrast,
stabilization of proteins by artificial means is usually achieved by addition of large stoichiometric
excess kosmotropic salts,® saccharides and related polyols,® polar amino acids,” " polymers,"=""
nanogels' and ionic liquids.'®2' A common characteristic of these additives is that typically their
high concentration (>100 mM for small molecules or 10 mg mL~" for polymers) is required to achieve
satisfactory results. In such cases, however, the high concentration of additives changes the general
properties of the solution, including viscosity, ionic strength, refractive index and chemical
compatibility. Moreover, additives may have a negative impact on the catalytic or binding properties
of the stabilized proteins.'®%

Our group has been looking for chaperone-like synthetic polymers, capable of stabilizing proteins at
sub-millimolar concentrations. In this work we report a new synthetic well-defined polymer, exhibiting
highly effective stabilization of lysozyme against thermally induced aggregation even at 0.1 mM
concentration, i.e. 250-fold lower than other known compounds.?*?* The compound is an amphiphilic
macrocycle constructed from discrete octa(ethylene glycol). Its stabilizing effect was clearly
observed at an unprecedentedly low 1:1 molar ratio with respect to the protein. Here we discuss our
unexpected findings and provide an insight into the mechanism behind this effect.



The concept of the macrocyclic amphiphilic PEGs reported here was inspired by two molecules
investigated by our group earlier.? ?* Both compounds showed unquestioned anti-aggregation
properties, despite different structural features. The new compounds reported herein, 1a and 1b,
consist of a large, oligo(ethylene glycol)-based macrocyclic ring with three evenly distributed
hydrophobic sections. The use of monodisperse octa(ethylene glycol)*>? provided the general
hydrophilic—hydrophobic balance of the molecule, enabled maintaining predictable, well-defined and
reproducible molecular structure, and ensured non-random distribution of the hydrophobic units
within the ring. The vertices are constructed from 3,5-dihydroxybenzoic acid, derivatized into methyl
ester 1a or N-(2-hydroxyethyl)amide 1b in order to investigate the effect of structural fine-tuning on
the properties of the scaffold (Scheme 1A). In addition to the two triangle-shaped compounds, we
synthesized their non-cyclic counterparts, 2a and 2b, featuring two detached tetra(ethylene glycol)
chains instead of one octa(ethylene glycol) (Scheme 1B). This allowed us to investigate the effect of
the cyclic structure alone, while maintaining nearly unaltered molecular weight and functional groups.

Stabilization properties were evaluated using hen egg white lysozyme. It is a small cationic protein
exhibiting rapid aggregation above its melting point and good stability below, thus being widely
considered as a model protein for studying thermal aggregation and folding events. Thermal
deactivation of lysozyme was performed using a classic heat shock method, i.e., heating its solution
without stirring for 20 min at 90 °C, followed by rapid cooling. Under these conditions, lysozyme in a
buffered solution typically loses all the initial enzymatic activity (residual activity <56%), due to
irreversible aggregation, followed by precipitation. In the presence of a stabilizer, however, the
enzyme may remain solubilized and retain a significant part of its original catalytic activity once
cooled back to the ambient temperature.

In the initial stage we investigated the relationship between the concentration of the discrete
amphiphilic PEGs 1a, 1b, 2a and 2b and the residual activity of the enzyme after the heat shock.
Quite surprisingly, all compounds exhibited excellent ability to maintain the enzymatic activity of
lysozyme at 1 mM concentration (Figure 1A).

Strikingly, the most effective compound 1b showed a significant stabilizing effect even when present
at concentration as low as 0.03 mM, nearly in 1:1 molar ratio with lysozyme (Figures 1A, S4 and S5).
Slightly above, at 0.1 mM, the sample with 1b reached the plateau of concentration—activity
relationship, suggesting that further increasing the additive concentration above this value no longer
enhances the protein recovery. It was clearly shown by performing the lysozyme activity assay where
all additives were used at equal, 3 mM concentration (Figure 1B). The stabilizing effect of all four
compounds at that concentration was nearly identical, despite their structural differences; the
residual activity of lysozyme remained at the level of ca. 65%. The proposed interpretation of the
physical meaning of the plateau is discussed in the supporting information (pages S10-S11).

As expected, the molecular structure of the additives significantly affected their properties. In terms
of stabilizing efficiency, defined as the concentration of an additive required to achieve a comparable
level of residual catalytic activity, clearly more hydrophilic structures of 1b and 2b were
advantageous over their more hydrophobic counterparts. Corresponding methyl esters 1a and 2a
required 3—10-fold higher concentration to exhibit the same effect. That said, even the least efficient
compound 2a exhibited maximum enzyme recovery when present at 1 mM concentration. In addition,
we observed that the cyclic structure of the stabilizers was also beneficial, although the difference
between compounds 1b and 2b is not as large as between 1a and 2a. One should notice, however,



that at concentrations around 0.03 mM the stoichiometric ratio between the additive and the protein
is nearly 1:1. Assuming the stabilizing effect is based on non-covalent interactions between the
additive and the protein, the concentration corresponding to the equimolar ratio is plausibly the lower
limit in general, since below that the number of the stabilizing molecules is simply insufficient to
interact with the overrepresented protein molecules.

The observation of efficient protein stabilization achieved at nearly equimolar concentrations of
amphiphilic PEGs has a great importance for understanding the aggregation inhibition mechanism.
Previous works hypothesized that the stabilization of lysozyme is achieved by interaction on the
folded or partially unfolded protein surface.”® Considering the hydrodynamic radius of folded
lysozyme in phosphate buffer (1.85 nm)*” and its ellipsoid-like shape determined by X-ray diffraction,
solvent-accessible area of lysozyme can be roughly estimated to be 35-45 nm?. Moreover, unfolded
lysozyme molecules would have even larger surface area. At the same time, the approximate
maximum surface area that could be physically covered by a single 1b molecule is just 2 nm?, which
is approximately 20-fold smaller. With this in mind, we found it very unlikely that the stabilizing
mechanism of amphiphilic PEGs is as suggested previously.

We were curious what happens to the protein molecules during the heat treatment at the molecular
level, and what is the role of the amphiphilic PEGs in this process. If PEGs interacted with a specific
area of folded or partially unfolded lysozyme molecule, we would expect it to be seen by protein
NMR experiments. We therefore investigated it by TH-15N HSQC NMR of a '°N-labeled lysozyme
solution in the presence or absence of 1b (Figures 2 and S3).%

At 40 °C, well below the melting point of the protein (73 °C), no significant differences between the
samples without (A) and with 10 eq. of 1b (B) were observed; lysozyme was in its native state and
no changes in the signal patterns suggesting binding of 1b were noticed. Raising the temperature to
75 °C resulted in spectral broadening, consistent with the formation of high molecular weight
assemblies, or aggregates. Interestingly, the same effect was observed equally in both solutions,
regardless of the presence of 1b. After cooling back to 40 °C, however, the spectra looked
completely different. In the sample with no additive the signals hardly recovered, suggesting the
irreversible aggregation of lysozyme and/or precipitation. In contrast, in the presence of 1b the
signals reappeared at their original positions, meaning that the protein molecules were mostly
solubilized and refolded properly into their native structures. It is important to link the NMR
observations with the sample appearance. The lysozyme only sample (Figure 2A) contained a ‘heavy’
precipitate after heating—cooling cycle, in contrast the sample (Figure 2B) in which 1b was present
was practically transparent. This observation and the high temperature NMR spectrum suggest that
soluble protein-1b mixed aggregates were reversibly formed at 75 °C.

The results of this experiment are in good agreement with the residual activity assay shown earlier.
It is somewhat surprising though that 1b does not in fact prevent aggregation by stabilizing unfolded
protein molecules; apparently it prevents irreversible precipitation of macroscopic aggregates but
does not interfere with reversible formation of soluble aggregates, causing NMR signals to broaden
significantly.

This unexpected hypothesis was further tested by investigation of dynamic light scattering (DLS) of
a buffered solution of lysozyme and 1b. Usually DLS data are presented as a distribution of particle
sizes, i.e., as a plot of scattering intensity against scattering particle diameter. However, the particle



distribution is a highly processed data, obtained through fitting the raw input to a model and requires
particles of relatively uniform sizes for reliable interpretation. We analyzed the correlation function
instead, which allows for qualitative, but more certain conclusions (Figure 3). The correlation function
provides very approximate information about the hydrodynamic diameter of particles, but more
importantly it reveals when the scattering particles in solution form large aggregates, resulting in
easily distinguished contributions from non-Brownian motions. At 20 °C lysozyme exists in solution
as a monomer, a small particle diffusing quickly, yielding rapidly declining correlation function (Figure
3A). After heating the solution to 70 °C, the correlation function changes drastically; its value partially
exceeds the theoretical limit of 1 and the function loses monotonicity, particularly in the long-
correlation-time region. This suggests formation of large aggregates. After cooling back to 20 °C, the
slope partially recovers its original shape, but the correlation coefficient still does not reach value of
0 and a part of the function is not monotonic, indicating presence of some remaining large particles.
In the samples where 1b was present (Figure 3B and 3C), the correlation curves at the initial state
and at 70 °C are almost identical with the sample containing no additive (A), while after cooling the
sample back to 20 °C a difference can be noticed, especially when the additive is present at higher
concentration (Figure 3C).

The correlation coefficient value reaches zero quickly and remains monotonic, evidently suggesting
very low concentration of large aggregates. The DLS experiment confirmed the presence of
lysozyme aggregates at elevated temperatures in all samples, and together with the results of 'H—
®N HSQC NMR allowed us to conclude that very likely 1b enables formation of soluble lysozyme
aggregates®®?® in a reversible manner and inhibits irreversible precipitation. The chaperon-like
properties of the investigated compounds, in particular compound 1b, are likely caused by certain
interactions between molecules of the protein and the stabilizer. However, no interactions of 1b with
folded protein, leading potentially to resonance peak shift, were revealed by the NMR experiment.
Indeed, it would be highly desirable that the stabilizer interacts selectively with the unfolded protein,
which have no catalytic properties anyway, but do not bind the properly folded native enzyme, as
such interactions at ambient temperature could potentially negatively affect the enzymatic activity.
We further investigated these hypothetical interactions by lysozyme unfolding in the presence or
absence of 1b using differential scanning calorimetry (Figure 4A).

Addition of up to 0.5 mM of 1b did not change lysozyme melting point and had only a minor effect
on the thermal unfolding enthalpy AH. This suggests that there is no significant lysozyme—1b
interaction at low temperatures. This conclusion was also supported by isothermal titration
calorimetry analysis of lysozyme solution titrated with 1b (Figure 4B). The heat flow upon addition of
PEG was negligible and no significant exothermic peaks, typical for protein—small molecule binding,
were observed. Another supporting observation was that the presence of 1b did not affect the
enzymatic activity of lysozyme at ambient temperature, without thermal treatment.

This work has two major logical parts. In the first one, we designed and synthesized a series of
discrete, octa(ethylene glycol)-based synthetic chaperons. We evaluated their properties using a
lysozyme thermal aggregation model and discovered that one of the compounds can inhibit the
lysozyme aggregation even when present at below 0.1 mM concentration. This concentration range
was completely inaccessible for previously reported stabilizers, which were required at least 250-
fold higher concentrations. We also showed that the overall hydrophobic—hydrophilic balance and
molecular topology have an impact on the anti-aggregation capability of the amphiphiles. In the



second part we investigated the possible mechanisms of the stabilizing actions and revealed that
the PEG-based amphiphiles do not in fact prevent aggregation at the molecular level, as assumed
before, but rather prevent macroscopic precipitation and enable dissolution of the protein molecules
to the native, folded state. We also demonstrated that the stabilizers do not interact with properly
folded native lysozyme and therefore do not affect its natural catalytic properties.
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Scheme 1. Molecular structures of amphiphiles 1a, 1b, 2a and 2b.
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Figure 1. (A) Residual activity of thermally deactivated lysozyme (20 min, 90 °C) depending on the
concentration of additives. Vertical dotted line marks the concentration of lysozyme (0.035 mM). (B)
Residual activity of thermally deactivated lysozyme in the presence of 3 mM additives, no additive
(“O”) and non-heated control (“C”). Each measurement was repeated three times.
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Figure 2. '"H-"°N HSQC spectral regions of lysozyme in the presence of 0 (A) or 10 eq. (B) of
compound 1b at 40 °C (left), heated to 75 °C (middle) and then cooled back to 40 °C (right).
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Figure 4. (A) Heat flow curves of lysozyme (0.035 mM) unfolding in the absence or presence of
1b. Baselines were corrected and transition enthalpy was calculated using non-two-state model.
(B) Heat flow curve of lysozyme solution (0.1 mM) titrated with 1b (4.0 mM, 2 pL each injection)

For details, see: Supporting Information, page S3.



