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Highlights

o Four different dipeptide-based ionic liquids were prepared with TMG as cation
e The dipeptides included all four sequences containing Asp and Ser
e The ionic liquids destabilizing effects on the protein azurin were measured

o Different dipeptide sequences have different effects on the protein stability



Abstract:

The thermal unfolding of the copper redox protein azurin was studied in the presence of four
different dipeptide-based ionic liquids (ILs) utilizing tetramethylguanidinium as the cation. The
four dipeptides have different sequences including the amino acids Ser and Asp: TMG-AspAsp,
TMG-SerSer, TMG-SerAsp, and TMG-AspSer. Thermal unfolding curves generated from
temperature-dependent fluorescence spectroscopy experiments showed that TMG-AspAsp and
TMG-SerSer have minor destabilizing effects on the protein while TMG-AspSer and TMG-
SerAsp strongly destabilize azurin. Red-shifted fluorescence signatures in the 25 °C correlate with
the observed protein destabilization in the solutions with TMG-AspSer and TMG-SerAsp. These
signals could correspond to interactions between the Asp residue in the dipeptide and the azurin
Trp residue in the unfolded state. These results, supported by appropriate control experiments,
suggest that dipeptide sequence-specific interactions lead to selective protein destabilization and

motivate further studies of TMG-dipeptide ILs.
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1. Introduction:

Ionic liquids (ILs, liquid salts composed of an organic cation and an organic or inorganic anion
[1]) have been broadly studied for their material properties and electrochemical applications of
ILs. More recent studies have begun to search for biocompatible ILs [2-5]. ILs have found a broad
variety of applications in biomedicine and biomedical technologies [6-14], including many
different protein applications [15-20]. The past ~10 years have seen a dramatic increase in studies
of ionic liquids (ILs) and their effects on protein structures and stabilities [7,17,21-25].

One of the most attractive aspects of ILs from the applications standpoint is the wide variety of
molecular cation-anion pairs available for IL design. These numerous combinations allow for
sampling significant amounts of chemical space and provide the basis for developing tunable ILs
in which the molecular ions are chosen for particular biomolecular functions. Amino acid ILs (with
the amino acid as anion) [26-29] offer many options for selective and tunable biocompatible ILs
for a variety of biomedical / biotechnology applications. Similarly, the tetramethylguanidine
(TMG) cation has been proposed as a suitable component for biomolecular interactions [30,31].
The IL TMG-acetate stabilizes H-bonding in DNA [32], TMGe-lactate destabilizes the [-sheet
structure in silk proteins [24], and our group has reported side-chain specific destabilization effects
on the B-barrel protein mCherry by two different TMG-amino acid ILs [33].

Numerous proteins have been characterized with ILs including silk fiber proteins, keratin,
collagen, laccase, lysozyme, myoglobin, and many others [34-39]. Recent studies have focused on
metalloproteins [16]. Our group reported the first two studies on the bacterial redox protein azurin
in ILs [31,40]. While azurin is found in many bacterial strains, the Pseudomonas aeruginosa azurin
is by far the most thoroughly studied form. In cells, azurin serves as an electron transfer protein as

part of the electron transport chain involved in the dentirification process in P. aeruginosa [41-



43]. Electron shuttling is achieved through the use of a copper ion bound to the azurin protein
structure [44], which contains both an o-helix and a small B-barrel [45]. Azurin has been a protein
of interest for many groups since it exhibits the most blue-shifted Trp emission spectrum of any
known protein (~308 nm) [46-48] arising from a single Trp residue buried in the interior of the -
barrel domain. It is also interesting as a redox protein that could be used in biotechnology
applications focused on its denitrification function and potential uses in nitrate decontamination of
water or soil [49-52].

Initial studies on azurin with imidazolium-based ILs demonstrated that IL cation hydrophobicity
correlates with protein destabilization, which is primarily driven by entropic effects [40]. TMG-
amino acid ILs have selective destabilization effects, as revealed by thermodynamic measurements
coupled with molecular dynamics simulations [31]. TMG-Ser and TMG-Thr, which have alcohol
side chains, strongly destabilize azurin by increasing unfolding entropy while leaving unfolding
enthalpy mostly unchanged [31]. In contrast, TMG-Asp and TMG-Glu, with acid side chains, have
weaker destabilization effects because both unfolding entropy and enthalpy values are increased
(hence, minor net changes in unfolding free energies) [31].

In this work we build on the previous studies of TMG-amino acid ILs and their effects on azurin
by investigating azurin protein destabilization by TMG-dipeptide ILs. Four different dipeptides
containing Asp and Ser were used to make four TMG-based ILs, TMG-AspAsp, TMG-SerSer,
TMG-AspSer, and TMG-SerAsp, shown in Figure 1. The results elucidate sensitive differences in
how the different dipeptide sequences affect the azurin protein structure and suggest sequence-

specific selectivity in azurin-protein interactions.
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Figure 1. A) Structures of TMG-dipeptide ILs used in this work; B) Photograph demonstrating
the liquid nature of TMG-SerAsp, as an example; C) Structure of azurin [45] with the Trp
residue highlighted in red. The Cu®" is shown in blue.

2. Experimental Methods:

2.1. Azurin expression and purification

Azurin expression and purification was carried out as described previously [31,40]. In summary,
Escherichia coli (E. coli) was transformed by using a plasmid expressing azurin from P.
aeruginosa and a kanamycin selectable marker (Genscript, Piscataway, NJ). Bacterial colonies
were grown on a kanamycin LB-agar plate. Colonies from this plate were then chosen to be grown
in an LB broth, which contained 1 mg/L of copper sulfate and 80 mg/L magnesium sulfate. To
induce expression, isopropyl B-D-1-thiogalactopyranoside (IPTG, Alfa Aesar) was added to the
broth to a final concentration of 1 mM. These cells were centrifuged and frozen before the protein
purification procedure. For protein extraction, cells were lysed via sonication in a buffer containing
ethylenediamine tetraacetic acid, sucrose and lysozyme. After centrifugation, acid precipitation in
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pH 4.1 ammonium acetate buffer was performed followed by column chromatography with a CM
sepharose column. Copper (II) chloride was added to the protein-containing fractions and a second
pH gradient column chromatography procedure was performed with a CM sepharose column. The
fractions containing azurin were dialyzed overnight and then lyophilized. Azurin purity was
confirmed by fluorescence and IR spectroscopy. Gel electrophoresis and UV absorbance
measurements were also performed on fractions from the second column procedure and are shown
in Figure S1 and Figure S2 for chromatographic characterization.
2.2. TMG-dipeptide IL synthesis and purification

Tetramethyl guanidine (99%) was purchased from Tokyo Chemical Industry and used without
further purification. Serine-serine dipeptide, aspartic acid-aspartic acid dipeptide, and serine-
aspartic acid dipeptide were purchased from Bachem AG and used without further purification.
Aspartic acid-serine dipeptide was purchased from GeneScript and used without purification. To
synthesize the TMG-dipeptide ILs, TMG and the dipeptide were mixed together in distilled water
in a 1:1 molar ratio under nitrogen gas purge. The mixture stirred for 45 minutes under nitrogen,
followed by 30 minutes without nitrogen. Vacuum evaporation at ~50 °C was used to remove the
water. About 300 uL of each IL was made. The liquid nature is confirmed in Figure 1A.

TMGHCI, containing protonated TMG and the chloride anion, was synthesized by mixing TMG
with 1.0 M HCl in 1:1 molar ratios followed by vacuum evaporation.
2.3. Sample preparation and fluorescence spectroscopy

1.0 M stock IL solutions were prepared in distilled water from the pure ILs. All solutions of
azurin with ILs were prepared with ~2 mg/mL azurin in distilled water. Control experiments were
performed to investigate how pH and buffer presence / absence affected azurin thermal unfolding.

These control experiments were performed with 20 mM pH 4 sodium acetate buffer, 20 mM pH 7



sodium phosphate buffer, and 20 mM pH 10 ammonium buffer. All samples were measured within
a few hours after preparation.

A Horiba FluoroMax 4 spectrofluorometer was used to record fluorescence spectra. All samples
were excited at 285 nm, and emission spectra were recorded from 295 nm to 450 nm with 3 nm
slit width. Spectra were recorded at temperatures from 20 °C to 90 °C using a Peltier-based
temperature controller. From previous reports [31,40], the azurin fluorescence peak is at 308 nm
when folded and at 355 nm when unfolded. For any temperature, the normalized unfolded protein
fraction (Fu) can be calculated using the ratio of fluorescence intensities at 308 nm and 355 nm

(Izs5/T308) [31]:

(1355/1308)_(1355/1308)folded

E, =
“ (135S/Isos)unfolded_(1355/1308)f01ded

(1)

When necessary, fluorescence spectra were corrected for any signals arising from the ILs alone.
However, for the most part the pure ILs (in solution) do not have strong fluorescence signals in
the spectral region studied and any weak signals arise most likely from trace impurities in the
commercial TMG or amino acid materials. Such signals are broad and much weaker than the azurin
fluorescence signals and do not interfere with the results. Notably, Equation 1 corrects for weak
[L-based fluorescence signals under the valid assumption that these are not strongly temperature
dependent.

3. Results:

The fluorescence spectra recorded at increasing temperatures for azurin in the presence of 0.5 M
TMG-dipeptide ILs are summarized in Figure 2. In each set of spectra, the transition from folded
protein (with a peak at 308 nm) to unfolded protein (with a peak at 355 nm) can be clearly
observed. Extra peaks in the TMG-SerSer data (Figure 2B) around 360 — 400 nm arise from some

impurity in the dipeptide. This impurity signal, which was not investigated beyond confirming that
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it arises from the commercial dipeptide, was subtracted from the fluorescence spectra but
subtraction from the high-temperature fluorescence spectra did not fully remove the extra peaks.
In the azurin spectra with TMG-SerAsp (Figure 2C) and TMG-AspSer (Figure 2D), fluorescence
intensity is observed around 360 nm even in the room-temperature spectra. Notably the 308 nm
peak at 308 nm is still present in all spectra below ~40 °C indicating that some population of azurin

remains folded. The 360 nm peak is discussed later.
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Figure 2. Normalized fluorescence spectra for TMG-dipeptide ILs with increasing temperature.
The peak at 308 nm corresponds to folded azurin and the peak at 355 nm corresponds to unfolded
azurin. In all sub-figures, the lowest-temperature trace is blue, the highest-temperature trace is red,
and all other traces are black. (A) TMG-AspAsp; (B) TMG-SerSer; (C) TMG-SerAsp; (D) TMG-
AspSer.



The thermal unfolding curves derived using Equation (1) from the data in Figure 2 are shown in
Figure 3. Note that the simple unfolding analysis using Equation (1) is qualitatively unaffected by
the presence of the 360 nm peak in the lower-temperature spectra with TMG-AspSer and TMG-
SerAsp since the analysis relies on decreased 308 nm peak intensity to infer unfolding. The
unfolding curve for azurin in water (with no IL) is not shown, but has been published and shows
clear unfolding at 82 °C [31,40]. It is immediately clear from Figure 3 that the TMG-AspAsp
(Figure 3A) and TMG-SerSer (Figure 3B) do not significantly destabilize azurin while TMG-
SerAsp (Figure 3C) and TMG-AspSer (Figure 3D) have some significant protein destabilizing
effect. Hence, the mixed dipeptides destabilize the protein structure. It is also notable that the
destabilization is stronger for TMG-SerAsp than for TMG-AspSer, which suggests some
sequence-specific interaction. The melting temperatures, interpolated from Figure 3 as the
temperature at which half the protein is unfolded, are shown in Figure 4 for azurin in the presence
of the different ILs. The solid lines are exponential fits to the data used as a guide. The data in
Figure 4 is shown only up to 0.5 M IL concentration. As seen in Figure 3, for some ILs data could
be collected at higher IL concentrations (0.75 and 1.0 M), due to very low IL quantities some ILs

could only be collected up to 0.5 M.
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Figure 3. Unfolded protein fraction plotted against temperature for TMG-dipeptide ILs with
increasing concentration from 0.1 M to 0.75 M. The data points are computed using Equation 1
and the solid lines are fits to the data used only as guides. (A) TMG-AspAsp; (B) TMG-SerSer;
(C) TMG-SerAsp; (D) TMG-AspSer.

Figure 4 shows protein melting temperatures (interpolated from the inflection points in Figure
3) for azurin in the presence of the four different ILs. Figure 4 quantitatively confirms the results
of Figure 3, as the ILs TMG-SerSer and TMG-AspAsp do not destabilize azurin while TMG-
SerAsp and TMG-AspSer do destabilize azurin. This result for TMG-SerSer is especially
interesting in the context of previous results that clearly show that TMG-Asp does not destabilize

the azurin protein while TMG-Ser significantly destabilizes it. It is also interesting that the TMG-

SerAsp and TMG-AspSer have clearly different effects on azurin. TMG-AspSer lowers the azurin
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melting temperature to ~65 °C while TMG-SerAsp lowers this value to below 45 °C. Clearly, the
specific dipeptide sequence order is important for the degree of protein destabilization.

Important control data for understanding the results are summarized in Figure 5. As noted above
and in the literature [53], azurin unfolds at 82 °C in the absence of IL. Significantly changing
solution pH from 4 to 10 (and in-between values, although data is not shown) has some minor
destabilizing effect on azurin, but large changes in melting temperatures such as those observed in

Figure 4 are clearly not explained by solution pH changes alone.
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Figure 4. Unfolding temperature (interpolated from Figure 3) plotted against TMG-dipeptide IL
concentration.

Control experiments were performed with individual components of the ILs, all at 0.5 M. TMG",
synthesized as TMGHCI, does not significantly destabilize azurin, and also serine alone has
minimal effect on azurin (consistent with previous reports [40]). However, aspartic acid alone does
significantly destablize azurin. Aspartic acid / serine mixtures and aspartic acid / serine / TMG"
mixtures also destabilize azurin. Clearly, the Asp side chain has a significant role in destabilizing

the azurin structure, but when incorporated into a dipeptide and combined with TMG" in the ILs,

12



Asp may or may not affect the protein.
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Figure 5. Unfolding curves for control experiments. pH changes (performed by using different
buffers), TMG" alone, and serine alone do not significantly destabilize azurin. However, mixtures
containing free aspartic acid have strong destabilizing effects.

4. Discussion:

Our results point to the sensitivity and selectivity in protein destabilization by TMG-dipeptide
ILs. Previous results showed that TMG-Ser destabilizes azurin while TMG-Asp does not [31],
which is attributable to a competitive balance between the TMG-protein and amino acid-protein
interactions, also observed in studies of mCherry with TMG-Amino Acid ILs [33]. In the current
work, TMG-AspAsp and TMG-SerSer do not significantly destabilize azurin but the mixed-
residue TMG-dipeptide ILs (TMG-AspSer and TMG-SerAsp) have strong destabilization effects.

Clues regarding the nature of the TMG-dipeptide-protein interactions can be observed in the

azurin fluorescence spectra with TMG-AspSer and TMG-SerAsp, summarized in Figure 6. As
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mentioned in Section 3, red-shifted fluorescence signals are observed in the 25 °C spectra for
azurin with TMG-AspSer (Figures 6A and 6B) and TMG-SerAsp (Figures 6C and 6D). These
spectra show that the 360 nm peak increases in intensity with increasing concentration, but leaving
the 308 nm peak (which corresponds to folded azurin) unaffected. Since azurin has only a single
Trp residue (Figure 1C), this indicates that with TMG-AspSer and TMG-SerAsp two protein
structural populations exist: one in which the Trp remains buried in the -barrel (that is, with folded
protein) and one in which the Trp is in a different environment. Based on the analysis in Section 3
using Equation (1), the folded protein is strongly destabilized, and Figure 6 suggests that the

presence of the other population correlates with protein destabilization.
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Figure 6. Fluorescence spectra of azurin in the presence of increasing IL concentration for TMG-
AspSer (A and B) and TMG-SerAsp (C and D). Both raw (A and C) and normalized (B and D)
spectra are shown to illustrate fluorescence quenching effects (in raw spectra) and increasing
relative intensity at 360 nm (in normalized spectra).
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The spectra in Figure 6 also show how the ILs quench the azurin fluorescence. Protein
fluorescence quenching by ILs has been noted previously [54,55] and can highlight direct protein-
IL interactions. While we have not pursued quantitative fluorescence quenching analysis yet, it
does appear that the azurin — TMG-SerAsp interaction may be stronger than the azurin —-TMG-
AspSer interaction on the basis of stronger quenching (by TMG-SerAsp).

The nature of the structures in the protein conformational population giving rise to the 360 nm
Trp fluorescence peak in Figure 6 is unclear. Literature reports have detailed how interactions
between tryptophan residues and aspartic acid can lead to red-shifted tryptophan fluorescence [56-
58]. It is possible that the 360 nm fluorescence signals arise from specific Trp-Asp interactions, in
which the dipeptide would penetrate into the azurin (-barrel, although this is unlikely since the
barrel is tightly packed without a water core. Alternatively the signals could simply arise from
unfolded protein structures, or unfolded structures in which the Trp interacts with Asp in the
dipeptide. While it is difficult to distinguish these possibilities, the latter explanation is consistent
with the results in Figure 5. Trp-Asp interactions in the unfolded protein state would decrease the
energy of the unfolded protein, thereby decreasing the unfolding enthalpy and the melting
temperature.

Notably, 360 nm signals are absent in the azurin fluorescence spectra with TMG-AspAsp and
TMG-SerSer (Figure 2) and also absent in published results with TMG-Asp [31]. Taken together,
the results of this current study highlight the sensitivity to exact dipeptide sequence in protein
destabilization. The specific molecular mechanism for protein destabilization needs to be further

investigated with simulations and more sensitive experiments, but clearly different dipeptide
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sequences have different effects on the protein structure and stability. This points to the value and
possibilities for dipeptide-based ILs as specific, tunable biomaterials for protein applications.

5. Conclusions:

In this work we have shown that different Asp / Ser sequences in TMG-dipeptide ILs have
significantly different effects on the stability of the copper redox protein azurin. The TMG-AspAsp
and TMG-SerSer ILs only weakly destabilize the protein, while the TMG-AspSer and TMG-
SerAsp ILs strongly destabilize the protein. Notably the TMG-SerAsp IL appears to interact more
strongly with azurin (relative to TMG-AspSer) which correlates with its stronger destabilizing
effect. Given that the molecular difference between the SerAsp and AspSer peptides is fairly
minor, our work highlights the sensitivity of dipeptide sequences on protein-IL effects. While the
specific nature of the protein-IL interactions is difficult to ascertain with the current experimental
results, it stands to reason that the interactions involve specific portions of the protein and provide
motivation for developing tailored, protein-specific ILs for various biomedical and bioengineering

applications.

Supporting Information

Gel electrophoresis and column chromatography from the protein purification are provided as

supporting information.
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