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Abstract: The unique electrochemical properties of ionic liquids (ILs) have motivated
their use as solvents for organic synthesis and green energy applications. More recently,
their potential in pharmaceutical chemistry has prompted investigation into their effects on
biomolecules. There is evidence that some ILs can destabilize proteins via a detergent-like
manner; however, the mechanism still remains unknown. Our hypothesis is that if ILs
are denaturing proteins via a detergent-like mechanism, detergent-mediated protein unfolding
should be enhanced in the presence of ILs. The properties of myoglobin was examined in the
presence of a zwitterionic (N,N-dimethyl-N-dodecylglycine betaine (Empigen BB®, EBB)), cationic
(tetradecyltrimethylammonium bromide (TTAB)), and anionic (sodium dodecyl sulfate (SDS))
detergent as well as ILs based on alkylated imidazolium chlorides. Protein structure was measured
through a combination of absorbance, fluorescence, and circular dichroism (CD) spectroscopy:
absorbance and CD were used to monitor heme complexation to myoglobin, and tryptophan
fluorescence quenching was used as an indicator for heme dissociation. Notably, the detergents
tested did not fully denature the protein but instead resulted in loss of the heme group. At low IL
concentrations, heme dissociation remained a traditional, cooperative process; at high concentrations,
ILs with increased detergent-like character exhibited a more complex pattern, which is most likely
attributable to micellization of the ionic liquids or direct denaturation or heme dissociation induced
by the ILs. These trends were consistent across all species of detergents. 1,6-diphenyl-1,3,5-hexatriene
(DPH) fluorescence was further used to characterize micelle formation in aqueous solutions containing
detergent and ionic liquid. The dissociation thermodynamics show that EBB- and TTAB-induced
dissociation of heme is not significantly impacted by room temperature ionic liquids (RTILs), whereas
SDS-induced dissociation is more dramatically impacted by all RTILs examined. Together, these
results indicate a complex interaction of detergents, likely based on headgroup charge, and the active
component of RTILs to influence heme dissociation and potentially protein denaturation.

Keywords: room temperature ionic liquids; fluorescence; protein folding; ionic liquids; heme;
myoglobin

1. Introduction

Room temperature ionic liquids (RTILs) and their interactions have been an intense area of study
for the past ~20 years. Much of this work has been focused on the electrochemical and physical
properties of these molecules. The material properties of these molecules are advantageous for many
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applications because of the variability in cation/anion pairs, electrochemical properties, negligible vapor
pressure, and miscibility with many solvents [1]. Notably, it is the ability to interact with both organic
and aqueous phases that has sparked the interest in the biocompatibility of RTILs. Numerous groups
have recently begun investigating how ILs can be incorporated into catalytic processes, both traditional
and enzymatic [2-5]. Additionally, ILs have been proposed as a good candidate for pharmaceutical
and therapeutic formulations to assist in overcoming solubility barriers for some drugs [6-8]. There is
also great interest in how RTILs may be used as additives for analytical separations of biomolecules [9].
However, more work needs to be done to characterize the fundamental types of interactions between
ILs and biomolecules and their functional effects in order to develop predictive models.

In the characterization of how RTILs interact with biomolecules, there is a nearly infinite
amount of complexity in the design of studies. There are unanswered questions at both the basic,
fundamental levels up through the increased complexity of in vivo and ecological investigations.
A number of literature reports in recent years have focused on characterizing the specific interactions
of RTILs with various classes of biomolecules or individual molecules including proteins, nucleic acids,
polysaccharides, and lipids [7,10-13]. These studies often target the mechanism of interaction between
a subset of RTILs with a specific target [10,14,15]. Previous work from our lab has shown the functional
impact of incorporating RTILs with both proteins and lipids [10-12,14].

Proteins are a common and reasonable system to investigate how RTILs interact with biomolecules.
Proteins perform a vast array of functions in the cell, are frequently incorporated in industrial
processes, and many are only marginally thermodynamically stable in the folded conformation under
conditions where functionality is preserved. Numerous enzymes have been studied with RTILs such as
cellulases [16], proteases [17,18], and nucleases [19]. Additionally, studies on non-enzymatic proteins
have paralleled the enzyme studies with more of a focus on structural destabilization [20]. These
studies have shown that RTILs can both stabilize and destabilize proteins, depending on the protein in
question, molecular composition of the RTIL, concentration of the RTIL, and sample conditions.

Myoglobin is a small, monomeric, heme-containing protein involved in oxygen storage in
mammalian muscle tissue. The heme incorporated in the protein structure yields an intense absorption
band at ~409 nm that disappears upon protein denaturation [12]. As such, myoglobin has been a widely
characterized model to study protein folding and unfolding thermodynamics. These studies have used
a wide range of denaturants, conditions, and supplements including RTILs [10]. Previous work from
our groups demonstrated that RTIL molecular composition had significantly different impacts on the
stability of myoglobin, as well as on the kinetics of myoglobin denaturation [10,21]. The identity of the
denaturing agent, and thus the mechanism of denaturation, also impacts the influence of RTILs on the
denaturation process. Experiments using the zwitterionic detergent N,N-dimethyl-N-dodecylglycine
betaine showed that the inclusion of a series of RTILs had no impact on the partial denaturation and
heme-loss from myoglobin. This result was intriguing since some of the same RTILs were shown
previously to enhance myoglobin denaturation by guanidinium HCI (GuHCI) and urea [10,12,21].
These differences in behavior highlight the still unresolved questions of the chemical mechanism by
which different RTILs stabilize or destabilize protein structure and activity.

Generally, detergent mediated protein denaturation is driven by partitioning of the hydrophobic
alkyl chains of the detergent molecules into the hydrophobic core of a folded globular protein.
This reduces the enthalpic cost of exposing hydrophobic residues to the aqueous milieu, as they
are effectively shielded by the detergent molecules. Notably, several groups have reported on the
detergent-like denaturation mechanism of RTILs [22,23]. This is driven by the presence of variable
length alkyl chains attached to many common imidazolium-containing RTILs.

Extending the initial work on myoglobin denaturation with detergents, the role of both detergent
structure and RTIL alkyl chain length were examined in this study. A panel of RTILs which varied only
in the length of the alkyl chain attached to the imidazolium were introduced at varying concentrations
in the presence of either a zwitterionic (N,N-dimethyl-N-dodecylglycine betaine, EBB), anionic (sodium
dodecyl sulfate, SDS), or cationic (tetradecyltrimethylammonium bromide, TTAB) detergent (Figure 1).
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Notably, the octylimidazolium RTIL has the alkyl chain attached to the 3-position of the imidazolium,
while the other RTILs have the alkyl chain attached to the 1-position (Figure 1). The effects of these RTILs
on myoglobin denaturation were investigated using a combination of absorbance, fluorescence, and
circular dichroism spectroscopies, primarily focused on the spectroscopic signature of the myoglobin
heme group.
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Figure 1. Structures of molecules used in this study. Detergents sodium dodecyl sulfate (SDS), Empigen
BB® (EBB), and tetradecyltrimethylammonium bromide (TTAB) are in the top row. Room temperature
ionic liquids (RTILs) and the control NaCl are in the middle row. The three-dimensional (3D) structure of
myoglobin from PDBID:5ZZE is shown at the bottom. In the myoglobin structure, the two Trp residues
and the heme group are colored based on elemental composition, with green representing carbon.

2. Materials and Methods

2.1. Materials

Horse skeletal myoglobin (95-100% lyophilized powder) and Empigen BB (Empigen BB ~30%
pure liquid) were purchased from Sigma Life Sciences (St. Louis, MO, USA); myoglobin was stored
at —20 °C in the dark. The RTILs: EMICI, BMICI, HMICI, OMIC], and 1,6-diphenyl-1,3,5-hexatriene
(DPH) were purchased from Sigma Chemical Company (St. Louis, MO, USA). Ionic liquids were >97%
purity. NaCl was purchased from Fisher Scientific (Fair Lawn, NJ, USA).

2.2. Sample Preparation

All samples were prepared in 2 mM sodium phosphate buffer (pH 6.9-7.2) using aqueous solutions
of myoglobin, ILs, and detergent in ultrapure water. Final myoglobin concentrations were held at
0.20 mg/mL for all experiments, except low-UV circular dichroism (CD) spectroscopy which used
0.0375 mg/mL (by a factor of four). Each sample contained one species of RTIL or control salt at a
concentration of 0, 50, 150, or 300 mM. Samples were created by mixing appropriate volumes of buffer,
myoglobin, RTIL, and detergent with the final volume of each sample to 1000 pL. Detergents were
added from concentrated stock solutions of EBB (20 mM stock), SDS (10 mM stock), or TTAB (25 mM
stock). All experiments were performed at least in triplicate. A complete listing of samples examined
is shown in Supplementary Table S1.
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2.3. Absorbance Measurements

Myoglobin, ILs, and EBB were combined in buffer and allowed to incubate for 30 min at room
temperature. Absorbance spectra for unfolding experiments were measured from 375-575 nm using a
Thermo Scientific Genesys 10S UV-Vis Spectrophotometer (Waltham, MA, USA).

2.4. Fluorescence Spectroscopy

Tryptophan fluorescence dequenching was measured using a SpectraMax M5 or i3x plate reader
(Molecular Devices) in clear, untreated UV-Star 96-well plates (Greiner Bio One - 655801, Kremsmdinster,
Upper Austria). The excitation and emission were at 280 nm and 350 nm, respectively. The RTILs
used in this study presented no inner filter effects at these wavelengths. All spectra were background
corrected by subtracting spectra from analogous samples lacking protein before further analysis.

2.5. Circular Dichroism Spectroscopy

Circular dichroism spectra were recorded on a J-810 spectropolarimeter (Jasco, Easton, MD, USA)
for each concentration and species of ionic liquid, at all concentrations of detergent. Spectra were
collected from 375-500 nm to monitor heme dissociation or from 190-260 nm to monitor myoglobin
structure denaturation. All spectra were background corrected by subtracting spectra from analogous
samples lacking protein before further analysis.

2.6. Calculation of Gibbs Free Energy of Dissociation

The change in Gibbs free energy of dissociation (AGgissociation) in €ach ionic liquid environment

was calculated by
exp [—m—(c’{é;c)]
f= /
1+ exp [—m—(c’]gc)]

)

where R is the ideal gas constant (8.314 J-mol~1.K1), Tis the temperature in kelvin (295 K was estimated
for all experiments). In Equation (1), f is the fraction of unfolded myoglobin molecules. The equation
is used to fit the data to two fit parameters, m and Cy,. m represents AGgissociation and Cy; represents
the concentration where half the present myoglobin is denatured. OriginLab’s Origin Pro 2019b
(Northampton, MA, USA) was utilized to apply the fitting equation to the data. Statistical analysis
was performed by a one way ANOVA using the JMP software suite (SAS Institute Inc., Cary, NC,
USA). The remaining data visualization was aided by Daniel’s XL Toolbox add-in for Excel, version
7.3.2, by Daniel Kraus, Wiirzburg, Germany (www.xltoolbox.net). Sample fitting data are shown in
Supplementary Figure S5.

3. Results

3.1. Critical Micelle Concentration (CMC) Analysis

In order to accurately compare the combinatorial effects of detergents on the dissociation of heme
from myoglobin, any interactions between detergent and RTILs should first be characterized. Previous
reports have shown that some RTILs have an inherent propensity to micellize [24], while other reports
show that ionic strength can impact the critical micelle concentration (CMC) [25,26]. Previously, we
showed that a different panel of RTILs did not affect the CMC of EBB [12]; however, the longer alkyl
chains of the ILs in this study coupled with the ionic character of the headgroups of TTAB and SDS require
this to be investigated again. The results indicate that aggregation transitions of the detergents used in
this study are not dramatically impacted by the presence of 300 mM RTIL (Supplementary Figure S1). We
also examined the propensity of the RTILs to micellize on their own, and showed that even at the highest
concentration used in this study (300 mM), the ILs only begin to show evidence of aggregation, indicating
the concentrations tested are still well below the CMCs (Supplementary Figure S1).
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3.2. Absorbance Spectroscopy

The absorbance of the myoglobin heme group in the visible region and the sensitivity of this
absorption to local protein. Exploiting this spectroscopic sensitivity of myoglobin, absorbance spectra
were recorded for the protein in the presence and absence of detergents and in the presence and
absence of the RTILs alone (Figure 2). In the case of detergents, as expected the heme absorbance peak
at 409 nm decreases upon exposure to detergents; however, it is notable that the spectra in the presence
of detergents differ in both the spectral absorption, peak shape, and peak position. These spectra
may indicate differences in the final denatured conformation of the protein or the extent of the heme
dissociation. Control experiments in which CD spectra of myoglobin were collected in the presence
of detergent, but in the absence of RTIL, show that the detergent alone does not cause significant
denaturation of the protein structure (Supplementary Figure S2). Thus, the intensity at 409 nm is a
measure of the dissociation of heme from myoglobin as a response to detergent and/or RTIL.
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Figure 2. Absorbance spectra of myoglobin and detergents. Spectra of 0.2 mg/mL myoglobin in the
absence (blue lines) and presence (red lines) of detergents: (A) 1 mM SDS, (B) 2 mM EBB, (C) 2.5 mM
TTAB. All spectra are representative examples after 30 min of incubation with the detergent; samples
were in 2 mM phosphate buffer at pH 7.
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Detergent mediated dissociation of the heme group was then monitored for each detergent in the
presence of 50, 150, or 300 mM RTIL, or NaCl as a control. The results of these experiments are shown
in Figure 3 with representative spectra of myoglobin in with each RTIL shown in Supplementary
Figure S3. Notably, HMICI and OMICI appear to significantly destabilize the myoglobin at both
150 and 300 mM concentrations such that the heme absorbance is significantly reduced prior to any
addition of detergent, resulting in an effectively flat titration profile. In the remainder of cases, the
protein exhibited a traditional sigmoidal dissociation profile as a function of detergent concentration
for both TTAB and SDS. The dissociation induced by EBB was a broader transition, similar to what
was previously observed.
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Figure 3. Dissociation of heme from myoglobin by absorbance spectroscopy. Color coding for each
RTIL or control is indicated in the figure. Panels (A-C) are with SDS, (D-F) are with EBB, and (G-I)
are with TTAB. Panels (A), (D), and (G) (left column) are supplemented with 50 mM of RTIL; panels
(B), (E), and (H) are supplemented with 150 mM RTIL; panels (C), (F), and (I) are supplemented with
300 mM RTIL. Data represent the average of at least three replicates, error bars represent the standard
deviation, and lines are not fits but are only to guide the eye.

3.3. Fluorescence Spectroscopy

The myoglobin sequence has two Trp residues that, when in the fully-folded holo-form, are buried
at the protein interior and are close to the heme group. This proximity results in heavy atom-based
quenching of the Trp fluorescence emission, which is relieved by the increased distance between
Trp and heme upon heme dissociation and/or myoglobin unfolding (Figure 1). Based on the most
recently-released crystal structure, PDBID:5ZZE, the Trp residues are ~19 A from the heme based
on heme-iron to indole nitrogen measurements, well within the typical distances for heavy atom
quenching. Thus, increases in myoglobin Trp fluorescence were also used as a means of monitoring
heme dissociation or protein unfolding. Experiments parallel to the absorbance experiments in Figure 3
were carried out and the results are shown in Figure 4. Generally, the majority of conditions exhibit
a traditional sigmoidal dissociation/denaturation profile as a function of detergent concentration.
However, in this case, the more sensitive fluorescence assay indicates that some conditions that
exhibited a flat dissociation profile in the absorbance assay (e.g., 150 mM HMICI in EBB) do exhibit a
sigmoidal transition in fluorescence (Figure 4E). While these are more sensitive, quantitative analysis
of dissociation from these values cannot be accurately calculated due to potentially differential
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contributions of fluorescence quenching by the RTILs. Overall, the trends are similar to those seen in
Figure 3 with increased sensitivity to heme dissociation.
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Figure 4. Dissociation of heme from myoglobin by fluorescence dequenching. Data are the emission
intensity of the sample with Aex = 280nm, Aem = 340nm. Color coding for each IL or control is indicated
in the figure. Panels (A—C) are with SDS, (D-F) are with EBB, and (G-I) are with TTAB. Panels (A), (D),
and (G) (left column) are supplemented with 50 mM of RTIL; panels (B), (E), and (H) are supplemented
with 150 mM RTIL; panels (C), (F), and (I) are supplemented with 300 mM RTIL. Data represent the
average of at least three replicates, error bars represent the standard deviation, and lines are not fits but
are only to guide the eye.

3.4. Circular Dichroism Spectroscopy

Due to the high absorptivity of the imidazolium group in the low-UV region, traditional CD
spectroscopy monitoring protein structure (190-250 nm range) cannot be faithfully performed in the
presence of these RTILs. However, the heme group also exhibits a CD-active band near 409 nm when
bound in the folded myoglobin structure. This band is also sensitive to local protein structure, and was;
thus, used to confirm the heme dissociation results from the absorbance and fluorescence results. The
CD values as a function of detergent in each of the ionic liquids is shown in Figure 5. Representative
spectra are shown in Supplementary Figure 54.

3.5. Thermodynamic Analysis of Heme Dissociation

Based on the absorbance data in Figure 3, the Gibbs free energy of dissociation was calculated
for each of the RTILs and detergents in this study where clear dissociation curves were evident using
Equation (1). This calculation was performed as previously reported and representative samples
of the fitting is shown in Supplementary Figure S5 [12]. The AGgigsociation Values for each detergent
and RTIL concentration tested are shown in Figure 6. Statistical analysis was performed to compare
AGgigsociation in the presence of NaCl to the equivalent concentrations of RTIL in an effort to eliminate
the contribution of solution ionic strength to any changes in AGgjsgociation- Interestingly, there was no
statistical difference found in the AGgjssociation fOr dissociation induced by EBB with any RTIL, or by
TTAB with any IL except 50 mM OMICI. Alternatively, statistical differences were found with SDS
and all concentrations of BMICI and EMICI except 150 mM EMICI. Notably, HMICl and OMICI] were
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omitted from numerous calculations and analyses because dissociation of heme was complete or near
complete in the absence of detergent.
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Figure 5. Dissociation of heme from myoglobin by circular dichroism spectroscopy. Data were collected
at 409 nm. Color coding for each IL or control is indicated in the figure. Panels (A-C) are with SDS,
(D-F) are with EBB, and (G-I) are with TTAB. Panels (A), (D), and (G) (left column) are supplemented
with 50 mM of RTIL; panels (B), (E), and (H) are supplemented with 150 mM RTIL; panels (C), (F), and
(I) are supplemented with 300 mM RTIL. Data represent the average of 16 replicate scans of a single
representative sample and lines are not fits but are only to guide the eye.

4. Discussion

Understanding and predicting the interaction of RTILs with biomolecules is a critical step in the
development and application of RTILs to a number of fields including pharmaceuticals and medical
devices [9]. This understanding is inherently complex, as there are a wide variety of molecular
structures that compose RTILs and an even wider complexity of biomolecules.

Myoglobin is a well characterized protein that has often been used for protein denaturation
studies due to the favorable spectroscopic properties. The structure of myoglobin consists exclusively
of a-helices, making structural studies with CD spectroscopy very straightforward, thus allowing for
a strong understanding of the inherent protein stability to be established. The majority of detergent
denaturation studies on myoglobin have focused on the commonly used surfactant SDS. In particular,
Otzen and coworkers have shown in a number of studies that the SDS-induced myoglobin unfolding
pathway is a multistep process with numerous intermediates [27,28]. In a capillary electrophoresis
assay, myoglobin and other proteins were shown to differentially respond to SDS with respect to
denaturation state, pathway, and kinetics [29]. Taken together, these findings are consistent with
our results in that 2 mM SDS does not completely unfold the myoglobin but does induce loss of the
heme group.



Biomolecules 2019, 9, 264

AGgissociation (V mol™)

NaCl EMICI BMICI HMICI OMICI

NaCl EMICI BMICI

A
60000
]
£
= 40000 -
=
2
8 —F
Q
a2
@o
k=]
0]
<] 20000
O - NaCl EMICI BMICI NaCl EMICI BMICI NaCl EMICI BMICI
50 mM 150 mM 200 mM
B
ns
30000 4 =
ns
ns
25000

NaCl EMICI BMICI

150 mm

300 mM

50 mMm
C 40000 ~
30000
E ns
3 ns
£ 20000 4 {»
8 1
ou
<
10000 H
0

=T

ﬁ.

T _NaCl_EMICI_BMICI_HMICI_ OMICI

l

NaCl EMICI _BMICI HMICI OMICI

k),

NaCl_EMICI BMICI

50 mM

160 mm

300 mM
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Beyond SDS, very little has been reported in the literature about detergent-mediated denaturation
of myoglobin. Again, Otzen and coworkers characterized the interaction of the anionic rhamnolipid
surfactants with myoglobin and found differences in protein affinity and denaturation kinetics [30].
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Regarding zwitterionic detergents, our previous work showed that EBB does not denature the structure
of myoglobin up to 8 mM EBB, well beyond the concentrations required to cause heme dissociation [12].
There are several reports in the literature on zwitterionic detergent interactions with myoglobin;
however, these are focused on the effects the detergent have on mass spectrometry detection and
signal suppression [31,32]. Cationic detergents have wider application in life sciences than zwitterionic
detergents; however, the application of these molecules to protein denaturation is still somewhat
limited. Additionally, even among the reports which use cationic detergents as protein denaturants,
there is no single detergent that is a standard denaturant as compared to the widespread utility of
SDS. The most commonly used cationic detergent is cetyltrimethylammonium chloride (CTAC) and
the closely related cetyltrimethylammonium bromide (CTAB), which differ only in the counterion.
Several groups have shown a biphasic response of myoglobin to CTAC, a slow and minor alteration
of structure below the CMC, and a larger change in protein structure when detergent concentrations
surpass the CMC [27,33]. More closely related to the work presented in this paper, Mandal and
Ghosh demonstrated that the additive curcumin partially inhibited the denaturation of myoglobin by
CTAB [34]. Notably, all of these studies employed CTAB/CTAC which has a 16C alkyl chain, while
the TTAB used in this work has a 14C alkyl chain. Although this is a relatively small change, the two
detergents show ~4-fold difference in CMC, which clearly impacts the denaturation of myoglobin [35].
It is unclear, and an area of future study, how these small differences in detergent structure may affect
the denaturation profile of myoglobin and other proteins with RTILs.

As previous reports have shown, many RTILs do not induce complete protein structural
denaturation on their own, but instead induce nuanced changes that affect protein stability, enzymatic
activity, or ligand binding [1,5,10,12]. Similarly, our results show that myoglobin is not dramatically
affected by the presence of any of the RTILs tested at 50 mM, but the absorbance spectra are noticeably
shifted when exposed to 150 mM OMICI and 300 mM HMICI or OMICI (Supplementary Figure S3).
Thus, in order to tease out the effects of various RTILs on protein properties, they have often been
mixed with traditional chaotropes to enhance or amplify the activity to gain a better understanding
of mechanism. There are numerous proposed models for how RTILs destabilize proteins, including
through disruption of H-bonds, ionic interactions, or the disruption of hydrophobic contacts at the
protein interior [36,37]. The latter model has been proposed for molecules such as OMIC] which has a
long alkyl chain that can behave in a detergent-like manner [38—40]. Several groups have reported the
inherent propensity to micellize of some ionic liquids, a property that is directly linked to alkyl chain
length [24,41]. Thus, combining these detergent-like RTILs with standard detergents could enhance
the protein denaturation if both molecules are acting via the same mechanism. However, this is not
supported by the data presented herein. Overall, RTILs EMICI and BMICI showed no significant
effect on dissociation by EBB and TTAB, but showed varying degrees of enhanced dissociation by
SDS (Figure 6). In most cases, the HMIC] and OMICI RTILs induced enough heme dissociation in
the absence of detergent that reliable thermodynamic calculations and statistical analysis could not
be performed.

The results and analysis above highlight two important findings regarding the RTIL interactions
with myoglobin and detergent. The first important result is the inherent ability of the longer chain
RTILs to cause dissociation of heme. While this result is not inherently surprising considering the well
documented micellization propensity of these molecules, it highlights implications for the application
of RTILs with biomolecules. Future studies on long chain RTILs should be performed keeping alkyl
chain-mediated differential activity in mind despite identical charge-bearing moieties, in this case
the imidazolium. Additionally, any enhancement of protein denaturation or ligand dissociation,
and specifically heme dissociation, by HMICI or OMICI must be performed at significantly lower
concentration regimes than presented herein. The long-chain RTIL concentration dependence on
enhancement of detergent-mediated dissociation of heme is an interesting area for future study. These
findings then support a model of RTIL association to the surface of the protein, as presented in a
number of MD simulation studies [42—45]. Specifically, several MD simulation studies have shown that
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the RTILs BMICI, BMIPFg, and BMINOj exhibit a similar behavior in which the imidazolium cation
associates with the surface of the protein [44,45]. In the context of this study, imidazolium partitioning
to the protein surface could then result in the intercalation of the alkyl chain into the protein interior.
Thus, longer alkyl chains can partition deeper into the protein hydrophobic core, resulting in greater
protein destabilization and heme dissociation. This mechanism is similar to that proposed by Jha
et al. for hemoglobin [22]. This model is similar to a traditional detergent model, but appears to be
more strongly influenced by the imidazolium association to the surface rather than the hydrophobic
partitioning of the alkyl chain.

Focusing on the short alkyl chain RTILs EMICl and BMIC], it is clear that not all detergents interact
with RTILs in the same way. Both EBB (zwitterionic) and TTAB (cationic) exhibited no significant
impact from the short chain RTILs, while dissociation by SDS (anionic) was affected by all RTILs
examined. This implies that there is either an inhibition of activity by EBB and TTAB or an enhancement
of dissociation by SDS. The enhancement model can be supported by favorable interactions between
the cationic component of the RTIL, which is the active species in these studies, and the anionic
headgroup of the SDS detergent molecules. Several reports have shown favorable interactions between
imidazolium-based RTILs and SDS, although the most pronounced effects have been with longer alkyl
chains (C6 and C12) [46-49]. These electrostatic interactions may aid in recruitment or binding of
the oppositely charged species to the myoglobin protein, increasing the local concentration and/or
partitioning to the hydrophobic heme pocket. Alternatively, a bound complex between SDS and RTIL
molecules may result in a more bulky species to disrupt local packing of the myoglobin near the heme
pocket. Notably, the CD spectra of RTILs with SDS display a significant spectral shape change after
addition of SDS compared to EBB and TTAB (Supplementary Figure 54), indicating this interaction is
indeed resulting in a different local environment around the heme. Sequential binding experiments
using physical methods are necessary to elucidate the more complex details of this process

5. Conclusions

The results presented herein highlight the significant impact of relatively small changes in alkyl
chain length (from C4 to C6), and underscores the need for careful experimentation and controls during
experiments with RTILs and biomolecules. These results support the hypothesis that imidazolium
ion partitions to the surface of the protein, and the alkyl chain partitions into the hydrophobic core
of the protein destabilizing the heme. More specifically, the enhancement of heme dissociation by
the anionic detergent SDS indicates that solution-based ionic interactions may be used to modulate
RTIL interactions with biomolecules. Further experiments must be carried out to elucidate whether
this enhanced dissociation is specific to SDS, more general for anionic detergents, or related to the
molecular structure of the SDS headgroup. Finally, taken together, the results show the rich diversity
of activities that very similar RTILs have with biomolecules, and open the door to new potential
applications of long chain RTILs as denaturants or denaturation additives for very stable proteins or
protein complexes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/7/264/s1,
Supplementary Figure S1—CMC analysis. Supplementary Figure S2—CD spectra of myoglobin in detergent.
Supplementary Figure S3—Representative absorbance spectra of myoglobin in the presence of differing
concentrations of RTILs. Supplementary Figure S4—Representative CD spectra of myoglobin in the presence
of 50 mM EMICI and differing concentrations of detergent. Supplementary Figure S5—Sample data fitting for
AGgissociation calculations. Supplementary Table SI—Sample compositions tested.

Author Contributions: Conceptualization, G.A.C. and T.D.V,; investigation, J.Y.L., EM.K. and K.M.S.; manuscript
writing, G.A.C.; manuscript editing, ].Y.L., G.A.C. and T.D.V.

Funding: This research was funded by the College of Science and Mathematics at Rowan University. JYL and
EMK were partially supported by fellowships from the Bantivoglio Honors College at Rowan University.

Acknowledgments: The authors would like to thank Brittany Stinger for assistance in data fitting/analysis.

Conflicts of Interest: The authors declare no conflicts of interest.


http://www.mdpi.com/2218-273X/9/7/264/s1

Biomolecules 2019, 9, 264 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Marsh, K.N.; Boxall, J.A.; Lichtenthaler, R. Room temperature ionic liquids and their mixtures—A review.
Fluid Phase Equilibr. 2004, 219, 93-98. [CrossRef]

Salihu, A.; Alam, M.Z. Solvent tolerant lipases: A review. Process Biochem. 2015, 50, 86-96. [CrossRef]
Troter, D.Z.; Todorovi¢, Z.B.; Dokié-Stojanovi¢, D.R.; Stamenkovi¢, O.S.; Veljkovi¢, V.B. Application of ionic
liquids and deep eutectic solvents in biodiesel production: A review. Renew. Sustain. Energy Rev. 2016, 61,
473-500. [CrossRef]

Vekariya, R.L. A review of ionic liquids: Applications towards catalytic organic transformations. J. Mol.
Liquids 2017, 227, 44-60. [CrossRef]

Wahlstrom, R.M.; Suurndkki, A. Enzymatic hydrolysis of lignocellulosic polysaccharides in the presence of
ionic liquids. Green Chem. 2015, 17, 694-714. [CrossRef]

Adawiyah, N.; Moniruzzaman, M.; Hawatulaila, S.; Goto, M. Ionic liquids as a potential tool for drug
delivery systems. Med. Chem. Comm. 2016, 7, 1881-1897. [CrossRef]

Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological activity of ionic liquids and their application in
pharmaceutics and medicine. Chem. Rev. 2017, 117, 7132-7189. [CrossRef] [PubMed]

Sahbaz, Y.; Williams, H.D.; Nguyen, T.-H.; Saunders, J.; Ford, L.; Charman, S.A.; Scammells, P].; Porter, C.J.H.
Transformation of poorly water-soluble drugs into lipophilic ionic liquids enhances oral drug exposure from
lipid based formulations. Mol. Pharm. 2015, 12, 1980-1991. [CrossRef] [PubMed]

Yabre, M.; Ferey, L.; Some, I.T.; Gaudin, K. Greening reversed-phase liquid chromatography methods using
alternative solvents for pharmaceutical analysis. Molecules 2018, 23, 1065. [CrossRef]

Fiebig, O.C.; Mancini, E.; Caputo, G.; Vaden, T.D. Quantitative evaluation of myoglobin unfolding in the
presence of guanidinium hydrochloride and ionic liquids in solution. J. Phys. Chem. B 2014, 118, 406-412.
[CrossRef]

Hanna, S.L.; Huang, J.L.; Swinton, A.J.; Caputo, G.A.; Vaden, T.D. Synergistic effects of polymyxin and ionic
liquids on lipid vesicle membrane stability and aggregation. Biophys. Chem. 2017, 227, 1-7. [CrossRef]
[PubMed]

Kohn, EMM.; Lee, ].Y.; Calabro, A.; Vaden, T.D.; Caputo, G.A. Heme dissociation from myoglobin in the
presence of the zwitterionic detergent N,N-Dimethyl-N-Dodecylglycine betaine: Effects of ionic liquids.
Biomolecules 2018, 8, 126. [CrossRef] [PubMed]

Takada, A.; Kadokawa, J. Fabrication and characterization of polysaccharide ion gels with ionic liquids and
their further conversion into value-added sustainable materials. Biomolecules 2015, 5, 244-262. [CrossRef]
[PubMed]

Borrell, K.L.; Cancglin, C.; Stinger, B.L.; DeFrates, K.G.; Caputo, G.A.; Wu, C.; Vaden, T.D. An experimental
and molecular dynamics study of red fluorescent protein mcherry in novel aqueous amino acid ionic liquids.
J. Phys. Chem. B 2017, 121, 4823-4832. [CrossRef] [PubMed]

Irimescu, R.; Kato, K. Lipase-catalyzed enantioselective reaction of amines with carboxylic acids under
reduced pressure in non-solvent system and in ionic liquids. Tefrah. Lett. 2004, 45, 523-525. [CrossRef]
Gromiha, M.M. Protein stability. In Protein Bioinformatics; Gromiha, M.M., Ed.; Academic Press: Singapore,
2010; Chapter 6; pp. 209-245.

Pace, C.N. Conformational stability of globular proteins. Trends Biochem. Sci. 1990, 15, 14-17. [CrossRef]
Elgharbawy, A.A.; Alam, M.Z.; Moniruzzaman, M.; Goto, M. Ionic liquid pretreatment as emerging
approaches for enhanced enzymatic hydrolysis of lignocellulosic biomass. Biochem. Eng. J. 2016, 109, 252-267.
[CrossRef]

Bisht, M.; Venkatesu, P. Influence of cholinium-based ionic liquids on the structural stability and activity of
a-chymotrypsin. New J. Chem. 2017, 41, 13902-13911. [CrossRef]

Vicente, F.A.; Lario, L.D.; Pessoa, A.; Ventura, S.PM. Recovery of bromelain from pineapple stem residues
using aqueous micellar two-phase systems with ionic liquids as co-surfactants. Process Biochem. 2016, 51,
528-534. [CrossRef]

Constantinescu, D.; Weingartner, H.; Herrmann, C. Protein denaturation by ionic liquids and the Hofmeister
series: A case study of aqueous solutions of ribonuclease A. Angew. Chem. Int. Ed. Engl. 2007, 46, 8887-8889.
[CrossRef]


http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1016/j.procbio.2014.10.019
http://dx.doi.org/10.1016/j.rser.2016.04.011
http://dx.doi.org/10.1016/j.molliq.2016.11.123
http://dx.doi.org/10.1039/C4GC01649A
http://dx.doi.org/10.1039/C6MD00358C
http://dx.doi.org/10.1021/acs.chemrev.6b00562
http://www.ncbi.nlm.nih.gov/pubmed/28125212
http://dx.doi.org/10.1021/mp500790t
http://www.ncbi.nlm.nih.gov/pubmed/25905624
http://dx.doi.org/10.3390/molecules23051065
http://dx.doi.org/10.1021/jp408061k
http://dx.doi.org/10.1016/j.bpc.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28526567
http://dx.doi.org/10.3390/biom8040126
http://www.ncbi.nlm.nih.gov/pubmed/30380655
http://dx.doi.org/10.3390/biom5010244
http://www.ncbi.nlm.nih.gov/pubmed/25793912
http://dx.doi.org/10.1021/acs.jpcb.7b03582
http://www.ncbi.nlm.nih.gov/pubmed/28425717
http://dx.doi.org/10.1016/j.tetlet.2003.10.210
http://dx.doi.org/10.1016/0968-0004(90)90124-T
http://dx.doi.org/10.1016/j.bej.2016.01.021
http://dx.doi.org/10.1039/C7NJ03023A
http://dx.doi.org/10.1016/j.procbio.2016.01.004
http://dx.doi.org/10.1002/anie.200702295

Biomolecules 2019, 9, 264 13 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Zhao, H. Protein stabilization and enzyme activation in ionic liquids: Specific ion effects. J. Chem. Technol.
Biotechnol. 2016, 91, 25-50. [CrossRef] [PubMed]

Miller, M.C.; Hanna, S.L.; DeFrates, K.G.; Fiebig, O.C.; Vaden, T.D. Kinetics and mass spectrometric
measurements of myoglobin unfolding in aqueous ionic liquid solutions. Int. J. Biol. Macromol. 2016, 85,
200-207. [CrossRef] [PubMed]

Jha, I; Kumar, A.; Venkatesu, P. The overriding roles of concentration and hydrophobic effect on structure
and stability of heme protein induced by imidazolium-based ionic liquids. J. Phys. Chem. B 2015, 119,
8357-8368. [CrossRef] [PubMed]

Ding, Y.; Zhang, L.; Xie, J.; Guo, R. Binding characteristics and molecular mechanism of interaction between
ionic liquid and DNA. |. Phys. Chem. B 2010, 114, 2033-2043. [CrossRef]

Jungnickel, C.; Luczak, J.; Ranke, J.; Fernandez, ].E; Miiller, A.; Thoming, J. Micelle formation of imidazolium
ionic liquids in aqueous solution. Colloid. Surf. A Physicochem. Eng. Asp. 2008, 316, 278-284. [CrossRef]
Chattopadhyay, A.; London, E. Fluorimetric determination of critical micelle concentration avoiding
interference from detergent charge. Anal. Biochem. 1984, 139, 408—412. [CrossRef]

Dutkiewicz, E.; Jakubowska, A. Effect of electrolytes on the physicochemical behaviour of sodium dodecyl
sulphate micelles. Colloid Polym. Sci. 2002, 280, 1009-1014.

Andersen, K.K.; Westh, P.; Otzen, D.E. Global study of myoglobin—surfactant interactions. Langmuir 2008,
24,399-407. [CrossRef]

Hansen, ].H.; Petersen, S.V.; Andersen, K.K.; Enghild, J.J.; Damhus, T.; Otzen, D. Stable intermediates
determine proteins’ primary unfolding sites in the presence of surfactants. Biopolymers 2009, 91, 221-231.
[CrossRef]

Gudiksen, K.L.; Gitlin, I.; Whitesides, G.M. Differentiation of proteins based on characteristic patterns of
association and denaturation in solutions of SDS. Proc. Nat. Acad. Sci. USA 2006, 103, 7968. [CrossRef]
Andersen, K.K.; Otzen, D.E. Denaturation of x-lactalbumin and myoglobin by the anionic biosurfactant
rhamnolipid. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2014, 1844, 2338-2345. [CrossRef] [PubMed]
Mandal, M.K,; Chen, L.C.; Yu, Z.; Nonami, H.; Erra-Balsells, R.; Hiraoka, K. Detection of protein from
detergent solutions by probe electrospray ionization mass spectrometry (PESI-MS). J. Mass Spectrom. 2011,
46, 967-975. [CrossRef] [PubMed]

Urner, L.H.; Maier, Y.B.; Haag, R.; Pagel, K. Exploring the potential of dendritic oligoglycerol detergents for
protein mass spectrometry. J. Am. Soc. Mass Spectrom. 2019, 30, 174-180. [CrossRef] [PubMed]

Tofani, L.; Feis, A.; Snoke, R.E.; Berti, D.; Baglioni, P.; Smulevich, G. Spectroscopic and interfacial properties
of myoglobin/surfactant complexes. Biophys. ]. 2004, 87, 1186-1195. [CrossRef] [PubMed]

Mondal, S.; Ghosh, S. Effect of curcumin on the binding of cationic, anionic and nonionic surfactants with
myoglobin. |. Mol. Struct. 2017, 1134, 292-297. [CrossRef]

Moulik, S.P.; Haque, M.E.; Jana, PK.; Das, A.R. Micellar properties of cationic surfactants in pure and mixed
states. J. Phys. Chem. 1996, 100, 701-708. [CrossRef]

Fujita, K.; MacFarlane, D.R.; Forsyth, M. Protein solubilising and stabilising ionic liquids. Chem. Commun.
2005, 38, 4804-4806. [CrossRef]

Weingartner, H.; Cabrele, C.; Herrmann, C. How ionic liquids can help to stabilize native proteins. Phys.
Chem. Chem. Phys. 2012, 14, 415-426. [CrossRef]

Attri, P.; Venkatesu, P.; Kumar, A. Activity and stability of a-chymotrypsin in biocompatible ionic liquids:
Enzyme refolding by triethyl ammonium acetate. Phys. Chem. Chem. Phys. 2011, 13, 2788-2796. [CrossRef]
Greaves, T.L.; Drummond, C.]J. Ionic liquids as amphiphile self-assembly media. Chem. Soc. Rev. 2008, 37,
1709-1726. [CrossRef]

Tariq, M.; Freire, M.G.; Saramago, B.; Coutinho, ].A.P.; Lopes, ].N.C.; Rebelo, L.P.N. Surface tension of ionic
liquids and ionic liquid solutions. Chem. Soc. Rev. 2012, 41, 829-868. [CrossRef] [PubMed]

Santos, D. Micelle formation of protic ionic liquids in aqueous solution. |. Chem. Eng. Data 2018, 63,
1480-1487. [CrossRef]

Jaeger, V.; Burney, P.; Pfaendtner, J. Comparison of three ionic liquid-tolerant cellulases by molecular
dynamics. Biophys. ]. 2015, 108, 880-892. [CrossRef] [PubMed]

Figueiredo, A.M.; Sardinha, J.; Moore, G.R.; Cabrita, E.J. Protein destabilisation in ionic liquids: The role
of preferential interactions in denaturation. Phys. Chem. Chem. Phys. 2013, 15, 19632-19643. [CrossRef]
[PubMed]


http://dx.doi.org/10.1002/jctb.4837
http://www.ncbi.nlm.nih.gov/pubmed/26949281
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.067
http://www.ncbi.nlm.nih.gov/pubmed/26751398
http://dx.doi.org/10.1021/acs.jpcb.5b04660
http://www.ncbi.nlm.nih.gov/pubmed/26069954
http://dx.doi.org/10.1021/jp9104757
http://dx.doi.org/10.1016/j.colsurfa.2007.09.020
http://dx.doi.org/10.1016/0003-2697(84)90026-5
http://dx.doi.org/10.1021/la702890y
http://dx.doi.org/10.1002/bip.21125
http://dx.doi.org/10.1073/pnas.0602816103
http://dx.doi.org/10.1016/j.bbapap.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25450503
http://dx.doi.org/10.1002/jms.1977
http://www.ncbi.nlm.nih.gov/pubmed/22012662
http://dx.doi.org/10.1007/s13361-018-2063-2
http://www.ncbi.nlm.nih.gov/pubmed/30276626
http://dx.doi.org/10.1529/biophysj.104.041731
http://www.ncbi.nlm.nih.gov/pubmed/15298921
http://dx.doi.org/10.1016/j.molstruc.2016.12.084
http://dx.doi.org/10.1021/jp9506494
http://dx.doi.org/10.1039/b508238b
http://dx.doi.org/10.1039/C1CP21947B
http://dx.doi.org/10.1039/C0CP01291B
http://dx.doi.org/10.1039/b801395k
http://dx.doi.org/10.1039/C1CS15146K
http://www.ncbi.nlm.nih.gov/pubmed/21811714
http://dx.doi.org/10.1021/acs.jced.7b01053
http://dx.doi.org/10.1016/j.bpj.2014.12.043
http://www.ncbi.nlm.nih.gov/pubmed/25692593
http://dx.doi.org/10.1039/c3cp53395f
http://www.ncbi.nlm.nih.gov/pubmed/24132185

Biomolecules 2019, 9, 264 14 of 14

46.

47.

48.

49.

Micaelo, N.M.; Soares, C.M. Protein structure and dynamics in ionic liquids. Insights from molecular
dynamics simulation studies. J. Phys. Chem. B 2008, 112, 2566-2572. [CrossRef] [PubMed]

Shao, Q. On the influence of hydrated imidazolium-based ionic liquid on protein structure stability: A
molecular dynamics simulation study. J. Chem. Phys. 2013, 139, 115102. [CrossRef] [PubMed]

Javadian, S.; Nasiri, F.; Heydari, A.; Yousefi, A.; Shahir, A.A. Modifying effect of imidazolium-based ionic
liquids on surface activity and self-assembled nanostructures of sodium dodecyl sulfate. J. Phys. Chem. B
2014, 118, 4140-4150. [CrossRef]

Yuan, J.; Bai, X.; Zhao, M.; Zheng, L. C12mimBr ionic liquid/SDS vesicle formation and use as template for
the synthesis of hollow silica spheres. Langmuir 2010, 26, 11726-11731. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jp0766050
http://www.ncbi.nlm.nih.gov/pubmed/18266354
http://dx.doi.org/10.1063/1.4821588
http://www.ncbi.nlm.nih.gov/pubmed/24070310
http://dx.doi.org/10.1021/jp5010049
http://dx.doi.org/10.1021/la101221z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Absorbance Measurements 
	Fluorescence Spectroscopy 
	Circular Dichroism Spectroscopy 
	Calculation of Gibbs Free Energy of Dissociation 

	Results 
	Critical Micelle Concentration (CMC) Analysis 
	Absorbance Spectroscopy 
	Fluorescence Spectroscopy 
	Circular Dichroism Spectroscopy 
	Thermodynamic Analysis of Heme Dissociation 

	Discussion 
	Conclusions 
	References

