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10  Abstract
11 The A. aeolicus intrinsically disordered protein FIgM has four well-defined a-helices when bound
12 to 628, but in water FIgM undergoes a change in tertiary structure. In this work, we investigate the
13 structure of FlgM in aqueous solutions of the ionic liquid [Cympy][Tf,N]. We find that FIgM is
14 induced to fold by the addition of the ionic liquid, achieving average a-helicity values similar to
15 the bound state. Analysis of secondary structure reveals significant similarity with the bound state,
16 but the tertiary structure is found to be more compact. Interestingly, the ionic liquid is not
17 homogeneously dispersed in the water, but instead aggregates near the protein. Separate
18 simulations of aqueous ionic liquid do not show ion clustering, which suggests that FIgM stabilizes
19 ionic liquid aggregation.
20

21 Introduction
22 Room temperature ionic liquids (ILs) are a class of molten salt materials that remain liquid

23  at temperatures relevant for the manipulation of protein structure and function.!? The interplay of
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24 aqueous salts and protein behavior is often described with the Hofmeister series® and ILs can
25  dramatically expand its resolution and specificity. The ability of ions to induce protein structure
26 and aggregation could be a powerful tool when studying protein function and structure
27  relationships, crystallization, modeling cellular environments, and tackling other outstanding
28  questions in protein science.* ! While the use of IL-based materials for such biochemical
29 applications is desirable, it is challenging to select a specific IL because of the immense variety of
30 possible cations, anions, and other components.! However, the large number of possible
31  cation/anion combinations also provide great opportunity to design a chemical environment that is

32  tuned to achieve specific physical properties.
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Figure 1: The ionic liquid (IL) 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [Cympy][Tf,N] cationic (a) and anionic (b) components.

Together, these ions form one IL pair.

Therefore, it is in the spirit of selecting an IL to have a specific effect on a protein that we
have sought to characterize the effect of the IL 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Cympy][Tf,N]; shown in Fig. 1) on the structure of the protein
FlgM from the thermophilic bacterium Aquifex aeolicus.!' [Cympy][Tf;N] is a well-studied IL that
has been shown previously to promote protein helical content in Trp-cage and AKA?2,!? but other
work has shown that [Cympy] and [Tf,N] ions individually act to destabilize the structure of
ribonuclease A.!*> While promoting helical content in Trp-cage, [Cympy][Tf,N] was found to
induce cis/trans isomerizations of the protein backbone that are not observed in water.!%!° ILs have
received attention in the literature as materials to induce or modify protein structure, much of
which has been covered in recent reviews.®!%17 Nevertheless, we briefly highlight a few salient
studies to provide motivation and context for this work. Sajeevan and Roy showed that the IL 1-
butyl-3-methylimidazolium chloride can induce a 3, to a-helix conversion, demonstrating that
ILs can cause subtle changes in protein structure.!® Pfaendtner and coworkers have studied five
cellulases and shown that ILs can be selected to reduce enzyme secondary structure or even disrupt

most of the secondary structure.!®2! They found that enzymes with increased negative charge on
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their surface are more likely to resist secondary structure disruption.”?’ Demonstrating that the

effects of an IL on a protein are a nontrivial function of the specific IL, protein, and conditions.

Figure 2: Representative structures of FIgM a) bound to ¢?® in aqueous solution, b) in
aqueous solution, and ¢) in aqueous IL solution with 50 IL pairs. The colors distinguish the
four a-helical regions of FlgM and unstructured, connecting residues are shown in dark
grey. Each structure is obtained from a simulation at 358 K. In panel a), 6% is shown in
light grey.

A. aeolicus is a thermophilic bacterium that is found underwater at high temperatures, for
example in the hot springs of Yellowstone,?? and has an optimal growing temperature of about 358
K.? FlgM proteins have been an important model class for the study of intrinsically disordered
proteins,?* but the disordered nature of FIgM varies between organisms.?*?3 The structure of A.

aeolicus FIgM contains four a helices connected by disordered regions and no significant overall

tertiary structure (Fig. 2).2>-% The structure shown in Fig. 2a is that of FIgM when complexed with
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0?8 (when not bound to FIgM, ¢?® directs flagellar gene transcription®®). FIgM, however, is less
structured in water when not bound to 6% (Fig. 2b). Previous work has shown that the degree of
order in 4. aeolicus FIgM is temperature dependent.?3>327 At low temperatures, FlgM is found to
be more structured than at the physiological temperature of 4. aeolicus.?* Additionally A. aeolicus
FlgM has a-helical character that decreases as the temperature is increased,”® and helix 4 (H4) is
disordered and fluctuates around an ordered core comprised of helices 1 through 3 (H1, H2, and
H3) that retains significant o-helical structure, even at high temperature (358 K).?’ Although A.
aeolicus FlgM does have a more ordered structure at 293 K than at its physiological temperature
of 358 K,?3 it does not contain the structural features often found in thermophilic proteins that are
associated with maintaining secondary structure at elevated temperatures (e.g. salt bridges,
hydrogen bonding).?® Intrinsically disordered proteins, however, often possess greater proportions
of hydrophilic residues,?® which suggests that they will be susceptible to manipulation by ions.
Additionally, the low vapor pressure, low combustibility, and thermal stability of most ILs, make
them an attractive solvent for understanding the high temperature behavior of thermophilic
proteins. Therefore, considering the significant interest in designing materials to affect protein
structure and the particular challenge of characterizing intrinsically disordered proteins, it is
interesting to design solvent mixtures that can induce structure in a protein like FlgM.

In this work, we present results showing that the IL [Cympy][Tf;N] can induce a helicity
in FlgM that is similar to the bound state. In section 2, we review the computational molecular
dynamics methods used. In section 3, we present our results and provide discussion. Finally, in

section 4, we offer conclusions and suggestions for future work.
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91  Methods
92 The structure of FIgM in complex with 628 was obtained from the Protein Data Bank (PDB
93 ID: 1SC5).!"! FIgM was isolated from ¢2® and unresolved residues (residues 1-2 and 18-31) were
94  added as random coils using Modeller 9.14.3% Starting configurations were prepared using
95  Packmol®! to solvate the protein with [Tf,N] anions, [C4mpy] cations, and finally water. A salt
96  concentration of 0.15 M NaCl was achieved using tLEaP.3? FlgM was modeled with the Amber
97  {f14SB force field,’* sodium and chloride ions with the parameters developed by Joung and
98  Cheatham,** and water with the TIP3P model.?*> [C4ympy] and [Tf,N] interactions were described
99  using the parameters developed by Xing et al.3® with IL partial charges scaled to 0.8 q, which is
100  consistent with previous works.?!3740 A total of 27 simulations were carried out with increasing
101 numbers of cation/anion pairs of the IL [Cympy][Tf,N] and other modifications to protein
102  composition. The simulations reported here include FIgM bound to 2%, FlgM in water, FIgM in
103  aqueous IL solutions, and aqueous IL solution (without protein). The simulations of aqueous IL

104  include the addition of 10, 20, 30, 40, and 50 IL pairs. The number of IL pairs are chosen to provide

Published on 31 July 2019. Downloaded on 8/1/2019 5:09:32 AM.

105 a range of concentrations up to near-saturated aqueous IL conditions, based upon literature
106  solubility information of [Cympy][Tf,N] in water.*!

107 We use periodic boundary conditions and bonds involving hydrogen were restrained with
108  the SHAKE algorithm,*> which permits a timestep of 2 fs. Temperature was controlled with the
109  Langevin thermostat*’ with a collision frequency of 1 ps! and pressure was controlled with the
110  Monte Carlo barostat.** The particle mesh ewald (PME) method was used to handle long-range
111 electrostatics*S and a cutoff of 8 A was used for non-bonded interactions.

112 Minimization and molecular dynamics simulations are performed with the AMBER

113  simulation package version 14.32 All systems were prepared using a four stage protocol: energy
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minimization, heating with restraints, gradual removal of restraints, and unrestrained simulation.
The systems were energy minimized in three phases that are comprised of 1000 steps of steepest
descent followed by 4000 steps of conjugate gradient. The first phase included 10 kcal mol-! A2
restraints on the entire protein, the second phase included 10 kcal mol! A2 restraints on only the
a-carbons, and the third phase included no restraints. Gradual heating was carried out in two phases
in the NVT (constant number of atoms, constant volume, and constant temperature) ensemble. In
the first phase, 10 kcal mol! A2 restraints were imposed on the protein backbone while the
temperature was raised from 0 K to either 300 or 358 K over 60 ps. In the second phase, the
temperature was held constant for 40 ps. Once the systems were at their final temperature (300 K
or 358 K), restraints on the protein were gradually reduced through a series of five simulations in
the NPT (constant number of atoms, constant pressure, and constant temperature) ensemble. Each
simulation was 1 ns long with decreasing harmonic force constants of 10.0, 5.0, 2.5, 1.0, and 0.5
kcal mol'! A-2. Conventional unrestrained MD simulations were run at the final temperature for
200 ns. Each of the unbound FlgM systems in aqueous IL solution were simulated in duplicate.
We report results from eight systems and a total of 27 simulations. In total, 5.4 pus of MD simulation
was performed. Table S1 lists all systems studied in this work and the simulation durations.

The visualization of molecular structures is done with VMD.# When possible analysis was
performed with AmberTools,*’*® but analysis programs were written in-house otherwise. Much of
the analysis focuses on the behavior of the four a-helices that make up the FlgM secondary
structure and the residue numbers used to define these regions are provided in Table S2. Many of
our simulation workflows have been automated in Parsl and are available upon request.* Parsl is
a Python-based parallel scripting library intended to facilitate high performance scientific

computing workflows.
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We analyze spatial heterogeneity of the ionic liquid using the following clustering
algorithm. Two ions are deemed to be neighbors if the distance between them is less than the
neighbor cutoff distance, which is the first minimum in the ion-ion radial distribution function.
The ion clusters are determined by the following protocol:

1. A random ion is selected
2. All neighbors within the neighbor cutoff are found
3. If a neighbor is found, that ion is added to the cluster and then all neighbors of that ion
within the neighbor cutoff are identified
4. This search continues to progressively populate the cluster until all ions are placed or no
more neighbors are found
5. If there are remaining ions not placed in a cluster, then the process continues from Step 1
Following this scheme, all ions are grouped into clusters. Note that a cluster can contain just one
ion, if there are no other ions within the neighbor cutoff distance. This is similar to how aggregation
has been studied previously; for example, the study by Mustan and coworkers.>?

Root mean square deviation is calculated with the AmberTools utility cpptraj using the
FlgM structure obtained from the protein data bank after missing residues are added. Radial
distribution functions were calculated between each amino acid and IL ion for each system. This
constitutes a prodigious amount of information, which we digested by looking at the maxima of
the radial distribution functions. The radial distribution functions were processed to make local
maxima plots by scanning each radial distribution function looking for local maxima (peaks). To
avoid spurious effects arising from noise, a point is only selected as a maximum if it is greater than

the surrounding six data points in the radial distribution function.
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Results and discussion

Since bound FIgM is primarily comprised of a-helical secondary structure and
[Cympy][Tf,N] has been shown to increase helical structure in other proteins, it is natural to
examine helical content of the protein in solutions of this IL (Fig. 3 and 4). Fig. 3 shows the total
percent a-helical secondary structure in FIgM for each concentration. There is a positive trend,
which is highlighted by the linear trend lines. Both the 300 and 358 K data show increasing helicity
with IL concentration, but the observation is much more subtle for the 300 K simulations. The 300
K behavior of FigM without IL appears to be an outlier and may be due to kinetic trapping of FlgM
in the starting folded state. While this study is the first to look at the effect of an IL on FIgM, other
studies have examined the structure of 4. aeolicus FIgM. For example, Ma et al. showed that at
293.15 K FIgM is 40.5+1.0% o helical,* which would indicate over estimation of helicity due to

kinetic trapping at 300 K in this work.
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Figure 3: Average percent a-helicity of FIgM plotted against increasing numbers of IL
pairs in solution at both 300 K (blue) and 358 K (red).
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Figure 4: Average percent a-helicity of each helix: a) H1, b) H2, ¢) H3, and d) H4 with
increasing concentration of IL at both 300 K (blue squares) and 358 K (red triangles).

However, it is difficult to discern local changes in FIgM structure from analysis of the
entire protein. Therefore, considering that FlgM can be described in terms of four distinct helical
domains, it is logical to analyze each of these domains independently. We find that H1, H2, and
H3 do not show significant changes in average percent a-helical secondary structure as a function
of the IL concentration (Fig. 4a-c), while H4 is found to increase significantly in average percent
a-helicity as the concentration of IL increases (Fig. 4d). The representative structure in Fig. 2b
shows that H4 unfolds in water when not bound to 6?® and Fig. 2¢ shows the folded structure of
FlgM in aqueous IL with 50 IL pairs. Fig. 4d shows that the IL increases structure of H4, but it is
unclear how this structure compares to biologically active structures of FlgM. Therefore, we also

simulated FlgM bound to 6?® and the average percent a-helicity observed in the bound simulations
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is shown in Table 1. In pure water and at each concentration of IL considered, HI, H2, and H3 a-
helicity does not significantly differ from when FlgM is bound to 6% in water (Fig. 4a-c and Table
1). At low IL concentrations, however, H4 becomes significantly less structured than in the 623
bound state, but as the IL concentration increases FlgM is found to have secondary structure more
similar to FlgM bound to 62%. Comparison of Fig. 3 with the average helicity of FlgM when bound
to 6?8 demonstrates that the secondary structure of FlgM becomes more bound-like when the
concentration of IL is increased (Table 1). The similarity of secondary structure in the bound state
and at high IL concentrations can be observed quantitatively by comparing the average helicities
in the 50 IL solution to the bound state values. Table 1 shows the average helicities of FlgM when
bound to 6%® and in the 50 IL solution as well as the percent difference between them. At 300 K,
all of the observed percent differences are below 12% and the absolute differences are comparable
in magnitude to the standard error. At the higher temperature, FIgM is generally observed to be
less helical and the standard errors are larger, indicating increased disorder and conformational
freedom. Therefore, we conclude that high IL concentration results in secondary structures that are
similar to those observed when FIgM is in the bound state. It is interesting to note that despite the
similarity of FlgM helicity in each environment, the bound helicities are observed to be greater in

all environments except one.
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Table 1: Percent a-helicity of FIgM when bound to 6?8 or in the 50 IL solution and their percent

difference
Temperature | Region | Helicity when bound Helicity in 50 IL Percent difference
(K) of to s28 (%) solution (%)
FlgM
300 All 59.1£2.3 57.5t1.4 3
HI 64.94+4.3 57.0+0.6 12
H2 77.0+£6.6 71.5+0.4 7
H3 55.6+4.3 58.5+0.6 5
H4 73.1+4.6 65.0+0.9 11
358 All 56.0+3.1 53.5+2.3 4
H1 69.4+8.0 60.5+0.9 13
H2 73.6+5.6 65.5+1.1 11
H3 56.9+4.4 53.5+0.8 6
H4 73.1£5.4 56.0+1.4 23
24 L) L} L] L 1 L] 16 L] T T 1 1
4 a) < . ¥ b)
= 22F 4 § Mr * 1
= ]
5 3 12 F -
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Number of IL pairs

Figure 5: Average a) radius of gyration and b) root mean square deviation of FlgM at
300 K in solution (squares) and when bound to ¢2® (triangles). The radius of gyration
shows that FlgM is more compact when not bound to 6%, and extends a little as the IL
concentration is increased. Interestingly, the root mean square deviation of FIgM reveals
that FlgM becomes more similar to the bound state in the IL solution.
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While the IL is found to induce a-helicity in FIgM that is similar to when it is bound to 628,
the tertiary structure is generally different. Figure 5a shows the average radius of gyration for FigM
in solutions with increasing concentrations of IL and when bound to ¢?8. The FIgM radius of
gyration is found to be significantly smaller in solution than when bound to ¢%%. The radius of
gyration increases as the concentration of IL is increased, but the protein remains significantly
more compact at all IL concentrations than when bound. The different tertiary structure between
bound Flgm and FIgM in high IL concentration can be observed by comparing Figs. 2a and 2c.
The structure in Fig. 2a shows FlgM draped across the surface of 628 in an extended conformation,
while in Fig. 2¢ FlgM takes on a compact conformation. The radius of gyration demonstrates how
despite similarities in secondary structure, the tertiary structure of FIgM is significantly different.
Such dramatic changes to the tertiary structure in response to environment are common in IDPs.

Figure 5b shows the root mean squared deviation of FlgM from the crystal structure for
FlgM in solutions with increasing IL concentrations and when bound to 628, The root mean squared
deviation of FIgM from the crystal structure is found to generally decrease as IL concentration is
increased. At the highest concentration considered, the root mean squared deviation remains large
compared to that of FIgM bound to 628, but its similarity to the bound structure is significantly
increased. It is natural to wonder if even higher IL concentrations would become more similar, but
our highest concentration is at the solubility limit of [Cympy][Tf,N] in water. Characterization of
FlgM in neat [Cympy][Tf;N] is also possible, but the significantly higher viscosity of the IL
compared to water makes determining the equilibrium ensemble challenging. See Baker et al. for
a brief discussion of the viscosity of [Csmpy][Tf;N] and a comparison with that of water.!'# The
observation that FIgM has a significantly more compact structure that deviates from the bound

structure at low concentration is expected because of the unstructured, intrinsically disordered
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nature of FIgM when not bound to 6?®. Additionally, the observation that high IL concentrations
make FIgM take on a slightly more extended conformation with increased similarity to the crystal
structure suggests that IL solutions could be a useful environment to mimic many aspects of

physiological conditions.

10 12 14 2 4 6 10 12 14

8
r(4)

8
r(A)

Figure 6: Radial distribution functions (RDFs) of the nitrogen atom in [Tf,N] (purple)
and the nitrogen atom in [Cympy] (green) to the center of mass of a) H1, b) H2, c¢) H3,

and d) H4 for the 50 IL system at 300 K.

We next used radial distribution functions between each helix and both ions to investigate
the local distribution of the ions around each helix (Fig. 6). For all four helices, the anion [Tf,N]
is found to more closely approach the helix than the cation. For H1 (Fig. 6a), the cation and anion

distribution functions are generally similar, but for the other three helices [Tf,N] has a first peak
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near 7 A, while [C4mpy] has a shoulder in that region but reaches a maximum near 10 or 12 A.
These suggest that there are differences in the environment around each helix, but these differences

are difficult to identify.
55
e

Tt
% a}f
£

f"i‘f* i ¥y ? HE Ay 3

0.8

0.6

Fraction of ions in largest cluster ™~

0 50 100 150 200
Time (ns)

Figure 7: Distribution of IL ions with FIgM (a) and without FIgM (b) for simulations with

50 IL pairs in water at 300 K. [C4qmpy] cations (green) and [Tf;N] anions (purple) are

shown. Water molecules are omitted for clarity. When FlgM is present (shown in grey) the

ions aggregate around the protein. Panel (c¢) shows the fraction of IL ions in the largest IL

cluster with (black) and without (blue) FlgM.

To better understand why the a helicity of H4 increases to ¢?® bound levels in high
concentrations of IL, we consider the local environment around the protein in the aqueous IL

simulations. The representative snapshot in Fig. 7a shows that the IL forms a cluster in the vicinity

of the protein. The configuration in Fig. 7a is from the simulation with 50 IL pairs, but this is a
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general feature of FIgM in each of the IL-containing solutions. The structure of the IL cluster is

analyzed using radial distribution functions between each amino acid and the ions.
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Figure 8: Local maxima present in the radial distribution function (RDF) between the
center of mass of each residue and the nearest atom in a [Cympy] ion (green) or a [Tf,N]
ion (purple) for (a) H1, (b) H2, (c) H3, and (d) H4. The bar on the bottom of each graph
classifies the residue as positively charged (blue), negatively charged (red), polar
(yellow), or nonpolar (grey). This is a representative plot obtained from the 10 IL pair
system at 300 K, but the trends are similar for other simulations.

The radial distribution functions between the IL ions and each residue reveal that there is
order within the cluster. In Fig. 8 we plot each local maximum in the radial distribution function
against the residue number for each IL ion. Similar to Fig. 6, Fig. 8 shows that [Tf;N] more
closely coordinates all helices. A few amino acids are observed to be closer to [C4mpy] ions on

average than [Tf,N], but the cation is never found to be a lot closer. Interestingly, the closest ion

to every amino acid in H1, H2, and H3 is about 4 to 6 A away, but in H4 there are multiple
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amino acids with ion first solvation shell maxima beyond 9 A, suggesting that the absence of IL
could be an important aspect of the observed behavior. The color bar at the bottom of each panel
in Fig. 8 shows the type of each residue (see Fig. 8 caption), which reveals that even negatively
charged amino acids are generally more closely coordinated by the anion [Tf,N].

In an effort to understand if the cluster of IL ions is actually aggregation induced by the
presence of the protein, we performed an identical simulation at the highest IL concentration
without FlgM. If the IL is found to aggregate without the protein, then the aggregation
phenomena would likely be independent of the protein (possibly due to saturation of the aqueous
solution), however if the aggregation does not occur then this lends support to the hypothesis that
the protein either induces IL aggregation or expedites the process. As shown in Fig. 7b, in the
absence of FIgM the IL is not found to form large clusters in aqueous solution, instead remaining
essentially evenly dispersed with only much smaller clusters spontaneously forming and
disintegrating. This was quantified by calculating the number of ions in the largest cluster (Fig
7¢). When the protein is present, the IL aggregates to form a large cluster containing about 70%
of the ions in the system within 20 ns. However, without the protein, the IL is not observed to
form a cluster with more than 25% of the ions in the system. This demonstrates that not only
does the IL affect the protein, but likewise the protein affects the IL, facilitating aggregation of
the ions.

The paradigm of protein function is that biological activity is directly tied to a defined
three-dimensional structure. Globular proteins typically have a structure that is stable enough
that they maintain it even in dilute aqueous solution, while intrinsically disordered proteins
confoundingly often lack their functionally active three-dimensional structure outside the

environment in which they are active.’! The biological environment in which a protein functions
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is often crowded with significant, non-negligible concentrations of many species. Proteins in
such heterogeneous environments are difficult to study directly because of their complexity and
the physiologically relevant protein structures cannot easily be deduced from simplified aqueous
environments. Therefore, relatively simple chemical analogues have been developed to mimic
cellular environments.>>>3 Similarly, solutions like the IL described here could serve as a
powerful intermediate between ‘simple’ aqueous solutions and complex in vivo environments,
permitting the study of protein structure in low hydration, crowded environments.
Conclusion

ILs are a diverse class of materials with the potential to manipulate biological systems,
including affecting protein secondary and tertiary structure. In this work, we have shown that the
IL [Cympy][Tf;N] can induce secondary structure in the intrinsically disordered protein FlgM to
a state with secondary structure that is similar to a physiological bound state. FIgM is comprised
of four a-helices, the first three of which are stable and have similar a-helicity when bound to ¢28
or unbound in water, but H4 is found to increase a-helicity significantly from 41% in water to
65% in saturated IL solution at 300 K. Future exploration of the effects of the IL on FlgM could
be done by using an enhanced sampling method to explore the precise interdependence of o-
helicity and coordination are explored. Metrics for quantitatively understanding IL effects on
protein structure are sought after and the RDF local maxima analysis appears to be a useful tool
to reduce the immense amount of solvation information in protein systems to reveal local trends.
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The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide is shown to induce

secondary structure similar to a bioactive state in the protein FIgM.
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