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ABSTRACT: We have discovered that a family 11 xylanase
from Trichoderma longibrachiatum maintains significant activity
in low concentrations of the ionic liquids (IL) 1-ethyl-3-
methyl-imidazolium acetate ([EMIM][OAc]) or 1-ethyl-3-
methyl-imidazolium ethyl sulfate ([EMIM][EtSO4]) in water.
In order to understand the mechanisms by which the ionic
liquids affect the activity of xylanase, we conducted molecular
dynamics simulations of the enzyme in various concentrations
of the cosolvent. The simulations show that higher
concentrations of ionic liquid correlate with less deviation
from the starting crystallographic structure. Dynamic motion of the protein is severely dampened by even the lowest tested
concentrations of ionic liquid as measured by root-mean-square fluctuation. Principal component analysis shows that the
characteristics of the main modes of enzyme motion are greatly affected by the choice of solvent. Cations become kinetically
trapped in the binding pocket, allowing them to act as a competitive inhibitor to the natural substrate. Dynamic light scattering
and kinetic studies evaluated the stability of the enzyme in the new solvents. These studies indicate that likely factors in the loss
of enzyme activity for this xylanase are the dampening of dynamic motion and kinetic trapping of cations in the binding pocket as
opposed to the denaturing of the protein.

Hemicellulose, a major component of biomass, can be
hydrolyzed into monosaccharides for fermentation or

catalytic upgrading. Xylan, a common hemicellulose, is typically
hydrolyzed into constituent xylose subunits by one of two
methods that decompose the crucial β-1,4-glycosidic bond
either by high temperature acid-catalyzed decomposition1 or by
enzymatic decomposition using a β-1,4-xylanase. The latter
requires more costly enzymes but uses less energy and
produces less caustic waste.
In both approaches the use of ionic liquids for pretreatment

of cellulosic feedstock, which includes hemicelluloses and
lignins, has been thoroughly explored. Ionic liquids are organic
salts with melting points below 100 °C. They can solvate the
complex mixtures of cellulose, hemicellulose, and lignin
contained in the biomass of interest.2,3 By solvating biomass
using ionic liquids, more area is exposed for attack by the
enzyme, and the reaction proceeds much more quickly.4

However, a key challenge remains in that the IL and expanded
biomass are typically separated prior to enzymatic processing to
break down the polysaccharide.
Certain biomass-degrading enzymes have been shown to

remain active in binary mixtures of water and organic solvents,5

while some other classes of enzymes have displayed unique
characteristics in pure organic solvents.6 Hyperthermophilic
cellulases, for example, have been found to maintain complete
activity in levels of up to 20% (v/v) ionic liquid in water.7 This
is counterintuitive, since one might expect a charged solvent of
high ionic strength to disrupt the hydrogen bonding patterns of
a well-formed enzyme and lead to loss of activity by loss of

higher order structure. Moreover, a more viscous medium
might be expected to reduce product yield, but this is not
always true.8 Still, the aqueous-IL solvated enzyme performs
relatively well even during experiments on the time scale of
hours. Other proteins have been shown to maintain higher
order structuring in concentrations of ionic liquid in the range
of 20−25% (v/v) ionic liquid in water,9,10 indicating they have
not denatured. Molecular simulation of the solvated enzyme
can provide molecular-scale details complementary to modern
experimental techniques and indicate the properties of the
enzyme and solvent that lead to activity loss. The tools of
molecular simulation have been used to study interactions of
ILs and cellulose11−13 but have seen limited application to IL/
enzyme interactions.14

Molecular simulation could be used to provide new insight
and complement experiments with atomic-scale understanding
of the enzyme/solvent interactions. Mechanistically, explan-
ations for the IL-induced reduction in apparent reaction rates
include solvent/substrate effects, competitive inhibition,
enzyme solvation, and disruption of enzyme structure. All of
these could contribute to changes in the dynamic motions of
the enzyme, interfere with the active site, or affect conforma-
tional changes related to the enzymatic mechanism. Evidence
suggests that some dynamic motions are related to ligand
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binding, catalytic activity, and thus apparent reaction rates in
general.15,16 However, this is a vigorous topic of discussion in
the literature, and the role of dynamics in enzyme activity
continues to be debated.17 Herein we refer to dynamic motions
as those studied on time scales of 50−500 ns using molecular
simulations. For biomolecules of the size studied in this work
this time scale is not sufficient to probe large-scale structural
change, in essence limiting discussion to local conformational
changes.
Family 11 glycoside hydrolases (GH11), such as the one we

have tested, have been extensively studied both experimentally
and computationally in water. Therefore there exists a wealth of
quantitative and qualitative data for comparison to new studies
in ionic liquids. Previous work has revealed connections
between the structure of the protein and its enzymatic activity.
The shape of the enzyme (Figure 1) is analogous to a left hand

with the characteristics of a thumb, fingers, palm, cord, and a
single α-helical region. The thumb has been shown to have a
profound effect on the binding and cleaving of the
substrate.18,19 The fingers constitute the bulk of the binding
pocket. The palm is the location of the catalytic glutamate and
glutamic acid.20 The cord regulates the entrance of substrate
into the binding pocket, and stabilizing mutations of the α helix
have been shown to increase the thermal stability of the
enzyme.21 Additionally, one study compared several similar
xylanases to the specific one studied herein to find the
properties that indicate higher thermophilicity.22 Other
computational studies have shown that even at short time
scales molecular dynamics (MD) simulations perform well in
predicting the relative thermal stability of family 11 xylanases.23

To address our significant gap in understanding of the
mechanisms by which ILs change the activity of glycoside
hydrolases, we have undertaken an extensive computational
study. Our representative GH11 enzyme, xylanase II from
Trichoderma longibrachiatum, was studied by systematically
changing the IL type, the concentration of the IL−water
solution, and the temperature of our simulations. Approx-
imately 4.6 μs of atomic resolution MD simulation was
performed at temperatures ranging from 310 to 363 K. We
complement the simulations with experimental findings that
demonstrate partial retention of activity and retention of
structure in multiple IL−water solutions.

■ RESULTS AND DISCUSSION
Determining Xylanase Activity in IL. The enzyme

maintained significant activity in both [EMIM][EtSO4] and
[EMIM][OAc] (Figure 2). Incubation in low concentrations of

ionic liquid does not adversely affect the yield when compared
to the loss in yield for the analogous aqueous system. In fact,
for the lowest tested concentration of IL, the [EMIM][EtSO4]
incubated system yields more xylose as product than the water
incubated system. The relationship between product yield and
IL concentration is not simply linear. Additionally, we observed
increased turbidity over the timespan of the experiment for
some IL-containing systems, which could be caused by the
aggregation of the enzyme. This hypothesis is tested by DLS in
the following section.

Effect of IL on Xylanase Structure. An analysis of the
root-mean-square deviation (RMSD) of the Cα atoms indicates
that the systems with higher concentrations of ionic liquid
generally maintain closer agreement to the experimentally
determined crystal structure of the enzyme over the time scale
studied (Figure 3A,B). Kinetic trapping has been a problem
reported by other researchers simulating enzymes in IL on the
time scale of up to 20 ns.14 Yet these trends hold over the full
range of variables tested and over replicate simulations. Loops
in particular begin to transition between similar but different
folded states. Even at elevated temperatures of up to 363 K,
highly ionic systems show few signs of denaturing or disruption
of higher order structuring. Two of the most interesting
features in the simulations occur at elevated temperatures. First,
as the temperature increases for the aqueous system, the
fluctuations near the helix (Thr152 to Gln162) increase in
magnitude. This behavior may explain the loss of activity at
high temperatures for similar GH11 proteins and the increased
stability afforded by stabilizing mutations in the helix as shown
by Turunen and co-workers,35 who added a disulfide bridge
near the N-terminus of the helix by mutating Ser110 and
Asn154 to cysteine. Second, in the highest temperature system,
20 wt % [EMIM][EtSO4], the fluctuations around the thumb
(Gln121 to Thr133) become very large compared to the rest of
the system and compared to its counterpart in 20 wt %
[EMIM][OAc]. In addition, the distance between the fingers
and the thumb increases. This behavior may indicate an
approaching limit of stability for the system and predict a severe
loss in enzyme activity near this concentration.
Several simulations were extended to 500 ns of simulation

time in order to obtain more sampling of conformational

Figure 1. Family 11 xylanase from Trichoderma longibrachiatum.
Colored according to secondary structure. Catalytic residues are in red.

Figure 2. Experimental yield of xylose. Xylanase in systems containing
ionic liquid with and without substrate-free incubation. Relative yield
measured versus a baseline of the non-incubated water system. Error
bars are the standard deviation of six measurements (three
independent samples measured in duplicate).
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changes in the enzyme (Supplementary Table 2). The results
from 50 ns are similar at a time scale 10 times longer. The
enzyme remained stable in IL, as measured by RMSD, which
never exceeded 2 Å on a Bezier smoothed plot (Supplementary
Figure 2). On this time scale, systems of 20 wt % IL and the
water system show similar displacement from the crystallo-
graphic structure. Figure 4 contains snapshots of the systems at
100 ns intervals and highlights the features of each system that
deviate the most from the experimentally determined structure.
The cord was the most active of the main features. This was
likely due to its interactions with the cation. Moreover, in water
at the elevated temperature of 363 K, the enzyme did not have
an RMSD greater than 3 Å. The residues following the N-
terminus of the helix showed particularly high thermal activity
compared with the rest of the protein. More specific differences
between these systems are discussed in the following sections.
In addition to studying the atomic-scale details of GH11 at

the submicrosecond time scale, we probed the solvent-induced
features using light scattering, which can be used to roughly
estimate changes in the size of the enzyme and its aggregates.
Use of more direct measurements of the protein structure (e.g.,
circular dichroism) in ILs is confounded by the absorbance
spectrum of the ions.36 We employed DLS to gain semi-
quantitative insights into whether the enzyme is undergoing
aggregation or large-scale denaturation in ionic solvents. Other
scattering techniques, such as SAXS and SANS, have shown
that other proteins maintain much of their secondary and
tertiary structure in ionic liquid concentrations of up to 20%
(v/v).37 The measurement of particle size with this approach is
very sensitive to the parameters of refractive index and viscosity
of the solvent. We interpolated these data from previously
reported values across both temperature and composition and

therefore use the DLS results primarily to gain mostly
qualitative insights.
The enzyme’s hydrodynamic radius was measured before and

after incubation across the range of concentrations studied by
simulation and in 8 M urea (Table 1). We interpreted the data
to determine the presence or absence of proteins near their
aqueous hydrodynamic radius (of about 2 nm) and the
presence of much larger aggregates. Additionally, the samples
were inspected for turbidity that would also indicate large
aggregates. DLS indicates that the buffered aqueous system
maintains most of its protein near its native state even after
incubation, and no turbidity is apparent in either the DLS or
the kinetic studies. At the same time, incubation of the enzyme
led to a more than 40% drop in the yield of product for the
kinetic studies (cf., Figure 2). Two possibilities to explain the
seemingly apparent contradiction are that either (a) the
structural changes leading to loss in activity are too small to
be detected by DLS or (b) the native protonation state of the
lyophilized enzyme used in the kinetic studies was changed
from a more optimal state to a less optimal state after
incubation. In the first case, a more sensitive scattering method
could be used. In the second case, we observe that 10 wt %
[EMIM][EtSO4] affords some protection from this loss in
activity even though its pH of 8.1 is farther from the optimum
of about 5.5 suggested by the manufacturer. The presence of
small amounts of sulfuric acid, hydrogen sulfide, and ethanol,
which are the products of the slow degradation of [EtSO4] in
water,38,39 could lead to a more primed state for the protonated
catalytic residue.
Interestingly, DLS indicates that there is a critical range of

concentrations of IL where aggregation occurs. Using [EMIM]-
[EtSO4] as an example, at a concentration of 10 wt %,

Figure 3. Root mean square deviation (RMSD) (A) and fluctuation
(RMSF) (B) of xylanase alpha carbons across a range of cosolvent
concentrations and temperatures. Triplicate simulations at 310 and
323 K are shown.

Figure 4. Snapshots of the molecular dynamics trajectories (310 K).
Areas of interest are indicated. Gray cloud (minimized structure). Red
(100 ns). Orange (200 ns). Green (300 ns). Blue (400 ns). Violet
(500 ns).
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aggregation is not detected by DLS or by turbidity either before
or after incubation. Conversely, at 20 wt % aggregation is not
detected immediately. At 50 wt %, aggregation is very rapid,
and the aggregates or the incubated sample are large enough to
be completely filtered, yielding no measurement of protein in
the sample. We were unable to determine whether these
aggregates were multimers of natively folded enzyme or if they
are constituted of unfolded enzyme. At the highest tested
concentration of 95 wt % IL, the enzyme displays a normal
hydrodynamic radius and no aggregation is detected by DLS or
by turbidity. The formation of large protein aggregates is not
generally accessible with atomistic MD simulations due to scale
limitations in both size and time, but insights into the
propensity for aggregation can be gained through the
investigation of solvent−protein interactions displayed in the
simulation.
In the simulations we observed unique interactions between

the anion and the positively charged surface residues of the
enzyme. Specifically, lysine and arginine tend to attract the
negatively charged oxygen atoms of acetate and ethyl sulfate.
White and co-workers have suggested that charged surface
residues, specifically lysine and glutamic acid, help deter
nonspecific interactions including aggregation.40 Therefore,
interruption of the environment around these charged residues
may lead to higher levels of aggregation, as in the case of
[EMIM][EtSO4] but not in the case of [EMIM][OAc]. The
average number of anion-oxygen atoms within 4 Å of lysine,
arginine, or histidine was tracked over the length of the 500 ns
simulations for 20 wt % solutions of both [EMIM][OAc] and
[EMIM][EtSO4]. For acetate, 15 ± 5 oxygen atoms occupied
the space, while for ethyl sulfate, 27 ± 7 occupied the space.
High concentrations of these anions around the positively
charged residues may also facilitate the salt bridging of separate
proteins and encourage aggregation. On the other hand, the
simulations do not indicate an affinity of the cations for the
negatively charged residues, which we expect is caused by much
greater charge delocalization on the cation compared to the
anions.
Changes in Structure and Dynamics. In order to

quantify the magnitude of deviation from the average position
for specific sites along the backbone of the enzyme, the root-
mean-square fluctuation (RMSF) of the Cα atoms in the
enzyme was computed. First, the RMSF was calculated over an
equilibrated sample of each trajectory in order to identify
regions of interest. We observed that the regions of highest
fluctuation for the enzyme in water match the features of the

enzyme that have been previously identified as important to
enzymatic activity. The main features of the enzyme’s Cα
RMSF (Figure 3C,D) are centered about the following
residues: the thumb, Arg128; the α helix, Asn157; the fingers
His22, Ser42, Gly70, and Ser181; the cord, Pro98. The palm
constitutes most of the remainder of the structure. Four of the
five main features (the thumb, the α helix, the fingers, and the
cord) show the highest levels of fluctuation in 100% water.
These regions have specifically been implicated in the proper
binding of the substrate and the release of the product.41−43 A
larger dynamic range of these features may help the protein
move the substrate to its proper binding site and eject the
product from the binding pocket. The fifth region is the palm,
which is the active site of GH11 xylanase. Since biocatalytic
activity requires careful arrangement of the catalytic side chains,
large-scale fluctuations within this region could conceivably
affect reaction rates.
In addition to the average fluctuations in an equilibrated

portion of each simulation, we used the simulations that were
extended to 500 ns to study how the fluctuations changed over
time. The RMSF was measured around the arithmetic average
structure over 1-ns windows (Supplementary Figure 3). In the
aqueous systems, the temporal RMSF plots show activity in the
region between the thumb and the cord that is notably less
pronounced in the two ionic systems. As detailed below, we
observed that some simulations with IL show the presence of a
cation trapped near the chord. This might disrupt the natural
motion of the chord region observed in aqueous simulations.
The same windowed RMSF analysis was performed for the
entire set of data, including the 50-ns runs. Even at the highest
tested temperatures of 363 K, the ionic systems do not display
the same characteristic fluctuations as the aqueous system. At
this temperature, the aqueous protein fluctuates with a greater
magnitude, and the ionic systems are still much more rigid.
Multiple researchers have implicated the dynamic motions of

enzymes as being a key to their activity.44 By moving in a
semicoordinated fashion and specifying the distribution of
states that the side chains occupy, the enzyme can (a)
efficiently bind substrate, (b) direct it toward the catalytic site,
(c) possibly aid in the chemical reaction by inducing new
geometries or electronic structures that stabilize transition
states, and (d) release the product. The introduction of a new
solvent, when it does not denature the protein or cause kinetic
trapping, can interrupt this order and disrupt any of the steps
along this process, thereby leading to changes in activity and
yield of product. In the following section, solvent-induced

Table 1. Dynamic Light Scattering Analysis of Xylanasea

no incubation 48 h incubation

Rh (nm) width (nm) turbid ? Rh (nm) width (nm) turbid ?

100% water 1.91 0.70 no 1.72 0.59 no
10% [EMIM][OAC] 1.75 0.58 no 1.44 0.32 no
10% [EMIM][EtSO4] 1.61 0.36 no 1.60 0.43 no
20% [EMIM][OAC] 1.93 0.53 no 1.65 0.30 no
20% [EMIM][EtSO4] 1.64 0.51 no 33.59 6.64 yes
50% [EMIM][OAC] 56.63 18.48 yes 51.68 12.89 yes
50% [EMIM][EtSO4] 26.43 7.58 yes yes
95% [EMIM][OAC] 1.10 0.20 no 3.65 0.59 no
95% [EMIM][EtSO4] 2.11 1.33 no 1.76 0.47 no
8 M urea 2.11 0.46 no 3.36 0.74 no

aEnzyme solvated in various wt % concentrations of two ionic liquids, water, and urea. Hydrodynamic radius (Rh) and peak width are taken from an
average of measured peaks below 250 nm.
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changes in the dynamics of the enzyme and in the coordination
of its residues’ motions will be discussed. This assumes that the
system is at a new equilibrium state in the IL systems and that it
is not kinetically trapped.
Principal Component Analysis. Using principal compo-

nent analysis (PCA), the MD trajectories at 310 K were
projected onto representative sets of eigenvectors in order to
gain insight into the slow modes of motion. We used PCA
study effect of solvents on correlated and anti-correlated
motions in the enzyme. The covariance matrices were
calculated for systems containing the lowest simulated
concentrations of ionic liquid versus one of a purely aqueous
system (Figure 5). As can be seen in the ionic systems,
correlated motions are not completely preserved. Differences
can be seen in the location of the regions of correlation as well
as the size of the spans containing correlated motions. We
would not expect the modes to completely disappear as the
enzyme does retain activity in the IL solvent. Moreover, regions
displaying little correlation in the aqueous system, such as
region spanning the thumb and the helix, show more
pronounced correlation and anti-correlation in the ionic
systems. This potentially affects the ability of the enzyme to
carry out its function as discussed above.
Next the PCA modes were visually represented via porcupine

plots by projecting the first and second eigenvectors onto the
alpha carbons of the protein backbone (Figure 6). In order to
confirm that these modes are significant, the contribution of

each mode was plotted (Supplementary Figure 4). For each of
the samples taken in equilibrated regions of the trajectory, as
determined by inspection of RMSD, systems with higher
concentrations of ionic liquid display disrupted motion. The
vectors are different in orientation, and the ordering of primary,
secondary, and higher modes of motion from the aqueous
systems is not maintained. Inspection of the trajectory of the
aqueous systems reveals a shuffling motion of the hand-like
enzyme as the thumb and fingers move in concert, as depicted
by the dominant PCA mode in Figure 6. Conversely, the
addition of IL changes this, and a new dominant mode takes
over. The dominant motion is a slow opening and closing of
the hand-like structure, which accounts for a large portion of
the displacement from the crystal structure. The dominant
mode in the aqueous system is preserved in the IL but is
consistently present with a noticeably higher eigenvalue in the
aqueous system. This is consistent with our expectations, as any
motions related to enzymatic function would need to be
preserved in the IL since it shows activity experimentally. We
observed these effects over all 100-ns windows of analysis we
investigated from the long 500-ns trajectories.

Competitive Inhibition from Cations. Since the active
site is charged, we next investigated whether the strong
interactions between solvent and catalytic residue could disrupt
the catalytic cycle. The large number of possible instigators for
the loss of enzymatic activity in these systems makes the task of
experimentally verifying and measuring inhibition difficult by
conventional means such as double reciprocal plots. The
simulation trajectories were analyzed for the presence of
organic ions in the binding pocket. For simulations containing
either of the ILs, two or three cations preferentially occupy
space very near the binding pocket (Figure 7). We observed

Figure 5. Covariance matrices of xylanase. Backbone motion in ionic liquids in xyz resolution. Red pixels are correlated, and blue are anti-correlated.

Figure 6. Principle components of xylanase motion. The aqueous
enzyme (1A, 1B, 1C) is compared to its counterpart in 20 wt %
[EMIM][EtSO4] (2A, 2B, 2C). Columns A and B displays a view
through the binding pocket, and column C displays a rotated view.
Primary modes are blue, and secondary are green. Catalytic residues
are red.

Figure 7. Kinetically trapped cations in the xylanase binding pocket.
Catalytic residues are yellow. Cations are red.
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this for all concentrations and temperature ranges investigated
in this study. The cation is roughly similar in shape and size to
the enzyme’s natural product of xylose, but the composition of
the imidazolium ring differs very much from that of the xylose
ring. It is therefore interesting to note that, during the
inspection of the trajectories, it was incredibly rare for either of
the first two cations to exit the binding region once they have
become bound; they become kinetically trapped, at least on the
50−500 ns time scale. On the rare occasion that a cation leaves
the binding pocket, it is quickly replaced by another cation.
Because of how quickly the pocket became inhabited with
cations at the beginning of the simulation, and because of the
observed low likelihood of cations leaving the pocket over the
time scales studied, competitive inhibition could play a role in
the loss of activity.
No kinetically trapped anions were observed. As for the

crystallographic waters, they leave the surface quickly. Yet, if the
number of water molecules near the surface is tracked as a
function of time, most IL-containing simulations converge to a
similar number of molecules and then slightly fluctuate from
there (Supplementary Figure 5). Exclusion of water from the
catalytic site is also not observed.
Conclusion. The activity, stability, and dynamics of a family

11 glycoside hydrolase solvated in mixtures of ionic liquid and
water were characterized by molecular simulation and experi-
ment. Several hypotheses for the partial deactivation the
enzyme were tested. Analysis of simulations and experimental
data lead to several observations about the interactions of IL
with this enzyme.
1. GH11 from T. longibrachiatum solvated in higher

concentrations of ILs generally remains more stable with
respect to its crystal structure than when solvated in water on
the time scales studied.
2. The solvent environment of IL-containing systems causes

fluctuations of the enzyme to be muted when compared to a
purely aqueous system.
3. Natural correlated motions of the enzyme are not

preserved as concentration of IL is increased.
4. [EMIM] binds strongly in the binding pocket, potentially

reducing activity by inhibition.
5. Aggregation must be considered when mixing enzymes

and ILs.
Future work in this area should decouple the role of the ionic

strength and viscosity of the solutions; both simulation and
experiment offer possible routes to do so. Our work also
suggests that more insights are needed into the role of cations
in the substrate binding pocket.

■ METHODS
Enzyme Simulations. All simulations were performed using

widely accepted techniques with AMBER-compatible force fields
implemented in NAMD2.7b324 with TIP3P25 water. Protein forces
were calculated using AMBER99sb,26 and ionic liquid force fields were
developed with the generalized amber force field (GAFF)27 using
point charges calculated by RESP28 (Supplementary Figure 1,
Supplementary Table 1). The van der Waals cutoff was set to 12 Å
with a switching function implemented at 10 Å. Electrostatic
interactions were treated with particle mesh Ewald summation using
a mesh size of 1 Å. Constraining intramolecular hydrogen bond
lengths with the SHAKE algorithm29 permitted a time step of 2 fs.
Temperature and pressure were regulated with a Langevin thermostat
and a Nose-́Hoover Langevin piston barostat with a dampening
coefficient of 0.5 ps−1 and a piston decay period of 2 ps. Replicate
simulations were performed by reinitializing velocities from minimized

structures. More details about the simulations and verification of the
force field are included in the Supporting Information.

We selected xylanase from Trichoderma longibrachiatum (PDB ID:
3AKP)30,31 as the model system. The first of the two chain sequences
provided in the PDB file was used for all simulations. Crystallographic
waters were maintained. We selected the ionic liquids (a) because of
the ability of established force fields to reproduce experimental data for
similar structures, (b) so that we could compare the results to other
experimental studies of glycoside hydrolases in IL,5,7 and (c) because
of the promising abilities of [EMIM][OAc] as a solvent for cellulosic
biomass.32

Xylose Yield. Xylanase from Trichoderma longibrachiatum, xylan
from birchwood, 1-ethyl-3-methylimidazolium acetate [EMIM][OAc]
(90% purity), and 1-ethyl-3-methylimidazolium ethyl sulfate [EMIM]-
[EtSO4] (95% purity) were purchased from Sigma Aldrich. Premixed
concentrated PBS buffer was obtained from Calbiochem and diluted to
a concentration 150 mM. Enzymatic hydrolysis of xylan was carried
out in 5 g of solution with varying concentrations of ionic liquid in
buffer. For all experiments, 1 mg of enzyme was rehydrated in the
aqueous buffer portion of the solution at its working temperature for
30 min. This is meant to help the system overcome any kinetic barriers
associated with being placed in a new solvent. Next, 100 mg of xylan
was added, and the solution was incubated in a thermostatic shaker
table at the working temperature with a rotation speed of 150 rpm.
Two samples of 50 μL were extracted from the reaction solution after
24 h of reaction time. The samples were diluted 15-fold and
centrifuged before they were analyzed for xylose content using HPLC
or a Multiparameter Bioanalytical System. Specific details are included
in the Supporting Information. The procedure was repeated for an
incubated system, where the enzyme was incubated in the IL−water
mixture for 24 h prior to the addition of substrate. To facilitate easy
comparison across all experiments, we defined the yield of this reaction
relative to the baseline case of an aqueous solution without incubation.

Dynamic Light Scattering (DLS). A Malvern Zeta Sizer ZS was
used to determine the presence and size of proteins and aggregates in
solution. Xylanase from T. longibrachiatum was obtained from
Hampton Research. We chose to use an enzyme from a different
supplier for the DLS studies for two reasons. First, the lyophilized
enzyme used for the kinetic study displayed some aggregation even in
simple PBS buffer, which was likely caused by damage due to
lyophilization and rehydration. This confounded the ability of DLS to
detect natively folded enzymes. Second, crystal structures of the
enzyme used for DLS studies showed well-bound glycerol near the
binding pocket. This had the potential to affect any kinetic studies by
acting as a competitive inhibitor. The amino acid sequences of the two
batches are identical, but differences in behavior can arise from the
differences in preparation techniques (lyophilization vs non-lyophiliza-
tion) and the mixture of other chemical additives present with the
enzyme. For the DLS studies, the stock solution of xylanase was
diluted 100 times to achieve a concentration of 1 mg mL−1 of protein
in each concentration of ionic liquid. The first set of samples was
allowed to sit for 30 min before sizing. A second set of samples was
incubated at 310 K for 48 h. This set of samples was passed through a
filter of pore size 0.64 μm, and each was allowed to sit for 30 min
before sampling. All light scattering experiments were conducted five
times on an individual sample at 310 K using Brand disposable UV
microcuvettes, single back scattering at 173°, and viscosity and
refractive index parameters obtained by linear interpolation from
literature or manufacturer data.33,34
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